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Studies have shown that �-synuclein (�-syn) deposited in Lewy
bodies in brain tissue from patients with Parkinson disease (PD) is
extensively phosphorylated at Ser-129. We used recombinant
Adeno-associated virus (rAAV) to overexpress human wild-type
(wt) �-syn and two human �-syn mutants with site-directed
replacement of Ser-129 to alanine (S129A) or to aspartate (S129D)
in the nigrostriatal tract of the rat to investigate the effect of
Ser-129 phosphorylation state on dopaminergic neuron pathology.
Rats were injected with rAAV2/5 vectors in the substantia nigra
pars compacta (SNc) on one side of the brain; the other side
remained as a nontransduced control. The level of human wt or
mutant �-syn expressed on the injected side was about four times
the endogenous rat �-syn. There was a significant reduction of
dopaminergic neurons in the SNc and dopamine (DA) and tyrosine
hydroxylase (TH) levels in the striatum of all S129A-treated rats as
early as 4 wk postinjection. Nigral DA pathology occurred more
slowly in the wt-injected animals, but by 26 wk the wt �-syn group
lost nigral TH neurons equivalent to the mutated S129A group at
8 wk. In stark contrast, we did not observe any pathological
changes in S129D-treated animals. Therefore, the nonphosphory-
lated form of S129 exacerbates �-syn-induced nigral pathology,
whereas Ser-129 phosphorylation eliminates �-syn-induced nigro-
striatal degeneration. This suggests possible new therapeutic tar-
gets for Parkinson Disease.

AAV � dopamine � Lewy body � tyrosine hydroxylase

Parkinson disease is a progressive neurodegenerative disorder
characterized by a loss of dopamine (DA)-expressing neu-

rons in the substantia nigra pars compacta (SNc) and depletion
of DA in the striatum. Aside from DA depletion, the major
pathological hallmark in postmortem tissue from patients with
Parkinson disease (PD) is the presence of the �-synuclein
(�-syn)-positive Lewy bodies (LBs) and Lewy neurites in sur-
viving neurons. �-syn is a 140-aa presynaptic and nuclear protein
that has been implicated in early onset of PD in humans if its
gene is triplicated or contains one of several missense mutations:
A53T, A30P, or E46K (reviewed in ref. 1). The functions of �-syn
and the events leading from �-syn expression to the selective
degeneration of nigral neurons are not well understood. The
genetic data from humans have been verified by experimental
studies on various animal models, which demonstrated that
targeted overexpression of human wild-type (wt) �-syn or the
mutant forms in the SNc leads to Parkinson-like neurodegen-
eration (1–3). Studies have suggested that �-syn can form soluble
oligomers and fibrillar species that may be precursors to Lewy
bodies and are associated with the neurotoxicity seen in animals
and humans. A number of studies have suggested that soluble
oligomers or protofibrils are likely to be the toxic species and that
fibrils and Lewy bodies may be protective by sequestering excess
�-syn (4, 5).

Studies on �-syn knockout mice (6) and primary neurons (7)
suggested that �-syn is involved in DA neurotransmission. �-syn

appears to be associated with synaptic vesicles, and there is
evidence that it regulates the size of the synaptic vesicular pool
(7). Furthermore, �-syn can interact with presynaptic mem-
branes, indicating that one of its functions may be in the
regulation of DA release and reuptake (8–10). There is also
evidence that �-syn can modulate expression of genes involved
in DA synthesis (11) and can affect enzymes involved in chro-
matin remodeling (12) and signal transduction (13).

�-syn can undergo phosphorylation at several residues includ-
ing Ser-129 (14, 15). Phosphorylation at Ser-129 is a specific
marker of all �-synucleinopathy lesions including PD (16).
Alteration of Ser-129 to the negatively charged aspartate to
mimicphosphorylationandSer-129phosphorylationbyGprotein-
coupled receptor kinase 2 significantly enhanced �-syn toxicity
in the Drosophila model of Parkinson disease (17). In vitro
studies of Ser1129 phosphorylation have shown that it leads to
�-syn fibril formation (18), comparable to the effect of PD-
associated mutations and oxidative stress.

In this study we examined the role of �-syn phosphorylation
at Ser-129 in a mammalian model of PD. We demonstrated that
recombinant adeno-associated virus (rAAV)-mediated �-syn
expression in the SNc of rats and primates produced Parkinson-
like neurodegeneration (2, 3). Here, we show that the S129A
mutant is extremely toxic in the rat model, whereas constitutive
phosphorylation of Ser-129 produces no toxicity even when
�-syn is overexpressed.

