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Aggregation of �-synuclein (�-syn) has been linked to the pathogenesis of Parkinson’s disease (PD) and other neurodegenerative
diseases. Increasing evidence suggests that prefibrillar oligomers and protofibrils, rather than mature fibrils of �-syn, are the pathogenic
species in PD. Despite extensive effort on studying oligomerization of �-syn, no studies have compared different oligomer species directly
on a single-particle level and investigated their biological effects on cells. In this study, we applied a novel highly sensitive single molecule
detection system that allowed a direct comparison of different oligomer types. Furthermore, we studied biological effects of different
oligomer types on cells. For this purpose, we developed new oligomerization protocols, that enabled the use of these different oligomers
in cell culture. We found that all of our three aggregation protocols resulted in heterogeneous populations of oligomers. Some types of
oligomers induced cell death via disruption of cellular ion homeostasis by a presumably pore-forming mechanism. Other oligomer types
could directly enter the cell resulting in increased �-syn aggregation. Based on our results, we propose that under various physiological
conditions, heterogeneous populations of oligomeric forms will coexist in an equilibrium. These different oligomer types lead directly or
indirectly to cell damage. Our data indicate that inhibition of early �-syn aggregation events would consequently prevent all �-syn
oligomer related toxicities. This has important implications for the development of disease-modifying drugs for the treatment of PD and
other synucleinopathies.
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Introduction
Parkinson’s disease (PD) is pathologically characterized by a se-
lective loss of dopaminergic neurons in the substantia nigra and
aggregated protein deposits termed Lewy bodies (Dauer and Pr-
zedborski, 2003). The main component of these intracellular de-
posits is aggregated �-synuclein (�-syn) (Goedert, 2001). Gene
multiplication in the �-syn gene (Singleton et al., 2003; Chartier-
Harlin et al., 2004) and missense mutations (Polymeropoulos et
al., 1997; Kruger et al., 1998; Zarranz et al., 2004) are linked to
familial forms of PD. This supports the importance of �-syn in
the pathogenesis of PD.

In vitro studies revealed that �-syn aggregation is a
nucleation-dependent process that occurs in a process ranging
from monomer via oligomers to fibrils (Wood et al., 1999; Con-
way et al., 2000).

There is a growing body of evidence suggesting that the prefi-
brillar oligomers and protofibrils, rather than mature fibrils of

�-syn, are the pathogenic species (Conway et al., 2000; Goldberg
and Lansbury, 2000; Masliah et al., 2000; Auluck et al., 2002;
Bucciantini et al., 2002, 2004; Gosavi et al., 2002; Kayed et al.,
2003, 2004; Park and Lansbury, 2003; Bodner et al., 2006; El-
Agnaf et al., 2006).

To date there are several protocols on oligomer preparation
existing (Kayed et al., 2003; Lashuel and Grillo-Bosch, 2005).
Whether these methods end up in the same type of oligomers is
currently not clear. If and how oligomers differ structurally from
each other on a single-particle level is not known. More impor-
tantly, biological effects of different types of oligomers on cells
have not been studied directly. More importantly, the question
arises whether different types of oligomers induce different bio-
logical effects on cells.

To address these questions, we developed novel standardized
methods of �-syn oligomer generation and compared the sam-
ples directly on a single-particle level. We applied fluorescence
intensity distribution analysis (FIDA) (Kask et al., 1999, 2000;
Zemanova et al., 2004; Levin et al., 2005) in a confocal single-
molecule detection system and compared our results with the
fluorescence-independent method atomic force microscopy
(AFM).

We exposed these differently generated oligomers to cells to
investigate whether different types of oligomers have various bi-
ological effects on cells. We examined their respective actions on
cytosolic calcium levels and their ability to seed intracellular ag-
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gregation of �-syn in SH-SY5Y cells [overexpressing �-syn and
SH-SY5Y cells with endogenous �-syn as well as in primary neu-
rons]. This study aims to elucidate the biological effects that
might also occur in patients with PD or other synucleinopathies.
The identification of pathologically relevant �-syn oligomer spe-
cies therefore forms the basis for the identification of structural
targets for antiaggregatory compounds that will be of great im-
portance to prevent these amyloidogenic diseases.

Materials and Methods
Materials
All chemicals used were purchased from Sigma (Munich, Germany) un-
less stated otherwise.

Expression and purification of recombinant wild-type �-syn
Expression and purification was performed as described previously by
Nuscher et al. (2004). Briefly, pET-5a/�-syn wild-type (wt) plasmid (a
kind gift from Christian Haas and Philipp Kahle, LMU Munich, Munich,
Germany) was used to transform Escherichia coli BL21(DE3) pLysS (No-
vagen, Madison, WI). Expression was induced with isopropyl-�-D-
thiogalactopyranose (Promega, Mannheim, Germany) for 4 h. Cells were
harvested, resuspended in 20 mM Tris and 25 mM NaCl, pH 8.0, and lysed
by freezing in liquid nitrogen followed by thawing. After 30 min of boil-
ing, the lysate was centrifuged at 17600 � g for 15 min at 4°C. Superna-
tant was filtered through a 0.22 �m filter (Millex-GV; Millipore, Bedford,
MA) before being loaded onto a HiTrap Q HP column (5 ml; Amersham
Biosciences, Munich, Germany) and eluted with a 25 to 500 mM NaCl salt
gradient. The pooled �-syn peak was passed over a Superdex 200 HR
10/30 size exclusion column (Amersham Biosciences) using 20 mM Tris
and 25 mM NaCl, pH 8.0, as running buffer. The pooled �-syn peak was
concentrated using Vivaspin columns [molecular weight cutoff
(MWCO), 5 kDa; Vivascience, Stonehouse, UK] and equilibrated to wa-
ter. The protein concentration was determined using a BCA protein-
quantification kit (Pierce, Rockford, IL). Aliquots were lyophilized and
stored at �80°C.

Fluorescent labeling of �-syn
Protein labeling with the aminoreactive fluorescent dye Alexa Fluor-488-
O-succinimidylester (Alexa-488; Invitrogen, Eugene, OR) was per-
formed according to the manufacturer’s manual. Unbound fluorophores
were separated by filtration steps in PD10 columns (Sephadex G25; Am-
ersham Biosciences) equilibrated with 50 mM sodium phosphate, pH 7.0.
Quality control of labeled �-syn was performed by mass spectrometry
and by fluorescence correlation spectroscopy (FCS) measurements on an
Insight Reader (Evotec Technologies, Hamburg, Germany). The typical
labeling ratio, was approximately two dye molecules per �-syn molecule.
To remove preformed aggregates, the stock solution of labeled �-syn was
subjected to size exclusion chromatography (Sephadex 200; Amersham
Biosciences).

Preparation of �-syn oligomers
Long incubation protocol (types A1 and A2). Type A oligomers were pre-
pared by dissolving lyophilized protein in 50 mM sodium phosphate
buffer, pH 7.0, containing 20% ethanol to a final concentration of 7 �M.
In case of type A2 oligomers,10 �M FeCl3 (J.T. Baker, Griesheim, Ger-
many) were additionally added, whereas type A1 oligomers were pre-
pared without addition of FeCl3. After 4 h of shaking (GFL, Burgwedel,
Germany), both types of oligomers were relyophilized and resuspended
with one-half of starting volume in 50 mM sodium phosphate buffer, pH
7.0, containing 10% ethanol. This was followed by shaking for 24 h (stage
5, thermomixer 5436; Eppendorf, Wesseling-Berzdorf, Germany) at
room temperature (RT) with open lids to evaporate residual ethanol.
After 6 d incubation of both oligomers types at RT with closed lids,
oligomers were used for characterization studies (e.g., calcium influx and
toxicity experiments). Alexa Fluor-488-O-succinimidylester-labeled oli-
gomers were prepared in the same manner as nonlabeled oligomers by
using Alexa-488 conjugated monomers.

