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Abstract
Alpha-synuclein (α-Syn) is a major component of Lewy bodies, abnormal protein aggregates that
are present in neurons of patients with Parkinson’s disease and other neurological disorders.
Despite intensive investigation, the in vivo role of α-Syn in physiological and pathological
processes is not fully understood. This study addresses a current debate on the nuclear localization
of α-Syn protein in the brain. To assess the specificity of various α-Syn antibodies, we compared
their staining patterns in wild type mouse brains with that of the α-Syn knock-out mice. Among
five different α-Syn antibodies tested here, two generated intensive nuclear staining throughout the
normal mouse brain. However, nuclear staining by these two antibodies was also present in
neurons of the α-Syn knock-out mice. This provides evidence that the nuclear signal is not
specifically related to the presence of α-Syn, but rather results from the cross-reactivity of the two
antibodies to some unknown antigens in neuronal nuclei. In mouse brain neurons, endogenous α-
Syn proteins are primarily localized to neuronal processes and nerve terminals but present only at
low levels in the cell bodies. This is different from a generally uniform distribution of
exogenously expressed α-Syn in both cytoplasm and nuclei of heterologous cells, and suggests
that the neuritic enrichment of α-Syn in neurons may be mediated by their specific interactions
with certain structural or molecular components in the neuropil.
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INTRODUCTION
Alpha-synuclein (α-Syn) is a small protein implicated in the pathogenesis of a number of
neurodegenerative disorders including Parkinson’s disease (PD) (Recchia et al., 2004;
Rampello et al., 2004; Wenning and Jellinger, 2005). Mutations in the α-Syn gene (A53T,
A30P and E46K) cause autosomal-dominant hereditary PD (Polymeropoulos et al., 1997;
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Kruger et al., 1998; Spira et al., 2001; Zarranz et al., 2004). Recent genome-wide association
studies also revealed the involvement of α-Syn gene variants in sporadic PD (Venda et al.,
2010). Moreover, α-Syn is a major protein component of Lewy bodies (LB), eosinophilic
cytoplasmic inclusions developed in brain neurons of PD and other disorders (Spillantini et
al., 1997; Giasson et al., 2000b; Ma et al., 2003; Lin et al., 2004; Cantuti-Castelvetri et al.,
2005).

α-Syn was initially identified from the electric ray Torpedo californica as a neuronal-
specific protein which is localized to the presynaptic nerve terminal and nucleus (Maroteaux
et al., 1988). Subsequent studies have shown that α-Syn proteins are abundantly expressed
and widely distributed in mammalian central and peripheral nervous systems (Bayer et al.,
1999; Mori et al., 2002). In neurons, α-Syn proteins are enriched at synapses and may play a
regulatory role in presynaptic vesicle cycling and neurotransmitter release (Abeliovich et al.,
2000; Chandra et al., 2004; Totterdell and Meredith, 2005; Lee et al., 2008; Watson et al.,
2009). However, the nuclear localization of α-Syn remains controversial, as conflicting
results have been obtained on the existence of endogenous α-Syn proteins in nuclei of
mammalian brain neurons (Li et al., 2002; Yu et al., 2007; Zhang et al., 2008; Vivacqua et
al., 2009; Zhong et al., 2010; Vivacqua et al., 2011). Based on published reports, this
discrepancy is possibly attributable to different α-Syn antibodies used in various studies, but
the underlying cause is still unknown. On the other hand, experiments conducted in cultured
primary neurons and transfected mammalian cells have consistently demonstrated the
localization of α-Syn proteins in the nucleus where they may act to inhibit histone
acetylation and promote neurotoxicity (McLean et al., 2000; Goers et al., 2003; Kontopoulos
et al., 2006). In addition, nuclear localization of α-Syn has been observed in transgenic mice
expressing a mutant form of α-Syn (A53T). Interestingly, these studies noted nuclear
accumulation of phosphorylated α-Syn (Pser129) in specific brain regions of the transgenic
mice, suggesting a potential role of nuclear α-Syn in neuropathology (Wakamatsu et al.,
2007; Schell et al., 2009).

In this study, we examined the subcellular localization of endogenous α-Syn in mouse brains
using a panel of antibodies. Our data suggested that nuclear staining by some of the α-Syn
antibodies may result from their non-specific cross-reactivity to other antigen(s) with
epitope(s) similar to that of α-Syn. We also determined that endogenous α-Syn was
minimally expressed in neuronal cell bodies, while enriched in neuropil throughout the
mouse brain. Our findings should help resolve the ongoing debate on nuclear localization of
α-Syn and contribute to our understanding of α-Syn’s role in the brain.

