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Several lines of evidence suggest that phosphorylation of �-synuclein (�-syn) at S87 or S129 may play an important role in regulating its
aggregation, fibrillogenesis, Lewy body formation, and neurotoxicity in vivo. However, whether phosphorylation at these residues
enhances or protects against �-syn toxicity in vivo remains unknown. In this study, we investigated the cellular and behavioral effect of
overexpression of wild-type (WT), S87A, and S87E �-syn to block or to mimic S87 phosphorylation, respectively, in the substantia nigra
of Wistar rats using recombinant adeno-associated vectors. Our results revealed that WT and S87A overexpression induced �-syn
aggregation, loss of dopaminergic neurons, and fiber pathology. These neuropathological effects correlated well with the induction of
hemi-parkinsonian motor symptoms. Strikingly, overexpression of the phosphomimic mutant S87E did not show any toxic effect on
dopaminergic neurons and resulted in significantly less �-syn aggregates, dystrophic fibers, and motor impairment. Together, our data
demonstrate, for the first time, that mimicking phosphorylation at S87 inhibits �-syn aggregation and protects against �-syn-induced
toxicity in vivo, suggesting that phosphorylation at this residue would play an important role in controlling �-syn neuropathology. In
addition, our results provide strong evidence for a direct correlation between �-syn-induced neurotoxicity, fiber pathology, and motor
impairment and the extent of �-syn aggregation in vivo, suggesting that lowering �-syn levels and/or blocking its aggregation are viable
therapeutic strategies for the treatment of Parkinson’s disease and related synucleinopathies.

Introduction
Increasing evidence suggests that phosphorylation at S87 and
S129 may play an important role in regulating �-synuclein (�-
syn) aggregation, fibrillogenesis, Lewy body (LB) formation, and
neurotoxicity in vivo (Fujiwara et al., 2002; Anderson et al., 2006;
Oueslati et al., 2010; Paleologou et al., 2010). Studies in cell cul-
tures (Okochi et al., 2000; Kim et al., 2006) and animal models of
Parkinson’s disease (PD) (Fournier et al., 2009; Paleologou et al.,
2010) have revealed that �-syn is constitutively phosphorylated
at S87 (pS87) and S129 (pS129). The levels of pS87 and pS129
were shown to be significantly higher in the brains of patients
with PD, Alzheimer’s disease (AD), Lewy body disease (LBD),
and multiple system atrophy (MSA) and in the corresponding
transgenic (Tg) mouse models (Fujiwara et al., 2002; Anderson et
al., 2006; Paleologou et al., 2010). Recently, Copeland et al. re-
ported the detection of pS87 in the human CSF and plasma in PD
patients (Copeland et al., 2011).

However, whether phosphorylation enhances or protects
against �-syn toxicity remains unknown. Although the effect of
phosphorylation at S129 has been investigated in rat (Gorbatyuk
et al., 2008; Azeredo da Silveira et al., 2009; McFarland et al.,
2009) and fly models of PD (Chen and Feany, 2005), the role of
S87 phosphorylation in �-syn fibrillogenesis, LB formation and
neurotoxicity in vivo remains unexplored. A recent study by
Khandelwal et al. (2010) demonstrated that overexpression of
parkin protects against �-syn-induced toxicity by reducing the
levels of both pS87 and pS129 in vivo, suggesting that phosphor-
ylation at these residues is a pathological event.

S87 lies within the highly hydrophobic non-amyloid com-
ponent (NAC) region, which has been shown to play a critical
role in mediating �-syn aggregation and fibrillogenesis in vitro
(Uéda et al., 1993; El-Agnaf et al., 1998; Giasson et al., 2001)
and in cell culture (Luk et al., 2009). Recent studies from our
group and others have demonstrated that phosphorylation at
S87 or S3E substitution (S87E) inhibits �-syn fibrillization in
vitro (Waxman and Giasson, 2008; Paleologou et al., 2010),
which suggest that phosphomimicking mutations may repro-
duce the effect of phosphorylation. Furthermore, the S87A
mutant, which was designed to block phosphorylation, exhib-
ited a similar structure and similar membrane binding and
aggregation properties as the wild-type (WT) protein. To-
gether, these findings provide a strong biophysical basis for
the use of the S87E and S87A mutants to elucidate the role of
phosphorylation at S87 in vivo.
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Toward this goal, we engineered and stereotaxically injected
recombinant adeno-associated vectors (rAAV2/6) overexpress-
ing the WT, S87A or S87E �-syn into the rat SNc. We demon-
strated that 13 weeks post-injection, the overexpression of WT
and S87A �-syn induced protein aggregation, dystrophic fiber
formation, and a significant loss of dopaminergic neurons in vivo.
This neurotoxicity correlated well with the induction of parkin-
sonian motor impairment as assessed by the cylinder test. Inter-
estingly, the phosphomimic mutant S87E inhibited �-syn
aggregation and neuronal loss and prevented the formation of
dystrophic fibers. These results suggest that �-syn phosphoryla-
tion at S87 could inhibit �-syn toxicity in vivo and demonstrate a
direct relationship between �-syn aggregation, fiber pathology
formation, and neurotoxicity in vivo.