Stirring incubation protocol (types B1 and B2). Type B oligomers were
prepared similarly to type A oligomers by dissolving lyophilized protein

in 50 mM sodium phosphate buffer, pH 7.0, containing 20% ethanol to a
final concentration of 7 �M. In case of type B2 oligomers, 10 �M FeCl3
was additionally added, whereas type B1 oligomers were prepared with-
out addition of FeCl3. After 4 h of shaking (GFL), both oligomer types
were relyophilized and resuspended with one-half of starting volume of
50 mM sodium phosphate buffer, pH 7.0, containing 10% ethanol. Ad-
ditionally, after this procedure, oligomers were stirred (RCT basic; IKA
Labortechnik, Staufen, Germany) with open lids using a Teflon-coated
microstirrer bar (Fisher, Pittsburgh, PA) for 24 h at RT. Alexa-488-
labeled oligomers were prepared in the same manner as nonlabeled oli-
gomers by using Alexa-488 fluorescent monomer.

Spin concentration protocol (types C1 and C2). Type C oligomers were
also prepared similarly to type A oligomers by dissolving lyophilized
protein in 50 mM sodium phosphate buffer, pH 7.0, containing 20%
ethanol to a final concentration of 7 �M. In case of type C2 oligomers,10
�M FeCl3 was additionally added, whereas oligomers type C1 were pre-
pared without addition of FeCl3. After overnight incubation at room
temperature under continuously shaking (GFL), oligomers were concen-
trated using ultracentrifugation (VivaSpin 500 columns; Vivascience).
The oligomers were separated from monomer using a MWCO 30 kDa
filter. The oligomers were retained while the monomeric protein passed
through the filter as verified by FCS. Alexa-488-labeled oligomers were
prepared in the same manner as nonlabeled oligomers by using Alexa-
488-conjugated monomers.

Atomic force microscopy
Sample preparation for AFM was performed at RT. Typically, 3– 6 �l of
different oligomers diluted in corresponding buffers to a working con-
centration of 1 �M were applied to a freshly cleaved muscovite mica
substrate (Ted Pella, Redding, CA) and incubated for 1 min. The mica
surface was then rinsed with 7� 200 �l of double-processed tissue cul-
ture water (Sigma) to remove salts and loosely bound proteins. AFM
images were recorded on a MultiModeTM SPM (Digital Instruments,
Santa Barbara, CA) equipped with an E-Scanner using etched silicon
NanoProbes (model RTESP; Veeco Instruments, Mannheim, Germany).
All measurements were performed in the tapping mode with scan rates of
�0.5 Hz. Images were processed using NanoScope software (Digital
Instruments).

Confocal single-particle analysis
FIDA measurements were performed on an Insight Reader (Evotec Tech-
nologies) with dual-color excitation at 488 and 633 nm, using a 40� 1.2
numerical aperture microscope objective (Olympus, Tokyo, Japan) and a
pinhole diameter of 70 �m at the FIDA setting. Excitation power was 200
�W at 488 nm. Measurement time was 10 s. Scanning parameters were
set to 100 �m scan-path length, 50 Hz beam-scanner frequency, and
2000 �m positioning-table movement. This is equivalent to �10 mm/s
scanning speed. All measurements were performed at RT. The fluores-
cence signal was analyzed by FIDA using FCSPP evaluation software
version 2.0 (Evotec Technologies). Fluorescence from the fluorophore
Alexa-488 was recorded with a single-photon detector. Photons were
summed over time intervals of constant length (bins) using a bin length
of 40 �s (Kask et al., 1999, 2000). Based on previous results, the obtained
data were analyzed by a three-component fit with two components fixed
to a particle brightness Q of 20 and 50, respectively. For the threshold
setting, nonaggregated reference samples were used. This single-
molecule detection technology allows highly sensitive analysis of protein
aggregation by slight changes in the brightness of individual particles.
FIDA is able to distinguish between differently bright species and, as
such, gives indirect information about particle sizes.

Cell culture
SH-SY5Y human dopaminergic neuroblastoma cells were maintained at
37°C in 5% CO2 in high-glucose DMEM (PAA Laboratories, Pasching,
Austria) supplemented with 15% fetal bovine serum (Invitrogen) and 4
mM glutamine (Invitrogen).

To generate stable cell lines, SH-SY5Y cells were transfected using
Metafectene (Cambio, Cambridge, UK) with pcDNA 3.1neo encoding
�-syn[wt], �-syn[A30P], or �-syn[A53T] (plasmids were a kind gift
from C. Haas and P. Kahle. As mock vector controls, SH-SY5Y cells were
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transfected with plasmid pUHD15.1 encoding the transactivator protein
for the tetracycline inducible expression system (Clontech, Saint-
Germain-en-Laye, France). Mock-transfected cells served as cells with
endogenous level of �-syn.

Transfected cells were selected with 1000 �g/ml G418 (PAA Labora-
tories) for 2–3 weeks until colonies emerged. Stable transfectants estab-
lished from these colonies were tested for their �-syn expression levels
using immunofluorescence and Western blot analyses.

Cortical cell culture
Neuron-enriched cerebral cortical cells were prepared from embryonic
brains (embryonic day 14) of mice. Cortices were dissected from embry-
onic brain and the meninges was removed. The cells were dissociated by
trypsinization and tituration. The dissociated cells were resuspended in
serum-free B27/neurobasal medium (Invitrogen) and plated at a density
of 1.25 � 10 5 cells/cm 2 on dishes precoated with poly-D-lysin/laminin.
Cells were maintained at 37°C in the presence of 10% CO2/90% air in a
humidified incubator. The medium was changed every third day.

