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Abstract

Recent research implicates soluble aggregated forms of a-synuclein as neurotoxic species with a central role in the
pathogenesis of Parkinson’s disease and related disorders. The pathway by which a-synuclein aggregates is believed to
follow a step-wise pattern, in which dimers and smaller oligomers are initially formed. Here, we used H4 neuroglioma cells
expressing a-synuclein fused to hemi:GFP constructs to study the effects of a-synuclein monoclonal antibodies on the early
stages of aggregation, as quantified by Bimolecular Fluorescence Complementation assay. Widefield and confocal
microscopy revealed that cells treated for 48 h with monoclonal antibodies internalized antibodies to various degrees. C-
terminal and oligomer-selective a-synuclein antibodies reduced the extent of a-synuclein dimerization/oligomerization, as
indicated by decreased GFP fluorescence signal. Furthermore, ELISA measurements on lysates and conditioned media from
antibody treated cells displayed lower a-synuclein levels compared to untreated cells, suggesting increased protein
turnover. Taken together, our results propose that extracellular administration of monoclonal antibodies can modify or
inhibit early steps in the aggregation process of a-synuclein, thus providing further support for passive immunization
against diseases with a-synuclein pathology.
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Björklund’s Foundation for ALS research, Magn Bergwall Foundation, Thore Nilsson Foundation, Old Servants’ Foundation, Åhlén Foundation, Loo and Hans
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Introduction

Parkinson’s disease, dementia with Lewy bodies and multiple

system atrophy are neurodegenerative disorders characterized by

the loss of neurons in the brain along with the presence of large

intracellular protein inclusions known as Lewy bodies [1,2]. The

major protein component of Lewy bodies is a-synuclein, a 140

amino acid long protein with a partially unfolded structure [3].

Although a-synuclein has a largely unknown function, recent

findings suggest it to be involved in neurotransmitter regulation.

For example, a-synuclein may regulate the reuptake of dopamine

into striatum of transgenic mice [4] or be more generally involved

in synaptic release by promoting SNARE complex assembly [5].

The aggregation cascade of a-synuclein is believed to begin with

the formation of dimers and smaller oligomers before the

appearance of larger oligomers or protofibrils [6]. Such soluble

pre-aggregated species have been demonstrated to have toxic

properties and may thus play a central role in the pathogenesis

[7,8,9,10,11]. In addition, the disease associated mutations in the

gene encoding for a-synuclein have been found to increase the

formation of oligomers/protofibrils, further supporting the path-

ogenic significance of such species [12,13,14].

Alpha-synuclein aggregation has been widely studied in cell

culture models. By overexpressing a-synuclein, intracellular

inclusions can be induced in a wide range of cell types via various

aggregation-promoting conditions [15,16]. Early stages of protein

aggregation can be assessed with protein-fragment complementa-

tion techniques [17]. One such method, the bimolecular

fluorescence complementation (BiFC) assay, has previously been

adopted for the study of a-synuclein aggregation [7]. By fusing

DNA encoding either the C-terminal or N-terminal halves of GFP

to the entire a-synuclein sequence, two forms of a-synuclein

hemi:GFP constructs are generated. Upon double transfection of

cells with these constructs, fluorescence arises only when the

fragments are brought together, i.e. after dimerization/oligomer-

ization of a-synuclein.

In the last decade, immunotherapy has emerged as a promising

tool to target and clear protein pathology in neurodegenerative
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diseases. With active immunization of transgenic amyloid-beta

precursor protein (AbPP) mice, using fibrils of the amyloid beta

peptide (Ab), a distinct reduction of Ab pathology could be seen

[18]. In addition, Ab immunization has been found to alleviate

memory impairment in transgenic animal models [19]. Instead of

vaccination in Alzheimer’s disease, focus has now been set on

passive treatment with antibodies against Ab. Such an approach

has proven to be equally efficient in both cell and animal models

and is likely to be a safer therapeutic option, as T-cell mediated

side effects can be avoided [20,21].

Immunotherapy has now also begun to be evaluated as an

approach to treat a-synuclein pathology. In one study, active

immunization with a-synuclein on transgenic mice showed that

the pathology was less pronounced in vaccinated mice as

compared to placebo [22]. As for passive immunotherapy against

a-synuclein pathology, a recent study described reduced behav-

ioral deficit as well as decreased accumulation of a-synuclein

aggregates in an a-synuclein transgenic mouse model [23].

Here, we explored the use of monoclonal a-synuclein antibodies

to target dimerization/oligomerization on a cell culture model,

using BiFC.