Materials and Methods
Plasmid construction and production of recombinant AAV2/6 viral vectors. A
single nucleotide mutation coding for S87A or S87E was introduced into the
cDNA of human �-syn using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene). Beforehand, the human �-syn cDNA had been cloned into
the AAV-CMV-MCS backbone (Stratagene). For the S87A variant, the
mutagenesis primers were sense 5�-GTGGAGGGAGCAGGGGCCATTG-
CAGCAGCCACTG-3� and antisense 5�-CAGTGGCTGCTGCAAT-
GGCCCCTGCTCCCTCCAC-3�. For the S87E variant, the mutagenesis
primers were sense 5�-GTGGAGGGAGCAGGGGAAATTGCAGCC-
ACTG-3� and antisense 5�-CAGTGGCTGCAATTTCCCCTGCTCCCT-
CCAC-3�. The production and titration of the recombinant pseudotyped
AAV2/6 vectors (serotype 2 genome/serotype 6 capsid) were performed as
described previously by Azeredo da Silveira et al. (2009). The final titers were
3.88 � 1010 transducing units (TU)/ml (�-syn WT), 6.41 � 1010 TU/ml
(S87A), 1.86 � 1011 TU/ml (S87E), and 5 � 1010 TU/ml (maxFP-Green).

Stereotaxic injections. All surgical and behavioral procedures were per-
formed in accordance with the Swiss legislation and the European Com-
munity council directive (86/609/EEC) for the care and use of laboratory
animals.

The injections were performed under xylazine/ketamine anesthesia as de-
scribed by Paleologou et al. (2010). Male Wistar rats (Charles River Labora-
tories) weighing 180–200 g at the time of surgery were placed in the
stereotaxic frame (David Kopf Instruments) and received a unilateral in-
tranigral injection of 2 �l of viral suspension, which corresponds to a viral
load of 2.5 � 107 TU (maxFP-Green, n � 6 (immunohistochemistry) and
n � 4 (biochemistry); WT, n � 6 (immunohistochemistry) and n � 4
(biochemistry); S87A, n � 5 (immunohistochemistry) and n � 4 (biochem-
istry); S87E, n � 5 (immunohistochemistry) and n � 4 (biochemistry)].

Behavioral study: cylinder test. The cylinder test was performed to eval-
uate the motor impairment induced by �-syn overexpression by quanti-
fying the akinesia of the contralateral forelimb as described previously
(Schallert et al., 2000; Kirik et al., 2002a). In brief, the rats were placed in
a 20 cm Plexiglas cylinder and videotaped for 10 –15 min during their
exploratory behavior. A total number of 30 forepaw contacts made on the
cylinder wall with the ipsilateral or the contralateral (impaired) forelimbs
were scored, and the results were expressed as the percentage of impaired
forelimb contacts versus total contacts.

Tissue processing. For immunohistochemistry, the animals were
deeply anesthetized and transcardially perfused with 4% paraformal-
dehyde (PFA; Fluka, Sigma-Aldrich) 13 weeks post-injection. The
brains were removed, post-fixed for 2 h in PFA, 4%, and then placed
in 25% sucrose. Coronal sections (25 �m thick) were cut with a
microtome (SM2400; Leica) and the slices were stored at �20°C in
cryoprotection medium.

For biochemical analysis, the animals were killed using chloral hy-
drate. The brains were removed and immediately frozen in dry ice.
The injected and noninjected hemispheres were cut using a cryostat
(300 �m thick), and the midbrains were dissected, collected, and
stored at �80°C.

Biochemical analysis. Extraction of Tris-soluble fractions from rat
midbrains was performed as described previously (Kahle et al., 2001).

