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Parkinson’s disease (PD) is characterized by the loss of dopaminergic neurons in the substantia nigra (SN) and the appearance of fibrillar
aggregates of insoluble �-synuclein (�-syn) called Lewy bodies (LBs). Approximately 90% of �-syn deposited in LBs is phosphorylated
at serine 129 (Ser129). In contrast, only 4% of total �-syn is phosphorylated in normal brain, suggesting that accumulation of Ser129-
phosphorylated �-syn is involved in the pathogenesis of PD. However, the role of Ser129 phosphorylation in �-syn neurotoxicity remains
unclear. In this study, we coexpressed familial PD-linked A53T �-syn and G-protein-coupled receptor kinase 6 (GRK6) in the rat SN pars
compacta using recombinant adeno-associated virus 2. Coexpression of these proteins yielded abundant Ser129-phosphorylated �-syn
and significantly exacerbated degeneration of dopaminergic neurons when compared with coexpression of A53T �-syn and GFP.
Immunohistochemical analysis revealed that Ser129-phosphorylated �-syn was preferentially distributed to swollen neurites. However,
biochemical analysis showed that the increased expression of Ser129-phosphorylated �-syn did not promote accumulation of detergent-
insoluble �-syn. Coexpression of catalytically inactive K215R mutant GRK6 failed to accelerate A53T �-syn-induced degeneration.
Furthermore, introducing a phosphorylation-incompetent mutation, S129A, into A53T �-syn did not alter the pace of degeneration, even
when GRK6 was coexpressed. Our study demonstrates that authentically Ser129-phosphorylated �-syn accelerates A53T �-syn neuro-
toxicity without the formation of detergent-insoluble �-syn, and suggests that the degenerative process could be constrained by inhib-
iting the kinase that phosphorylates �-syn at Ser129.

Introduction
Parkinson’s disease (PD) is characterized by the loss of dopaminer-
gic neurons in the substantia nigra pars compacta (SNc) and the
presence of intracytoplasmic inclusions called Lewy bodies (LBs)
and Lewy neurites (LNs). Missense mutations (A53T, A30P, and
E46K) of the �-synuclein (�-syn) gene and multiplication of the
�-syn gene locus cause autosomal dominantly inherited forms of PD
(Eriksen et al., 2003). �-syn is also a major component of the fibrillar
aggregates in LBs and LNs in sporadic PD and in dementia with
Lewy bodies (DLB) (Spillantini et al., 1997). The process of �-syn
aggregation, eventually leading to the formation of LBs and LNs,
appears to be a major contributor to neurodegeneration in PD (Er-
iksen et al., 2003; Lee and Trojanowski, 2006).

Immunohistochemical and biochemical studies have shown
that �90% of �-syn deposited in LBs is phosphorylated at serine

129 (Ser129) (Fujiwara et al., 2002; Anderson et al., 2006). In
contrast, the proportion of phosphorylated �-syn in normal
brain is only 4% of total �-syn (which includes nonphosphory-
lated and phosphorylated forms), suggesting that accumulation
of Ser129-phosphorylated �-syn is involved in the formation of
LBs and neurodegeneration associated with PD (Fujiwara et al.,
2002). In a transgenic Drosophila model of PD, coexpression of
�-syn and a Drosophila homolog of G-protein-coupled receptor
kinase 2 (GRK2) yielded Ser129-phosphorylated �-syn and en-
hanced �-syn neurotoxicity (Chen and Feany, 2005). However,
in rat recombinant adeno-associated virus (rAAV)-based models
of PD, the expression of phosphorylation-mimic S129D mutant
�-syn did not display toxicity toward dopaminergic neurons
(Gorbatyuk et al., 2008; Azeredo da Silveira et al., 2009; McFar-
land et al., 2009). There has been a lack of consistency between fly
and rat models on the effects of �-syn phosphorylation (Cook-
son, 2009). Earlier in vitro studies demonstrated that the S129D
�-syn could not reproduce the structural and aggregational
properties of authentically Ser129-phosphorylated �-syn (Pale-
ologou et al., 2008). In addition, the degradation pathway of
S129D �-syn was different from that of Ser129-phosphorylated
�-syn in SH-SY5Y cells (Machiya et al., 2010). These data cast
doubt on the validity of using S129D mutant �-syn to assess
toxicity of Ser129-phosphorylated �-syn.

To investigate the role of Ser129 phosphorylation in �-syn-
induced neurodegeneration, we focused on authentic (kinase-
mediated) phosphorylation at this residue. Various kinases,
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including casein kinases (CKs) (Okochi et al., 2000), GRKs
(Pronin et al., 2000), and Polo-like kinases (Inglis et al., 2009;
Mbefo et al., 2010), phosphorylate �-syn at Ser129. We used
GRK6 to generate Ser129-phosphorylated �-syn in the rat SNc
for the following reasons: (1) GRK6 is known to be endogenously
expressed in rat dopaminergic neurons (Fehr et al., 1997;
Erdtmann-Vourliotis et al., 2001); (2) siRNA-mediated knock-
down experiments show that endogenous GRK6 contributes to
Ser129 phosphorylation of �-syn in HEK293 cells (Sakamoto et
al., 2009); and (3) substituting arginine for lysine at position 215
(K215R) in GRK6 results in a catalytically inactive enzyme in cells
(Willets et al., 2002). Here, we report that authentically Ser129-
phosphorylated �-syn accelerates A53T �-syn-induced neurode-
generation, and that this effect can be abolished by inactivating
the kinase.