EXPERIMENTAL PROCEDURES
Antibodies and cDNAs

Polyclonal anti-α-synuclein antibodies were generated by immunizing rabbits with a GST
fusion protein containing the C-terminal region (residues 94–140) of human α-synuclein,
and purified using an affinity column containing the same fusion protein. In addition, the
following antibodies were used in this study: monoclonal anti-α-synuclein antibody 3D5
(Yu et al., 2007), polyclonal anti-α-synuclein antibody C-20 (Santa Cruz Biotechnology,
Inc.), polyclonal anti-α-synuclein antibody AB5038P (Millipore), polyclonal anti-α-
synuclein antibody (Cell Signaling Technology, Inc.), monoclonal anti-α-synuclein
(phosphorylated Ser129) antibody (Wako Chemicals USA, Inc.), monoclonal anti-α-
synuclein (nitrated Tyr123/133) antibody (Novus Biologicals) and monoclonal anti-Tyrosine
3-Hydroxylase antibody (Epitomics, Inc.). The flag-tagged and EGFP-fused α-synuclein
cDNAs were constructed by either cloning the human α-synuclein coding sequence into a
mammalian expression vector pcDNA3, or fusing EGFP to the carboxyl terminus of α-
synuclein coding region in the pEGFP-N1 vector.
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Animals
α-synuclein knock-out mice were purchased from the Jackson Laboratory and maintained in
the FSU animal facility. Generation and characterization of the homozygous null mice have
been described previously (Abeliovich et al., 2000). Both the wild type and α-synuclein
knock-out mice used in this study were on the C57BL/6J background.

Brain sections
All procedures were performed in accordance with the FSU Animal Care and Use
Committee and NIH guidelines. Adult mice, weighed 25–30g, were anesthetized and
transcardially perfused with 4% formaldehyde in 0.1 M phosphate buffer, pH 7.4 (PBS).
After an overnight postfixation in the same fixative at 4°C, the brains were cut into 40 µm
coronal sections on a vibratome (Leica Microsystems).

Immunofluorescence imaging
Mouse brain sections were permeabilized and blocked in a PBS solution containing 0.4%
Triton (PBST) and 5% normal goat serum for 1 hour at room temperature. They were then
incubated in the same solution containing appropriate primary antibodies at 4°C overnight.
The next day, sections were washed with PBST 3 × 5 minutes, followed by incubation with
Alexa Fluor® 647 donkey anti-rabbit or anti-mouse secondary antibodies (Invitrogen) for 2
hours at room temperature. After several washes with PBST and PBS, the sections were
counterstained with 5 µg/mL 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St.
Louis, MO) in PBS for 5 minutes, washed in PBS for 5 minutes, and mounted with
Vectashield to retard fluorescence fading. Tissue sections were imaged on a Leica TCS SP2
SE laser scanning confocal microscope (Leica Microsystems, Bannockburn, IL) using a 63×
objective at 1024 × 1024 resolution. Serial stack images were taken at 0.5 µm steps, and all
images were acquired by sequential scanning to avoid bleed-through.

In α-Syn presbsorption experiments, the AB5038P, 3D5 or Ab-CS antibody was
preincubated with different amount of recombinant human α-Syn proteins (GenWay
Biotench, Inc.) at 4°C for 4 hours before it was applied to wild type and α-Syn knock-out
mouse brain sections. To preabsorb antibodies with brain slices, the Ab-CS antibody was
preincubated at 4°C for 4 hours with one section of the wild type or α-Syn knock-out mouse
brains that were first permeabilized in PBS solution containing 0.4% Triton and 5% normal
goat serum.

To image α-Syn proteins in heterologous cells, tsA 201 cells were grown on poly-L-lysine-
treated cover glasses and transfected with α-Syn-pEGFP-N1 or Flag-α-Syn-pcDNA3
cDNAs. After 48 hours, cells were fixed and permeabilized with 0.2% Triton, and then
incubated with anti-α-Syn antibodies and Alexa Fluor® 647 donkey anti-rabbit or anti-
mouse secondary antibodies in the presence of 10% goat serum.