Materials and Methods

Alpha-synuclein constructs
The G-N-155-a-syn and a-syn-G-156-C constructs used for the

BiFC assay were generated as described earlier [7]. For all

transfection experiments, an empty pcDNA3.1 expression vector

(Invitrogen, Carlsbad, CA) was used as control.

Cell culture
Human H4 neuroglioma cells were a kind gift of Dr. Bradley T.

Hyman (Massachusetts General Hospital, Charlestown, MA).

Cells were cultured at 37uC and 5% CO2 in OPTI-MEM

(Invitrogen) and supplemented with 10% fetal bovine serum (FBS)

(Invitrogen) and 4 mM Glutamine (Invitrogen).

Antibodies
The following a-synuclein monoclonal antibodies (mAb) were

used for cell culture treatment: mAb211 (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA), mAb5C2 (Santa Cruz Biotechnology) and

the oligomer-selective antibody mAb49/G (BioArctic Neurosci-

ence, Stockholm, Sweden). The monoclonal GAPDH antibody

9484 (Abcam, Cambridge, UK) was used as a negative treatment

control. All antibodies used for cellular treatment were diluted in

TBS to reach a final concentration of 1 mg/ml in the extracellular

media. For the sandwich ELISA, the Syn-1 (BD Biosciences,

Franklin Lakes, NJ) and FL-140 (Santa Cruz Biotechnology) a-

synuclein antibodies were used for capture and detection,

respectively. For immunocytochemistry experiments, anti-mouse

Cy3 or Alexa594 conjugated secondary antibodies (Invitrogen)

were used.

Generation of the oligomer-selective a-synuclein
antibody mAb49/G

Balb/c mice (The Jackson Laboratory, Bar Harbor, Maine)

were immunized with 4-hydroxy-2-nonenal (HNE) stabilized a-

synuclein oligomers [11] diluted 1:1 (v:v) with Freund’s adjuvant.

After repeated boosts, immunized mice with high serum titers

were sacrificed for isolation of spleen cells. Next, the spleen cells

were fused with SP2/0 myeloma cells. Hybridomas were screened

for anti-a-synuclein reactivity with ELISA and positive clones

underwent at least two rounds of limiting dilution assay to ensure

monoclonality. The IsoStrip kit (Roche Diagnostics, Basel,

Switzerland) was used to determine isotype and subclass of the

antibody. The mAb49/G IgG1 antibody was then purified from

the conditioned media with affinity chromatography using Protein

G-Sepharose (GE Healthcare, Uppsala, Sweden). All experiments

involving animals were approved by the local ethical committee

(Stockholms Norra djurförsöksetiska nämnd, decision numbers

N417/08; 2009-01-15).

Inhibition ELISA
An inhibition ELISA assay was performed as described

previously using a-synuclein monomer coated plates. As compet-

itors, a-synuclein monomers and HNE stabilized a-synuclein

oligomers were used [24].

Transfection and addition of monoclonal antibodies
Prior to the day of transfection, cells were seeded onto 35 mm

poly-D-lysine coated culture plates (MatTek Cultureware, Ash-

land, MA) at a density of 1,56105 cells/plate. Transfection of H4

cells were carried out with a 1:5 ratio (mg DNA:ml FuGENE), using

the FuGENE 6 Transfection reagent (Roche Diagnostics). In brief,

the culture medium was replaced with medium containing 1%

FBS, transfected and left to incubate at 37uC for 24 h. For

bioimaging, to ensure optimal reconstitution of the two GFP

fragments, cells were incubated over night at 30uC [7,25].

Moreover, cells were treated or untreated at time zero of

transfection with either of the mAb211, mAb5C2 or mAb49/G

a-synuclein antibodies or with the mAb9484 GAPDH antibody

for 48 h at a final antibody concentration of 1 mg/ml.

Immunocytochemistry
Cells were washed with PBS and subsequently fixed for 10 min

in 4% paraformaldehyde (PFA). After permeabilization for 20 min

in 0.1% Triton X-100 at room temperature, the cells were blocked

with 1.5% normal goat serum (NGS) (Invitrogen) for 2 h. After

washing with PBS, cells were incubated with a Cy3 conjugated

secondary antibody (Invitrogen) (1:5000 in 1.5% NGS) for 1 h.

Finally, cells were stained with DAPI (Invitrogen) (1:20000 in

1.5% NGS) for 10 min.