Materials and Methods
Recombinant adeno-associated virus 2 preparation. We initially constructed
the pAAV-CAG-(woodchuck hepatitis virus post-transcriptional regulatory
element) vector (Donello et al., 1996; Fitzsimons et al., 2002). The transgene
of interest, such as human A53T �-syn, A53T/S129A �-syn, human wild-
type (WT) GRK6, catalytically inactive K215R GRK6 and EGFP, was in-
serted into the vector as driven by the CAG promoter (Niwa et al., 1991)
containing the chicken �-actin promoter. Nucleotide sequences of the
transgenes were confirmed by DNA sequencing. rAAV2 was purified by
iodixanol step gradients and heparin-agarose column chromatography
as described previously (Zolotukhin et al., 1999, 2002). The viral titers
were determined by quantitative real-time PCR using a set of primers for
WPRE (Ciron et al., 2009).

Stereotaxic rAAV2 injections. Nine- to ten-week-old Sprague Dawley
rats were used. These experiments had been approved by the Animal
Subjects Committee of Yamagata University. Before surgery, the anes-
thetized rats were placed in a stereotaxic frame (Narishige). All injections
were made unilaterally into the left SN at the following coordinates: 5.2
mm posterior to and 2.0 mm left of bregma, 7.7 mm ventral to dura. Four
microliters of viral solution containing two different rAAV2 were coin-
jected per site with a 22 gauge needle and a 25 �l Hamilton syringe at a
speed of 250 nl/min using microsyringe pump (World Precision Instru-
ments). In rAAV-A53T �-syn and rAAV-A53T/S129A �-syn, 1.4 � 10 10

genome copies were injected, while 1.7 � 10 10 genome copies were in-
jected into rAAV-WT GRK6 and rAAV-K215R GRK6. After injection,
the needle was kept in place for additional 10 min before withdrawal.

Primary antibodies. The following primary antibodies were used: anti-
tyrosine hydroxylase antibody (AB152, Millipore), anti-HuC/D antibody
(16A11, Invitrogen), anti-human �-syn antibody (LB509, Zymed Laborato-
ries), anti-�-syn antibody (Syn-1, it recognizes both rat and human �-syn;
BD Transduction Laboratories), anti-Ser129-phosphorylated �-syn mono-
clonal antibody (psyn#64, Wako), anti-Ser129-phosphorylated �-syn poly-
clonal antibody (EYPSYN-01, courtesy of Eisai), anti-GRK6 antibody
(sc-566, Santa Cruz Biotechnology), anti-dopamine transporter antibody
(sc-1433, Santa Cruz Biotechnology), anti-GFP antibody (A11122, Invitro-
gen), and anti-GAPDH antibody (ab8245, Abcam).

Immunohistochemistry. Under diethyl ether anesthesia, the animals
were transcardially perfused with physiological saline followed by 4%
paraformaldehyde (PFA)/PBS (10 mM phosphate, 137 mM NaCl, 2.7 mM

KCl). The brains were removed and postfixed in 8% PFA/PBS containing
4% sucrose for 24 h. The brains were equilibrated stepwise with 7.5%,
15%, and 30% sucrose. The brains were serially sectioned on a freezing
microtome at 30 �m in the coronal plane and serially collected into 10
wells of a 12-well plate. In each well, the sections were regularly spaced
300 �m apart from each other. Immunohistochemical stainings were
performed on free-floating sections. The sections were permeabilized
with 0.1% Triton X-100/PBS for 10 min and treated with 0.3% hydrogen
peroxide for 5 min. After blocking in 3% normal goat or horse serum for
30 min, the sections were incubated with the primary antibody with
gentle shaking at 4°C overnight. After washing, the sections were incu-
bated with the appropriate biotinylated secondary antibody for 1 h, fol-

lowed by avidin– biotin–peroxidase complex (Vector Laboratories) for
1 h. The sections were visualized using 3,3-diaminobenzidine. For single
immunofluorescence labeling, Alexa568-conjugated goat anti-rabbit
IgG (Invitrogen) was used as secondary antibody, and the sections were
observed by an Olympus BX51 microscope (Olympus). For double im-
munofluorescence labeling, Alexa468-conjugated goat anti-mouse IgG
and Alexa568-conjugated goat anti-rabbit IgG (Invitrogen) were used as
secondary antibodies, and the sections were analyzed by an LSM Meta
510 confocal microscopy (Zeiss).

Measurement of cell number and nerve terminal density. Loss of tyrosine
hydroxylase-positive (TH �) neurons was assessed by counting their
number in the SNc (Sauer et al., 1995; Mandel et al., 1997). We immu-
nostained coronal sections with anti-TH antibody. We then defined sec-
tions including anterior (approximately �4.60 mm from bregma) or
posterior (approximately �6.60 mm from bregma) boundary of the SNc
according to the rat brain atlas of Paxinos and Watson (2007). For each
animal, we assessed six to seven sections (300 �m apart) to cover the
entire SNc from caudal to rostral regions. Immunostained sections were
viewed using the Olympus BX51 microscope with bright-field at a mag-
nification of 200�, and photomicrographs were taken with an Olympus
DP70 digital camera. For each animal, TH � neurons with clear nuclei in
both injected and uninjected sides on the same sections were counted by
a single blinded observer. The percentage of TH � neurons relative to the
uninjected control side was calculated for each animal. The data were
finally expressed as mean percentage for each group.

Also, dopaminergic nerve terminal loss was assessed by semiquantify-
ing TH � terminals in the striatum (Kirik et al., 2002). After immuno-
staining with the anti-TH antibody, the nearest section to the bregma was
decided according to the Paxinos and Watson’s atlas. Then, the optical
densities of the section plus two caudal and rostral sections were quanti-
fied using ImageJ software in each animal. For statistical analysis, the data
were evaluated for significance by using one-way ANOVA followed by a
Bonferroni post hoc test (SPSS). The significance level was set at p � 0.05.