Results
The pseudotype rAAV2/5 was used as the gene delivery vehicle
because a comparison with the previously used rAAV 2 serotype
demonstrated that serotype 5 capsids increased both the number
and volume of neurons that were transduced (19). Rats were
injected with equal numbers of rAAV vectors that expressed
GFP, the human wild-type (wt) �-syn protein or human �-syn
mutants containing substitutions of Ser-129 with alanine
(S129A) or aspartate (S129D). Injections were done in the SNc
only on one side of the brain to determine their effect on
neurodegeration; the other side was kept as a nontransduced
internal control. Animals were killed at 4, 8, and 26 wk after
injections. These time points were selected based on our results
(3), which demonstrated that expression of �-syn reached a
maximum at 3–4 wk after nigral injection and neural degener-
ation became significant at 8–10 wk.
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Control injections with vectors expressing GFP showed GFP-
positive (GFP�) cell bodies in virtually all tyrosine hydroxylase
positive neurons of the SNc (Fig. 1A). However, the transduction
area of GFP� neurons was not limited to the SNc, because there
were GFP� neurons in the mesencephalic reticular formation
and in the ventral tegmental area (Fig. 1 A). These data are in
agreement with our findings that showed that rAAV5 exhibits
higher transduction frequencies than rAAV2 (19).

The Level of Expression of Human �-Syn Was 3- to 5-Fold Higher than
Endogenous Levels. Quantitative Western blot analysis of �-syn
expression was performed with an antibody that is specific for
human �-syn in pooled striatal tissues obtained at 4, 8, and 26 wk
after injection. The level of human �-syn expression in the
striatum 4 wk after injection with wt �-syn vector was �140
ng/100 �g of cellular protein (Fig. 2A). This was �3.9-fold higher
than values reported for endogenous �-syn in normal mice [36
ng/100 �g (20)]. As expected, no human �-syn expression was
detected on the uninjected left side (Fig. 2A, L lanes). In
addition, there was no significant difference between the levels
of expression of human wt �-syn and the S129A and S129D
mutants at 8 wk postinjection (140 and 130 ng/100 �g, respec-
tively), and no significant difference in the expression of human
wt �-syn at different times after injection when normalized to
total protein (Fig. 2 A).

To get a more direct estimate of the increase in �-syn on the

injected side, we used an anti-rat �-syn antibody that recognizes
an epitope present in both endogenous rat and exogenous human
�-syn. The ratio of �-syn on the injected to uninjected side was
measured at 4 wk postinjection in SNc tissue of five individual
animals injected with wt �-syn, when neurodegeneration was not
expected to be significant. The ratio varied between 2 and 5 with
an average increase in total �-syn expression of 3.6-fold
(Fig. 2B).

Immunohistochemistry with an �-syn antibody that recognizes
both rat and human �-syn also revealed an increase in �-syn
expression on the injected side and a distribution of �-syn
immunoreactivity (IR) in the SNc and surrounding brain regions
similar to that seen with GFP (Fig. 3 A–C). We also note that the
use of AAV5 produced uniform staining of the SNc with
antibodies to �-syn or GFP (Figs. 1 and 3), suggesting that there
was no major variation of expression across the injected region.
We concluded that we had expressed significant amounts of
human �-syn or its mutants in virtually all of the TH� neurons
of the SNc and surrounding regions. Taken together, the data
suggested that �-syn levels increased �4-fold on the injected side
because of expression of the human gene.

S129A Mutant Protein Is More Diffuse and Makes Fewer Inclusions
than S129D. Examination of sections stained with human �-syn
antibody by confocal microscopy at 4 wk after injection identified
a large number of �-syn-positive (�-syn�) aggregates in the
cytoplasm (Fig. 1 B and C). �-syn� aggregates were seen in both
wt and mutant �-syn-injected animals. However, S129D, unlike
wt and S129A, appeared to form punctate �-syn inclusions
within the cytoplasm (compare Fig. 1 B and E with Fig. 1 D, F,
and G). Additionally, at 8 wk postinjection S129A appeared to