For each animal, 50 �g of protein was separated in 12% SDS-PAGE and
then transferred to nitrocellulose membrane using a semi-dry blotting
system (Bio-Rad). For the detection of �-syn aggregates, Tris-soluble
fractions from midbrains of 3– 4 animals per condition were pooled and
precipitated in 10% trichloroacetic acid (AppliChem). After wash in
ethanol and drying, the pellet was resuspended in 1� loading buffer,
electrophoresed in 12% SDS gel, and transferred to a nitrocellulose
membrane using a wet transfer system. Membranes were incubated
overnight at 4°C with anti-human �-syn antibody (1:500; LB509,
Zymed Laboratories), anti-�-syn (1:1000; BD Bioscience), anti-�-syn
(1:500; Millipore Bioscience Research Reagents), or anti-GAPDH (1:
20000; Abcam) and then incubated for 1 h with secondary antibody
(goat anti-mouse or anti-rabbit Alexa Fluor IgG). The immunoblots
were finally washed and scanned in a Li-COR scanner at a wavelength
of 700 or 800 nm.

Immunohistochemistry. Immunohistochemical analysis was per-
formed as described previously by Paleologou et al. (2010). Slices were
incubated with primary antibody, anti-tyrosine hydroxylase (1:500;
AB152; Millipore), or anti-human �-syn (1:500; LB509, Zymed Labora-
tories) and subsequently incubated with secondary antibodies conju-
gated to Alexa Fluor-488 or Alexa Fluor-568 (1:1000; Invitrogen) for
immunofluorescence or with biotinylated secondary antibody (1:200;
Vector Laboratories) for DAB (Pierce) revelation.

Imaging was performed on Leica DMI 4000 microscope (Leica LAS
software) equipped with an Olympus AX70 camera. The confocal acqui-
sitions were obtained on Leica DMR XA2 upright confocal microscope
(LCS 2 software).

Proteinase K treatment. Proteinase K (PrK) treatment was performed
according to a protocol described previously by Azeredo da Silveira et al.
(2009). After PrK treatment, slices were incubated with primary antibody
against human �-syn (LB509, Zymed; 1:500) and then revealed with
DAB (Pierce), and slides were mounted on glass coverslips.

Unbiased stereologic estimation of dopaminergic neurons in the SNc.
The nigral neuronal loss was estimated using unbiased stereology
according to the optical fractionator principle described by West et al.
(West, 1999). Briefly, the number of TH-immunoreactive neurons
and cresyl violet-positive cells was determined every sixth section
covering the entire SNc. The analysis was performed using MBF Ste-
reo Investigator software (version 8.0, MBF Bioscience). The param-
eters used for the stereological analysis were as follows: grid size,
200 � 180 �m; counting frame, 75 � 75 �m; and 2 �m guard zones.
The coefficient of error was �0.1.

Statistical analysis. Statistical analysis was performed using one-way
ANOVA followed by the Sheffé test. Separate analyses were performed
between the injected and noninjected side for each group (maxFP-Green,
Syn WT, S87A, and S87E). p � 0.05 was required for rejection of the null
hypothesis.

Results
To investigate the effect of phosphorylation at S87 on �-syn ag-
gregation and toxicity in vivo, we used an rAAV2/6 viral system
for gene delivery to overexpress human �-syn WT or �-syn mu-
tants containing substitutions of S87 with alanine (S87A) or glu-
tamate (S87E) to block or to mimic phosphorylation, respectively
(Paleologou et al., 2010). To dissociate the effect of the viral in-
jection and the effect of transgene overexpression, we used a con-
trol vector overexpressing the fluorescent protein maxFP-Green
(Baens et al., 2006) (data not shown).

Human �-syn and S87 mutants are expressed throughout the
nigrostriatal pathway
To evaluate the extent of the area that was infected with rAAV in
the injected midbrain, we used LB509, a specific antibody against
human �-syn (Jakes et al., 1999). The staining showed transgenes
expression in the entire SNc and revealed a large number of cell
bodies expressing human �-syn (Fig. 1A). No �-syn immunore-
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activity was detected in the side injected with the maxFP-Green
vector or in the noninjected side (Fig. 1A). Coimmunostaining
with tyrosine hydroxylase (TH), a marker of dopaminergic neu-
rons, showed that the majority of TH� neurons expressed the
transgenes (Fig. 1A). It is important to note that we did not
observe any significant difference in the nigral distribution of
transgene expression between the different groups.

To assess whether the overexpressed proteins were trans-
ported to nerve terminals, we probed for human �-syn in the
striatum. Immunostaining showed an extensive �-syn expression
in the ipsilateral striatum (Fig. 1B), and no difference in the
transgenes expression levels in the striatal dopaminergic termi-
nals was observed among the groups.