Control cells were stained using the mouse monoclonal a-

synuclein antibodies mAb49/G (BioArctic Neuroscience),

mAb211 (Santa Cruz Biotechnology) and mAb5C2 (Santa Cruz

Biotechnology) (1:500 in 1.5% NGS) for 2 h. Next, cells were

probed with the Alexa-Fluor 594 conjugated secondary antibody

(Invitrogen) (1:5000 in 1.5% NGS) for 1 h. Finally, cells were

stained with DAPI (Invitrogen) (1:20000 in 1.5% NGS) for

10 min. All incubations were performed at room temperature.

To control for unspecific binding of the secondary antibodies,

cells were treated only with a mouse secondary antibody and

compared to buffer treated controls. To control for passive uptake

of the a-synuclein antibodies as an effect of DNA-transfection,

additional experiments in which the antibodies were added with

and without simultaneous administration of FuGENE 6 were

carried out.

Cells were analyzed with confocal microscopy using a LSM 510

META instrument (Carl Zeiss Microimaging) where single plane

and z-slice images of antibody internalization were obtained.

Fixing cells and fluorescence microscopy
At the end of the treatment, cells were washed with PBS and

subsequently fixed for 10 min in 4% paraformaldehyde (PFA). To

study GFP fluorescence the cells were analyzed using an Axiovert

200 M widefield fluorescence microscope (Carl Zeiss Microima-

ging GmbH, Jena, Germany). The cells were observed using an
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Epi-fluorescence illuminator equipped with a FITC filter. Eight

random sites in the well for each condition were observed using a

20X objective.

Quantification of fluorescence intensity and image
processing

For quantification of pixel intensities, the ImageJ (NIH,

Bethesda, MD) software was used. The GFP fluorescence was

converted to average pixel intensities for each condition. The

intensities for each captured frame are presented as fold increase

in fluorescence over vector transfected controls. A standard

threshold for the highest exposure of positive pixels was set for

the green channel by using a-synuclein–BiFC expressing cells

without antibody treatment (-mAb). To test for statistically

significant differences, groups were subjected to one-way

ANOVA. Probability values ,0.05 were considered significant

using a two-tailed confidence interval.

Preparation of conditioned media and cell lysates
Forty-eight hours after transfection and antibody treatment, the

conditioned media was recovered and centrifuged at 2150 x g at

4uC for 10 min. To concentrate the samples, the conditioned

media was freeze-dried and re-dissolved in CellyticM (Sigma-

Aldrich, St. Louis, MO) lysis buffer supplemented with protease

inhibitor cocktail (Roche Diagnostics). The cells were washed with

PBS, lysed with CellyticM (Sigma-Aldrich) and supplemented with

a protease inhibitor cocktail (Roche Diagnostics). The lysate was

collected and centrifuged at 4uC for 10 min and 20800 x g.

Protein concentrations in conditioned media and lysates were

determined with the BCA Protein Assay Reagent (Thermo Fisher

Scientific, Rockford, IL).

Sandwich ELISA
A 96-well high binding plate polystyrene microtiter plate

(Corning) was coated with 200 ng/well of Syn-1 (BD Biosciences)

in PBS and incubated at 4uC over night. The solution was

removed from each well and the cells were blocked with 1% BSA/

0.15% Kathon for 1 h at room temperature. The samples,

including a standard series of recombinant a-synuclein diluted in

1% BSA, 0.05% Tween and 0.15% Kathon, were added to the

wells and incubated with shaking at room temperature for 2 h.

After washing, the FL-140 polyclonal a-synuclein antibody (Santa

Cruz Biotechnology) was diluted to 1 mg/ml and added to the

wells, followed by shaking at room temperature for 1 h. Next, the

wells were washed and an anti-rabbit horse radish peroxidase

(HRP) conjugated detection antibody (Pierce, Rockford, IL, USA)

was added at a final concentration of 0.4 mg/ml. After a further

incubation for 1 h, the wells were washed and the K-blue aqueous

substrate (TMB) was used as substrate for HRP. Before

measurement, the reaction was stopped using 1 M H2SO4. The

plate was measured using a SpectraMAX 190 (Molecular Devices,

Palo Alto, CA) spectrophotometer at 450 nm. The data for each

sample was calculated as the means of three separate wells.

Results

Characterization of mAb49/G
Immunization of mice with HNE stabilized a-synuclein

oligomers resulted in several monoclonal antibodies, among which

mAb49/G was chosen for this study. By inhibition ELISA, the

binding of mAb49/G to an HNE stabilized a-synuclein oligomer

coated plate was inhibited by addition of serially diluted a-

synuclein species. When adding a-synuclein oligomers, the IC50

levels were in the low nanomolar range (0.7 nM) whereas the

addition of at least 80 nM a-synuclein monomers were needed to

quench the same signal, indicating a strong selectivity of mAb49/

G for oligomeric a-synuclein (Fig. 1).