Fig. 1. Fluorescence microscopy of tyrosine hydroxylase (TH)-positive neu-
rons expressing �-syn mutants. (A) Photomicrographs showing the expression
of the GFP transgene on the injected side of rat brain. GFP (green) was
expressed in the majority of the TH-positive neurons (red) in SNc and also can
be seen in cells of the mesenphalic tegmentum and in the SN pars reticulata.
(B–G) Confocal images illustrate �-syn expression in SNc neurons 4 (B–D) and
8 (E–G) wk after injection. In B–G, �-syn is stained green and nuclei are stained
with propidium iodide (red). S129D is more prone to make punctate aggre-
gates at 4 wk (B), becoming more dense and larger at 8 wk (E) compared with
wt (C) and 129A (D, F, and G). (F and G) Examples of neurodegenerative
changes in SNc neurons of 129A-injected animals at 8 wk that have diffuse
�-syn immunoreactivity and vacuolated nuclei. containing both diffuse and
aggregated �-syn. �-syn was found both inside and outside of the nuclear
membrane (arrowheads indicate propidium iodide staining at the nuclear
membrane). (Scale bar: A, 0.5 mm; B–G, 5 �m.)

Fig. 2. Measurement of �-syn and TH expression in �-syn-injected animals.
(A) Pooled samples of striatal extracts taken from the uninjected left side (L)
and injected right side (R) were electrophoresed on acrylamide gels. Fifty
micrograms of protein from animals injected with wt, 129A, and 129D at the
indicated time points were Western blotted with an antibody specific for
human �-syn and a fluorescent secondary antibody, and compared with
purified samples of a human �-syn-TAP fusion protein of known concentra-
tion. The concentration of �-syn was calculated from the fluorescence mea-
surements by using ImagQuant software. (B) SNc tissue was excised from
uninjected (L) and injected (R) sides of individual animals (171–175) that had
been injected with wt �-syn at 4 wk postinjection. Fifty micrograms of tissue
extract was Western blotted with antibodies that recognize rat �-syn or
GAPDH. The ratio of �-syn on the injected and uninjected sides (I/U) was
calculated for each animal. (C) Pooled striatal tissue extracts from 4-wk
animals was Western blotted with TH and GAPDH antibodies. The amount of
TH enzyme was normalized to GAPDH and the ratio of the injected vs.
uninjected sides was calculated (I/U). At 4 wk only the 129A samples showed
a reduction in TH compared with total protein.
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be present in the nucleus at a higher level than S129D. Further-
more, cells expressing S129A that survived at 8 wk often had
vacuolated nuclei with reduced or absent chromatin density

(compare Fig. 1E with Fig. 1F and G). Examination of �-syn
staining by light microscopy showed a similar diffuse pattern of
staining in nigral tissue for wt and the S129A mutant. S129D,
however, showed a more focused pattern of staining, suggesting
that S129D might aggregate more readily to form intracellular
inclusions (Fig. 3 A–C, compare nigral staining patterns of
S129A and S129D). This was not in agreement with the data
reported from the Drosophila PD model (17). As in previous
studies, we observed �-syn� cytoplasmic inclusions, swollen
�-syn� dystrophic neurites, and picnotic �-syn-immunoreactive
cytoplasm (data not shown). These were present in wt and
S129A-injected animals. None of these changes were found in
GFP or the uninjected side of any of the animals and, with the
exception of cytoplasmic inclusions, in S129D-expressing
neurons.

S129A Mutant Is Toxic, S129D Is Not, and wt Is Intermediate. Unbi-
ased estimation of nigral TH-positive (TH�) cells in the vector-
injected SNc was compared with the uninjected SNc for each rat.
No significant differences were seen between animals injected
with the control GFP vector at the 4-, 8-, and 26-wk time points
(F[2,14] � 0.125, P � 0.883; data not shown). All GFP time
points showed an �10% reduction of TH neurons compared
with the uninjected side, and a pooled GFP control group that
included all time points was used for further comparisons.

Animals injected with wt �-syn showed a progressive loss of
TH� neurons that reached significance only at the 26-wk time
point (60% reduction) compared with the pooled GFP control
group (Fig. 4A; P � 0.01). When wt �-syn was compared with
GFP and the mutant �-syn genes at 4 wk postinjection, signif-
icant loss of TH neurons (70%) was seen only with the �-syn
S129A mutant, which was significantly different from all other
groups at 4 wk (Fig. 4B; P � 0.01–0.001). Typically, AAV-
mediated gene expression reaches maximum expression between
2 and 4 wk, and, therefore, this suggested that the S129A mutant
exerted a rapid effect on the level of TH expression and was
unusually toxic.