Measurement of intracellular Ca 2�

FLIPR. For intracellular Ca 2� measurements using fluorescence imaging
with a fluorescent imaging plate reader (FLIPR), primary cortical neu-
rons were seeded at a density of 1.25 � 10 5 cells/cm 2 on 384-well, black
clear-bottom microtiter plates (BD Biosciences, Heidelberg, Germany)
precoated with poly-D-lysin/laminin and cultured as described above.
After 7 d, cortical neurons were used for Ca 2� measurements. Mock-
transfected SH-SY5Y cells and �-syn[wt], [A30P], or [A53T] mutants
were seeded into collagen I coated 384-well, black clear-bottom microti-
ter plates (BD Biosciences) at a density of 6000 cells/well and cultured
overnight. At the day of experiment, cells were washed with Ringer buffer
[containing (in mM) 130 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 2 KH2PO4, 5
glucose, and 20 HEPES] and loaded for 60 min with 2 �M the cell-
permeable Fluo-4 AM (Teflabs, Austin, TX) in Ringer buffer containing
0.1% (w/v) pluronic acid F127 (Invitrogen). After removal of the fluoro-
phore loading solution, cell layers were washed with Ringer buffer, incu-
bated at room temperature for 30 min, and washed again. The cell plates
were then loaded into an FLIPR (TETRA TM; Molecular Devices, Wok-
ingham, UK) together with a separate 384-well plate containing oli-
gomers and controls. Treatment of cells was performed with the follow-
ing final concentrations: 7 �M oligomer types A1 and A2 (referring to
moles of monomer starting concentration), 500 �g/ml gramicidin D,
and 1.5 �M ionomycin as positive controls. Test compounds were dis-
tributed in a randomized pattern to minimize any cell plating effects
caused by well position. The FLIPR was programmed to transfer the test
compounds and solvents simultaneously to all 384 wells 10 s after com-
mencement of recording of fluorescence [expressed as relative fluores-
cence units (RFUs)]. Fluorescence was excited at 488 nm and emission
was measured at 510 –560 nm. The duration of recording was 10 min.
Data are displayed as negative control-corrected values, meaning signal
response to oligomers including subtraction of corresponding solvent
controls. The resulting signals were quantified by taking the maximum
peak height of recording duration using Screenworks 1.2.0.73 software
and are expressed as mean � SEM. Treatment effects were analyzed by
unpaired t test for each cell line. For the SH-SY5Y cell lines, p values were
additionally adjusted for multiple testing using the Bonferroni correction
method. A p value �5% was considered statistically significant. Differ-
ences (�) between treated and untreated cell lines were quantified by
differences of mean values and corresponding 95% confidence intervals
(CIs). All cell lines were separately analyzed. For investigation of calcium
source, calcium was omitted from the Ringer buffer and experiments
were performed as described above. To demonstrate a calcium ion
channel-independent effect of oligomers, 20 �M cobalt, a nonspecific
calcium-channel blocker, was applied to cells 5 min before the applica-
tion of oligomers. Experimental setup was the same as described above.

Fluorescence imaging with confocal microscopy. SH-SY5Y cells overex-
pressing �-syn[wt] were seeded into collagen I-coated 96-well, black
�-clear-bottom microtiter plates (Greiner Bio-One, Frickenhausen,
Germany) at a density of 7500 cells/well and cultured overnight. Cortical
neurons were seeded at a density of 6 � 10 4 cells/cm 2 on 96-well, black

�-clear-bottom microtiter plates (Greiner Bio-One) precoated with
poly-D-lysin/laminin and cultured as described above. After 7 d, cortical
neurons were used for Ca 2� measurements.

Cells were washed with Ringer buffer [containing (in mM) 130 NaCl, 5
KCl, 1 CaCl2, 1 MgCl2, 2 KH2PO4, 5 glucose, and 20 HEPES] and loaded
with 2 �M the cell-permeable Fluo-4 AM (Teflabs) in Ringer buffer con-
taining 0.1% (w/v) pluronic acid (Invitrogen) at 37°C for 60 min. After
removal of the fluorophore loading solution, the cells were washed with
Ringer buffer, incubated at room temperature for 30 min, and washed
again. The imaging system consisted of an inverted confocal microscope
(DM IRBE; Leica, Wetzlar, Germany) equipped with a Leica 63� objec-
tive. Fluorescence excitation was performed with a 488 nm argon ion
laser and emitted fluorescence (505 nm � � � 530 nm) was imaged by a
scan head (Leica TCS SP). Time-lapse pictures (one frame per 2.5 s) were
captured using the Leica confocal software package and fluorescence
intensities were measured from regions of interest centered on individual
cells. Signals were expressed in RFUs. Treatment of cells was performed
with the following final concentrations: 7 �M monomer, 7 �M oligomer
types A1 and A2 (referring to moles of monomer starting concentration),
and 6 �M ionomycin as a positive control. Treatments were applied by
pipetting a fixed aliquot of 50 �l into the recorded well directly above the
objective. The duration of recording was 150 or 300 s. The 10-fold accel-
erated time-lapse videos were made using Windows Movie Maker soft-
ware (Microsoft, Redmond, WA).

Measurement of membrane potential changes using FLIPR
Primary cortical neurons were seeded at a density of 1.25 � 10 5 cells/cm 2

on 384-well, black clear-bottom microtiter plates (BD Biosciences) pre-
coated with poly-D-lysin/laminin and cultured as described above. After
7 d, cortical neurons were used for measurements of membrane poten-
tial. FLIPR membrane potential assay kit was performed according to the
manufacturers instructions. Briefly, cells were washed one time with as-
say buffer (1� HBSS with 20 mM HEPES, pH 6). Twenty microliters of
loading buffer (catalog #8034; Molecular Devices) reconstituted as de-
scribed in the product insert (final concentration, 20 �M) was added to
each well. Cell plates were incubated for 30 min at 37°C. The cell plates
were then loaded into an FLIPR (TETRA TM; Molecular Devices) to-
gether with a separate 384-well plate containing oligomers and controls.
Treatment of cells was performed with the following final concentra-
tions: 7 �M oligomer types A1 and A2 (referring to moles of monomer
starting concentration), and 500 �g/ml gramicidin D as positive control.
The FLIPR was programmed to transfer the test compounds and solvents
simultaneously to all 384 wells 15 s after commencement of recording of
fluorescence (expressed as RFUs). Fluorescence was excited at (510 nm �
� � 545 nm) and emission was measured at (565 nm � � � 625 nm).
Duration of recording was 10 min. Data are displayed as negative control
corrected values, meaning signal response to oligomers including sub-
traction of corresponding solvent controls. The resulting signals were
quantified by taking the maximum peak height of recording duration
using Screenworks 1.2.0.73 software and are expressed as mean � SEM.
Treatment effects for primary neurons were analyzed by one-sample t
tests versus the hypothetical value 0 and quantified by mean values of
differences (�) and corresponding 95% CIs.

Cell treatment and immunofluorescence staining
To investigate toxic effects or seeding properties of different oligomer
preparations, SH-SY5Y cells overexpressing mutant �-syn[A53T] were
seeded at 5000 cells/well using collagen I-coated 384-well, black clear-
bottom microtiter plates (BD Biosciences). On the next day, cells were
treated with 7 �M (referring to moles of monomer) of different oligomers
and the same volume of the corresponding solvent controls. After 2 h
treatment, oligomers were diluted 1:2 in culture medium for subsequent
overnight treatment.

The treatment was stopped after overnight incubation using 2% form-
aldehyde and 1 �M Hoechst 33342 (Invitrogen) in PBS as fixation solu-
tion. After washing, the cells were permeabilized and unspecific binding
sites were blocked using 0.05% saponin and 1% bovine serum albumin in
PBS. After washing, the primary antibody [rabbit antibody against acti-
vated caspase-3 (Asp175; Cell Signaling Technology, Beverly, MA) or
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rabbit antibody against �-syn (ASY-1; a kind gift from Poul Henning
Jensen, University of Aarhus, Denmark); described by Jensen et al.
(2000)] was added for 1 h at 37°C, followed by another washing step and
incubation with the secondary antibody (anti-rabbit antibody labeled
with Alexa-Fluor 647; Invitrogen) for 1 h at RT. After a final washing
step, 50 �l/well remained as residual volume.

