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Abstract
α-Synuclein has been linked to the pathogenesis of Parkinson's disease and other
synucleinopathies through its propensity to form toxic oligomers. The exact mechanism for
oligomeric synuclein-directed cell vulnerability has not been fully elucidated but one hypothesis
portends the formation of synuclein-containing pores within cell membranes leading to leak
channel-mediated calcium influx and subsequent cell death. Here we demonstrate synuclein-
induced formation of SDS-stable oligomers, intracellular synuclein-positive aggregates, alterations
in membrane conductance reminiscent of leak channels and subsequent cytotoxicity in a
dopaminergic-like cell line. Furthermore we demonstrate that the synuclein-induced membrane
conductance changes are blocked by direct extracellular application of an anti-synuclein antibody.
The work presented here confirms that synuclein overexpression leads to membrane conductance
changes and demonstrates for the first time through antibody blocking studies that synuclein plays
a direct role in the formation of leak channels.

Introduction
Parkinson's disease (PD) is the second most common age-related neurodegenerative disease
with the classic motoric symptoms of resting tremor, rigidity, akinesia/bradykinesia and
postural instability. Although not restricted to the dopaminergic system, all PD cases
manifest the invariant loss of substantia nigra pars compacta dopamine neurons (SNpc
DAN), dystrophic projections to the striatum and a reduction in the attendant
neurotransmitter, dopamine. Furthermore the few remaining SNpc DANs contain large
intracytoplasmic proteinaceous inclusions called Lewy bodies, which are replete with the
140-amino acid protein, α-synuclein (Syn) (Spillantini et al., 1997). Syn was etiologically
linked to familial PD following the identification of point mutations in and multiplication of
the Syn gene (SNCA) in a subset of susceptible individuals (Polymeropoulos et al., 1997;
Kruger et al., 1998; Singleton et al., 2003; Zarranz et al., 2004). However the majority of
PD cases are sporadic arising from a yet unknown etiology but thought to involve multiple
insults many of which converge on Syn. In further support of Syn playing a central role in
PD, recent genome-wide association studies (GWAS) demonstrate that variations in SNCA
are associated with an increased risk of developing sporadic PD (Satake et al., 2009; Simon-
Sanchez et al., 2009).
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Syn-induced toxicity has been linked to its proclivity to form oligomeric species, however
the exact mechanism(s) through which misfolded Syn mediates dopaminergic neuron death
remains unclear (Goldberg & Lansbury, 2000; Volles & Lansbury, 2003). Cell culture and
animal models of Syn overexpression link this protein to dysregulation of the proteosome,
lysosome, mitochondria as well as augmented proinflammatory responses while Syn-
deficient mice point to a normal role for this protein in the regulation of the readily
releasable pool of dopamine (Abeliovich et al., 2000; Elkon et al., 2002; Gosavi et al., 2002;
Junn & Mouradian, 2002; Meredith et al., 2002; Volles & Lansbury, 2002; Cuervo et al.,
2004; Zhang et al., 2005; Martin et al., 2006; Periquet et al., 2007; Cole et al., 2008; Devi et
al., 2008; Fasano & Lopiano, 2008; Martinez-Vicente et al., 2008; Parihar et al., 2008;
Shavali et al., 2008; Su et al., 2008; Parihar et al., 2009; Su et al., 2009). Genetic data and
overexpression models indicate that Syn toxicity is closely associated with the amount of
intracellular Syn either via increased expression or decreased degradation of the protein.
One leading hypothesis suggests that the ability of Syn to form pentameric pore-like
structures in cell membranes results in cell vulnerability and neurodegeneration (Crews et
al., 2009). In support of this hypothesis, in vitro evidence from atomic force and electron
microscopy studies demonstrates that Syn forms pore-like structures in synthetic membranes
(Conway et al., 2000b; Goldberg & Lansbury, 2000; Lashuel et al., 2002; Danzer et al.,
2007). Furthermore, computer modeling predicts that Syn forms propagating conformations
that dock to the surface of membranes leading to pore-like structures (Tsigelny et al., 2007).
The link between Syn membrane localization and permeability resulting in toxicity was first
demonstrated in cultured SH-SY5Y cells engineered for Syn overexpression (Furukawa et
al., 2006). In addition, cultured HEK293T cells transduced with lentivirus-expressing Syn
demonstrated an increase in Zn2+-sensitive whole cell currents further supporting a role for
Syn in membrane conductance perturbations (Tsigelny et al., 2007). Here we use a
dopaminergic-like cell model with regulated Syn expression and report the formation of
oligomeric Syn structures, increased membrane conductance due to leak channel formation
and Syn-induced cell death. Importantly we show for the first time that Syn-induced
membrane permeability can be blocked by extracellular application of an anti-Syn antibody
demonstrating a direct role for Syn in leak channel formation and a potentially novel
therapeutic approach to synucleinopathies.