Fractionation of rat midbrain tissue. At 2 weeks after injection, ventral
midbrains were removed and �-syn proteins were sequentially extracted
according to the published protocol with a slight modification (Tofaris et
al., 2003). Tissues were sonicated on ice in 10 vol of TBS� [50 mM

Tris-HCl, pH 7.4, 175 mM NaCl, 5 mM EDTA, 0.1 mM PMSF, 1 mM

N-ethyl-maleimide, 1 �M okadaic acid (Sigma), 1� PhosSTOP (Roche
Diagnostics), 1� Complete protease inhibitor cocktail (Roche Diagnos-
tics)]. After 5 min of centrifugation at 1000 � g, the supernatant was
collected and ultracentrifuged at 120,000 � g for 30 min at 4°C. The
resulting supernatant represented the TBS soluble fraction. All subse-
quent centrifugation steps were performed at 120,000 � g for 20 min.
The pellet was re-extracted twice with TBS� and sonicated in TBS�
containing 1% Triton X-100. After centrifugation, the resulting superna-
tant was collected as the TBS-insoluble/Triton X-100-soluble fraction.
The pellet was re-extracted twice with TBS� containing 1% Triton
X-100 and sonicated in TBS� containing 1 M sucrose. After centrifuga-
tion, floating myelin was discarded. The pellet was then sonicated with
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH
7.4, 175 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 0.1 mM PMSF, 1 �M okadaic acid, 1� PhosSTOP, 1� Com-
plete protease inhibitor cocktail). After centrifugation, the resulting su-
pernatant was collected as the Triton X-100-insoluble/RIPA-soluble
fraction. Finally, the resultant pellet was re-extracted twice with RIPA
buffer and solubilized in 8 M urea/5% SDS. The resultant solution repre-
sented the RIPA-insoluble/urea-soluble fraction.

Western blotting. All samples were denatured at 95°C for 5 min in
Laemmli’s sample buffer containing 2.5% 2-mercaptoethanol. Equal
amounts of samples were subjected to 12.5% acrylamide gel. Western
blotting was performed by the methods described previously (Arawaka et
al., 2006; Machiya et al., 2010). Signals were detected using a CCD cam-
era, VersaDog 5000 (Bio-Rad). When we detected phosphorylated �-syn,
the membrane was incubated in buffer containing 50 mM NaF (Machiya
et al., 2010). For estimating the expression levels of total �-syn or GRK6,
we used HEK293 cell lysates overexpressing �-syn or GRK6 as standards
(Machiya et al., 2010). For estimating the expression levels of Ser129-
phosphorylated �-syn, we prepared recombinant Ser129-phosphorylated
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�-syn proteins as standards. The proteins were
made by incubation with purified recombinant
nonphosphorylated �-syn proteins and CK2 as
described previously (Machiya et al., 2010). A set
of diluted standards was subjected to SDS-PAGE
along with samples. After quantifying band in-
tensities of samples with Quantity One software
(Bio-Rad), we corrected their relative intensities
by plotting them on the standard curve. Statistical
comparisons were made by unpaired Student’s t
test.

Results
We used rAAV2 to express genes in the rat
SNc. To examine the spatial and temporal
expression of the genes, we stereotaxically
injected rAAV2 carrying green fluorescent
protein (rAAV-GFP) on one side of the
adult rat SNc before experiments of
rAAV-A53T �-syn injection. Two weeks
later, we stained midbrain sections with
an anti-tyrosine hydroxylase (TH) anti-
body to identify dopaminergic neurons
(Fig. 1 A). GFP was expressed in TH-
positive (TH�) neurons throughout the
SNc. Also, it was expressed in TH� neu-
rons of the SN pars reticulata and the ven-
tral tegmental area, although to a lesser
extent. We collected midbrains at 1, 2, 4,
and 8 weeks after injection. When com-
pared with the mean band intensity of
GFP at 8 weeks by Western blotting, GFP
expression increased by 36 � 17% at 1
week after injection and 95 � 5% at 2
weeks after injection (Fig. 1B,C). This
showed that rAAV2-mediated gene ex-
pression rapidly reached a steady state by
2 weeks. Based on these findings, we se-
lected 2 and 4 week time points for the
analysis of A53T �-syn toxicity in nigro-
striatal neurons.

Analysis of rAAV2-mediated expression of �-syn and GRK6
We coinjected rAAV2 vectors encoding A53T �-syn along with
either GFP, wild-type (WT) GRK6, or catalytically inactive
K215R GRK6 into the rat SNc. In ventral midbrain extracts ob-
tained at 2 weeks after coinjections of rAAV-A53T �-syn and
rAAV-GFP, Western blotting with a human �-syn-specific antibody
(LB509) showed unilateral expression of human A53T �-syn in the
injected side (Fig. 2A). In addition, Western blotting using an �-syn
antibody (Syn-1), which recognizes both human and rat �-syn,
showed that the levels of �-syn in the injected side were 1.55 � 0.32
times higher than those of endogenous rat �-syn in the uninjected
side (n � 5). Ser129-phosphorylated �-syn was undetectable in the
injected side by Western blotting using a Ser129-
phosphorylated �-syn-specific monoclonal antibody (psyn#64).
Immunohistochemistry with the LB509 antibody showed that A53T
�-syn was expressed in virtually all areas of the SNc and striatum in
the injected side (Fig. 2A). When midbrain sections were labeled
with a Ser129-phosphorylated �-syn polyclonal antibody
(EYPSYN-01), neurons containing phosphorylated �-syn were de-
tected in the injected side of the SNc (Fig. 2A). The amounts of
Ser129-phosphorylated �-syn were too small in ventral midbrain
extracts to be detected by Western blotting.