Transgenes expression levels were confirmed by biochemical
analysis of Tris-soluble proteins extracted from the midbrain.
Western blot analysis showed a single band at 15 kDa corre-
sponding to human �-syn, whereas no signal was detected in the
noninjected or in the maxFP-Green-injected midbrains (Fig.
1C). To get an estimate for the level of the overexpressed �-syn,
we used an antibody that recognizes both human and rodent
�-syn. Western blot analysis showed a dramatic increase in �-syn
level in the injected compared to the noninjected side (Fig. 1C).
Optical density quantification confirmed �-syn overexpression
and provided an estimate of the mean total level of exogenous
�-syn, which was approximately equivalent to the rat endoge-
nous �-syn (�175%) (Fig. 1D).

Figure 1. Expression of human �-syn and S87 mutants in the nigrostriatal pathway. A, Photomicrographs showing the expression of human �-syn variants (red) and dopaminergic neurons
(green) in the midbrain. The merge demonstrates that human �-syn localizes in the majority of the dopaminergic neurons in the SNc. No human �-syn signal was observed in the maxFP-Green-
injected or noninjected sides. Scale bar, 500 �m. B, Photomicrographs showing the expression of human �-syn in the striatal dopaminergic terminals (*, injected side). Scale bar, 2 mm. C,
Representative immunoblots illustrating the level of overexpressed human �-syn. Fifty micrograms of proteins were electrophoresed on 12% acrylamide gels and probed using a human-specific
antibody. �-Syn protein was detected as a single 15 kDa band in the injected (inj) sides; however, no band was detected in the maxFP-Green-injected or noninjected (n. inj) sides. Using the BD
Biosciences antibody that recognizes both human and rodent �-syn, we could detect endogenous rat �-syn in the injected and noninjected sides and an increase in �-syn level in the injected sides.
D, Optical density quantification of human �-syn level in the injected midbrain revealed a significant increase in �-syn level in the injected sides. Compared to endogenous �-syn, the quantification
indicated that the mean level of total exogenous �-syn was approximately equivalent to that of rat endogenous �-syn.
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Human �-syn WT and S87A are toxic, but S87E is not
To evaluate the toxicity effect of overexpressed human �-syn WT
and S87 mutants on the dopaminergic neurons in the SNc, we
used unbiased stereological quantification of TH� neurons. The
comparison of the total number of TH� neurons, in the injected
versus noninjected side did not show any significant difference in
maxFP-Green and S87E groups (p � 0.375 and p � 0.517, re-
spectively) (Fig. 2A,B). However, the number of dopaminergic
neurons appeared to be significantly reduced after overexpres-
sion of �-syn WT and S87A (p � 0.027 and p � 0.01, respec-
tively) (Fig. 2A,B). To evaluate the extent of the degeneration of
the dopaminergic neurons between the different experimental
conditions, we expressed the data as TH� neuron loss. Quanti-
fication of the neuronal loss revealed a significant difference
among all conditions (F(3,18) � 15.41, p � 0.0001). Interestingly,
compared to the control group (maxFP-Green), we measured a
significant neuronal loss (�30%) in the �-syn WT and S87A
groups (p � 0.0004 and p � 0.0002, respectively) (Fig. 2C). How-
ever, no significant neurodegeneration was observed in the S87E
group (p � 0.38) (Fig. 2C).

To confirm that the decrease in TH� neurons number is due
to neuronal loss rather than the loss of dopaminergic phenotype,
we performed a stereological quantification of cresyl violet-
positive (CV�) cells. The number of CV� cells was significantly
decreased in the SNc injected with viruses overexpressing WT
and S87A �-syn compared to the noninjected side (p � 0.045 and
p � 0.02, respectively) (Fig. 2D), whereas no significant loss was
observed in the maxFP-Green- and S87E-injected groups (p �
0.16 and p � 0.53, respectively) (Fig. 2E). Furthermore, the anal-
ysis of the percentage in CV� loss compared to the noninjected
side showed a significant difference among all groups (F(3,18) �
41.59; p � 0.0001). Compared to the control group (maxFP-
Green), the analysis revealed a significant cell loss (�25%) after
the injection of WT or S87A �-syn (p � 0.0001), and no signifi-
cant effect was observed after S87E overexpression. The percent-
age of CV� cell loss was nearly the same as that of TH� cell loss,
which confirms dopaminergic neuron loss in the injected SNc.
These results demonstrate that the overexpression of WT or S87A
�-syn induces a significant dopaminergic neuron loss, while the
phosphomimic S87E mutant does not display any significant
toxicity.

To assess whether the neuronal degeneration induces do-
paminergic fiber loss in the ipsilateral striatum, we performed
TH optical density quantification. The results showed a signif-
icant decrease of TH staining intensity in the injected side
compared to the noninjected side in the WT and S87A �-syn
groups (�20%; p � 0.01 and p � 0.05, respectively) (Fig.
2F,G), indicating that the neuronal degeneration in the SNc is
associated with a dopaminergic fibers loss in the ipsilateral stria-
tum. However in maxFP-Green and S87E-injected animals, no
significant fiber degeneration was observed (Fig. 2F,G).