Materials and Methods
Antibodies

The following antibodies were used: A11 (rabbit polyclonal antibody; immunogen: synthetic
molecular mimic of soluble oligomers; Invitrogen, catalog no. AHB0052, Camarillo, CA,
USA), anti-GAPDH (mouse monoclonal antibody; immunogen: rabbit muscle
glyceraldehyde-3-phosphate dehydrogenase; Chemicon/Millipore, catalog no. MAB374,
Billerica, MA, USA), anti-α-synuclein for immunoblotting and electrophysiology (Syn-1;
mouse monoclonal antibody; immunogen: rat synuclein-1 amino acids 15-123; BD
Biosciences, catalog no. 610787, San Jose, CA, USA), anti-α-synuclein antibody for
immunocytochemistry (Ab-2; mouse monoclonal antibody; immunogen: recombinant
human α-synuclein; NeoMarkers, catalog no. MS-1572-PIABX, Fremont, CA, USA), anti-
α-tubulin (rabbit polyclonal antibody; immunogen: synthetic peptide conjugated to KLH
derived from residues 1 - 100 of human alpha-tubulin; Abcam, catalog no. ab4074,
Cambridge, MA, USA), Alexa Fluor 594 conjugated goat anti-mouse secondary antibody
(catalog no. A11005; Invitrogen), horseradish peroxidase conjugated goat anti-rabbit IgG
antibody (catalog no. AP132P; Chemicon/Millipore), horseradish peroxidase conjugated
goat anti-mouse antibody (catalog no. AP124P; Chemicon/Millipore).
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Cell Culture
MN9D cells are derived from mouse embryonic mesencephalon and were a kind gift of Dr.
A. Heller (Choi et al., 1991). MN9DwtsynIRESgfp (MN9Dsyn) and MN9DIRESgfp
(MN9Dgfp) cells were engineered and cultured as previously described (Luo et al., 2007; Su
et al., 2008). MN9Dsyn and MN9Dgfp cells are immortalized dopaminergic-like cell lines
that harbor an integrated transgene affording doxycycline [(DOX; 2.0 μg/mL media);
Sigma-Aldrich Co., St. Louis, MO, USA] regulated human wildtype α-synuclein (Syn)
expression and separately, using an internal ribosome entry site (IRES), green fluorescent
protein (GFP) expression (MN9Dsyn). MN9D cells with regulated expression of GFP alone
(MN9Dgfp) were used as a control for whole cell patch clamp recordings. The time of
induction for each experiment is indicated in the respective figure legends.

MTT (3-[4,5-Dimethylthiazol]-2,5-diphenyltetrazolium) Assay
MN9Dsyn cells (1 × 104 cells/well) were grown in 96-well plates (Nunclon™) in the
absence or presence of DOX to induce transgene expression. At various times post-induction
cell viability was quantified using an MTT assay as described by the manufacturer (Roche,
Indianapolis, IN, USA). Each experiment was performed with an n of 8 and repeated at least
three times. Data are expressed as percentage of cell death with respect to control untreated
cells (−DOX). Values are the mean ± SEM.

Western Blot Analysis
MN9Dsyn cells (5 × 106 cells/plate) were grown for two days in 10cm plates (Nunclon™,
Thermo Scientific, Waltham, MA, USA) in the absence or presence of DOX (Syn
induction). Following experimental treatment, cells were washed with PBS and
subsequently lysed on ice in modified RIPA buffer (50 mM Tris HCl pH 7.4, 1% NP-40,
0.25% sodium deoxycholate, 150 mM NaCl) supplemented with protease inhibitor cocktail
(Sigma-Aldrich), PMSF (Sigma-Aldrich) and Halt Phosphatase Inhibitor (Thermo
Scientific) using a hand-held homogenizer. Lysates were centrifuged at 13,300 rpm × 15
minutes at 4°C. Supernatants were retained as the soluble lysate while the pellets were
washed once with modified RIPA, resuspended in denaturing sample buffer (62.5 mM Tris-
HCl pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, 5% beta-mercaptoethanol and
0.001% bromophenol blue) boiled for 5 minutes and centrifuged as above for 1 minute. The
supernatant was retained as SDS-soluble protein. All protein samples were subjected to
denaturing SDS-polyacrylamide gradient gel electrophoresis (4-16% PAG gradient)
followed by transfer to polyvinylidene difluoride (PVDF) membranes (Perkin Elmer,
Waltham, MA, USA) and western blot analysis for α-synuclein (Syn-1; 1:1000).
Immunoreactive complexes were visualized using Super Signal West Pico
Chemiluminescent Substrate (Thermo Scientific) and exposure to Hyperfilm ECL
(Amersham Biosciences, Piscataway, NJ, USA). Membranes were re-probed with a primary
antibody against α-tubulin (1:1000) as a loading control (n = 3 for each condition).