We also assessed whether coinjection of rAAV-WT GRK6 or
rAAV-K215R GRK6 affected the expression of A53T �-syn pro-
tein. Western blots of ventral midbrain extracts 2 weeks after
injection, using the Syn-1 antibody, showed that the expression
levels of A53T �-syn were similar among the three rAAV coinjec-
tions, rAAV-GFP, rAAV-WT GRK6, and rAAV-K215R GRK6
(Fig. 2B). Histological analysis demonstrated that WT GRK6 was
expressed in the injected side of the SNc, and it was coexpressed
with A53T �-syn in nigral neurons (Fig. 2C). When compared
with the expression levels of endogenous GRK6 in the uninjected
side, the expression levels of GRK6 in the injected side were
2.07 � 0.72 and 2.45 � 0.66 times greater for rAAV-WT GRK6
(n � 3) and rAAV-K215R GRK6 (n � 3), respectively (Fig. 2D).
There was no significant difference in the expression levels of
GRK6 between these groups (p � 0.543). We investigated the
expression of Ser129-phosphorylated �-syn in rats coinjected
with rAAV-A53T �-syn along with either rAAV-WT GRK6 or
rAAV-K215R GRK6. In Western blots of ventral midbrain ex-
tracts using the psyn#64 antibody, coexpression of WT GRK6
clearly yielded Ser129-phosphorylated A53T �-syn without
changing the levels of total �-syn (Fig. 2B). K215R GRK6 failed to
generate Ser129-phosphorylated �-syn. Consistent with these re-

Figure 1. Recombinant AAV-mediated expression of GFP in the rat SN. A, Immunofluorescence images of the rat SN at 2 weeks
after injection of rAAV-GFP. TH staining (red), GFP staining (green), and merged images are shown. Scale bars, 0.5 mm. B, Ventral
midbrain extracts (10 �g) from the injected side (I) or uninjected side (U) were analyzed by Western blotting (WB) using anti-GFP
antibody along with a series of diluted HEK293 cell lysates overexpressing GFP as standards. For loading control, the same amounts
of samples were immunoblotted with anti-GAPDH antibody. C, Graph shows quantitative analysis of the alteration in GFP expres-
sion. The percentage to the mean band intensity of GFP at 8 weeks after injection is shown (n � 3 in each group). Data represent
means � SD.
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sults, immunohistochemistry with the EYPSYN-01 antibody re-
vealed that coexpression of WT GRK6 increased the number of
neurons expressing Ser129-phosphorylated �-syn in the SNc,
while coexpression of K215R GRK6 did not (Fig. 3A,B).

Effect of Ser129-phosphorylated �-syn on degeneration of
dopaminergic neurons
To assess the loss of dopaminergic neurons, we counted TH�

neurons in the SNc. Surviving TH� neurons in the injected side
were represented as percentage to TH� neurons in the uninjected

side. Coinjections of rAAV-GFP and rAAV-WT GRK6 led to no
significant decrease in the number of TH� neurons, indicating
that coexpression of GFP and GRK6 was not toxic during the
observation period (n � 5 and n � 4, at 2 weeks and 4 weeks after
injection, respectively) (Fig. 3A–C). In coinjections of rAAV-
A53T �-syn and rAAV-GFP, the expression of A53T �-syn
caused the progressive loss of dopaminergic neurons in the SNc
as the number of TH� neurons decreased to 63.9 � 10.4% and
37.1 � 10.3%, at 2 weeks (n � 6) and 4 weeks (n � 3) after
injection, respectively (Fig. 3A–C). In coinjections of rAAV-

Figure 2. Measurement of �-syn and GRK6 expressions in the SN at 2 weeks after injection. Ventral midbrain tissue extracts from the injected side (I) or uninjected side (U) were subjected to
Western blotting. For loading control, the same amounts of samples were also immunoblotted with anti-GAPDH antibody. A, Upper panels show the blots of extracts (10 �g) from rats (#1–3)
coinjected with rAAV-A53T �-syn and rAAV-GFP using Syn-1, LB509, GFP, or psyn#64 antibody. Lower panels show immunohistochemistry of the striatum and SN sections with LB509 or
Ser129-phosphorylated �-syn (EYPSYN-01) antibody. Scale bars, 0.5 mm. B, Extracts (10 �g) from rats coinjected with rAAV-A53T �-syn and either rAAV-GFP, rAAV-WT GRK6, or rAAV-K215R GRK6
were analyzed by Western blotting (WB) using psyn#64, LB509, or Syn-1 antibody. C, Upper panels show immunohistochemistry of the rat SN at 2 weeks after coinjection of rAAV-A53T �-syn and
rAAV-WT GRK6 with GRK6 antibody. Scale bars, 0.5 mm. Lower panels show double immunofluorescence images of the rat SN. �-syn staining (green), GRK6 staining (red), and merged images are
shown. Scale bars, 10 �m. D, Extracts (20 �g) from rats coinjected with rAAV-A53T �-syn and either rAAV-WT GRK6 or rAAV-K215R GRK6 were analyzed by Western blotting with GRK6 antibody.
Graph shows quantitative analysis of GRK6 expression (n � 3 in each group). Data represent means � SD. E, Extracts (10 �g) from rats (#1–3) coinjected with rAAV-A53T/S129A double mutant
�-syn and rAAV-GFP were analyzed by Western blotting with Syn-1 or psyn#64 antibody.
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A53T �-syn and rAAV-WT GRK6, the elevated levels of GRK6
significantly accelerated the loss of TH� neurons at 2 weeks after
injection (43.7 � 12.0%, n � 6, p � 0.034) (Fig. 3A,C). However,
the decrease in the number of TH� neurons was similar to that of
GFP coexpression at 4 weeks after injection (31.9 � 13.2%, n � 5,

p � 1.000) (Fig. 3B,C). Thus, coexpression of GRK6 shortened
the time course of A53T �-syn-induced degeneration of nigral
dopaminergic neurons. We then assessed surviving TH� nerve
terminals in the striatum by measuring their optical density. At 2
weeks after injection, coexpression of A53T �-syn and GFP de-

Figure 3. Dopaminergic neuronal loss in rats coinjected with rAAV-A53T �-syn and either rAAV-GFP, rAAV-WT GRK6, or rAAV-K215R GRK6. The sections were labeled with antibody to TH or
Ser129-phosphorylated �-syn. Photomicrographs show representative immunostainings of the injected and uninjected sides of the SN and striatum at 2 weeks after injection (A) and 4 weeks after
injection (B). Scale bars, 0.5 mm. C, Graphs show quantitative analysis of nigral TH � neurons and striatal TH � nerve terminals. Data represent means � SD and p values were estimated by one-way
ANOVA followed by Bonferroni post hoc test (*p � 0.05, **p � 0.01).
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creased the optical density of TH� nerve terminals to 72.4 �
11.8% (n � 6), while coexpression of A53T �-syn and GRK6 led
to a decrease to 49.4 � 13.6% (n � 6) (Fig. 3A,C). Consistent
with the results in the SNc, coexpression of GRK6 significantly
promoted the loss of striatal TH� nerve terminals at 2 weeks after
injection (p � 0.013) (Fig. 3A,C).