Western blot analyses
Cytoplasmic and nuclear fractions of mouse brains were isolated using the Nuclear Complex
Co-IP kit (Active Motif) based on the manufacture’s protocol. Briefly, mouse brains were
homogenized in ice-cold hypotonic buffer supplemented with DTT and detergent. After a
low speed centrifugation at 850 Xg for 10 minutes, the cell pellets were homogenized again
and centrifuged at 14,000 Xg for 30 seconds. The supernatant was taken as the cytoplasmic
fraction, and the nuclear pellet was digested with the enzymatic shearing cocktail for 10
minutes at 37°C and centrifuged at 14,000 Xg for 10 minutes to yield the supernatant
containing nuclear proteins.
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After determining total protein concentrations in cytoplasmic and nuclear fractions using the
Bio-Rad Protein Assay kit, α-Syn proteins in these fractions were analyzed by immunoblot
using α-Syn antibodies as described previously (Li et al., 2006). To verify the efficacy of
fractionations, sample of the nuclear fraction was probed with a Histone H3 antibody
(Millipore).

RESULTS
Distinct nuclear immunoreactivity of different α-Syn antibodies

To determine the subcellular localization of α-Syn proteins in mouse brain neurons, we first
immunostained brain slices of wild type mice using recently characterized 3D5 antibody that
generates intensive nuclear signals in both central and peripheral neurons (Yu et al., 2007;
Vivacqua et al., 2011). Consistent with previous reports, immunoreactivity of the 3D5
antibody was present in the neuronal processes and concentrated in the nuclei of neurons
throughout the mouse brain. Figs. 1A–1C depicts such staining pattern by 3D5 in the
cerebral cortex. We also observed similar neuritic and nuclear staining with a commercial α-
Syn antibody from Cell Signaling (herein referred as Ab-CS) (Figs. 1D–1F). In contrast,
nuclear localization was not found with staining from the other three α-Syn antibodies
examined in this study. These included the C-20 antibody from Santa Cruz (Figs. 1G–1I), a
polyclonal α-Syn antibody generated by us (data not shown), and the AB5038P antibody
from Millipore (Figs. 1J–1L). Together, these results confirmed the variability of different
α-Syn antibodies in nuclear staining of mouse brain neurons.

Assessment of specific α-Syn signals using the knock-out mice
One of the possible causes for the discrepancy in nuclear staining is non-specific
immunoreactivity of some of the antibodies to α-Syn-unrelated antigens in the nuclei. To
confirm this, we evaluated the specificity of these antibodies to α-Syn proteins by comparing
their staining patterns in the brain of the wild type with that of the α-synuclein knock-out
mice which are devoid of α-Syn proteins (Abeliovich et al., 2000). To minimize
experimental variability, we immunostained brain slices of the age-matched wild type and α-
synuclein knock-out mice using the same dilutions of primary and secondary antibodies, and
imaged these slices on confocal microscope with identical laser intensity and
photomultiplier (PMT) settings. In wild type mice, all four α-Syn antibodies (3D5, Ab-CS,
C-20 and AB5038P) further evaluated here produced extensive staining in neuronal
processes throughout the brain (Figs. 2–5). Given that the neuritic staining by these
antibodies were comparable with each other and completely absent in the α-Syn knock-out
(syn−/−) mice (Figs. 2–5), it reflected the distribution of endogenous α-Syn proteins in the
neuronal processes and terminals of brain neurons. On the other hand, these antibodies
exhibited a significant difference in nuclear immunoreactivity. While C-20 and AB5038P
did not generate any nuclear staining (Figs. 4 & 5), 3D5 and Ab-CS antibodies stained
nuclei in various regions of mouse brains, including cerebral cortex, hippocampus, basal
ganglia, thalamus, midbrain, etc (Figs. 2 & 3). The nuclear staining pattern of these two
antibodies (3D5 and Ab-CS) in the syn−/− mouse brains had intensity and regional
distribution similar to that of the wild type mice (Figs. 2 & 3). Since α-Syn proteins are not
expressed in the syn−/− mice, the nuclear staining of these two antibodies can not result
from their specific immunoreactivities to endogenous α-Syn proteins.