Western blotting of SH-SY5Y cell extracts
SH-SY5Y cells were scraped from 100 mm dishes and washed by centrif-
ugation and resuspension in cold PBS. The cells were resuspended in lysis
buffer (250 mM Tris, 750 mM NaCl, 10 mM EDTA, 1% NP-40, 25 �g/ml
leupeptin, protease inhibitor mixture, pH 7.4) and incubated on ice for
30 min. After centrifugation at 1500 � g for 10 min, protein concentra-
tions of supernatants were quantified using the BCA assay (Pierce, Rock-
ford, IL). Lysates (30 �g of protein) were resolved by electrophoresis on
a 4 –12% Bis-Tris gradient gel (NuPAGE; Novex Bis-Tris Gel; Invitro-
gen) according to manufacturers instructions using NuPAGE MES
buffer. After transfer to nitrocellulose membrane (Protran; Whatman,
Dassel, Germany) the blot was blocked for 1 h at RT with blocking buffer
(I-block; Tropix, Bedford, MA). The blot was probed with ASY-1 anti-
body (1:500; a kind gift from Poul Henning Jensen) or anti-GAPDH
(1:1000; HyTest, Turku, Finland) for 1 h at RT. Bands were detected
using alkaline phosphatase-conjugated secondary antibodies (1:5000;
Tropix) and imaged with VersaDoc imaging system (Bio-Rad, Munich,
Germany).

Measurement of the assay plates in the IN Cell Analyzer 3000
Automated confocal fluorescence microscopy using the IN Cell Analyzer
3000 (GE Healthcare Bio-Sciences, Little Chalfont, UK) has been de-
scribed in detail (Haasen et al., 2006; Wolff et al., 2006). For our experi-

ments, we used the 364 laser line combined with a 450BP25 emission
filter for Hoechst 33342, the 647 nm laser line combined with a 695BP55
emission filter for Alexa Fluor 647, and the 488 nm laser line with a
535BP45 emission filter for Alexa Fluor 488. Fluorescence emission was
recorded separately in the blue, red, and green channels, applying a flat-
field correction for inhomogeneous illumination of the scanned area for
each of the three channels.

Image analysis
Images stained for activated caspase-3 were analyzed using the nuclear
trafficking (TRF2) algorithm of the IN Cell Analyzer 3000. Briefly, the
algorithm identified the nuclei as pixel accumulations above a specified
intensity threshold in the blue (nuclear) channel image. The number of
nuclei correspond to the absolute cell number. In a specified dilated
“cytoplasmic” mask region around these nuclei, the algorithm then
searched for cells above a defined threshold in the red channel image,
identifying cells stained for activated caspase-3. The percentage of posi-
tive cells for each image was calculated as follows: the percentage of
positive cells � (number of positive cells in signal channel/number of
total cells in nuclear channel) � 100. For each treatment, the percentage
of positive cells and the number of total cells were normalized to the
respective solvent controls to give the percentage of control values. The
mean and SEM for each analysis were calculated from the indicated
number of images. Statistical significance was determined by unpaired t
test with p � 0.05.

Statistical analysis
Statistical analysis was performed as indicated as mentioned in the re-
spective sessions for calcium measurements, measurement of membrane
potential, and image analysis using IN Cell Analyzer 3000.

Figure 1. Characterization of long-term incubation of �-syn oligomers (types A1 and A2). A,
FIDA analysis of two oligomeric �-syn forms generated after long-term incubation (6 d) in 50
mM sodium phosphate buffer. The influence of ferrous chloride has been worked out (type A1
without ferrous chloride and type A2 with ferrous chloride). The mean � SEM of five measure-
ments are shown. B, AFM images (500 � 500 nm) of type A1 and A2 oligomeric �-syn forms
generated after long-term incubation (6 d) in 50 mM sodium phosphate buffer. Section analysis
revealed globular or protofibrillar oligomers from 2 to 6 nm in height. Also, annular structures
(arrows) were found in both oligomer types A1 and A2. AFM images are representative exam-
ples of several AFM images of independent oligomer preparations.

Figure 2. Characterization of �-syn oligomer types B1 and B2 generated with stirring bars.
A, Single-particle analysis revealed two oligomeric forms generated with stirring bars. The
influence of ferrous chloride has been worked out (type B1 without ferrous chloride and type B2
with ferrous chloride). B, AFM images (1 �m 2) of two oligomeric forms generated with stirring
bars. Oligomers appeared as heterogeneous population with particles from 3 to 23 nm in height
using section analysis. Oligomer type B1 appeared in a more compact spherical form than
oligomer type B2. AFM images are representative examples of several AFM images of indepen-
dent oligomer preparations.
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Results
Aggregation of �-syn plays an important role in the pathogenesis
of PD and other synucleinopathies. To characterize oligomers on
a single particle level and to investigate their biological effects on
both human neuroblastoma SH-SY5Y cells and primary cortical
neurons, we developed three novel protocols for oligomer gener-
ation based on published observations. For the first time we com-
pared the oligomers directly in shape, morphology, and size using
two single-particle analysis methods. Finally, we investigated
their bioactivity on cultured human cells.

The combination of ethanol and iron is sufficient to induce
�-syn oligomerization at very low protein concentrations (M.
Kostka, T. Högen, K. Danzer, and A. Giese, unpublished obser-
vation). To reduce ethanol concentrations that would interfere
with subsequent cell-culture experiments and to increase the oli-
gomer yield, the aggregation conditions have been adapted and
optimized. In the experiments described here, we compared three
different approaches.

First, we incubated oligomers for a period of 6 d after lyophi-
lization and resuspension in sodium phosphate buffer. This type
of oligomers was termed type A. Second, based on the oligomer
preparation protocol of Kayed et al. (2003), we used stirring bars
to accelerate the aggregation process and to minimize ethanol
concentrations concurrently. We termed this oligomer type B. In

the third approach, we used ultrafiltration to concentrate oli-
gomers for use in cell culture. This oligomer type was named type
C. Based on a finding that iron increases particle size of ethanol-
induced oligomers (M. Kostka, T. Högen, K. Danzer, and A. Giese,
unpublished observation), we investigated the influence of iron on
all three oligomer types (A, B, and C). Iron-free oligomers were
termed type 1 oligomers and iron-containing oligomers type 2.

To quantify and characterize the differently prepared oli-
gomers, we used fluorescently labeled �-syn in nanomolar con-
centrations and applied FIDA with a confocal single-molecule
detection system.

Characterization of �-syn type A oligomers
Applying FIDA to characterize our oligomers, we found in the
type A oligomers that nearly half of the overall particles appeared
as monomers, whereas the other half was composed of small
oligomeric particles. Although type A oligomers were incubated
for several days, we found only small amounts of large oligomeric
particles. There was no influence of iron on the particle size ob-
served (Fig. 1A). To confirm our FIDA results, we used AFM as a
fluorescence-independent single-molecule detection system.

AFM analysis showed that oligomers in the type A preparation
appeared as a heterogeneous population with globular and pro-
tofibrillar structures. Iron seemed to influence the aggregation
process resulting in more extended protofibrillar structures (A2)
whereas the iron-free preparation (A1) favors the generation of
spherical structures (Fig. 1B). Thus, small oligomer particles ob-
served with FIDA could be confirmed with AFM analysis when
compared with section analysis of monomers. As also described
by Lashuel et al. (2002b), we observed annular structures 40 – 45
nm in diameter in both preparations. Importantly, these annular
structures were not found in monomer preparations (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). In contrast to FIDA analysis, almost no monomers
were observed in type A oligomer preparations with our experi-
mental AFM setup.

Together, using the complementary biophysical techniques
FIDA and AFM, type A oligomers generated by long-term incu-
bation of low �-syn concentrations appeared as small, globular
and annular structures.