Slot Blot Analysis
MN9Dsyn cells (5 × 106 cells/plate) were grown for two days in 10cm plates (Nunclon™) in
the absence or presence of DOX to induce SYN expression. Analysis of oligomers was
adapted from methods described previously by Shin and colleagues [A11; (Shin et al.,
2008)]. Briefly, MN9Dsyn whole cells lysates (0.625 μg; described above in Western Blot
Analysis) were loaded onto a nitrocellulose membrane (Whatman, Florham Park, NJ, USA)
which was subsequently probed for A11. The same membrane was stripped and re-probed
with an anti-α-synuclein antibody (Syn-1) and GAPDH (1:8000) antibody as a loading
control (n = 3 for each condition). Quantification of protein levels was performed using the
EC3 Imaging System (UVP, LLC., Upland, CA, USA).
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Immunocytochemistry
MN9Dsyn cells (4 × 104 cells/well) were grown on polyethyleneimine coated (PEI) glass
coverslips (diameter = 12mm, Deckglaser, Germany) in 24-well plates (Nunclon™) in the
absence or presence of DOX for 2 days. Syn: Following experimental manipulation cells
were gently rinsed with TBS (100 mM Tris-HCl pH 7.5, 0.9% sodium chloride) and fixed in
4% paraformaldehyde/4% sucrose/PBS for 15 minutes at room temperature. Fix was
removed and cells rinsed three times with TBS. TBS/4.5% non-fat dry milk (NFDM)/0.1%
Triton-X 100 was subsequently used for blocking and permeabilization. The cells were then
probed with anti-α-synuclein antibody (NeoMarkers; 1:1000) for 1 hour at room
temperature. After washing with TBS/4.5% NFDM/0.05% Triton-X 100 antibody:antigen
complexes were visualized following incubation with Alexa Fluor 594 conjugated goat anti-
mouse secondary antibody (1:2000). After two washes in TBS/4.5% NFDM/0.05% Triton-X
100, cells were counterstained with DAPI (4′,6′-diamidino-2-phenylindole; Invitrogen;
catalog no. D1306; 100nM) and mounted in mowiol (Calbiochem, La Jolla, CA, USA) and
imaged. Immunocytochemistry of antibody used to block membrane conductance:
MN9Dsyn cells were induced with DOX for 2 days, rinsed with TBS and fixed as described
above. Following three washes with TBS, the cells were blocked with TBS/4.5% NFDM
and probed with the anti-α-synuclein antibody (Syn-1; 1:1000) for 1 hour in the absence of
permeabilization. After washing with TBS/4.5% NFDM/0.05% Triton-X 100 to remove
unbound antibody, the cells were incubated with Alexa Fluor 594 conjugated goat anti-
mouse secondary antibody (1:2000) for 1 hour at room temperature and imaged. All
fluorescent complexes were imaged using a Zeiss Axioskop microscope (Thornwood, NY,
USA) with a Photometrics Coolsnap-fx (Roper Scientific, Tucson, AZ, USA) camera and
Scanalytic's IPLab software (Fairfax, VA, USA). Confocal microscopy images were
captured with a Fluoview FV300 confocal laser-scanning unit on an Olympus IX-70
microscope (Melville, NY, USA). Fluoview software was used for both image acquisition
and processing.

Electrophysiological Analysis/Whole Cell Patch Clamp Recordings
MN9Dsyn and MN9Dgfp cells (4 × 104 cells/well) were grown on PEI-coated coverslips in
24-well plates (Nunclon™) in the absence or presence of DOX. Following 2 days of
treatment, MN9Dsyn- or MN9Dgfp-containing coverslips (diameter = 12mm, Deckglaser,
Germany) were placed on the stage of a Nikon TM2000 inverted microscope. The cells were
continuously perfused with an extracellular solution containing 145 mM NaCl, 5 mM KCl, 1
mM MgCl2, 1 mM CaCl2, 5 mM Hepes, 5 mM glucose, 0.25 mg/l phenol red, 10 μM D-
serine and 23.4 mM sucrose pH 7.4 (all reagents obtained from Sigma-Aldrich). Electrodes
were pulled on a vertical pipette puller to a resistance of 4-6 MΩ from borosilicate glass
capillaries (Wiretrol II, Drummond, Broomall, PA, USA) and filled with intracellular
recording solution containing 145 mM CsCl, 10 mM Hepes, 5 mM MgATP, 0.2mM NaGTP
and 10 mM 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) pH 7.2.
Whole cell voltage clamp recordings were performed at room temperature using an
Axopatch-1D amplifier (Molecular Devices, Downingtown, PA, USA). To measure input
resistance, the membrane potential was held at 0 mV and stepped to levels from −45 mV to
0 mV in 5 mV increments and 0 mV to 90 mV in 10 mV increments. While recording, an
anti-α-synuclein antibody (250 ng/ml; Syn-1) or horseradish peroxidase conjugated goat
anti-rabbit IgG antibody (control; 250 ng/ml) were diluted in extracellular solution to a final
concentration of 250 ng/ml and applied locally via a Y-tubing device (Murase et al., 1989).
Recording continued following antibody application for 10 minutes. Currents were filtered
at 2 kHz with an 8-pole low pass Bessel filter (Frequency Devices, Haverhill, MA), digitized
at 5–10 kHz with Digidata 1322 A data acquisition board and pCLAMP9.2 software (both
from Molecular Devices). All data were analyzed with Clampfit 9.2 software (Molecular
Devices) and are the average of 7-10 cells/treatment condition.