To further examine the specificity of these antibodies, we conducted preabsorption
experiments in which some of the α-Syn antibodies were preincubated with recombinant
human α-Syn proteins before they were applied to brain sections. As expected, neuritic
signal was diminished by preabsorption of the AB5038P, 3D5 or Ab-CS antibody with
soluble α-Syn proteins in a dose-dependent manner (Figs. 6, 7 & 8). Importantly, nuclear
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staining generated by both 3D5 and Ab-CS antibodies was also eliminated by preincubation
of them with recombinant α-Syn proteins (Figs. 7 & 8), indicating that the nuclear staining
of 3D5 and Ab-CS antibodies was conferred by their cross-reactivity to some nuclear
antigen(s) that may contain epitope(s) similar to that of the α-Syn protein. For both 3D5 and
Ab-CS antibodies, a significantly less α-Syn proteins was required to abolish the nuclear
staining than what was needed to abolish the neuritic staining (Figs. 7 & 8). Since 3D5 is a
homogenous monoclonal antibody, this observation could reflect a higher affinity of this
antibody for α-Syn in neuronal processes than the cross-reacted nuclear antigens. On the
other hand, the polyclonal Ab-CS antibody consist of a mixture of antibodies which may
recognize different epitopes on the target proteins and thus could lead to different dose-
responses to preabsorption with α-Syn proteins. To test this possibility, we preincubated the
Ab-CS antibody with permeabilized brain tissue of the α-Syn knock-out mice, and then used
the preaborbed antibody to immunostain brain sections of wild type mice. As shown in Fig.
9A–9F, this preabsorption treatment did not affect α-Syn derived neuritic signal, but
eradicated the nonspecific nuclear staining. In contrast, staining in both processes and nuclei
was completely lost after preabsorption of Ab-CS antibodies with brain slices of the wild-
type mouse (Figs. 9G–9I). Taken together, these results provided additional support for our
hypothesis that the nuclear staining of the two α-Syn antibodies is caused by their cross-
reactivity to some nuclear antigens that are not α-Syn proteins.

Biochemical analyses of α-Syn antibodies
In previous reports, the presence of α-Syn immunoreactivity in the nuclei was also indicated
by western blot analyses (Yu et al., 2007). We thus carried out similar studies by probing the
cytoplasmic and nuclear fractions of mouse brains with these α-Syn antibodies. As a control
for our fractionation procedures, proteins from the two subcellular compartments were
probed with a Histone H3 antibody to mark the nuclear fraction (Fig. 10A). Among the three
antibodies tested here, the C-20 antibody recognized a single band in both cytoplasmic and
nuclear fractions of the wild type mouse brains (Fig. 10B, right panels). These bands
represented mouse α-Syn proteins, as they migrated at a position corresponding to the
molecular mass of mouse α-Syn and were absent in neither subcellular faction derived from
the α-Syn knock-out mice (Fig. 10B, left panels). The Ab-CS antibody revealed the α-Syn
band, but also recognized another higher molecular weight band (~27 kd) in these two
subcellular fractions (Fig. 10C, right panels). As the higher molecular weight band was
present in both wild type and α-Syn knock-out mice (Fig. 10C), it should not be related to α-
Syn proteins. However, this non-specific band is unlikely the source of intense nuclear
staining by this antibody since it appeared in both the cytoplasmic and nuclear fractions on
western blots (Fig. 10C). Moreover, we found that the 3D5 antibody specifically recognized
α-Syn in both cytoplasmic and nuclear fractions without producing any apparent non-
specific bands on western blots (Fig. 10D). This is consistent with the previous report by Yu
et al. and indicates that the cause of nuclear staining by some of the α-Syn antibodies may
not be easily elucidated by conventional biochemical approaches.

Subcellular localization of recombinant α-Syn in heterologous cells
Despite the controversy on the nuclear localization of endogenous α-Syn in the brain, a
number of previous studies have consistently reported the existence of recombinant α-Syn in
the nuclei of transfected cells (Specht et al., 2005). Likewise, we found that the exogenously
expressed α-Syn-EGFP fusion proteins were localized to both cytoplasmic and nuclear
compartments as judged by GFP signals under confocal microscopy (Figs. 11C, 11G &
11K). However, there was no significant difference in subcellular distribution of
immunofluorescence generated by staining the cells with the three different α-Syn
antibodies (Figs. 11A, 11E & 11I), suggesting that all of them were capable of accessing
cytoplasmic and nuclear α-Syn proteins in transfected cells. This was further confirmed by

Huang et al. Page 5

Neuroscience. Author manuscript; available in PMC 2012 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



our parallel experiments in which we observed a generally uniform distribution of α-Syn
proteins in both cytoplasmic and nuclear compartments of cells transfected with a flag-
tagged α-Syn cDNA and immunostained with these α-Syn antibodies (Figs. 11M–11U).
Interestingly, in non-transfected tsA 201 cells, we did not observe any cytoplasmic or
nuclear staining by these antibodies. This observation thus indicated that the non-specific
nuclear antigen(s) recognized by 3D5 and Ab-CS antibodies may be specific to neurons, but
not to cell lines derived from some other tissues.

Specificity of other α-Syn-related antibodies
Having found cross-reactivity for some of the α-Syn antibodies, we further examined other
antibodies specific for certain types of modifications in α-Syn proteins. One of them is a
commercial monoclonal antibody that recognizes Ser129 phosphorylated α-Syn (anti-pS129-
α-Syn, Wako Chemicals). No immunoreactivity was detected in mouse brains with normal
confocal settings (Fig. 12). However, when immunofluorescence images were intensified by
using a higher photomultiplier setting (PMT 2), the pS129-α-Syn antibody generated some
weak signals in several brain regions of wild type, but not the α-Syn knock-out mice (Fig.
12). Thus, these data are consistent with previous report showing a low level of S129
phosphorylation under physiological conditions (Schell et al., 2009), as well as indicated a
high specificity of this antibody.