At the 8-wk time point, both wt and the S129A mutant were
significantly different from GFP-injected animals (Fig. 4C) with
significant differences between GFP and S129A (P � 0.001),
GFP and wt �-syn (P � 0.05), and S129A and S129D (P � 0.01).
In contrast, there was no significant difference between S129D
and GFP at either the 8- or 4-wk time points (Fig. 4 B and C).
Thus, S129D appeared to completely lack toxicity at any time
point, whereas S129A showed 70–80% loss of TH� neurons in
the SNc as early as 4 wk postinjection.

The loss of TH� neurons in wt �-syn injections at 8 wk was only
40% of GFP controls compared with an almost 70% loss seen
with S129A (Fig. 4B). However, when wt-injected animals were
analyzed at 26 wk, the loss of TH� neurons had increased to 60%
(Fig. 4B), comparable to what had been seen with S129A at 8 wk.

Unbiased stereology counts of cresyl violet (CV)-stained
sections confirmed that significant loss of neurons had occurred
in the SNc of wt �-syn- and S129A-injected animals compared
with GFP and S129D animals at the 8-wk time point (Fig. 4D;
P � 0.01). The percentage of CV-positive cells in both wt and
mutant injected animals was nearly the same as that seen with
TH immunohistochemistry (compare Fig. 4 C and D). Similar
results were also seen when sections were stained for the
vesicular monoamine transporter protein (data not shown).

The results of cell counting were confirmed by visual inspec-
tion of SNc sections stained with TH antibody or CV (Fig. 3).
Animals injected with S129A showed little TH� staining at 8 wk
compared with uninjected or GFP-injected controls (compare
Fig. 3N with Fig. 3 H and E). In contrast, S129D animals showed
robust staining of the SNc for TH at 8 wk (compare Fig. 3Q with
Fig. 3 H and E). Similar results were seen when CV staining was

Fig. 3. Photomicrographs showing nigral degeneration in the rAAV-�-syn-
injected animals. (A–C) Montages of rostral-to-caudal coronal sections illus-
trate transduction volume in different experimental groups at 8 wk postin-
jection (�-syn-stained sections, Upper) and a reduction of TH
immunoreactivity on the injected side of parallel sections (Lower). These
sections were labeled with standard DAB immunohistochemistry (see Mate-
rials and Methods). (D–J) Each row contains neighboring sections, taken from
the same animal, that illustrate cells immunostained for GFP (D), �-syn (G, J, M,
P, S) and TH (E, H, K, N, Q, T), and CV-stained cells (F, I, L, O, R, U) in the SN at
8 (D–R) and 26 (S–U) wk postinjection. The sections were uninjected (G–I) or
injected with UF11 (which expresses GFP, D–F), wt-�-syn (J–L, S–U), 129A
(M–O), 129D (P–R). Whereas expression of GFP protein (D–F) or 129D (P–R) did
not alter the number of TH-positive neurons or CV-stained neurons, the
expression of 129A (M–O) or wt (J–L and S–U) �-syn led to loss of TH-positive
neurons and CV staining in the SNc, compared with the contralateral intact
side (G–I). (Scale bars: A–D, 1 mm; E–V, 250 �m.)
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performed (Fig. 3 Right). Degeneration of TH� cells in wt-
injected animals were consistently intermediate between S129D
and S129A at 8 wk and approached the level of degeneration
seen with S129A only at 26 wk postinjection (compare Fig. 3 K,
N, Q, and T)

Striatal DA Levels Mirror the Number of Surviving TH� Cells. Given
the apparent loss of TH� neurons in animals injected with wt or
S129A �-syn, we anticipated that there would be a comparable
decrease in DA levels on the injected side. DA was extracted
from striatal tissues taken from injected and uninjected sides,
fractionated by HPLC, and measured by using electrochemical
detection.

In general, the levels of DA reflected the level of TH� cells.
Animals that had been injected with S129A or wt �-syn displayed
the most severe reduction in DA pools compared with GFP. At
4 wk postinjection, only the S129A-reated animals demonstrated
a trend toward greater DA loss (51% compared with a 70%
reduction in TH� cells). At 8 wk postinjection, the level of DA
on the injected side compared with the uninjected side was in
agreement with the level of TH� cells that remained in that
group. Thus, DA was depleted in S129A-injected animals by 63%
(P � 0.05 compared with GFP), which was accompanied by
�66% loss of TH� cells (compare Figs. 4C and 5C). Similarly,
wt-injected animals showed a DA depletion of �68% at 26 wk
postinjection (P � 0.01 compared with GFP), similar to the 56%
loss of TH� cells. As expected, there also was no significant
difference at 8 wk in DA levels in animals injected with S129D
compared with the GFP control group. Finally, there also
appeared to be a progressive depletion of DA in wt-injected