Human �-syn WT and S87A mutant induce striatal fiber
pathology, but the S87E mutant does not
Neuropathological observations in synucleinopathy-diseased
brains (Irizarry et al., 1998; Braak and Braak, 2000; Duda et al.,
2000) and animal models of PD (Kirik et al., 2002b; Koprich et al.,
2010) describe the presence of striatal dystrophic neurites. To
determine whether the overexpression of �-syn WT and S87 mu-
tants induces fiber pathology in the striatum, we performed a
dopaminergic terminal staining using TH antibody. Strikingly, at
high magnification Syn WT and S87A-injected animals showed
TH� enlarged fibers in the dorsolateral part of the striatum (Fig.

3). In contrast, there were fewer dystrophic fibers in the S87E
group, and none in the maxFP-Green control group (Fig. 3). This
observation demonstrates that only Syn WT and S87A induce
striatal fiber pathology.

Human �-syn WT and S87A induce hemi-parkinsonian
motor symptoms
To evaluate the effect of human WT, S87A, and S87E �-syn over-
expression on animal motor performances, we used the cylinder
test to assess how utilization of the contralateral forepaw was
affected (akinesia) in response to the dopaminergic neuronal loss
(Schallert et al., 2000; Kirik et al., 2002a). As illustrated in Figure
4, before injection and in all our experimental conditions, the
animals used their forepaws equally with �50% use of each fore-
limb. Interestingly, 13 weeks post-injection, the animals overex-
pressing WT and S87A �-syn showed a significant reduction in
contralateral forepaw use, compared to their pre-injection per-
formances (p � 0.0013 and p � 0.003, respectively). This reduc-
tion reflected a forelimb motor asymmetry, which is
characteristic of hemi-parkinsonian symptoms. By contrast, no
significant differences were observed between the pre-injection
and post-injection performances of rats overexpressing maxFP-
Green or S87E. This data demonstrates that only the overexpres-
sion of WT and S87A �-syn induces hemi-parkinsonian motor
symptoms.

Human �-syn WT and S87A produce more insoluble �-syn
striatal aggregates than the S87E mutant
The presence of striatal �-syn insoluble aggregates resistant to
proteinase K (PrK) is one of the neuropathological features of PD
and related disorders (Neumann et al., 2002). To determine the
effect of mutations at S87 on �-syn aggregation in vivo, we as-
sessed the presence of �-syn-insoluble species in the ipsilateral
striatum. As illustrated in Figure 5, WT and S87A groups showed
�-syn-positive deposits and dystrophic neurites. These deposits
were less pronounced in the case of S87E and were completely
absent in the maxFP-Green group (Fig. 5A). After digestion with
PrK, the �-syn-positive deposits and neurites were still observed
in the striatum of the Syn WT and S87A-injected animals. How-
ever, we observed a significant reduction in �-syn staining in the
ipsilateral striatum of S87E-injected animals (Fig. 5A). This ob-
servation demonstrates that the overexpression of WT and S87A
�-syn, in contrast to the S87E mutant, correlates with the pro-
duction of �-syn aggregates in the striatal dopaminergic termi-
nals. Moreover, double immunostaining using human �-syn
antibody and thioflavin S (ThS), a marker of �-sheet rich
amyloid-like structures, revealed a high degree of colocaliza-
tion in the dystrophic neurites in Syn WT and S87A-injected
animals, suggesting that �-syn in the dystrophic fibers forms
amyloid-like aggregates (data not shown). To confirm bio-
chemically the formation of �-syn aggregation, we extracted
and precipitated proteins from the midbrain regions of 3– 4
animals per condition. Western blot analysis confirmed that
Syn WT and S87A induced the formation of more high molec-
ular �-syn species compared with S87E or maxFP-Green-
injected animals (Fig. 5B), suggesting that WT and S87A �-syn
produce more aggregates. All together, these immunohisto-
logical and biochemical data confirm that S87E mutant pro-
duces less �-syn aggregation in vivo compared to WT and
S87A �-syn constructs.