Characterization of type B oligomers
Type B oligomers were generated using stirring bars to facilitate
ethanol evaporation. Applying FIDA for oligomer type B charac-
terization, we found, in contrast to the type A preparation, a
higher conversion rate (80%) from monomers to small oli-
gomers. This type B oligomer contained low monomeric percent-
ages and only a small portion of large oligomeric particles. Addi-
tionally, there was no significant influence of iron on particle
composition when comparing the FIDA analysis of the B1 and B2
oligomer preparations (Fig. 2A).

Structural insight into type B oligomers was given by AFM anal-
ysis. Height images showed that type B oligomers appeared as a
heterogeneous population (Fig. 2B). Also by stirring, globular struc-
tures have been detected, but no annular structures have been ob-
served in any preparation. In contrast to FIDA analysis, we saw an
influence of iron on oligomer formation: iron-free prepared B1 oli-
gomers appeared in a more compact spherical shape, whereas B2 oli-
gomers prepared with iron showed up as amorphous structures.

Finally, the data demonstrate that type B oligomers were het-
erogeneous, globular oligomers, with low amounts of monomers
and a majority of small oligomeric particles.

Figure 3. Characterization of �-syn oligomers (types C1 and C2). A, Single-particle analysis
of two oligomeric �-syn forms generated by overnight incubation and ultrafiltration. The in-
fluence of ferrous chloride has been analyzed (type C1 without ferrous chloride and type C2 with
ferrous chloride). B, AFM images (1 �m 2) of two oligomeric �-syn forms generated by over-
night incubation and ultracentrifugation. Images showed globular and protofibrillar oligomer
structures 4 –10 nm in height. Using AFM analysis, there were no significant morphological
differences detectable between oligomer type C1 and oligomer type C2. AFM images are rep-
resentative examples of several AFM images of independent oligomer preparations.
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Characterization of type C oligomers
The third kind of oligomers, type C oligomers, were prepared
similar to the previous preparations and combined with an ultra-
filtration step after the aggregation process.

With FIDA analysis we observed only in type C preparations
an effect of iron administration: type C2 oligomers contained
three times more small oligomeric forms than iron-free prepara-
tions (C1). Additionally, oligomer types C1 and C2 also differed
in the proportion of large particles. Here, large particles were

present to a higher amount when com-
pared with oligomer types A and B. Type C
oligomers showed the lowest portion of
monomers (Fig. 3A) among our three oli-
gomer types, A, B, and C.

In contrast to the confocal fluorescence
technique FIDA, the AFM analysis did not
illustrate morphological differences in
particle composition between oligomer
types C1 and C2. Both oligomer types
appeared as spherical particles with ho-
mogenous distribution of globular and
protofibrillar structures (Fig. 3B). No an-
nular structures like in the preparation
type A were observed.

In summary, each of our novel proto-
cols ended up in a heterogeneous oligomer
population. We showed that changes in
the aggregation protocols can lead to dis-
tinct forms of oligomers. We used these
different oligomers to study the cellular re-
sponses to exogenously added oligomers.

Increase in intracellular calcium
mediated by type A1 and A2 oligomers
It has been suggested that abnormal intra-
cellular calcium homeostasis plays a cru-
cial role in the pathogenesis of neurode-
generative disorders (Mattson and Chan,
2001). Moreover, we found that iron-
induced oligomers were able to form pores
in a synthetic bilayer pore-forming assay
(M. Kostka, T. Högen, K. Danzer, and
A. Giese, unpublished observation). Simi-
larly, Volles et al. (Volles et al., 2001; Volles
and Lansbury, 2002) have shown pore-
forming activity of �-syn protofibrils using
synthetic vesicles. Therefore, we asked
whether we could detect a calcium dys-
regulation in cells treated with type A oli-
gomers. In contrast to monomer samples,
oligomer types A1 and A2 evoked a rapid
increase within seconds in calcium-
dependent fluorescence in fluo-4-loaded
singular SH-SY5Y cells using confocal mi-
croscopy (Fig. 4) and in an FLIPR (supple-
mental Fig. 3A, available at www.
jneurosci.org as supplemental material).
The increase in intracellular calcium of
singular SH-SY5Y cells is also demon-
strated on a time lapse video (supplemen-
tal movie 1, available at www.jneurosci.org
as supplemental material). As positive con-
trols, we used the channel-forming

polypeptide ionophore gramicidin and the chelating calcium
ionophore ionomycin, which allows calcium to diffuse passively
through cellular membranes (Fig. 4, supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material). To investi-
gate whether the observed increase in intracellular calcium was
dependent on cellular �-syn-expression levels, we compared
mock-transfected SH-SY5Y cells expressing endogenous �-syn with
cells stably overexpressing �-syn[wt] or mutant �-syn[A30P/A53T].
These cell lines exhibited comparable �-syn expression levels com-

Figure 4. [Ca 2�] elevation by �-syn oligomer types A1 and A2 in SH-SY5Y cells. Traces show [Ca 2�]-dependent fluorescence
of single SH-SY5Y cells overexpressing �-syn[wt] in response to 6 �M ionomycin, 0.1 mg/ml monomer, and 0.1 mg/ml oligomer
types A1 and A2 with respective solvent controls. Oligomer types A1 and A2 evoked a clear increase in intracellular [Ca 2�].
Fluorescence records illustrating typical responses to different treatments starting at the time point of application are shown. The
inset images of the cell were captured at the times indicated during the trace and are depicted on a pseudocolor scale with
“warmer” colors on a rainbow scale corresponding to higher fluorescence. The inset images show representatives of a single cell.

Figure 5. [Ca 2�] elevation by �-syn oligomer types A1 and A2 in primary neurons. Traces show [Ca 2�]-dependent fluores-
cence of single cortical neurons in response to 6 �M ionomycin, 0.1 mg/ml monomer, and 0.1 mg/ml oligomer types A1 and A2
with respective solvent controls. Oligomer types A1 and A2 evoked a clear increase in intracellular [Ca 2�]. Fluorescence records
illustrating typical responses to the different treatments starting at the time point of application are shown. The inset images
show pseudocolor representatives of a single cell, captured at the times indicated by the trace.
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pared with the endogenous control as shown
in supplemental Figure 2 (available at www.
jneurosci.org as supplemental material).
Again, type A1 and A2 oligomers evoked a
clear increase in calcium-dependent fluores-
cence compared with monomer and respec-
tive solvent controls. No clear differences in
the calcium signal increase between mock-
transfected SH-SY5Y cells and �-syn-
overexpressing SH-SY5Y cells have been ob-
served (supplemental Fig. 3, available at
www.jneurosci.org as supplemental mate-
rial). These data suggest that only the exog-
enously applied oligomers are responsible
for the elevation of intracellular calcium and
that the intracellular �-syn does not contrib-
ute to the effect in the time window investi-
gated here.

To demonstrate also for primary neu-
rons an elevation of intracellular calcium
induced by type A oligomers, we per-
formed the same experiments as described
above for SH-SY5Y cells. Using confocal
microscopy, we confirmed also in primary
neurons a significant increase in intracel-
lular calcium (Fig. 5). A time lapse video of
singular neurons shows also the calcium
influx effect (supplemental movie 2, avail-
able at www.jneurosci.org as supplemental
material). This was further confirmed by
FLIPR measurements (supplemental Fig.
4, available at www.jneurosci.org as sup-
plemental material).