Cellular internalization of the a-synuclein antibodies
Antibody uptake was studied with immunocytochemistry

followed by widefield and confocal microscopy. After 48 h of

transfection with the two a-synuclein hemi:GFP constructs, GFP

fluorescence was detected with widefield microscopy indicating

dimerization/oligomerization of a-synuclein (Fig. 2A). In parallel

experiments, cells transfected with the two a-synuclein hemi:GFP

constructs and immediately treated with the mAb49/G, mAb211

and mAb5C2 antibodies for 48 h, displayed occasional small

punctae of a-synuclein in the cell soma after immunostaining with

secondary antibodies (Fig. 2D, E and F, arrows). Interestingly,

these punctae partly co-occurred with GFP-positive signals,

indicating internalization of the extracellularly added a-synuclein

antibodies mAb49/G and mAb211 (Fig. 2D, E, arrows). However,

by examining inclusion staining for the 5C2 antibody, cells

exhibited red signals with no co-occurring GFP-fluorescence

indicating binding to monomeric forms of the a-synuclein

hemi:GFP for this particular antibody (Fig. 2F, arrows).

Figure 1. Characterization of mAb49/G by inhibition ELISA. Binding of mAb49/G to a-synuclein monomers (%) or a-synuclein oligomers (N)
was analyzed on HNE stabilized a-synuclein oligomer coated plates. On the x-axis, the molar concentration of a-synuclein is displayed. The IC50
values are calculated as the concentration of either a-synuclein monomers or a-synuclein oligomers needed to quench half of the signal in the ELISA.
Note that, due to uncertainties concerning the size of the a-synuclein oligomers used in this assay, the concentration in pM for both species is based
on the molecular weight of one a-synuclein monomer. These data are representative of at least three independent experiments.
doi:10.1371/journal.pone.0027230.g001
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To confirm antibody uptake, cells were also analyzed by confocal

microscopy. All antibodies were then found to get internalized by

obtaining z-slice images, but the intracellular presence of mAb49/G

and mAb211 was especially pronounced (Fig. 3A, B and C, arrows).

Moreover, the antibodies labeled several small inclusions throughout

the cell soma but were not found to stain the nucleus (Fig. 3A–C). For

comparison, cells were subjected to ordinary immunocytochemistry

using the mAb49/G, mAb211 and 5C2 as primary antibodies

(Fig. 3D–F). Indeed, a similar pattern of immunofluorescence

staining was detected in those cells confirming antibody localization

to small inclusions of a-synuclein in the cell soma (Fig. 3A–C).

To control for passive uptake of the antibodies as a result of

DNA transfection, we performed experiments in which the

antibodies were incubated with or without the presence of

FuGENE 6. However, we could not see any difference in antibody

uptake between these two experimental conditions, thus indicating

that the antibody uptake was not dependent on the presence of cell

permeabilization reagents (data not shown).

Reduced oligomerization after treatment with C-terminal
specific and oligomer selective a-synuclein antibodies

H4 neuroglioma cells were transfected with the two a-synuclein

hemi:GFP constructs. Forty eight hours after transfection, GFP

fluorescence could be detected in the cell soma and the nucleus in

approximately 50% of the cells, indicating a-synuclein dimeriza-

tion/oligomerization (Fig. 4A). The fluorescence in a-synuclein

hemi:GFP transfected cells corresponded to a robust increase in

fluorescence (2.7-fold over expression to vector controls).

In parallel experiments, a-synuclein antibodies were added to

the cell media immediately after transfection. Addition of the a-

synuclein C-terminal antibodies mAb49/G and mAb211 reduced

the GFP fluorescence significantly (1.4- and 1.5-fold over

Figure 2. Immunocytochemistry with anti-mouse secondary antibodies (Cy3) displays internalization of the a-synuclein
monoclonal antibodies (+mAb). Forty-eight hours after transfection with the two a-synuclein hemi:GFP constructs, cells displayed GFP
fluorescence in the whole cell soma (green) (Fig. A). Cells transfected with the constructs and treated with the a-synuclein antibodies mAb49/G and
mAb211 displayed less diffuse GFP fluorescence but more localized GFP-punctae (Fig. D, E, arrows). These signals occasionally co-occurred with
signals from an anti-mouse secondary antibody, indicating internalization (yellow) of the treatment antibodies (Fig. D, E, arrows). Cells treated with
the mAb5C2 antibody only displayed diffuse GFP-fluorescence in the whole cell soma (Fig. F). After staining with an anti-mouse secondary antibody
red punctae could be detected in the cells indicating no co-occurrence with GFP (Fig. F, arrows). The blue signal represents DAPI nuclear staining (40x
magnification. Scale bar 20 mm).
doi:10.1371/journal.pone.0027230.g002
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expression to vector controls, respectively, p,0.05, p,0.01)

(Fig. 4D, E and G). With the a-synuclein mid-region antibody

mAb5C2, raised against the non-Ab component (NAC) region,

there was no reduction (2.5-fold over expression to vector controls)

of GFP fluorescence (Fig. 4C and G).