In addition, we immunostained mouse brain sections with another commercial monoclonal
antibody that detects nitration of α-Syn at residues Tyr123/133, a type of modification
occurring after oxidative injury (anti-n-α-Syn, Novus Biologicals) (Giasson et al., 2000a).
As shown in Figure 13, the anti-n-α-Syn produced little signals when brain sections were
imaged with normal confocal settings, but some weak staining was revealed in several
regions of mouse brains at a higher photomultiplier setting (Fig. 13). Since these signals are
similarly present in both wild type and α-Syn knock-out mice, they are not likely be derived
from nitrated α-Syn, but rather possibly reflect some degree of nonspecific cross-reactivity
of this antibody.

DISCUSSION
α-Syn was originally named based on its subcellular localization in presynaptic terminals
and nuclei of electric organ of Torpedo (Maroteaux et al., 1988). The nuclear localization of
α-Syn in the vertebrate brain neurons has been a subject of debate (Galvin et al., 2001; Li et
al., 2002; Yu et al., 2007; Lin et al., 2009; Vivacqua et al., 2011). Here we have addressed
this controversial issue by comparing staining patterns of several α-Syn antibodies in the
brain of wild type and the α-Syn knock-out mice. Similar to previous reports, we observed
inconsistent nuclear staining by five different α-Syn antibodies tested in this study. Three
antibodies produced little nuclear signal; however, the other two (3D5 and Ab-CS) exhibited
extensive nuclear immunoreactivities throughout the mouse brain. Moreover, nuclear
staining by these two antibodies persisted in the brain of the α-Syn knock-out mice, i.e.,
mice which have no expression of α-Syn proteins. These results thus demonstrate that
nuclear staining of these two antibodies does not result from their specific
immunoreactivities to α-Syn proteins. As the nuclear staining was abolished by
preincubation of these two antibodies with recombinant α-Syn proteins, it is likely that their
nuclear immunoreactivities were directed toward some nuclear antigen(s) that may contain
epitope(s) similar to that of the α-Syn protein. For the polyclonal Ab-CS antibody, we
further showed that incubation of this antibody with brain tissues of the α-Syn knock-out
mice could preabsorb a portion of the polyclonal antibodies preferentially responding to the
nuclear antigens, and thus selectively eliminate its nuclear staining. Taken together, our
studies provide strong evidence that nuclear staining by some of α-Syn antibodies is caused
by their nonspecific cross-reactivity to α-Syn unrelated antigen(s) in neuronal nuclei.

Huang et al. Page 6

Neuroscience. Author manuscript; available in PMC 2012 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



What might the nonspecific nuclear antigen(s) recognized by some of the α-Syn antibodies
be? One clue is that they are probably uniquely expressed in the neuronal cells, as little
nuclear staining was revealed by these antibodies in non-neuronal cells in which no
exogenous α-Syn was expressed. Interestingly, all of the antibodies examined here were
generated against carboxyl regions of the α-Syn protein (Table 1). It is therefore unclear
why only some of them reacted with the nonspecific antigens in the nucleus. Previously, Yu
et al. has determined the epitope for the 3D5 antibody using phage display and found no
apparent nonspecific band on western blots in either cytoplasmic or nuclear fraction
prepared from rat brains (Yu et al., 2007). Our western blot analyses of 3D5 were consistent
with these findings and detected mainly α-Syn proteins from mouse brains. On the other
hand, the Ab-CS antibody yielded an unknown band on western blot that had a higher
molecular weight than α-Syn and was present in both wild type and α-Syn knock-out mice.
However, this unknown band is unlikely the source of the nuclear immunoreactivity to this
antibody, because it was evenly distributed in the cytoplasmic and nuclear fractions of
mouse brains, and also existed in some non-neuronal cell lines in which the Ab-CS antibody
produced little nuclear staining. Hence, it appears that conventional biochemical approaches
may not be sufficient to elucidate the molecular identity of the α-Syn unrelated nuclear
antigens.