To support pore formation as a possi-
ble mechanism responsible for the calcium
influx, we measured the membrane poten-
tial. Indeed, oligomer types A1 and A2
showed a depolarization of the membrane
potential in primary cortical neurons as
also shown for gramicidin (Fig. 6).

Oligomer type A-induced calcium ion
influx from extracellular sources
To discriminate whether the observed increase in intracellular
calcium induced by oligomers types A1 and A2 resulted from
influx of extracellular calcium or emptying of intracellular cal-
cium stores, we reduced the extracellular calcium concentration
to very low levels by using calcium-free buffer. In the absence of
extracellular calcium, the treatment of endogenous �-syn SH-
SY5Y cells (Fig. 7A) completely abrogated the oligomer type A1-
and A2-induced intracellular calcium increase. As expected,
application of the channel-forming polypeptide gramicidin also
no longer elicited an increase in intracellular calcium. Only
ionomycin-induced calcium signals were detectable. Thus, the
increase of intracellular calcium levels induced by oligomer types
A1 and A2 and gramicidin resulted from extracellular sources,
whereas the remaining ionomycin signal response was mediated
by both influx of extracellular calcium and intracellular calcium
release.

To rule out the possibility that endogenous calcium-
permeable plasma membrane ion channels were affected by oli-
gomers types A1 and A2, we added 20 �M cobalt, a nonspecific
calcium-channel blocker, to endogenous �-syn SH-SY5Y cells,

before application of 7 �M oligomer type A1. Signal response in
the presence of cobalt was of a comparable magnitude to that
obtained in the absence of cobalt (Fig. 7B), suggesting that cal-
cium influx through cobalt-sensitive calcium channels does not
contribute to oligomer type A1- and A2-induced increase in in-
tracellular calcium.

Toxicity of type A oligomers
To investigate whether type A oligomers have toxic properties, we
examined caspase-3 activation and determined cell number re-
duction after oligomer type A1 and A2 treatment. Because there
were no biologically relevant differences in calcium response seen
in SH-SY5Y cells expressing endogenous or elevated levels of
�-syn, we performed toxicity assays only in mock-transfected
cells and in mutant �-syn[A53T]-overexpressing cells.

Immunofluorescence staining for caspase-3 after oligomer
type A1 treatment showed, for both mock-transfected and mu-
tant �-syn [A53T]-expressing SH-SY5Y cells, a significant ( p �
0.05) increase in cleaved caspase-3 activity. Also, treatment with oli-
gomer type A2 resulted in a significant increase of caspase-3 activity
in both cell lines, whereas the increase in caspase-3 activity seemed to

Figure 6. Depolarization of membrane potential induced by oligomer types A1 and A2. A, Kinetic plots illustrating typical
signal responses to application of 0.1 �g/�l �-syn monomer, oligomer types A1 and A2, and 500 �g/ml gramicidin as a positive
control. Oligomer types A1 and A2 showed a clear depolarization of membrane potential. Each trace shows the negative control
corrected mean fluorescence of 1.25 � 10 5 primary neurons. B, Quantification of fluorescence intensity in response to oligomer
types A1 and A2 induced depolarization in primary neurons compared with solvent control. Values are mean � SEM; n � 3; *p �
0.002, one-sample t test against hypothetical value 0. A1-treated neurons: � � 286.8 (95% CI, 277.4 –296.2); A2 treated
neurons: � � 345.2 (95% CI, 286.2– 404.2).
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be slightly higher in mutant �-syn[A53T]-overexpressing cells
than in cells with endogenous levels of �-syn (Fig. 8A). Treat-
ment with oligomer type A1 caused, in both cell lines, a signifi-
cant reduction in cell number, whereas mutant �-syn [A53T]-
overexpressing cells seemed to be more affected in cell number
reduction than mock-transfected cells. Although there was a
lower caspase activation compared with the mock-transfected
cells, there was a stronger cell number reduction in this cell line.
This discrepancy might be explained by nonapoptotic cell death.
We observed a strong and significant cell number reduction in
mutant �-syn[A53T]-overexpressing cells treated with type A2
oligomers. This is in accordance with the caspase-3 results. Al-
though the cell number reduction in mock-transfected cells
treated with A2 oligomers is not statistically significant ( p �
0.56) compared with solvent control 2, type A2 oligomers seem to
reduce cell number also in mock-transfected cells (Fig. 8B).

In contrast to type A oligomers, our
other types of oligomers, types B and C,
did not increase the level of intracellular
calcium (data not shown). Moreover, we
also did not detect a caspase activation or
cell number reduction for oligomer types
B and C. Thus, type A oligomers were the
only type of oligomers with annular struc-
tures and a calcium influx effect with a in-
duction of cell death.

Seeding characteristics of type
B oligomers
It has been shown previously that aggrega-
tion of �-syn is a nucleation-dependent
process in which preformed aggregates
function as seeds (Wood et al., 1999). To
analyze whether exogenously added oli-
gomers have the propensity to seed cyto-
solic �-syn, we treated SH-SY5Y cells sta-
bly overexpressing �-syn mutant [A53T]
and mock-transfected cells with endoge-
nous levels of �-syn with Alexa-488-
conjugated type B oligomers. Immunoflu-
orescence staining showed colocalization
of Alexa-488-conjugated type B oligomers
(green) and the total amount of �-syn
(red) in overlaid images. We found yellow-
colored aggregates within cells after oli-
gomer type B treatment in both �-syn mu-
tant [A53T] and mock-transfected cells.
Confocal images demonstrated that cells
treated with Alexa-488-conjugated type
B2 oligomers displayed a reduction in cy-
toplasmic �-syn staining and an increase
in yellow-colored intracellular aggregates
(seeding), whereas solvent control-treated
cells showed homogenous cytoplasmic
staining of �-syn (Fig. 9). Thus, exog-
enously added type B oligomers have en-
tered the cell and seeded aggregation of cy-
tosolic �-syn with a resulting increased
protein aggregation in one local area.

Notably, the oligomer types B1 and B2
did not cause an increase in intracellular
calcium (data not shown). This supports
the idea that the type B oligomers are dif-
ferent from the type A oligomers. Thus,

oligomer types B and A differ not only in their biophysical prop-
erties, but this difference also translates into different cellular
effects.

Seeding characteristics of type C oligomers
Because type C oligomers also seemed to have different biophys-
ical characteristics compared with oligomer types A and B, we
assumed also different biological effects on cells. First, we inves-
tigated again the effect on calcium homeostasis in neuroblastoma
cells. In none of our assays did type C oligomers cause an increase
in intracellular calcium (data not shown).

We also investigated the seeding ability of type C oligomers as
described for type B oligomers. Type C2 Alexa-488 oligomers
induced as well a remarkable reduction in cytoplasmic staining of
�-syn and a tremendous seeding effect in both �-syn mutant

Figure 7. �-Syn oligomer types A1 and A2 induced intracellular [Ca 2�] increase via influx of extracellular [Ca 2�] sources. A,
Kinetic plots illustrating typical signal responses to application of 0.1 �g/�l �-syn oligomer types A1 and A2 and positive
controls, 1.5 �M ionomycin, and 500 �g/ml gramicidin in [Ca 2�]-free extracellular buffer. Each trace shows the mean fluores-
cence of 6000 mock-transfected SH-SY5Y cells expressing endogenous �-syn. Intracellular [Ca 2�] signals evoked by oligomers
type A1, A2, and gramicidin were completely abolished when cells were incubated in [Ca 2�]-free extracellular buffer, whereas
ionomycin-induced [Ca 2�] signals were persistent. B, [Ca 2�] signals evoked by oligomer types A1 and A2 are not reduced by
cobalt, a nonspecific Ca 2� channel blocker. Each trace shows the typical mean fluorescence of 6000 mock-transfected SH-SY5Y
cells after addition of type A1 oligomers in the presence and absence of cobalt. Type A oligomers showed a clear calcium channel-
independent increase in intracellular [Ca 2�]. This experiment was repeated two times and showed similar results.