Feng et al. Page 4

Eur J Neurosci. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
Each experiment was independently performed at least three times. All data are expressed as
mean ± SEM. Statistical analyses for multiple comparisons was performed using a one-way
analysis of variance (ANOVA) with Tukey HSD post-hoc test for observations of Syn-
induced cell death (Fig. 5). To assess the effects of antibody treatment on cell membrane
conductance (i.e. treatment, time, and treatment by time interactions) a two-way repeated-
measures ANOVA was employed (Fig. 4). For this analysis the between-subject factors
were defined as the presence/absence of DOX (±DOX) and antibody treatment (either the
control antibody or the anti-α-synuclein antibody) while the within-subject factor was
defined as time (0 minute, 5 minutes and 10 minutes). The sphericity assumption was tested
with Mauchly's test and significant effects of antibody treatment at each time point were
determined by non-directional Student's t-test with Bonferroni corrections for multiple
comparisons. Non-directional Student's t-tests were performed for comparisons involving
only two groups (Figs. 1 & 3). All statistical analyses were conducted using SAS9.2 (SAS
Statistical Institute, Cary, NC) and SPSS18.0 (SPSS Inc., Chicago, IL). Results were
considered statistically significant at P ≤ 0.05.

Results
α-Synuclein forms oligomers and localizes to the cytoplasmic membrane

Accumulating evidence suggests that Syn conformers corresponding to amyloid oligomers
are the most pathogenic species. Therefore we first sought to determine whether Syn
overexpression in a dopaminergic-like cell line (MN9Dsyn) engenders the formation of
higher molecular weight oligomers and amyloid conformers. We utilized an immortalized
dopaminergic cell line that harbors an integrated transgene affording doxycycline (DOX)
regulated human wildtype α-synuclein (Syn) expression and separately, using an internal
ribosome entry site (IRES), green fluorescent protein (GFP) detection
(MN9DwtsynIRESgfp referred to here as MN9Dsyn) (Choi et al., 1991; Strathdee et al.,
1999; Su et al., 2008). MN9Dsyn cells were treated for two days with doxcycline (DOX) to
induce Syn expression. Using a previously characterized antibody reported to recognize
soluble amyloid structures (A11) we observed a 3-fold increase in β-sheet oligomers in cell
lysates from Syn overexpressing cells (+DOX) (Shin et al., 2008) as compared with the non-
induced control (−DOX) (Fig. 1A; non-directional Student's t-test, P = 0.0007). We then
asked whether SDS-resistant oligomeric Syn was present in lysates from induced
dopaminergic cells overexpressing Syn (+DOX; Fig. 1B). Following 2 days of DOX
induction protein lysates were prepared in modified RIPA buffer and subjected to
polyacrylamide gel electrophoresis under denaturing conditions followed by Syn western
blot analysis. Monomeric SYN was present following DOX induction (Fig. 1B; *). In
addition, dimeric (**) and higher SDS-stable oligomeric Syn conformers (black vertical
line) were apparent following a longer film exposure of the Syn western blot (Long, +DOX;
Fig. 1B). Furthermore, when analyzed at the cellular level, immunocytochemical studies
reveal that Syn and Syn-positive aggregates accumulate at the cell membrane following
DOX induction (Fig. 2; white arrows).