Thus, treatment with C-terminal a-synuclein antibodies resulted

in decreased formation of a-synuclein dimers/oligomers (Fig. 4D

and E), whereas treatment with the mid-region antibody mAb5C2

did not seem to affect the extent of a-synuclein oligomerization.

To ensure that the effects were specific to the a-synuclein

antibodies, the monoclonal GAPDH antibody mAb9484 was

added in parallel (Fig. 4C). No apparent decrease (2.6-fold over

expression to vector controls) of GFP fluorescence was seen with

this antibody, thus indicating that a-synuclein oligomerization was

not affected by an irrelevant monoclonal antibody (Fig. 4C and G).

Decreased intra and extracellular levels of a-synuclein
from antibody treated cells

A sandwich ELISA was used to measure a-synuclein levels in

lysate and conditioned media from the same cells that were

analyzed for BiFC. In lysate from BiFC expressing cells (with no

mAb added), a-synuclein levels were calculated to 5.6 ng/ml

(Fig. 5A). In comparison, levels of a-synuclein in lysates treated

with a-synuclein antibodies for 48 h were 2.8 ng/ml with mAb49/

G treatment (*p,0.04), 3.9 ng/ml with mAb211 (*p,0.05) and

3.3 ng/ml with mAb5C2 (*p,0.05), indicating reduced a-

synuclein levels in cell lysates with antibody treatment (Fig. 5A).

In conditioned media from untreated cells, a-synuclein levels

were calculated to be 6.9 ng/ml (Fig. 5B). In media from cells

treated with a-synuclein antibodies for 48 h, a-synuclein levels

were 3.2 ng/ml after treatment with mAb49/G (*p,0.05),

2.2 ng/ml with mAb211 (*p,0.05) and 2.3 ng/ml (*p,0.05)

with mAb5C2 (Fig. 5B).

Discussion

The use of immunotherapy to prevent or clear abnormal

protein aggregates has emerged as a promising tool to treat

neurodegenerative diseases. Also, disorders with aggregated a-

synuclein may be targeted with immunotherapy and active

immunization in transgenic mice has indeed been shown to

reduce the accumulation of a-synuclein in the brain [22].

Although in that study it was proposed that immunization resulted

in degradation of a-synuclein via the lysosomal pathway, it is still

largely unknown by which mechanisms intraneuronal a-synuclein

aggregates can be cleared [22].

There is an ongoing debate whether extracellularly adminis-

tered antibodies can enter the cell and affect intracellular

pathology. Indeed, antibodies utilized in cancer research have

been shown to effectively bind to its target after cell internalization

[26]. In addition, more recent work showed that antibodies

directed against AbPP can maintain its structure and remain

associated with its target after internalization [20]. In the present

study we could detect a-synuclein antibodies within the cells after

48 h (Fig. 3D, E and F) of incubation and find that they co-

occurred with the a-synuclein dimers/oligomers (Fig. 2D and 2E).

Furthermore, our control experiments suggested that the presence

of permeabilization reagents did not affect antibody internaliza-

tion, thus indicating that the antibody uptake was not an effect of

DNA transfection (data not shown).

Although our study indicates that a-synuclein can be targeted

intracellularly, aggregated soluble species may also be possible to

target in the extracellular space. Indeed, several recent studies on

cells and transgenic mice have indicated cell-to-cell propagation of

a-synuclein pathology [8,16,27]. In addition, neuropathological

analyses of Parkinson’s disease brains that had been transplanted

with fetal mesencephalic dopaminergic neurons displayed Lewy

bodies in the grafted cells, suggesting a similar propagation

mechanism in the human brain [28].

Our findings demonstrate that extracellularly added a-synuclein

antibodies reduced a-synuclein dimerization/oligomerization in

living cells. Previously, in vitro studies have shown that a-synuclein

aggregation can be decreased by expressing single chain fragments,

i.e. intrabodies, targeting the C-terminus of a-synuclein [29].