Danzer et al. • Different Effects of �-Synuclein Oligomers J. Neurosci., August 22, 2007 • 27(34):9220 –9232 • 9227



[A53T] and mock-transfected cells with endogenous levels of
�-syn (Fig. 10), whereas corresponding solvent control-treated
cells showed a homogeneous �-syn staining. Also, type C1 oli-
gomers induced aggregate formation in both SH-SY5Y cell lines,
whereas the seeding effect of type C2 oligomers was stronger.
Also, in primary neurons, we were able to demonstrate a reduc-
tion in cytoplasmic �-syn staining and a tremendous “yellow”
aggregate formation near the nucleus after oligomer type C2
treatment. Corresponding solvent control-treated neurons
showed a homogeneous cytoplasmic staining of �-syn (Fig. 10C).
Thus, also type C oligomers had the propensity to seed cytosolic

�-syn by accumulation of intracellular �-syn within one local
area after exogenous application in both SH-SY5Y cell lines and
primary neurons.

Notably, type A oligomers had in none of our approaches any
seeding propensity (data not shown).

All together, our data provide evidence that several different
types of oligomers can be formed under various conditions,
which differ in shape, morphology, and size. Consequently, these
different types of oligomers have distinct biological effects on
cells (summarized in Table 1).

Discussion
In this study we have shown that, depending on aggregation con-
ditions, heterogeneous populations of �-syn oligomers are form-
ing, which can be differentiated based on their biophysical prop-
erties and cellular effects. Type A oligomers induced an increased
membrane permeability and trigger cell death. Type B and C
oligomers were able to enter cells directly and to seed intracellular
�-syn aggregation.

Many protocols of oligomer preparation have been described
in the literature, but all were characterized with different meth-
ods, making it difficult to compare the different approaches.
Here, we directly compared various types of oligomers by two
single-particle analysis methods, AFM and FIDA, and cellular
readouts. The influence of iron on in vitro aggregation of �-syn
has been reported by Uversky et al. (2001). These findings formed
the basis for our present work.

Characterization of our type A oligomers with AFM revealed
spherical oligomers from 2 to 6 nm in height. This is consistent
with observations of other groups (Conway et al., 2000; Rochet et
al., 2000; Volles et al., 2001; Hoyer et al., 2004; Apetri et al., 2006),
although these studies were performed with far higher protein
concentrations. Wood et al. (1999) had previously determined 28
�M as the critical concentration for �-syn aggregation. Our ap-
proaches used four times less protein. This was possible because
of the application of the highly sensitive FIDA analysis in contrast
to the standard techniques used in the other studies. The method
of oligomer generation used by Jensen et al. (2000) required pro-
tein concentrations 10-fold higher than our approaches and re-
sulted mostly in fibrils after 7 d of incubations. In contrast, our
samples still consisted mainly of oligomers and monomers at this
time point, with no fibrils yet apparent. Prolonged incubation,
however, lead to fibril formation (supplemental Fig. 5, available
at www.jneurosci.org as supplemental material), suggesting that
our oligomers were on pathway to fibrils.

Kayed and Glabe (2006) described the generation of homoge-
neous oligomer populations using a greatly differing protocol
starting with seedless stock solutions. In contrast, our oligomer
preparations turned out to be heterogeneous mixtures: FIDA
data demonstrated that almost 50% of �-syn contained in type A
oligomers was in the monomeric form. An obvious explanation
for the relatively high proportion of monomers in the type A
preparations is an equilibrium between monomers and type A
oligomers. After ultrafiltration to separate the monomer fraction
and the oligomer type A fraction, monomers reappeared in the
oligomer fraction (data not shown). The �-syn monomers were,
however, not seen by AFM, most probably because the mono-
mers were washed off during the AFM sample preparation.

In addition to the generation and biophysical characterization
of different oligomer types, we also investigated their biological
effects after application to cells. We found that two types of our
oligomers (B and C) entered into cells and seeded intracellular
�-syn aggregation. Our other type of oligomers (type A) did not

Figure 8. Toxicity of �-syn oligomer types A1 and A2. A, Quantification of caspase-3 activa-
tion normalized to corresponding solvent controls; values are the mean � SEM; n � 3. Treat-
ment of mock-transfected SH-SY5Y cells or cells overexpressing �-syn mutant A53T with 0.1
mg/ml oligomer types A1 and A2 led to a significant activation of caspase-3 [unpaired t test,
*p � 0.05 compared with data from corresponding solvent controls; oligomer type A1 treated:
mock, �� 151 (95% CI, 83.3–218.6); �-syn[A53T], �� 75.8 (95% CI, 5.8 –145.9); oligomer
type A2 treated: mock, � � 90.9 (95% CI, 54.6 –127.2); �-syn[A53T], � � 288.9 (95% CI,
147.3– 430.5)]. B, Quantification of cell number reduction normalized to corresponding solvent
controls. Values are shown as mean � SEM; n � 3. Oligomer type A1 evoked, on both mock-
transfected and stably overexpressing mutant �-syn[A53T] SH-SY5Y cell lines, a significant
reduction in cell number. Oligomer type A2 led, on overexpressing mutant �-syn[A53T] SH-
SY5Y cells, to a significant reduction in cell number [unpaired t test, *p � 0.05 compared with
data from corresponding solvent controls; oligomer type A1 treated: mock, ���56 (95% CI,
�91.5 to �20.5); �-syn [A53T], ���79.3 (95% CI, �104.9 to �53.62); oligomer type A2
treated: mock, � � �34.6 (95% CI, �75.6 to �6.5); �-syn[A53T], �� �72.1 (95% CI,
�99.4 to �44.7). Both oligomer types mediated their toxicity after 24 h. ns, Not significant.
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enter into cells. Instead, they seemed to act at the cellular mem-
brane where they initiated an elevation of intracellular calcium.
This increase in intracellular calcium occurred only in the pres-
ence of calcium in the extracellular buffer, suggesting that this
effect is attributable to an influx from extracellular sources. We
also shown that this calcium influx is independent of cobalt-
sensitive calcium channels. This is in contrast to the study by
Adamczyk and Strosznajder (2006), who suggested that �-syn
induces a calcium influx via N-type voltage-dependent Ca 2�

channels. Their study differs greatly in two aspects. First, their
model system is comprised of rat synaptoneurosomes, and sec-
ond, they used monomeric �-syn for their investigations. There-
fore, the data of Adamczyk and Strosznajder (2006) are not di-
rectly comparable with our data.