Discussion
�-syn phosphorylation at S87 and S129 has been reported to play
important roles in regulating �-syn interaction with proteins,
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Figure 2. Toxicity of the overexpressed human �-syn and S87 mutants in the injected SNc. A, Photomicrographs illustrating the dopaminergic (TH�) neuronal degeneration in the injected SNc.
The slices were stained using the anti-TH antibody and showed a reduction in TH signal in the SNc overexpressing human �-syn WT and S87A compared to the maxFP-Green and S87E-injected brains.
Scale bar, 300 �m. B, Unbiased stereological quantification of TH� neurons in the injected (Inj) and noninjected (N-Inj) SNc. The comparison with the noninjected side revealed a significant
neuronal loss in the SNc overexpressing human syn WT and S87A (**p�0.001, Sheffé test). However, no significant neuronal loss was observed in the maxFP-Green or S87E-injected brains. C, When
compared with the control group (maxFP-Green), the analysis showed a significant toxicity after human �-syn WT and S87A overexpression (*p � 0.05, Sheffé test), whereas, S87E overexpression
appeared to be nontoxic. D, E, Stereological quantification of cresyl violet CV� cells in the SNc. The analysis showed a significant decrease in the number of CV� cells in the syn WT and S87A-injected
SN compared to the noninjected side (**p � 0.001, Sheffé test) (D) and a significant toxicity for syn WT and S87A overexpression compared to the control group (maxFP-Green) (*p � 0.05, Sheffé
test) (E). F, G, Photomicrographs showing the dopaminergic (TH�) fiber degeneration in the injected side (*) (F ) and optical density quantification revealing a significant decrease of TH staining
intensity in the injected side in the Syn WT and S87A groups (*p � 0.05, Sheffé test) (G).
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axonal transport (pS129: McFarland et al., 2008; Lou et al., 2010;
Wu et al., 2011), and degradation (pS129: Chau et al., 2009;
Machiya et al., 2010), as well as its own aggregation (pS87: Wax-
man and Giasson, 2008; Paleologou et al., 2010; pS129: Smith et
al., 2005, Paleologou et al., 2008) and toxicity (pS129: Sugeno et
al., 2008; Kragh et al., 2009). Human �-syn within LBs is phos-
phorylated at S129 and S87, and several groups have reported
significant increases in pS87 and pS129 levels in patients with AD,
LBD, and MSA (pS129; Fujiwara et al., 2002, Anderson et al.,
2006) (pS87; (Paleologou et al., 2010) as well as in Tg mice and rat
models of synucleinopathies (pS129: Kahle et al., 2002; Zhou et
al., 2008; Khandelwal et al., 2010). However, whether phosphor-
ylation enhances or protects against �-syn toxicity remains un-
clear. Although the effect of phosphorylation at S129 has been
investigated in rat (Gorbatyuk et al., 2008; Azeredo da Silveira et
al., 2009; McFarland et al., 2009) and fly models of PD (Chen and
Feany, 2005), the role of �-syn phosphorylation at S87 in �-syn
fibrillogenesis, LB formation, and neurotoxicity in vivo remains
unexplored.

To investigate the effect of phosphorylation at S87, we first
considered coexpression of WT �-syn with a kinase that phos-
phorylates the protein efficiently at this residue. Only casein ki-
nase I (CKI) has been shown to reproducibly phosphorylate
�-syn at S87 in vitro and in cell cultures and to colocalize with
pS87 �-syn in LBs (Waxman and Giasson 2008; Paleologou et al.,
2010). However, CKI phosphorylates �-syn efficiently at several

other residues, including S129 and to a lesser extent T92, which
precludes any specific assessment of the role of S87 phosphoryla-
tion (Waxman and Giasson, 2008; Paleologou et al., 2010). Faced
with this limitation, we considered the use of the �-syn mutants
S87E and S87A to mimic or block phosphorylation in vivo as an
alternative strategy. In vitro biophysical studies from our group
and others (Waxman and Giasson, 2008; Paleologou et al., 2010)
have demonstrated that phosphorylation at S87 or substitution of
S87 with glutamate (S87E) inhibits �-syn oligomerization and
fibril formation in vitro, suggesting that phosphomimicking mu-
tations (S87E/D) may reproduce the effect of phosphorylation in
vivo. We also showed that the S87A mutant exhibits similar bio-
physical and aggregation properties as WT �-syn (Paleologou et
al., 2010). These findings provided a strong biophysical basis for
the use of the S87E and S87A mutants to investigate the effect of
S87 phosphorylation in vivo.