To determine whether GRK6-catalyzed phosphorylation accel-
erates A53T �-syn neurotoxicity, rats were coinjected with
rAAV-A53T �-syn and rAAV-K215R GRK6. When compared
with coexpression of WT GRK6, coexpression of K215R GRK6 was
significantly less toxic to the nigral TH� neurons and striatal TH�

nerve terminals at 2 weeks after injection (nigral TH� neurons:
65.2 � 7%, n � 6, p � 0.021; striatal TH� nerve terminals: 80.6 �
10.5%, n � 6, p � 0.0007) (Fig. 3A,C). However, no difference in
nigral TH� neurons and striatal TH� nerve terminals was seen at 4
weeks after injection (nigral TH� neurons: 43.1 � 9.9%, n � 6, p �
0.649; striatal TH� nerve terminals: 37.8 � 8.0%, n � 6, p � 1.000)
(Fig. 3B,C). The decrease in the number of nigral TH� neurons and
the optical density of striatal TH� nerve terminals was similar to that
observed with coexpression of A53T �-syn and GFP at both 2 and 4
weeks after injection. These data suggested that GRK6-catalyzed
Ser129 phosphorylation accelerated A53T �-syn neurotoxicity. To
assess whether the estimated percentages properly represented the
loss of TH� neurons in the SNc, we compared the sum of nigral
TH� neurons that were counted in the uninjected sides used as
internal control. No significant difference was found in the total
number of nigral TH� neurons in the uninjected sides among dif-

ferent groups (1363.60 � 101.99 cells,
1293.17 � 342.17 cells, 1348.0 � 309.78
cells, and 1286.0 � 281.05 cells in coexpres-
sions of GFP � GRK6, A53T �-syn � GFP,
A53T �-syn � WT GRK6, and A53T �-syn
� K215R GRK6, respectively, p � 0.05).

To confirm whether the disappearance
of TH immunoreactivity in nigral neu-
rons really reflected the loss of nigral
neurons, we performed immunohisto-
chemistry using an antibody against a
pan-neuronal marker, HuC/D, and an an-
tibody against another specific marker of
dopaminergic neurons, dopamine trans-
porter (DAT) (Fig. 4A). In coinjections of
rAAV-A53T �-syn and rAAV-GFP, there
was no significant difference among the
number of TH� neurons (17 � 7.8%, n �
3), HuC/D� neurons (21.9 � 1.2%, n �
3), and DAT� neurons (18.59 � 1.12%,
n � 3) at 8 weeks after injection (Fig. 4B).
Additionally, a decrease in striatal DAT�

nerve terminals (14.35 � 4.99%, n � 3)
was similar to that in TH� ones (10.79 �
3.74%, n � 3) (Fig. 4B).

Effect of Ser129 phosphorylation on
A53T �-syn-induced morphological
changes in dopaminergic neurons
To investigate the morphological changes
induced by Ser129-phosphorylated
�-syn, we immunostained brain sections
from rats coinjected with rAAV-A53T
�-syn and rAAV-GFP using the human
�-syn-specific LB509 antibody. In the SN,
A53T �-syn formed coarse granular de-

posits in the neuronal perikarya and accumulated in swollen neu-
rites at 2 weeks after injection (Fig. 5A). In the striatum, �-syn
was found to be present in swollen neurites and normal-
appearing axons (Fig. 5A,B). Swollen neurites were also labeled
with the antibody to TH (Fig. 5A). No large aggregates resem-
bling LBs were found. At 4 weeks after injection, �-syn-positive
swollen neurites in the striatum were detected more easily be-
cause of a decrease in normal axon terminals (Fig. 5B). At 2 and 4
weeks after injection, a smaller number of swollen neurites in the
striatum were immunoreactive for Ser129-phosphorylated
�-syn (Fig. 5A,B). In the �-syn-positive structures, striatal swol-
len neurites were formed abundantly in accordance with the ex-
tensive neuritic pathology in brains of familial PD with the A53T
�-syn gene mutation (Spira et al., 2001; Duda et al., 2002). We
then analyzed the sections from rats coinjected with rAAV-A53T
�-syn and rAAV-WT GRK6. In the striatum, swollen neurites
containing Ser129-phosphorylated �-syn were more numerous
at 2 weeks after injection (Fig. 5B). Ser129-phosphorylated
�-syn-immunoreactivity in normal axons was much weaker than
that in swollen neurites (Fig. 5B). The number of swollen neurites
containing Ser129-phosphorylated �-syn increased during the
observation period (Fig. 5B). However, immunohistochemistry
using the LB509 antibody showed that the number of surviving
swollen neurites containing total �-syn in WT GRK6 coexpres-
sion was almost the same as that observed in GFP coexpression
(Fig. 5B). �-syn-positive swollen neurites were also found in
K215R GRK6 coexpression (Fig. 5B). There was no significant