Membrane conductance is increased in MN9D cells overexpressing α-synuclein
Since we observed oligomeric Syn conformers and membrane localization of this protein,
we further undertook an investigation of membrane conductance changes induced by Syn
overexpression in our dopaminergic-like cells. First, we performed whole-cell patch-clamp
recordings on MN9Dsyn cells in the presence (+DOX) and absence (−DOX) of Syn using
an intracellular solution containing cesium chloride and a holding potential of 0 mV to
eliminate any contribution from voltage-gated potassium or sodium channels in an attempt
to link conductance changes directly to Syn overexpression. An increase in membrane
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conductance, indicating the presence of leak channels was observed in MN9Dsyn cells
overexpressing Syn (Fig. 3A-C). Representative traces demonstrate that changes in
conductance are apparent in the full range tested (−45mV to 90mV) and the I/V plots (mean
current amplitude ± SEM plotted against voltage) are typical of the presence of leak
channels (Fig. 3A & B). Importantly, when conductance changes were normalized to
capacitance to adjust for any differences in cell size there was an overall nearly 4-fold
increase in membrane conductance in dopaminergic cells that overexpress Syn (Fig. 3C;
−DOX compared to +DOX, non-directional Student's t-test, P = 0.004). This effect was Syn
specific and not due to general protein overexpression, as MN9Dgfp cells, which were
engineered using the same DOX-responsive construct to overexpress GFP only (no Syn), did
not display similar conductance changes (MN9Dgfp; Fig. 3D; −DOX compared to +DOX;
non-directional Student's t-test, P = 0.68).

Changes in membrane conductance are directly linked to the presence of α-synuclein
To explore whether the increase in membrane conductance was directly related to
membrane-associated Syn, while recording, we locally applied a monoclonal antibody
specific for Syn and continued to monitor conductance changes. First we established that the
anti-α-synuclein monoclonal antibody was capable of recognizing membrane localized Syn.
MN9Dsyn cells were induced with DOX and 2 days later prepared for
immunocytochemistry in the absence of detergents to limit membrane permeabilization.
SYN:antibody complexes (red) were visualized “rimming” the induced cell while GFP
which is co-expressed with Syn is localized within the cell (Fig. 4A; red vs. green). Next the
change in whole cell membrane conductance was monitored before and during local
antibody administration via a Y-tubing device. Here we show that extracellular application
of the anti-α-synuclein antibody significantly decreased membrane conductance changes of
Syn-overexpressing cells over time [Fig. 4B & C; black triangles; two-way repeated-
measures ANOVA; F2,30 = 9.4, P = 0.001; Mauchly's test of sphericity was not significant
in the repeated-measures ANOVA models (P > 0.05).] with the most significant effect
occurring at later time points (Fig. C; non-directional Student's t-test with Bonferroni
corrections; significant difference of the anti-α-synuclein antibody compared with control
antibody at 5 minutes P = 0.02 and at 10 minutes P= 0.01), whereas a control antibody
(horseradish peroxidase-conjugated goat anti-rabbit IgG antibody) that does not recognize
Syn did not rescue the Syn-induced increase in membrane permeability (Fig. 4B & C; black
circles). Neither the control antibody nor the anti-α-synuclein antibody affected membrane
conductivity in non-induced MN9Dsyn cells (Fig. 4B & C; open circles and triangles
respectively). We have shown previously that Syn localizes to the membrane as well as the
cytosol (Fig. 2). Importantly, in the absence of detergents, we did not observe any
intracellular Syn staining (Fig. 4A) indicating that fixation during the immunocytochemical
analysis did not sufficiently alter membrane permeability to allow detectable levels of
antibody to enter the cells. The observed effect of the anti-α-synuclein antibody on
membrane conductance was therefore likely a consequence of interaction with Syn on the
outer surface of the cell membrane. To our knowledge this is the first direct demonstration
of Syn-induced leak channel production which can be blocked by a Syn-specific antibody.

α-Synuclein overexpression causes cell death in a dopamingeric neuronal cell line
To investigate whether Syn overexpression leads to dopaminergic cell death in addition to
oligomer formation and membrane conductance changes, MN9Dsyn cells were exposed to
DOX for 1, 2 and 4 days and the reduction of 3-[4,5-Dimethylthiazol]-2,5-
diphenyltetrazolium (MTT) was quantified. Here we demonstrate a modest but significant
time-dependent increase in MN9Dsyn cell death following Syn induction [Fig. 5; mean
percent cell death ± SEM from eight samples per group as compared to non-induced control
(−DOX); ~3% after 1 day; ~6% following 2 days of Syn induction (one-way ANOVA and
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Tukey HSD post-hoc test, P = 0.004); ~8% following 4 days of Syn induction, (one-way
ANOVA and Tukey HSD post-hoc test, P = 0.0003)].