Several mechanisms have been suggested to underlie the in-
crease in intracellular calcium induced by amyloidogenic pro-
teins: increase in membrane permeability (Demuro et al., 2005),
insertion into the membrane and formation of a pore (Kawahara
et al., 2000; Arispe, 2004; Lashuel and Lansbury, 2006), and a
direct interaction with membrane components to destabilize the
membrane structure (Muller et al., 1995; Mason et al., 1996;
Avdulov et al., 1997; Green et al., 2004). Although we cannot
exclude an increase in membrane permeability or mechanisms
destabilizing the membrane structure, our data support the amy-
loid pore hypothesis suggested by Lashuel and Lansbury (2006).
They demonstrated with synthetic vesicles a pore-forming mech-
anism of �-syn protofibrils (Volles et al., 2001; Volles and Lans-
bury, 2002; Lashuel et al., 2002a). The influx of extracellular cal-
cium observed in our experiments suggests that �-syn pore
formation occurs also in living cells. In addition, the calcium
influx pattern of bacterial toxin gramicidin closely resembled the
�-syn oligomer type A-induced calcium influx. Thus, the pore
forming mechanism mediated by oligomers type A could be sim-

ilar to that of membrane-spanning pores formed by known pro-
tein toxins (e.g., hemolysin, latroxin, and aerolysin) (Valeva et al.,
1997; Orlova et al., 2000; Wallace et al., 2000). Moreover, we also
found a change in membrane potential in primary neurons after
oligomer type A treatment. The observed depolarization could be
the consequence of ion fluxes through pores in the membrane.
Intriguingly, only type A oligomers contained annular structures.
Recently, Tsigelny et al. (2007) showed, by using molecular mod-
eling and molecular dynamics simulations, that �-syn can form
pentamers and hexamers forming a ring-like structure that can
incorporate in the membrane. Direct evidence for the existence of
amyloid pore-like structures in vivo has been provided by the
extraction of annular �-syn structures from postmortem brain
tissues from a multiple-system atrophy patient (Pountney et al.,
2005). Our annular type A oligomers, 45 nm in diameter, were
similar to those extracted oligomers that ranged from 30 to 50 nm
in diameter

These results suggest a disruption of cellular ion homeostasis
followed by caspase activation and cell death via membrane span-
ning pores as one possible pathogenic mechanism of �-syn oli-
gomers that might also occur in vivo. A disruption of calcium
homeostasis has been proposed for several related amyloidogenic
oligomers, including amyloid �-peptide, prion, islet amyloid
polypeptide, polyglutamine, and lysozyme (Demuro et al., 2005).
Even prefibrillar aggregates of nondisease-related proteins have
been shown to be internalized into cells followed by a rise of free
calcium levels (Bucciantini et al., 2004). These findings
strengthen the idea of a common mechanism of disruption of
calcium homeostasis mediated by different prefibrillar aggregates
of disease-related and nondisease-related proteins.

Our data demonstrate that oligomer type A-evoked increase
in intracellular calcium was similar in cells overexpressing
�-syn[wt, A30P, A53T], and cells expressing only an endogenous

Figure 9. Seeding effect of �-syn oligomer types B1 and B2. Immunocytochemical staining of �-syn with ASY-1 antibody (in red) after treatment with 0.1 mg/ml Alexa-488-labeled oligomer
types B1 and B2 (in green) or solvent controls is shown. A, B, Confocal images showed a reduction in cytoplasmic staining of �-syn and an increase in cell-associated aggregates (seeding) in SH-SY5Y
stably overexpressing �-syn[A53T] (A) or mock-transfected SH-SY5Y with endogenous expression of �-syn (B) when treated with oligomer type B2. Oligomer type B2 had a higher potential to seed
aggregate formation than oligomer type B1. This experiment was repeated two times and showed similar results.
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level of �-syn. This suggests that intracel-
lular �-syn does not contribute under
these experimental conditions to the pore
formation, although other studies have
shown that cells expressing mutant
�-syn[A53T] have a higher plasma mem-
brane permeability (Furukawa et al.,
2006).

In contrast, oligomer types B and C did
not increase intracellular calcium (data not
shown), but these oligomers could directly
enter the cell and promote intracellular
aggregate formation.

Effects of extracellular oligomers on cells might play an im-
portant role, also under pathophysiological conditions, because
intriguing findings have shown previously that �-syn aggregates
could be secreted from cells and therefore possibly insult neigh-
boring cells (Lee et al., 2005). However, because �-syn is an in-
tracellular protein, the in vivo situation can still differ from this
model, because there could also be other mechanisms involved
not considered in this study.

Previous studies have shown that monomeric �-syn and pre-
fibrillar aggregates from nondisease-related proteins can translo-

cate into cells, although the mechanism of aggregate internaliza-
tion to date remains unclear (Bucciantini et al., 2004; Ahn et al.,
2006). We were able to confirm that oligomer types B and C could
also be internalized into cells and deploy then their seeding prop-
erties. A previous study has shown that membrane-bound �-syn
can seed intracellular �-syn (Lee et al., 2002). The seeding effect
observed in our study could be similar to the effect shown by Lee
et al. (2002). Oligomer types B and C might resemble nucleating
species as described also in cell-free studies (Hoyer et al., 2002).
Seeding could also be one underlying mechanism for the ascend-
ing progression of �-syn pathology within the brains of Parkin-
son’s patients (Braak et al., 2003).

Figure 10. Seeding effect of �-syn oligomer types C1 and C2. Immunocytochemical staining of �-syn with ASY-1 antibody (in red) after treatment with 0.1 mg/ml Alexa-488 labeled oligomers
type C1 and C2 (in green) or solvent controls is shown. A, B, Confocal images showed a reduction in cytoplasmic staining of �-syn and an increase in cell-associated aggregates (seeding) in SH-SY5Y
stably overexpressing �-syn mutant A53T (A) or mock-transfected SH-SY5Y cells (B) treated with oligomer type C2. Oligomer type C2 had a higher potential to trigger aggregate formation than
oligomer type C1. This experiment was repeated two times and showed similar results. C, Also, primary cortical neurons showed a decrease in cytoplasmic staining of �-syn (red) and remarkable
cell-associated �-syn aggregate formation (yellow).

Table 1. Different types of �-syn oligomers

Oligomer
type

Annular
structures

Particles 	5 nM

in height
Calcium
influx

Cell
death

Caspase
activation Seeding

A1 � � � � � �
A2 � � � � � �
B1 � � � � � �
B2 � � � � � ��
C1 � � � � � �
C2 � � � � � ��

Overview of different types of �-syn oligomers with their respective characteristics and biological effects.
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In our experimental setup, oligomer types B and C did not
induce caspase activation or cell loss (data not shown). This cor-
relates with the lack of an increase in intracellular calcium. We
hypothesize that, although oligomer types B and C seed intracel-
lular aggregation of �-syn, the resulting progression in aggregate
formation in cell culture models is so fast because of the high
levels of �-syn overexpression that the nucleating species imme-
diately end up as large aggregates, bypassing the toxic oligomeric
intermediates. Therefore, it might well be that oligomers with
seeding properties could still trigger toxic neurodegenerative
processes in synucleinopathies, where �-syn is present at physi-
ological concentrations.

In conclusion, this study suggests that the aggregation process
of �-syn results in distinct populations of oligomeric forms with
different cellular effects. The cellular effects of �-syn oligomers
described here in cell culture could resemble events that take
place in PD patients. However, additional studies are needed to
characterize the pathophysiologically relevant oligomeric forms
in the brains of PD patients. Preventing the early events in oli-
gomer formation might be a novel approach for the development
of effective drugs for the treatment of PD and other
synucleinopathies.
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