We found that both the oligomer-selective antibody mAb49/G

and the mAb211 antibody, raised against the C-terminal part of

Figure 3. Confocal microscopy showing internalization of the a-synuclein antibodies. Forty-eight hours after addition of the mAb49/G,
mAb211 and mAb5C2 a-synuclein antibodies, red punctate structures were detected within the cells after staining with anti-mouse secondary
antibodies (Fig A, B and C, arrows). For comparison, immunocytochemistry was carried out using mAb49/G, mAb211 and mAb5C2 as primary
antibodies (Fig. D,E and F). The blue signal represents DAPI nuclear staining (63x magnification. Scale bar 20 mm).
doi:10.1371/journal.pone.0027230.g003
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a-synuclein (epitope 121-125), were efficient in reducing a-

synuclein dimerization/oligomerization (Fig. 4D and 4E). On

the contrary, the mid-region antibody mAb5C2 did not signifi-

cantly reduce the degree of dimer/oligomer formation. As some of

the treated cells appeared to be somewhat smaller in size

compared to untreated cells (-mAb) (Fig. 2 and 4), we also applied

brightfield microscopy to better delineate the cell borders. By

doing so, we found that there was no apparent difference in cell

size between antibody treated and untreated cells (data not

shown).

The inhibiting effect on oligomerization by mAb49/G was

somewhat expected as we believe that this antibody recognizes an

epitope exclusively present in the oligomeric structure of a-

synuclein. Moreover, the efficient prevention with the C-terminal

a-synuclein antibody was also not entirely surprising. We and others

have described that oligomers and fibrils of a-synuclein expose C-

terminal epitopes [11,30] and a-synuclein antibodies directed

against such epitopes are more efficient in clearing a-synuclein

pathology in transgenic mice [23]. Along the same lines, the lack of

effect on lowering dimer/oligomer levels for the 5C2 antibody in the

current study could be explained by the fact that its hydrophobic

NAC-region epitope (61–95) is hidden in the oligomeric core [31].

To further investigate antibody effects on a-synuclein oligo-

merization, we utilized ELISA to measure levels of a-synuclein in

cell lysate and conditioned media from wells under the various

experimental conditions. In previous studies, passive administra-

tion of Ab and a-synuclein antibodies to cell and animal models

have indicated antibody-directed protein clearance via the

endosomal/lysosomal pathway [20,23] In agreement with these

findings, we showed that the levels of a-synuclein were decreased

both in cell lysate and conditioned media after antibody treatment,

pointing to an increased degradation of the targeted proteins

(Fig. 5A and 5B). Possibly, the effects seen in our and the previous

studies may be explained by antibody uptake via particular

receptors. For example, the IgG-receptor tripartite motif-contain-

ing 21 (TRIM21) was shown to mediate antibody internalization

followed by transferring of the antibody-antigen complex to the

proteasome for degradation [32].

The finding that the NAC-specific 5C2 antibody influenced a-

synuclein levels in both cell lysate and conditioned media without

affecting oligomer formation is intriguing (Fig. 4F, 5A and 5B).

Presumably, the 5C2 antibody fails to affect dimerization/

oligomerization of a-synuclein but can bind to the monomeric

a-synuclein hemi:GFP in which the NAC region is exposed.

Figure 4. Alpha-synuclein dimerization/oligomerization, as shown by GFP fluorescence reconstitution. Forty eight hours after double
transfection with the two a-synuclein hemi:GFP constructs, the H4 cells exhibited robust GFP fluorescence (2.7-fold over expression to vector
controls) throughout the cell soma and nucleus (A and G). When cells were treated (+mAb) with the a-synuclein C-terminal specific antibodies
mAb49/G and mAb211 the GFP fluorescence was significantly (*p,0.05, **p,0.01) reduced (1.4- and 1.5-fold over expression to vector controls
respectively) indicating less dimerization/oligomerization (Fig. D, E and G). The mAb5C2 antibody targeting the non-Ab component (NAC) region of
a-synuclein did not show any reduction (2.5-fold over expression to vector controls) of GFP fluorescence, indicating no effect on the formation of
dimers/oligomers (Fig. F and G). With the monoclonal antibody mAb9484 against GAPDH, no apparent effect (2.6-fold over expression to vector
controls) on dimerization/oligomerization could be seen (Fig. C and G). 20X magnification. Scale bar 20 mm.
doi:10.1371/journal.pone.0027230.g004
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Thereby, also this antibody can facilitate protein turnover, thus

explaining the decreased total a-synuclein levels seen in the

ELISA. However, the oligomer-selective mAb49/G and C-

terminal mAb211 antibodies would be more suitable antibody

candidates, as they are targeting pathological a-synuclein

aggregates rather than the physiological protein.