Figure 4. Comparison of the loss of TH � neurons with that of HuC/D � or DAT � neurons in rats coinjected with rAAV-A53T
�-syn and rAAV-GFP. A, The striatal and SN sections at 8 weeks after injection were labeled by antibody to TH, neuron-specific
HuC/D and dopamine neuron-specific DAT. Scale bars, 0.5 mm. B, Left graph shows surviving TH �, HuC/D �, and DAT � neurons
in the SNc. Right graph shows surviving TH � and DAT � nerve terminals in the striatum.
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Figure 5. Morphological changes of dopaminergic neurons in rats coinjected with rAAV-A53T �-syn and either rAAV-GFP, rAAV-WT GRK6, or rAAV-K215R GRK6. A, Nigrostriatal neurons in rats
at 2 weeks after coinjection of rAAV-A53T �-syn and rAAV-GFP. The SN and striatum sections were immunostained with LB509 (�-syn), EYPSYN-01 (pSer129 �-syn), or TH antibody. B, Comparison
of the formation of �-syn-positive swollen neurites in the striatum. Upper panels, The striatum sections from rats coinjected with rAAV-A53T �-syn and either rAAV-GFP, rAAV-WT GRK6, or
rAAV-K215R GRK6 were immunostained with LB509 antibody. Lower panels, The striatum sections from rats coinjected with rAAV-A53T �-syn and either rAAV-GFP or rAAV-WT GRK6 were also
immunostained with EYPSYN-01 antibody. Photomicrographs show the data at 2 weeks and 4 weeks after injection. Arrows and arrowheads indicate granular deposits and swollen neurites,
respectively. Scale bars, 20 �m.
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difference in their number between WT GRK6 and K215R GRK6
coexpressions (Fig. 5B). These data demonstrated that Ser129-
phosphorylated �-syn was preferentially distributed to swollen
neurites. However, the increased levels of Ser129-phosphorylated
�-syn did not promote the formation of swollen neurites in do-
paminergic neurons.

Effect of Ser129 phosphorylation on solubility changes of
A53T �-syn
Accumulation of radioimmunoprecipitation assay (RIPA)-
insoluble, urea-soluble �-syn has been reported to be a charac-
teristic feature of PD and DLB (Tofaris et al., 2003), as well as in
transgenic mice overexpressing C-terminal truncated �-syn (Mi-
chell et al., 2007). To examine the solubility of �-syn, we sequen-
tially extracted the protein from ventral midbrains 2 weeks after
injection, using Tris-buffered saline (TBS), 1% Triton X-100,
RIPA buffer, and 8 M urea/5% SDS (Tofaris et al., 2003). In coin-
jections of rAAV-A53T �-syn and rAAV-GFP, Western blotting
with the LB509 antibody detected the gel-excluded material in
the RIPA-insoluble/urea-soluble fraction from the injected side
(Fig. 6A). After long exposure, the gel-excluded material was
observed as a band at the interface of the resolving/stacking gel
with a faint smear in the stacking gel. These corresponded to
detergent-insoluble aggregates of A53T �-syn. Additionally, a
band of 17 kDa was detected by the LB509 antibody in the TBS-
soluble fraction and in the TBS-insoluble/Triton X-100-soluble
fraction from the injected side. It corresponded to monomeric
A53T �-syn with normal solubility, because the fractionation
pattern was similar to that of rat endogenous �-syn monomers in
the blots of the uninjected side with the Syn-1 antibody (Fig. 6A).
Western blotting with the Ser129-phosphorylated �-syn-specific
psyn#64 antibody showed the gel-excluded material and the
high-molecular-weight smear in the RIPA-insoluble/urea-
soluble fraction from the injected side (Fig. 6A). However, these

immunoreactivities were also found in
the fraction from the uninjected side, in-
dicating that they were nonspecific. In
coinjections of rAAV-A53T �-syn and
rAAV-WT GRK6, Western blotting with
the LB509 antibody showed that the
amounts of the gel-excluded material in
GRK6 coexpression were nearly identical
to those observed in GFP coexpression
when compared with the reference signals
of recombinant �-syn proteins (Fig.
6A,B). Also, we did not find bands corre-
sponding to soluble oligomers of �-syn.
Coexpression of GRK6 simply increased
levels of monomeric Ser129-phospho-
rylated �-syn with normal solubility.

Effect of the phosphorylation-
incompetent S129A mutation on A53T
�-syn-induced degeneration
To further investigate the role of Ser129
phosphorylation in A53T �-syn neuro-
toxicity, we coinjected rAAV-phos-
phorylation-incompetent A53T/S129A
double mutant �-syn along with either
rAAV-GFP or rAAV-WT GRK6. In ven-
tral midbrain extracts at 2 weeks after
coinjection of rAAV-A53T/S129A �-syn
and rAAV-GFP, Western blotting with

the Syn-1 antibody showed that the expression levels of �-syn in
the injected side were 1.41 � 0.12 times higher than those of
endogenous �-syn in the uninjected side (n � 4) (Fig. 2E). The
expression of �-syn was comparable with that in coinjections of
rAAV-A53T �-syn and rAAV-GFP (p � 0.425). In coinjections
of rAAV-A53T/S129A �-syn and rAAV-GFP, the number of ni-
gral TH� neurons decreased with the optical density of striatal
TH� nerve terminals during the observation period (n � 4 and 3
at 2 and 4 weeks after injection, respectively) (Fig. 7A–C). When
compared with coexpression of A53T �-syn and GFP, no signif-
icant difference in the number of nigral TH� neurons and the
optical density of striatal TH� nerve terminals was observed in
coexpression of A53T/S129A �-syn and GFP (Fig. 7A–C). In
coinjections of rAAV-A53T/S129A �-syn and rAAV-WT GRK6,
the loss of TH� neurons and TH� nerve terminals was compa-
rable with that observed with coexpression of A53T/S129A �-syn
and GFP (Fig. 7A–C). When compared with coexpression of
A53T �-syn and GRK6, expression of A53T/S129A �-syn signif-
icantly suppressed the loss of TH� neurons (70.5 � 19.2%, n � 6,
p � 0.030) and striatal TH� nerve terminals (91.7 � 9.0%, n � 6,
p � 0.00003) at 2 weeks after injection (Fig. 7A,C). However,
there was no significant difference in the number of nigral TH�

neurons (54.2 � 16.3%, n � 5, p � 0.136) and the optical density
of the striatal TH� nerve terminals (60.9 � 22.5%, n � 5, p �
0.244) at 4 weeks after injection (Fig. 7B,C). Also, no significant
difference was found in the sum of nigral TH� neurons that were
counted in the uninjected sides among different groups
(1293.17 � 342.17 cells, 1348.0 � 309.78 cells, 1631.25 �
255.98 cells, and 1544 � 309.91 cells in coexpressions of A53T
�-syn � GFP, A53T �-syn � WT GRK6, A53T/S129A �-syn �
GFP, and A53T/S129A �-syn � WT GRK6, respectively, p �
0.05). These findings demonstrated that the phosphorylation-
incompetent S129A mutation did not alter A53T �-syn neurotoxic-
ity, and that GRK6-catalyzed Ser129 phosphorylation enhanced