Regardless of their difference in nuclear immunoreactivity, all of the α-Syn antibodies we
tested produced extensive staining in the neuronal processes and nerve terminals. As the
neuropil staining among different antibodies was comparable in the wild type mouse brain
and absent in the α-Syn knock-out mice, it is clear that endogenous α-Syn proteins are
primarily distributed in the processes and terminals of brain neurons. Interestingly,
exogenous α-Syn proteins are distributed in both cytoplasmic and nuclear compartments
when transfected into heterologous cells or primary neurons. This raises a possibility that α-
Syn proteins may be preferentially localized to neuropil due to their specific interactions
with certain structural or molecular components uniquely existed in the neuronal processes
and nerve terminals. It is worth note that, under some pathological conditions, α-Syn
proteins are known to accumulate in cell bodies, as well as form protein aggregates in the
cytoplasm or nuclei of brain neurons (Takeda et al., 1998; Giasson et al., 2000b; Ma et al.,
2003; Lin et al., 2004; Lin et al., 2009). This may reflect a disease related change in α-Syn
tethering mechanism at neuronal processes and bear some relevance to Parkinson’s disease
and other synucleinopathies.

As the two nuclear reactive antibodies (3D5 and Ab-CS) recognize epitopes at carboxyl
regions of the α-Syn protein, we extended our analysis on two other commercial antibodies
that have been utilized to monitor certain types of modifications in the carboxyl portion of
α-Syn proteins. These include an antibody that recognizes phosphorylation of α-Syn at
residue Ser129 (anti-pS129-α-Syn), and an antibody that detects nitration of α-Syn at
residues Tyr123/133. By comparing their immuno-staining patterns in wild type mouse
brains with that of the α-Syn knock-out mice, we determined that both antibodies produced
little nonspecific signals under basal conditions. Such information should be beneficial for
future applications of these antibodies in characterizing post-translational modification of α-
Syn proteins in pathological conditions.

CONCLUSION
In summary, we have determined that the nuclear staining revealed by some of the α-Syn
antibodies is caused by their immunoreactivity to some unknown antigen(s) that is present in
neuronal nuclei but is not α-Syn. In mouse brains, α-Syn proteins are primarily distributed in
the neuronal processes and nerve terminals, while minimally localized to the somata. These
findings help define the subcellular localization of α-Syn proteins in the brain and may set a
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stage for further investigation of the role of α-Syn in physiological and pathological
processes.

Highlights

> Nuclear localization of endogenous α-Syn in the brain is controversial.

> Specificity of a panel of α-Syn antibodies was assessed by using the α-Syn
knock-out mice.

> Nuclear staining by some of α-Syn antibodies results from the nonspecific
cross-reactivity.

> Exogenously expressed α-Syn is distributed in both cytoplasmic and nuclear
compartments.