Discussion
Syn is a natively unfolded protein which can readily form protofibrils/oligomers, fibrils and
large aggregates following overexpression, exposure to changes in pH, oxidative stress, or
by interaction with dopamine (Conway et al., 2001; Uversky et al., 2001; Shtilerman et al.,
2002; Ischiropoulos, 2003; Maguire-Zeiss et al., 2006). Interestingly, in vitro data
demonstrates that dopamine inhibits the conversion of Syn to the fibrillar form leading to an
increase in the purported toxic/protofibillar conformation, which has been proposed to
contribute to the selective vulnerability of SNpc DANs in PD (Conway et al., 2001).
Emerging evidence supports a role for oligomeric Syn in PD substantia nigra pars compacta
dopamine neuron (SNpc DAN) vulnerability. For example, point mutations in Syn, which
are linked to autosomal dominant forms of familial PD, accelerate the formation of
oligomers (Conway et al., 1998; 2000a; Volles & Lansbury, 2002). Several mechanisms
have been proposed for oligomeric Syn-induced DAN toxicity including increased oxidative
stress, changes in protein degradation and altered membrane permeability (Betarbet et al.,
2000; Sharon et al., 2001; Volles et al., 2001; Gosavi et al., 2002; Lee et al., 2002;
Hashimoto et al., 2003; Cuervo et al., 2004; Rochet et al., 2004; Fornai et al., 2005;
Furukawa et al., 2006; Martin et al., 2006; Bellucci et al., 2008; Borland et al., 2008). One
current hypothesis suggests that the formation of Syn oligomer-containing ring-like
structures cause leakage in cell membranes resulting in a disruption of cellular ionic balance
and ultimately cell death. Both wild-type and mutant Syn have been shown to form ring-like
pores in synthetic vesicles and artificial lipid bilayer membranes (Goldberg & Lansbury,
2000; Volles & Lansbury, 2002; Danzer et al., 2007; Tsigelny et al., 2008). The experiments
presented in this paper, however, are focused on the effect of intracellular Syn expression,
subsequent transport to the cell membrane and attendant membrane permeability alterations
in a model more akin to dopaminergic neurons, MN9D cells.

MN9D cells were derived from mouse embryonic ventral mesencephalic neurons and
express tyrosine hydroxylase and dopamine transporter which are key features of SNpc
DANs (Choi et al., 1991; Choi et al., 1992; Rick et al., 2006). Previously, we engineered the
regulated gene expression of Syn and/or GFP in MN9D cells by placing SCNA under the
direction of a tetracycline/doxcycline responsive autoregulated bi-directional promoter and
GFP downstream of an internal ribosome entry site (Strathdee et al., 1999; Luo et al., 2007;
Su et al., 2008). The co-expression of GFP allows for easy determination of Syn-expressing
cells during whole cell patch clamp recordings. In addition, this dopaminergic milieu is
critical since DANs are particularly vulnerable in PD and Syn conformation is affected by
the microenvironment, including the presence of dopamine. Therefore, although MN9Dsyn
cells do not completely recapitulate SNpc DAN they do allow us to examine the effects of
Syn overexpression in a simplified dopaminergic environment.

We first determined in our model the presence of oligomeric Syn, Syn-immunopositive
aggregates and membrane localized Syn following overexpression. We hypothesized that
pores formed by Syn would act as non-selective leak channels and contribute to Syn-induced
toxicity. Pores or leak channels allow ions to flow across the cytoplasmic membrane freely
and result in an increase in membrane conductance. Whole cell patch clamp recordings of
Syn overexpressing MN9D cells revealed increased membrane conductance that was not
attributable to either voltage-gated potassium or sodium channels as they were inactivated
by the presence of cesium chloride and a membrane holding potential at 0 mV. Using
cultured HEK293T cells transduced with lentivirus-expressing wild-type Syn, Tsigelny et al.
demonstrated an increase in Zn2+-sensitive whole cell currents (Tsigelny et al., 2007) while
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Furukawa et al. showed increased plasma membrane permeability and cell death in cultured
cells overexpressing only mutant forms of Syn (Furukawa et al., 2006). Our data extend
these previous findings by demonstrating Syn-induced cell death in concert with a voltage-
independent increase in membrane conductance, reminiscent of leak channels. The lack of
concordance between the Furukawa study and our findings, which comport with Tsigelny et
al., could derive from multiple factors, such as the differences in the inherent properties of
each cell line (i.e. plasma membrane properties and intracellular microenvironment) and/or
variations in Syn protein expression levels. Significantly, we also demonstrate for the first
time that the intracellular production of Syn leads concurrently to increased oligomeric Syn
and membrane conductance changes that are blocked by local extracellular application of an
anti-Syn antibody (Syn-1). Since this antibody detected only membrane-localized Syn (i.e.
no detectable intracellular Syn) when tested under detergent-free conditions, it is likely that
our antibody treatment dampened Syn-induced membrane conductance changes by
interacting with Syn on the outer surface of MN9Dsyn cells. However, we do not know
which amino acids are exposed and available for antibody interaction in our model. In vitro
experiments demonstrate that depending on the curvature of the lipid membranes Syn may
adopt a broken α-helix or even an extended α-helix conformation demonstrating the
flexibility of the interactions between Syn and lipid membranes (Davidson et al., 1998;
Chandra et al., 2003; Chandra et al., 2004; Bortolus et al., 2008; Georgieva et al., 2008; Jao
et al., 2008). Little is known about the structure of Syn in situ and most efforts use anti-Syn
antibodies that recognize linear epitopes in conjunction with purified protein, fixed cells or
tissue. Previous mapping studies identified amino acid residues 91-99 as the Syn epitopes
recognized by Syn-1 [the same antibody used in these studies; (Perrin et al., 2003; Li et al.,
2005; Liu et al., 2005)]. Even though amino acids 1-99 are considered the lipid binding
portion of Syn, it is possible that when Syn forms propagating multimers in the plasma
membrane, structural residues become available for the Syn-1 antibody to bind (Tsigelny et
al., 2007; Perlmutter et al., 2009). Importantly, the epitope mapping studies for this antibody
used Syn deletions examined under denaturing conditions while little is known about the
ability of this antibody to recognize native (nondenatured) Syn as would be present in our
electrophysiological studies. In fact, the conformation of membrane or pore-like Syn in vivo
is yet unknown.