Overexpression of WT and S87A, but not the S87E mutant,
induces the loss of dopaminergic neurons, fiber pathology,
and motor deficit in a rat model of PD
In this study, we investigated the cellular and behavioral effect of
WT, S87A, and S87E �-syn overexpression in the SNc of rats
using a rAAV-delivery system. At expression levels equivalent to
those of endogenous rat �-syn, we observed that expression of
human WT �-syn induced �-syn aggregate formation and a sig-
nificant loss of dopaminergic neurons in the injected SNc
(�30%) compared to the noninjected and maxFP-Green-
injected side. Interestingly, the S87A mutant, which was designed
to block phosphorylation, induced similar neuronal loss and ag-
gregation properties as WT �-syn. This observation is consistent
with previous in vitro data from our group showing that this
mutation does not alter the structural, membrane binding, or
aggregation properties of �-syn (Paleologou et al., 2010). In con-
trast, the phosphomimic S87E did not induce any significant
neuronal loss compared to the noninjected or maxFP-Green-
injected side. The fact that WT �-syn exhibited similar levels of
aggregation and toxicity as S87A suggests that the extent of phos-
phorylation at S87 in dopamine (DA) neurons under these con-
ditions is too low to impact the aggregation and toxicity of WT
�-syn. Indeed, using a semi-quantitative biochemical approach
based on purified recombinant pS87-S129A �-syn as reference
material, the level of pS87 �-syn was found to be �0.5–1% of
total human �-syn. On the basis of previous in vitro studies from
our group, this level of pS87 is unlikely to influence the aggrega-
tion of WT �-syn (Paleologou et al., 2008, 2010). It is noteworthy
that WT �-syn and both the S87A and S87E mutants showed
similar levels of intraneuronal pS129 and exhibited similar pat-
terns of nuclear and cytoplasmic localization, suggesting that

Figure 3. Induction of striatal fiber pathology after the overexpression of syn WT and S87A. At high magnification, TH staining in the ipsilateral striatum revealed the presence of numerous
swollen and dystrophic fibers. Strikingly, only rare swollen fibers were observed in the striatum of S87E-injected rats, which suggests that the overexpression of this mutant did not induce fiber
pathology. In the control group overexpressing maxFP-Green, the analysis did not show any dystrophic fibers in the ipsilateral striatum. Scale bar, 10 �m.

Figure 4. Induction of hemi-parkinsonian motor impairments after the overexpression of
human �-syn WT and S87 mutants. Assessment of the motor impairment induced by dopami-
nergic degeneration was performed using the cylinder test. The histograms show that before
the injection (pre-inj), the animals in all of the conditions had symmetrical motor activity.
Interestingly, 13 weeks post-injection (post-inj) the quantification showed significantly im-
paired contralateral contacts in the WT and S87A �-syn-injected groups (**p � 0.001, Sheffé
test), which reflect forelimb use asymmetry. However, the animals injected with viruses over-
expressing maxFP-Green or S87E did not show any change in motor performances after the viral
injection.

Oueslati et al. • �-Syn Phosphorylation at S87 May Inhibit �-Syn Toxicity J. Neurosci., February 1, 2012 • 32(5):1536 –1544 • 1541



these S87 mutations do not affect �-syn subcellular localization
or phosphorylation at S129 within the infected neurons.

The overexpression of WT and S87A �-syn, but not S87E,
induces dopaminergic fiber pathology, which is characterized by
swollen and dystrophic neurites. Interestingly, the dystrophic fi-
bers, positive to ThS staining, colocalize with �-syn deposits in
the dorsolateral area of the striatum, suggesting that �-syn aggre-
gation could be responsible for the striatal fiber pathology forma-
tion. We observed significantly less dystrophic neurites in the
S87E-injected animals, which correlate with the absence of �-syn
deposits.

In all cases, the extent of dopaminergic neuron loss correlated
well with the induction of hemi-parkinsonian motor symptoms.
Overexpression of human WT and S87A �-syn induced hemi-
parkinsonian motor impairment, which was reflected by signifi-
cantly reduced use of the contralateral forelimb. By contrast, no
change in motor performance was observed in animals express-
ing S87E or maxFP-Green. It is worth noting that after induction
of 25–30% of TH� neuron loss, we observed a significant effect
on the animal motor performance, suggesting that a moderate
dopaminergic lesion is sufficient to induce a motor impairment
in rats. This result is in agreement with a recent report by Koprich
et al. (2010) demonstrating that overexpression of A53T �-syn in
the rat SN resulted in an impairment in striatal DA release and
significant motor behavior deficits despite the fact that only a
moderate dopaminergic lesion (28%) was observed. Together,
our results demonstrate that the serine-to-glutamic acid substi-
tution reduces �-syn-induced neuronal toxicity, fiber pathology,
and motor deficits and suggest that phosphorylation at this site
would block �-syn toxicity in vivo.