Figure 6. Effect of Ser129 phosphorylation on solubility changes of A53T �-syn. Ventral midbrain tissues from the injected side
(I) or uninjected side (U) at 2 weeks after injection were sequentially extracted. Equal amounts (20 �g) of TBS-soluble fractions (T),
TBS-insoluble/Triton X-100-soluble fractions (T/T), Triton X-100-insoluble/RIPA-soluble fractions (RP), and RIPA-insoluble/urea-
soluble fractions (UA) were subjected to Western blotting (WB) with LB509, Syn-1, or psyn#64 antibody. As standard proteins, the
same set of diluted recombinant �-syn or phosphorylated �-syn proteins were loaded simultaneously. Panels show the blots of
coinjections of rAAV-A53T �-syn and rAAV-GFP (A), and rAAV-A53T �-syn and rAAV-WT GRK6 (B). The right panels (Long exp.) of
A and B show the same blots of urea fractions after long exposure.
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A53T �-syn toxicity. We then immuno-
stained brain sections from rats coinjected
with rAAV-A53T/S129A �-syn and rAAV-
GFP using the LB509 antibody (Fig. 7D). In
the SN, A53T/S129A �-syn formed coarse
granular deposits in the neuronal perikarya
at 2 weeks after injection. In the striatum, it
accumulated in swollen neurites at 2 and 4
weeks after injection. Swollen neurites were
also labeled with the antibody to TH. When
analyzing the striatal sections from rats
coinjected with rAAV-A53T/S129A �-syn
and rAAV-WT GRK6, the formation of
�-syn-positive swollen neurites in WT
GRK6 coexpression was almost similar to
that in GFP coexpression (Fig. 7D). Also, no
obvious difference in the appearance of
�-syn-positive structures was found be-
tween A53T/S129A �-syn and A53T �-syn
coexpressions (Figs. 5B, 7D).

Discussion
In this study, we showed that increased
levels of Ser129-phosphorylated �-syn
moderately but significantly enhances A53T
�-syn toxicity in the rAAV-based rat model.
This finding is consistent with experiments
using the transgenic fly model coexpressing
WT �-syn and a Drosophila homolog of
GRK2 (Chen and Feany, 2005). However,
the rAAV-based rat models expressing
the phosphorylation-mimic S129D �-syn
yielded conflicting results (Gorbatyuk et
al., 2008; Azeredo da Silveira et al., 2009;
McFarland et al., 2009). In these rat models,
S129D �-syn did not accelerate �-syn toxic-
ity. The lack of concordance questions the
use of S129D �-syn to examine the effect of
Ser129 phosphorylation on �-syn toxic-
ity in in vivo models of PD, although
phosphorylation-mimic mutation (a serine
to aspartate or glutamate substitution) are
often used to study the structural and
functional influences of phosphorylated
proteins. Previous in vitro experiments
demonstrated that Ser129 phosphorylation
disrupted the intramolecular long-range in-
teraction of WT �-syn; however, S129D
�-syn did not show the same effect (Paleol-
ogou et al., 2008). In addition, S129D �-syn
failed to recapitulate the effect of Ser129
phosphorylation on �-syn fibrillation. Fur-
thermore, the half-life of S129D �-syn was
much longer than that of authentically
Ser129-phosphorylated �-syn in the cul-
tured cells (Machiya et al., 2010). Thus,
S129D �-syn did not reproduce the bio-
physical and biochemical properties, such as
structure, aggregation, and protein stability,
of authentically Ser129-phosphorylated
�-syn in vitro. Our results suggest that the
toxic effects of Ser129-phosphorylated
�-syn are commonly observed in both

Figure 7. Dopaminergic neuronal loss in rats coinjected with rAAV-phosphorylation-incompetent A53T/S129A double mutant �-syn
and either rAAV-GFP or rAAV-WT GRK6. Tissue sections were labeled with antibody to TH. Photomicrographs show representative immu-
nostainings of the injected and uninjected sides of the striatum and SN at 2 weeks after injection (A) and 4 weeks after injection (B). Scale
bars, 0.5 mm. C, Graphs show quantitative analysis of nigral TH � neurons and striatal TH � nerve terminals. Data represent means�SD
andpvalues(*p�0.05,**p�0.01).D,MorphologicalchangesofdopaminergicneuronsinratscoinjectedwithrAAV-A53T/S129A�-syn
and either rAAV-GFP or rAAV-WT GRK6. Upper panels, The SN and striatum sections from rats coinjected with rAAV-A53T/S129A�-syn and
rAAV-GFP were immunostained with LB509 (�-syn) or TH antibody. Lower panels, The striatum sections from rats coinjected with rAAV-
A53T/S129A �-syn and either rAAV-GFP or rAAV-WT GRK6 were immunostained with LB509 (�-syn) antibody. Arrows and arrowheads
indicate granular deposits and swollen neurites, respectively. Scale bars: A, B, 0.5 mm; D, 20 �m.
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fly and rat models expressing authentically phosphorylated
form, but not the phosphorylation-mimic mutant. This is consis-
tent with recent findings that enhanced protein phosphatase 2A
(PP2A) activity reduced the levels of Ser129-phosphorylated �-syn
and improved motor performance in WT �-syn transgenic mice
(Lee et al., 2011). In this study, we expressed A53T mutant �-syn in
the SNc. A53T mutant �-syn is reported to accelerate fibril forma-
tion compared with wild-type �-syn in vitro (Conway et al., 1998). In
the transgenic mice, A53T mutant �-syn is also revealed to cause
greater neurotoxicity than wild-type �-syn (Lee et al., 2002; Maingay
et al., 2005; Dawson et al., 2010). In our model, coexpression of A53T
mutant �-syn and GFP developed overt degeneration of dopami-
nergic neurons. More than 50% of neurons were progressively lost
by 4 weeks. Taking advantage of A53T mutant �-syn, we could find
temporal changes in the effect of Ser129-phosphorylation on �-syn-
induced degeneration of dopaminergic neurons. Further in vivo
studies using mammalian models that express various levels of
authentically phosphorylated �-syn would be valuable to more
fully appreciate the accurate effect of Ser129 phosphorylation of
�-syn. In addition, the model expressing WT �-syn would provide
crucial insight for understanding the role of Ser129 phosphorylation
in the pathogenesis of sporadic PD.