Our data suggest that when Syn interacts with the cell membrane it assumes a topology in
which a portion is exposed to the extracellular environment, perhaps through the formation
of a pore, and is available for antibody binding. Most importantly this Syn:antibody
interaction is sufficient to attenuate membrane conductance changes. Taken together the
data presented here support the hypothesis that Syn overexpression results in increased
oligomer production and the formation of membrane bound Syn-containing pores which
may contribute to cell vulnerability. However, our data cannot exclusively attribute the
observed changes to Syn oligomers. In order to establish a direct link between Syn
oligomers and changes in membrane conductance conformer-specific antibodies need to be
developed which can differentially identify structural forms of Syn in vivo.

In PD the SNpc DANs are particularly vulnerable and invariably die resulting in the classic
clinical motoric features. It is interesting to speculate that Syn protofibrils, which are
stabilized by the interaction with dopamine quinone, make DANs more susceptible to
neurodegeneration. For instance, stable Syn protofibrils could result in an augmentation of
pore-like structures in cell membranes resulting in membrane leakage and altered ionic
balance engendering oxidative stress and finally cell death. In addition, Syn has been shown
to interact with mitochondrial membranes and it is probable that Syn-induced leak channels
in this organelle would lead to mitochondrial dysfunction (Nakamura et al., 2008; Parihar et
al., 2008; Shavali et al., 2008). Our studies indicate that increased leak channel conductance
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occurs prior to substantial cell death suggesting that pore formation may be a fundamental
event in dopamine cell vulnerability.

Future experiments will be aimed at evaluating membrane conductance changes in primary
dopaminergic neurons and nigrostriatal slice cultures that overexpress Syn. These models
will be utilized to extend the leak channel blocking effect of anti-Syn antibody therapies.
Experimental hurdles currently prevent the identification of leak channels in PD subjects,
however, the reduction of leak channel conductance in our cell culture model following
extracellular application of an anti-Syn antibody suggests that pore blockers may represent a
novel class of therapies for PD as well as other synucleinopathies including multiple system
atrophy, dementia with Lewy bodies and pure autonomic failure.
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GAPDH Glyceraldehyde-3-phosphate dehydrogenase
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MTT 3-[4,5-Dimethylthiazol]-2,5-diphenyltetrazolium
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SNpc substantia nigra pars compacta

SYN human wildtype α-synuclein
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Figure 1.
Syn overexpression in a dopaminergic cell line forms oligomers. (A.) Slot blot analysis and
quantitative densitometry using the A11 antibody demonstrates an increase of soluble
amyloid structures in DOX-induced MN9Dsyn whole cell lysates (+DOX). Blots were
reprobed for GAPDH as a loading control. Immunoprotein complexes were quantified by
densitometric analysis and values normalized to GAPDH. All data are expressed as mean
band density ± SEM from three samples. *non-directional Student's t-test, significant
difference as compared with uninduced (−DOX; −Syn) controls, P =0.0007. (B.)
Representative western blot analysis of MN9Dsyn lysates. MN9Dsyn cells were grown in
the absence (−) and presence (+) of DOX for 2 days (n = 3/treatment). Protein lysates were
prepared and subjected to 4-16% SDS-PAGE and immunoblotted for Syn revealing the
presence of monomeric (*), dimeric (**) and SDS-resistant high molecular weight Syn
oligomers (vertical line). Arrowhead indicates a nonspecific band. Blots were reprobed for
α-tubulin as a loading control. “Short” indicates a 3 second exposure time for the film while
“Long” represents a 30 second exposure time.