The �-syn toxicity correlates with �-syn aggregation and
fibril formation in vivo
Analysis of insoluble �-syn aggregates in the striatum, which are
a hallmark of PD and related disorders (Neumann et al., 2002),
revealed that WT and S87A, but not S87E �-syn, produces exten-
sive PrK-resistant �-syn deposits in the dorsolateral area of the
striatum. Moreover, biochemical analysis of total protein ex-
tracted from the midbrain showed that WT and S87A form more

high-molecular weight �-syn oligomeric species compared to
S87E mutant. These results are also consistent with previous in
vitro data from our group demonstrating that WT and S87A
�-syn exhibit similar fibrillization properties, whereas the S87E
mutant exhibit a marked reduction in oligomerization and fibril
formation (Paleologou et al., 2010). S87 lies in the region, which
is the hydrophobic and highly amyloidogenic part of the protein
that is crucial for �-syn aggregation and fibrillogenesis (Han et
al., 1995; Iwai et al., 1995; El-Agnaf et al., 1998). Indeed, the
introduction of a charged amino acid or a truncation within this
region is known to inhibit �-syn aggregation in vitro (El-Agnaf et
al., 1998; Giasson et al., 2001) and in cell culture (Luk et al., 2009).
Together, our studies demonstrate a direct correlation among
�-syn neurotoxicity, motor deficits, fiber pathology, and the ex-
tent of �-syn aggregation and fibril formation in vivo and in vitro.
Previous studies from two independent groups (Gorbatyuk et al.,
2008; Azeredo da Silveira et al., 2009) also showed that there is a
direct correlation between the extent of �-syn fibrillization and
loss of DA neurons in vivo. The S129A mutant, which forms
fibrils more rapidly and to a greater extent than WT or the S129E
mutant both in vitro (Paleologou et al., 2008) and in vivo (Gor-
batyuk et al., 2008; Azeredo da Silveira et al., 2009), is more toxic
than WT and S129E in the same model. Moreover, the S129A
variant produced more �-syn deposits in the midbrain compared
to S129D (Azeredo da Silveira et al., 2009). These findings are
consistent with recent studies demonstrating that the process of
fibril formation plays a central role in the toxicity of amyloid-
forming proteins toxicity (Jan et al., 2008, 2010).

Implications for PD therapies
There has been a great interest in elucidating the role of �-syn
phosphorylation in the pathogenesis of PD with the hope that a
better understanding of how this modification alters �-syn aggre-
gation and toxicity would lead to novel therapies based on target-
ing the activity of specific kinases or phosphatases. Together, the
results presented within suggest that phosphorylation at S87 is
likely to protect against �-syn-induced toxicity in vivo. The fact
that WT and S87A exhibit similar aggregation and toxicity prop-
erties suggest that inhibiting the kinases involved in regulating

Figure 5. Syn WT and S87A form �-syn aggregates. A, Photomicrographs illustrating the formation of PrK-aggregates in the striatum. The top row shows a high magnification of DAB
immunostaining using anti-human �-syn antibody (LB509) and reveals the presence of swollen and fragmented �-syn-positive fibers. After digestion with PrK (bottom row), the staining showed
a significant reduction in �-syn signal in the striatum of S87E-injected animals. However, in the �-syn WT- and S87A-injected animals, the staining revealed the presence of PrK-resistant �-syn
aggregates. Scale bar, 50 �m. B, Western blot of pooled samples extracted from injected midbrain and electrophoresed in 12% SDS gel showed the formation high-molecular �-syn species in the
brains overexpressing Syn WT and S87A.
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�-syn phosphorylation at S87 is unlikely to show therapeutic
benefits. Whether targeting phosphatases could constitute an al-
ternative therapeutic strategy remains unclear and requires fur-
ther studies to elucidate the role of S87 phosphorylation in
regulating other properties of �-syn, including its degradation
and interaction with other proteins and ligands. However, �-syn
mutations (S87E) that block fibrillization reduce its toxicity,
while others (e.g., S129A) that increase fibrillization enhance
�-syn toxicity. These findings support a direct correlation be-
tween �-syn fibrillization and neurotoxicity and suggest that low-
ering �-syn levels and/or blocking its fibrillization are viable
therapeutic strategies for the treatment of PD and related
synucleinopathies.

Notes
Supplemental material for this article is available at http://lashuel-lab.
epfl.ch/files/content/sites/nmnf/files/shared/Suppl%20Materials.pdf.
Evaluation of pS87 levels in vivo and assessment of S87 mutations effects
on �-syn phosphorylation at S129 and its subcellular localization. The
pS87 level was evaluated using a semiquantitative approach based on the
detection of known concentrations of recombinant pS87 and was found
to be less than 1% of total �-syn. Moreover, WT �-syn and S87 mutants
showed similar levels of intraneuronal pS129 and exhibited similar pat-
terns of subcellular localization within the infected neurons. This mate-
rial has not been peer reviewed.
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