Accumulating evidence indicates that prefibrillar intermedi-
ates of �-syn, such as soluble oligomers and protofibrils, are
highly toxic and contribute to neurodegeneration, while mature
fibrils are less toxic (Volles et al., 2001; Xu et al., 2002; Eriksen et
al., 2003; Lee and Trojanowski, 2006). To investigate the mecha-
nisms by which Ser129 phosphorylation accelerates A53T �-syn
toxicity, we examined its effect on the morphology of dopami-
nergic neurons and on the solubility of A53T �-syn. Our data
demonstrated that Ser129-phosphorylated �-syn did not sig-
nificantly contribute to the swelling of neurites. Furthermore,
coexpression of GRK6 did not generate soluble oligomers and
detergent-insoluble aggregates of �-syn. Coexpression of GRK6
merely increased the amounts of Ser129-phosphorylated �-syn
monomers with normal solubility. Do these results indicate that
there is no relationship between the toxic effects of Ser129-
phosphorylated �-syn and the formation of soluble oligomers or
detergent-insoluble aggregates of �-syn? In this study, we found
no obvious contribution of detergent-insoluble aggregates of �-syn
to the toxic effect of Ser129-phosphorylated �-syn, whereas we
could not exclude the role of soluble oligomers in exerting the toxic
effect of Ser129-phosphorylated �-syn. We may fail to detect soluble
oligomers of �-syn by performing conventional SDS-PAGE. Chen et
al. (2009) reported that Ser129 phosphorylation increased the levels
of soluble oligomers of �-syn in the fly model of PD. In this paper,
they detected soluble oligomers of Ser129-phosphorylated �-syn by
loading brain extracts onto the acrylamide gel without heating. It is
possible that the difference in experimental procedures caused the
discrepancy. Also, the amounts of soluble oligomers of �-syn may
simply be too low to detect in our model. Earlier research demon-
strated that, for amyloidogenesis, rapid polymerization can occur by
monomer addition in the absence of oligomeric intermediates (Col-
lins et al., 2004). The increased levels of Ser129-phosphorylated
�-syn may promote the formation of detergent-insoluble aggregates
via a similar pathway in our model, although without altering the
amounts of detergent-insoluble aggregates of �-syn. Alternative
possibility is that soluble monomers of Ser129-phosphorylated
�-syn may be toxic. In the A53T �-syn and GRK6 coexpression
experiments, Ser129-phosphorylated �-syn initially promoted
�-syn toxicity without affecting swollen neurite formation. This is in
accordance with the results of the transgenic fly model showing that
coexpression of WT �-syn and GRK2 enhanced �-syn toxicity with-

out altering inclusion formation (Chen and Feany, 2005). These
findings may be explainable by an idea that the rapid elevation of
Ser129-phosphorylated �-syn monomers causes transient damage
to dopaminergic neurons in an aggregation-independent manner.
Although the normal function of Ser129-phosphorylated �-syn re-
mains unclear, Ser129 phosphorylation is reported to reduce the
ability of �-syn to regulate the tyrosine hydroxylase activity (Lou et
al., 2010). The transient damage of Ser129-phosphorylated �-syn
may be associated with its function in dopamine metabolism.

The extent of degeneration mediated by A53T/S129A �-syn dou-
ble mutant, which cannot be phosphorylated, was similar to that
produced by A53T �-syn single mutant. Although in coexpression
of A53T �-syn and GFP small amounts of A53T �-syn underwent
endogenous kinase-mediated Ser129 phosphorylation in dopami-
nergic neurons, the levels of Ser129-phosphorylated �-syn seem to
be insufficient to enhance A53T �-syn toxicity. This may be due to a
mechanism that keeps Ser129-phosphorylated �-syn at a low level
for protecting neurons from additional toxicity of �-syn. The levels
of Ser129-phosphorylated �-syn are regulated with the interplay
among �-syn, kinases (Inglis et al., 2009; Sakamoto et al., 2009),
phosphatase (Lee et al., 2011), and the degradation pathway of
Ser129-phosphorylated �-syn (Machiya et al., 2010). Conversely,
impairment of the regulatory mechanism may increase the propor-
tion of Ser129-phosphorylated form in total �-syn, causing its toxic
effect. Also, we found that coexpression of K215R catalytically inac-
tive GRK6 abolished the ability of Ser129 phosphorylation to exac-
erbate �-syn toxicity. This suggests that the effects of Ser129
phosphorylation on �-syn toxicity can be reduced by inhibiting ki-
nase activity, if the proportion of Ser129-phosphorylated �-syn is
increased in the disease state. The identification of the kinases that
contribute to Ser129 phosphorylation of �-syn in vivo should aid the
development of therapeutic strategies that target �-syn-kinase inter-
actions in PD.
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