Feng et al. Page 14

Eur J Neurosci. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Overexpressed Syn localizes to cell membranes and forms aggregates. MN9Dsyn cells were
treated with DOX for two days to induce Syn expression prior to immunocytochemical
analysis. Membrane localized and cytosolic Syn as well as inclusion bodies (white arrows)
immunostained for Syn (red) are present in the induced MN9Dsyn cells. DAPI (blue) was
used to counterstain nuclei. Scale bar = 25 μm. The Syn-specific aggregates are more
apparent in the higher magnification inset photomicrograph (white box; arrow).
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Figure 3.
Syn overexpression increases membrane conductance. (A.) Representative traces from
DOX-induced (+DOX/Syn) and uninduced (−DOX) MN9Dsyn cells showing currents
elicited by stepping membrane voltage from a holding potential of 0 mV to levels between
−45 mV and 90 mV (inset: step voltage protocol). (B.) I-V plots demonstrating the current-
voltage relationship determined by plotting mean current amplitudes ± SEM (n = 7 – 10
cells/treatment) from Syn expressing (+DOX, solid lines) and control (−DOX, dotted lines)
cells at each voltage. (C.) Conductance changes following Syn overexpression. Data were
normalized to capacitance to eliminate differences due to cell size. Mean conductance ±
SEM (n = 7 - 10 cells/treatment) indicate the slope of each I-V plot. *non-directional
Student's t-test, significant increase in membrane conductance in Syn overexpressing
MN9Dsyn cells (+DOX) compared with control cells (−DOX; P = 0.004). (D.) GFP
overexpression alone (i.e. in the absence of Syn overexpression; MN9Dgfp cells) does not
affect membrane conductance. Values expressed as mean conductance ± SEM (n = 6 - 8
cells/treatment) indicate the slope of each I-V plot. No significant change in membrane
conductance was observed when GFP-induced (+DOX; +GFP) MN9Dgfp cells were
compared with uninduced (−DOX; −GFP) control cells (non-directional Student's t-test, P =
0.68).
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Figure 4.
Increased membrane conductance in MN9Dsyn cells is blocked following treatment with an
anti-synuclein antibody. (A.) Immunocytochemistry demonstrating that the monoclonal anti-
Syn antibody (red) used to block leak currents recognizes Syn on the surface of non-
permeabilized MN9Dsyn cells induced to overexpress Syn and GFP (green). Scale bar = 10
μm. (B.) Representative traces showing current changes in MN9Dsyn cells over time in
response to local application of either a monoclonal antibody against Syn (250 ng/ml; Anti-
α-synuclein Ab) or an antibody that does not recognize Syn (250ng/ml; control Ab;
horseradish peroxidase conjugated goat anti-rabbit IgG antibody from Chemicon Inc.; inset:
step voltage protocol). 0 min indicates the recording just prior to antibody application while
recordings at 5 and 10 minutes (min) occurred during antibody exposure. (C.) Attenuation of
Syn-induced conductance changes following local application of an anti-α-synuclein
antibody. Values expressed as mean conductance ± SEM (n = 7 - 10 cells/treatment) indicate
the slope of each I-V plot. The data shown are normalized to capacitance to eliminate
differences due to cell size. The grey arrow indicates the initial application of antibody while
the grey line indicates the continuous application of antibody. White circles: −DOX +
control antibody; white triangle: −DOX + anti-α-synuclein antibody; black circle: +DOX/
Syn + control antibody; black triangle: +DOX/Syn + anti-α-synuclein antibody. The control
Ab and the anti-α-synuclein antibody did not affect whole cell membrane conductance in
non-induced (−DOX) MN9Dsyn cells. However the anti-α-synuclein antibody significantly
decreased membrane conductance of Syn overexpressing MN9Dsyn (+DOX/Syn) over time.
Two-way repeated-measures ANOVA and post-hoc test (non-directional Student's t-test
with Bonferroni corrections for multiple comparisons), *significant difference of the anti-α-
synuclein antibody compared with control antibody at 5 minutes (P = 0.02) and at 10
minutes (P = 0.01).

Feng et al. Page 17

Eur J Neurosci. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Syn overexpression results in cytotoxicity in a dopaminergic-like cells. MTT assay of
MN9Dsyn cells in the presence and absence of DOX treatment overtime. Cell death as a
percent of control was calculated as the percentage of mitochondrial activity reduction
following Syn overexpression (+DOX; +Syn) compared to the control (−DOX; −Syn)
[percent cell death ± SEM; n = 8 wells/treatment]. Syn overexpression for 4 days resulted in
~8% cell death. Each experiment was repeated at least three times. One-way ANOVA and
Tukey HSD post-hoc test, */** significant difference as compared with uninduced (−DOX;
−Syn) controls following 2 and 4 days of Syn expression respectively; *P = 0.004, **P =
0.0003.
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