In summary, we have studied the effects of monoclonal a-

synuclein antibodies on the early stages of oligomerization in H4

cells. We could show that extracellularly administered C-terminal

and oligomer-selective a-synuclein antibodies are efficiently

internalized, have an inhibiting effect on a-synuclein oligomer

formation and facilitates protein turnover. Thus, these results

provide further support for passive immunotherapy against a-

synucleinopathies.

Author Contributions

Conceived and designed the experiments: TN JB TFO MI. Performed the

experiments: TN VSS EN. Analyzed the data: TN SG CS EN VSS LL JB

TFO MI. Contributed reagents/materials/analysis tools: TN SG EN VSS

LL JB TFO MI. Wrote the paper: TN SG JB TFO MI.

References

1. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, et al. (2003) alpha-

Synuclein locus triplication causes Parkinson’s disease. Science 302: 841.

2. Wakabayashi K, Yoshimoto M, Tsuji S, Takahashi H (1998) Alpha-synuclein

immunoreactivity in glial cytoplasmic inclusions in multiple system atrophy.

Neurosci Lett 249: 180–182.

3. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, et al. (1997)

Alpha-synuclein in Lewy bodies. Nature 388: 839–840.

4. Chadchankar H, Ihalainen J, Tanila H, Yavich L (2011) Decreased reuptake of

dopamine in the dorsal striatum in the absence of alpha-synuclein. Brain Res

1382: 37–44.

5. Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, et al. (2010) Alpha-

synuclein promotes SNARE-complex assembly in vivo and in vitro. Science 329:

1663–1667.

6. Uversky VN, Li J, Fink AL (2001) Evidence for a partially folded intermediate in

alpha-synuclein fibril formation. J Biol Chem 276: 10737–10744.

7. Outeiro TF, Putcha P, Tetzlaff JE, Spoelgen R, Koker M, et al. (2008) Formation

of toxic oligomeric alpha-synuclein species in living cells. PLoS One 3: e1867.

8. Danzer KM, Haasen D, Karow AR, Moussaud S, Habeck M, et al. (2007)

Different species of alpha-synuclein oligomers induce calcium influx and seeding.

J Neurosci 27: 9220–9232.

Figure 5. ELISA measurement of a-synuclein levels in lysates and media from BiFC expressing cells. In lysate from BiFC expressing cells
(-mAb), the levels were 5.6 ng/ml (Fig. A), with mAb49/G treatment (+mAb) 2.8 ng/ml (*p,0.04), mAb211 treatment 3.9 ng/ml (*p,0.05) and with
mAb5C2 treatment 3.3 ng/ml (*p,0.05) showing a reduction in protein content (Fig. A). In conditioned media from untreated cells (-mAb) the
a-synuclein levels were 6.9 ng/ml (Fig. B). In media from antibody treated cells (+mAb), the levels were 3.2 ng/ml for mAb49/G (*p,0.05), 2.2 ng/ml
for mAb211 (*p,0.05) and 2.3 ng/ml (*p,0.05) with mAb5C2 (Fig. B).
doi:10.1371/journal.pone.0027230.g005

Antibodies Reduce Alpha-Synuclein Oligomerization

PLoS ONE | www.plosone.org 7 October 2011 | Volume 6 | Issue 10 | e27230



9. Tsika E, Moysidou M, Guo J, Cushman M, Gannon P, et al. (2010) Distinct

region-specific alpha-synuclein oligomers in A53T transgenic mice: implications
for neurodegeneration. J Neurosci 30: 3409–3418.

10. Lee HJ, Khoshaghideh F, Patel S, Lee SJ (2004) Clearance of alpha-synuclein

oligomeric intermediates via the lysosomal degradation pathway. J Neurosci 24:
1888–1896.

11. Nasstrom T, Fagerqvist T, Barbu M, Karlsson M, Nikolajeff F, et al. (2011) The
lipid peroxidation products 4-oxo-2-nonenal and 4-hydroxy-2-nonenal promote

the formation of alpha-synuclein oligomers with distinct biochemical, morpho-

logical, and functional properties. Free Radic Biol Med 50: 428–437.
12. Conway KA, Harper JD, Lansbury PT (1998) Accelerated in vitro fibril

formation by a mutant alpha-synuclein linked to early-onset Parkinson disease.
Nat Med 4: 1318–1320.