Fig. 4. Unbiased estimation of nigral TH� cells in SNc of animals injected with
wt or mutant human �-syn. Tissue slices were labeled with antibody to TH
(A–C) or stained with cresyl violet (D) as described in Materials and Methods
and the percentage of surviving cells was calculated by comparison with the
uninjected side in the same animal. The graphs display a comparison of wt
injected animals compared with GFP as a function of time postinjection (A),
and a comparison of the wt, 129A, and 129D animals compared with GFP at 4
wk (B) and 8 wk (C) postinjection. The GFP control in A–C is the same and
includes 4-, 8-, and 26-wk samples as these did not vary significantly. The wt
4-wk and 8-wk groups in B and C are the same as in A and are repeated to
facilitate comparison. (D) Eight-week samples stained with cresyl violet. Group
ANOVA statistics were for (A) F[3,34] � 5.973, P � 0.002; (B) F[3,32] � 13.53,
P � 0.001; (C) F[3, 29] � 9.22, P � 0.0002; (D) F[3,15] � 9.431, P � 0.001. Tukey’s
post hoc results are indicated as *, **, *** � P � 0.05, 0.01, and 0.001,
respectively vs. GFP; #, ##, ### � P � 0.05, 0.01, and 0.001 vs. 129D; �� � P �
0.01 vs. wt 4 wk.

Fig. 5. Measurement of striatal dopamine. The amount of dopamine in
striatal tissue was measured on the injected and uninjected sides of individual
animals as described in Materials and Methods and is displayed as the mean
percentage of dopamine remaining on the injected side compared with the
uninjected side plus standard error. Tukey’s post hoc results are indicated as in
Fig. 4. Group ANOVA statistics were F[3,28] � 5.949, P � 0.0029 (A); F[3,33] �
2.867, P � 0.0513 (B); and F[3,24] � 4.079, P � 0.0179 (C).

766 � www.pnas.org�cgi�doi�10.1073�pnas.0711053105 Gorbatyuk et al.



animals between 8 and 26 wk that mirrored the progressive loss
of TH� cells at the same time points. Thus, the reduced level of
DA agreed well with the number of surviving TH� neurons.

Striatal TH Protein Levels Are Depressed in S129A Animals but Not in
S129D Animals. To see whether there were differences in the levels
of TH protein in animals expressing the different forms of �-syn,
immunoblotting was used to compare the amount of TH protein
in striatal tissue on the injected vs. uninjected sides 4 wk
postinjection. Striatal tissues were pooled from several animals
in each experimental group, immunoblotted with TH antibody,
and quantified by fluorescent phosphoimaging. GAPDH was
used to normalize the amount of total protein used for analysis
and the ratio of the two sides (injected/uninjected) was calcu-
lated (Fig. 2C). No difference in striatal TH levels was seen
between uninjected and injected sides in animals that received
the GFP vector or the S129D mutant. Also, in agreement with
nigral TH� neuronal numbers (Fig. 4B) and striatal DA levels
(Fig. 5B), there was no neurodegenerative effect of nigral wt
�-syn overexpression at 4 wk postinjection as measured by
quantitative TH immunoblot (Fig. 2C). In contrast, animals
injected with S129A showed significantly lower TH levels at 4 wk
(Fig. 2C). The lower levels of TH protein in S129A at 4 wk is in
agreement with the lower number of TH� cells (Fig. 4B) in this
group and the lower DA levels (Fig. 5B). Measurement of TH
levels in individual animals from the 8- and 26-wk time points
were also consistent with the level of TH� cells and DA levels
seen in these groups at the later time points (data not shown).
For example, animals injected with wt �-syn had a ratio (inject-
ed/uninjected) of 0.64 at the 8-wk time point and 0.36 at the
26-wk time point.

Discussion
We have examined the toxicity of human �-syn that is phos-
phorylated at Ser-129 in a rodent animal model of PD. Over-
expression of �-syn with a substitution of the serine residue with
alanine, which cannot be phosphorylated, produced a rapid
onset of toxicity characterized by a loss of TH� neurons and
depletion of DA on the affected side. Nigral overexpression with
wt �-syn also produced toxicity, but its onset was slower, taking
up to three times longer to produce a comparable loss of TH�

neurons in the SNc. In contrast, nigral overexpression of �-syn
with a substitution of the Ser-129 residue with aspartate, which
mimics constitutive phosphorylation, produced no obvious tox-
icity, including no loss of TH� neurons and no change in striatal
DA on the injected side. Because wt �-syn and the two mutant
forms were overexpressed in the injected tissue to approximately
the same levels (�3–4 times endogenous levels), the toxicity of
�-syn over the time scale studied appears to be caused exclusively
by the state of phosphorylation of Ser-129. Curiously, the
formation of �-syn inclusions was decreased in the S129A-
expressing animals and S129A was more likely to be localized to
the nucleus. We note, however, that these were primarily im-
munohistochemical observations and we did not quantitatively
determine the amount of �-syn that was present in different
kinds of aggregated species.