Abbreviations

α-Syn alpha-Synuclein

PD Parkinson’s disease

LB Lewy bodies

DAPI 4′,6-diamidino-2-phenylindole

PMT photomultiplier
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Figure 1. α-Syn antibodies exhibited different nuclear immunoreactivity in mouse brain neurons
Confocal immunofluorescence images of mouse cerebral cortex stained with four different
α-Syn antibodies (A, D, G, J), and counterstained with DAPI to depict the nuclei (B, E, H,
K). Intensive nuclear staining was revealed in brain slices probed with both the 3D5 (A, C)
and Cell Signaling (D, F) antibodies, but absent in that stained with either the C-20 (G, I) or
the AB5038P antibody (J, L). Representative images from one of five independent
experiments are shown. Scale bar = 20 µm.
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Figure 2. Subcellular localization of α-Syn proteins in various mouse brain regions revealed by
the 3D5 antibody
Confocal immunofluorescence images showing staining patterns of the 3D5 antibody in
cerebral cortex (A, A’), DG, CA3 and CA1 of hippocampus (D, G, J, D’, G’, J’), striatum
(CPu) (M, M’), thalamus (P, P’) and substantia nigra (SN) (T, T’) of wild type and α-Syn
knock-out mice. In wild type mouse brains, the 3D5 antibody generated intensive staining in
both neuronal fibers and a majority of nuclei in these regions (C, F, I, L, O, R, V). In the
knock-out mice, there was no visible neuritic staining, but the nuclear staining was present
and similar to that of wild type mice in these regions (C’, F’, I’, L’, O’, R’, V’). Sections of
SN were stained with Tyrosine 3-Hydroxylase antibody to visualize dopaminergic neurons
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(S, S’). Representative images from one of five independent experiments are shown. Scale
bar = 50 µm.
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Figure 3. Subcellular localization of α-Syn proteins in various mouse brain regions revealed by
the Ab-CS antibody
Confocal immunofluorescence images showing staining patterns of the Ab-CS antibody in
cerebral cortex (A, A’), DG, CA3 and CA1 of hippocampus (D, G, J, D’, G’, J’), striatum
(CPu) (M, M’), thalamus (P, P’) and substantia nigra (SN) (T, T’) of wild type and α-Syn
knock-out mice. In wild type mouse brains, the Ab-CS antibody generated intensive staining
in both neuronal fibers and a majority of nuclei in these regions (C, F, I, L, O, R, V). In the
knock-out mice, there was no visible neuritic staining, but the nuclear staining was present
and similar to that of wild type mice in these regions (C’, F’, I’, L’, O’, R’, V’). Sections of
SN were stained with anti-Tyrosine 3-Hydroxylase antibody to visualize dopaminergic
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neurons (S, S’). Representative images from one of four independent experiments are
shown. Scale bar = 50 µm.
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Figure 4. Subcellular localization of α-Syn proteins in various mouse brain regions revealed by
the C-20 antibody
Confocal immunofluorescence images showing staining patterns of the C-20 antibody in
cerebral cortex (A, A’), DG, CA3 and CA1 of hippocampus (D, G, J, D’, G’, J’), striatum
(CPu) (M, M’) and thalamus (P, P’) of wild type and α-Syn knock-out mice. In wild type
mouse brains, the C-20 antibody only stained neuronal processes and terminals, but not
nuclei in these regions (C, F, I, L, O, R). The immunostaining was completely absent in all
brain regions of the α-Syn knock-out mice (C’, F’, I’, L’, O’, R’). Representative images
from one of four independent experiments are shown. Scale bar = 50 µm.
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Figure 5. Subcellular localization of α-Syn proteins in various mouse brain regions revealed by
the AB5038P antibody
Confocal immunofluorescence images showing staining patterns of the AB5038P antibody
in cerebral cortex (A, A’), DG, CA3 and CA1 of hippocampus (D, G, J, D’, G’, J’), striatum
(CPu) (M, M’) and thalamus (P, P’) of wild type and α-Syn knock-out mice. In wild type
mouse brains, the AB5038P antibody only stained neuronal processes and terminals, but not
nuclei in these regions (C, F, I, L, O, R). The immunostaining was completely absent in all
brain regions of the α-Syn knock-out mice (C’, F’, I’, L’, O’, R’). Representative images
from one of three independent experiments are shown. Scale bar = 50 µm.
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Figure 6. Specificity of AB5038P antibody immunoreactivity assessed by preabsorption assays
Confocal immunofluorescence images of mouse cerebral cortex stained with the AB5038P
antibody preabsorbed with different amount of recombinant human α-Syn proteins. In wild
type mouse brains, α-Syn signals in neurites (A–C) were reduced by preabsorption of
AB5038P with 1.0 or 2.5 µg α-Syn proteins (D–F, G–I). No visible α-Syn staining was left
when preabsorption with α-Syn was increased to 5.0 or 10.0 µg of recombinant α-Syn (J–L,
M–O). The immunostaining was completely absent in all groups of the α-Syn knock-out
mice (A’–O’). Representative images from one of three independent experiments are shown.
Scale bar = 50 µm.
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Figure 7. Specificity of 3D5 antibody immunoreactivity assessed by preabsorption assays
Confocal immunofluorescence images of mouse cerebral cortex stained with the 3D5
antibody preabsorbed with different amount of recombinant human α-Syn proteins. Neuritic
signals in wild type mouse brains (A–C) were reduced by preabsorption of 3D5 with 1.0, 2.5
or 5.0 µg α-Syn proteins (D–F, G–I, J–L), and abolished when α-Syn was increased to 10.0