13. Giasson BI, Uryu K, Trojanowski JQ, Lee VM (1999) Mutant and wild type
human alpha-synucleins assemble into elongated filaments with distinct

morphologies in vitro. J Biol Chem 274: 7619–7622.

14. Greenbaum EA, Graves CL, Mishizen-Eberz AJ, Lupoli MA, Lynch DR, et al.
(2005) The E46K mutation in alpha-synuclein increases amyloid fibril

formation. J Biol Chem 280: 7800–7807.
15. Waxman EA, Giasson BI (2010) A novel, high-efficiency cellular model of

fibrillar alpha-synuclein inclusions and the examination of mutations that inhibit

amyloid formation. J Neurochem 113: 374–388.
16. Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, et al. (2009) Inclusion

formation and neuronal cell death through neuron-to-neuron transmission of
alpha-synuclein. Proc Natl Acad Sci U S A 106: 13010–13015.

17. Remy I, Michnick SW (1999) Clonal selection and in vivo quantitation of
protein interactions with protein-fragment complementation assays. Proc Natl

Acad Sci U S A 96: 5394–5399.

18. Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, et al. (1999)
Immunization with amyloid-beta attenuates Alzheimer-disease-like pathology in

the PDAPP mouse. Nature 400: 173–177.
19. Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, et al. (2000) A

beta peptide vaccination prevents memory loss in an animal model of

Alzheimer’s disease. Nature 408: 982–985.
20. Tampellini D, Magrane J, Takahashi RH, Li F, Lin MT, et al. (2007)

Internalized antibodies to the Abeta domain of APP reduce neuronal Abeta and
protect against synaptic alterations. J Biol Chem 282: 18895–18906.

21. Lord A, Gumucio A, Englund H, Sehlin D, Sundquist VS, et al. (2009) An

amyloid-beta protofibril-selective antibody prevents amyloid formation in a

mouse model of Alzheimer’s disease. Neurobiol Dis 36: 425–434.

22. Masliah E, Rockenstein E, Adame A, Alford M, Crews L, et al. (2005) Effects of

alpha-synuclein immunization in a mouse model of Parkinson’s disease. Neuron

46: 857–868.

23. Masliah E, Rockenstein E, Mante M, Crews L, Spencer B, et al. (2011) Passive

immunization reduces behavioral and neuropathological deficits in an alpha-

synuclein transgenic model of lewy body disease. PLoS One 6: e19338.

24. Englund H, Sehlin D, Johansson AS, Nilsson LN, Gellerfors P, et al. (2007)

Sensitive ELISA detection of amyloid-beta protofibrils in biological samples.

J Neurochem 103: 334–345.

25. Hu CD, Chinenov Y, Kerppola TK (2002) Visualization of interactions among

bZIP and Rel family proteins in living cells using bimolecular fluorescence

complementation. Mol Cell 9: 789–798.

26. Hagan PL, Halpern SE, Dillman RO, Shawler DL, Johnson DE, et al. (1986)

Tumor size: effect on monoclonal antibody uptake in tumor models. J Nucl Med

27: 422–427.

27. Hansen C, Angot E, Bergstrom AL, Steiner JA, Pieri L, et al. (2011) alpha-

Synuclein propagates from mouse brain to grafted dopaminergic neurons and

seeds aggregation in cultured human cells. J Clin Invest 121: 715–725.

28. Li JY, Englund E, Holton JL, Soulet D, Hagell P, et al. (2008) Lewy bodies in

grafted neurons in subjects with Parkinson’s disease suggest host-to-graft disease

propagation. Nat Med 14: 501–503.

29. Zhou C, Emadi S, Sierks MR, Messer A (2004) A human single-chain Fv

intrabody blocks aberrant cellular effects of overexpressed alpha-synuclein. Mol

Ther 10: 1023–1031.

30. Gai WP, Pountney DL, Power JH, Li QX, Culvenor JG, et al. (2003) alpha-

Synuclein fibrils constitute the central core of oligodendroglial inclusion

filaments in multiple system atrophy. Exp Neurol 181: 68–78.

31. Giasson BI, Murray IV, Trojanowski JQ, Lee VM (2001) A hydrophobic stretch

of 12 amino acid residues in the middle of alpha-synuclein is essential for

filament assembly. J Biol Chem 276: 2380–2386.

32. Mallery DL, McEwan WA, Bidgood SR, Towers GJ, Johnson CM, et al. (2010)

Antibodies mediate intracellular immunity through tripartite motif-containing

21 (TRIM21). Proc Natl Acad Sci U S A 107: 19985–19990.

Antibodies Reduce Alpha-Synuclein Oligomerization

PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e27230