µg (M–O). In both wild type and α-Syn knock-out mouse brains, nuclear staining of 3D5
was substantially reduced by preincubation of the 3D5 antibody with 1.0 µg α-Syn proteins
(D–F, D’–F’), and completely abolished when α-Syn proteins were increased to 2.5, 5.0 or
10.0 µg (G–O, G’–O’). Representative images from one of three independent experiments
are shown. Scale bar = 50 µm.
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Figure 8. Specificity of Ab-CS antibody immunoreactivity assessed by preabsorption assays
Confocal immunofluorescence images of mouse cerebral cortex stained with the Ab-CS
antibody preabsorbed with different amount of recombinant human α-Syn proteins. Neuritic
signals in wild type mouse brains (A–C) were gradually reduced by preabsorption of Ab-CS
antibodies with 1.0, 2.5 or 5.0 µg α-Syn proteins (D–F, G–I, J–L), and abolished when α-
Syn was increased to 10.0 µg (M–O). In both wild type and α-Syn knock-out mouse brains,
nuclear staining of Ab-CS antibodies was virtually eliminated by preincubation of the
antibody with 1.0 µg α-Syn proteins (D–F, D’–F’), and completely absent when α-Syn
proteins were increased to 2.5, 5.0 or 10.0 µg (G–O, G’–O’). Representative images from
one of two independent experiments are shown. Scale bar = 50 µm.
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Figure 9. Elimination of Ab-CS’s nuclear immunoreactivity by preincubation of the antibody
with brain tissues of α-Syn knock-out mice
Confocal immunofluorescence images of wild type mouse cerebral cortex stained with Ab-
CS antibodies that were either untreated (top panels, A–C), or preincubated with α-Syn
knock-out (middle panels, D–F) or wild type (bottom panels, G–I) mouse brain slices.
Preincubation of Ab-CS antibodies with brain slices of α-Syn knock-out mice completely
abolished their nuclear staining, but had little effect on the neuritic signals (D–F). Neither
nuclear nor neuritic staining was left after preincubation of Ab-CS antibodies with brain
slices of wild-type mice (G–I). Representative images from one of two independent
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experiments are shown. Scale bar = 50 µm. Note that a lower dilution (1:300 vs. 1:100 in
Figs 1, 3 & 7)) of the Ab-CS antibody was used in these experiments.
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Figure 10. Western blot analyses of mouse brains
α-Syn proteins (arrow head) were detected in both cytoplasmic (C) and nuclear (N) fractions
of the wild type, but not the knock-out mice by C-20 (B), Ab-CS (C), and 3D5 (D)
antibodies. Note the presence of a higher molecular band (arrow) in western blots probed by
the Ab-CS antibody. The blots were also probed with a Histone H3 antibody to mark the
nuclear fraction (A).
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Figure 11. Subcellular localization of exogenous α-Syn in heterologous cells
Confocal images of tsA 201 cells transfected with either α-Syn-EGFP or Flag-α-Syn
cDNAs. Cells were immunostained with one of the three α-Syn antibodies (A, E, I, M, P, S)
and counterstained with DAPI to depict the nuclei (B, F, J, N, Q, T). For α-Syn-EGFP-
transfected cells, GFP fluorescence was also visualized in a green channel (C, G, K). All
three antibodies immunostained only the transfected cells in which α-Syn proteins were
localized to both the cytosol and nucleus (D, H, L, O, R, U). Representative images from
one of four independent experiments are shown. Scale bar = 15 µm. Note that no signals
were produced by either antibody in none-transfected cells.
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Figure 12. Immunoreactivity of anti-phosphorylated-α-Syn antibody in wild type and α-Syn
knock-out mouse brains
Confocal immunofluorescence images showing staining patterns of an anti-phosphorylated-
α-Syn antibody (anti-pS129-α-Syn) in cerebral cortex, DG and CA1 of hippocampus of wild
type and α-Syn knock-out mice. In these regions of wild type mouse brains, the anti-pS129-
α-Syn antibody generated little signals at normal photomultiplier setting (PMT 1) (A–C, G–
I, M–O), while some faint staining was visible at a higher photomultiplier setting (PMT 2)
(D–F, J–L, P–R). The immunostaining was completely absent in all groups of the α-Syn
knock-out mice (A’–R’). Representative images from one of two independent experiments
are shown. Scale bar = 50 µm.
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Figure 13. Immunoreactivity of anti- nitrated-α-Syn antibody in wild type and α-Syn knock-out
mouse brains
Confocal immunofluorescence images showing staining patterns of an anti-nitrated-α-Syn
antibody (anti-n-α-Syn) in cerebral cortex, DG and CA1 of hippocampus of wild type and α-
Syn knock-out mice. In these regions of wild type mouse brains, the anti-n-α-Syn antibody
generated little signals at normal photomultiplier setting (PMT 1) (A–C, G–I, M–O), while
weak nuclear staining was visible at a higher photomultiplier setting (PMT 2) (D–F, J–L, P–
R). A similar nuclear staining at PMT 2 was present in these regions of the knock-out mice
(D’–F’, J’–L’, P’–R’). Representative images from one of two independent experiments are
shown. Scale bar = 50 µm.
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Table 1

Summary of α-Syn antibodies used in this study

Antibodies Host species Types Epitopes Nuclear staining

3D5 Mouse Monoclonal Amino acids 103–130 Yes

Cell Signaling (Ab-CS) Rabbit Polyclonal Carboxyl terminus* Yes

Santa Cruz (C-20) Rabbit Polyclonal Carboxyl terminus* No

Millipore (AB5038P) Rabbit Polyclonal Amino acids 111–131 No

*
Amino acid sequences information is not available
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