These results are opposite to those seen with the same genes
in a transgenic Drosophila model of PD (17) and suggest that in
rodents phosphorylation of Ser-129 may protect nigral DA
neurons from neurodegeneration. Phosphorylated S129 was also
found to accumulate in a transgenic mouse model expressing the
A53T mutant of human �-syn (20). In this study, phosphoryla-
tion of endogenous �-syn was not detected but the human
mutant �-syn was phosphorylated on Ser-129 and, in contrast to
our study, seemed to preferentially localize to the nucleus.
However, like our study, the accumulation of phosphorylated
�-syn was not associated with toxicity (20).

Several other observations related to �-syn phosphorylation
have been reported. One of the features of PD is the formation
of detergent-insoluble aggregates called Lewy bodies that con-
tain a high proportion of �-syn. Several groups have reported
that Lewy bodies predominately consist of �-syn that is phos-
phorylated at Ser-129 (16, 18), whereas soluble, monomeric
�-syn contains relatively little of the S129-phosphorylated form
(15). In addition, coexpression of human �-syn with G protein-
receptor kinase 5 (GRK5), one of several kinases that is capable
of phosphorylating Ser-129 (14, 20), increased the formation of
�-syn aggregates in cultured cells (21). In another study, coex-
pression of synphilin 1 with the S129A mutation of �-syn in
cultured cells reduced aggregation and interaction with synphilin
1 (22), another component found in Lewy bodies. Finally,
expression of S129D �-syn in cultured cells produced an increase
of ubiquitinated �-syn conjugates and aggregate formation
compared with wt �-syn (16, 23). Taken together, these obser-
vations and those presented here suggest that the phosphory-
lated form of �-syn is more prone to be aggregated, but that these
aggregates are actually not toxic to dopaminergic neurons and
may be neuroprotective. The concept that aggregation might be
neuroprotective has been suggested before (1); however, the
precise mechanism by which S129-phosphorylated �-syn might
reduce neuronal toxicity in the substantia nigra is not clear.

The search for a mechanism is complicated by the fact that the
normal function of �-syn is not known. �-syn has been implicated
in a variety of cellular processes that include regulation of DA
homeostasis through regulation of DA transporter activity (8),
tyrosine hydroxylase activity (11), or vesicle formation (24).
�-syn has also been implicated in ER-Golgi trafficking (25),
tubulin trafficking (26), interaction with mitochondrial proteins
(27), and control of nuclear transcription (12, 28). Disruption of
any of these processes through expression of a nonphosphory-
lated mimic could, in principle, lead to cell death.

Finally, it is also not clear which cellular kinases and phos-
phatases control the steady-state level of S129 phosphorylation.
Casein kinase 1 and 2 and GRK2 and 5 are all capable of
phosphorylating S129 (14, 15, 17, 20, 21), and no specific
phosphatase has yet been identified. Given the multiple cellular
locations of �-syn, it is possible that several kinases are func-
tional in vivo. However, identification of the specific kinases and
phosphatases that are involved will potentially provide new drug
targets for treating PD.

Materials and Methods
rAAV Vectors. The rAAV vector expressing the wt human �-syn was described
in ref. 3. �-syn 129A and 129D mutants were constructed by overlap extension
PCR by using rAAV-wt �-synuclein plasmid as a template. Primer sequences are
available on request.

Virus was grown and purified as described in ref. 19 by using a helper
plasmid expressing the AAV5 capsid gene. The final titers were 1.0 � 1013,
1.7 � 1013, and 0.9 � 1013 vector genome (vg) per ml for the S129A, S129D, and
wt �-syn virus stocks, respectively.

Intracerebral Injection of AAV Vectors. All surgical procedures were performed
by using aseptic techniques and isofluorane gas anesthesia as described in ref.
3. Animals were injected with a total of 1.5 �l containing 1.4 � 1010 vector
genomes of the appropriate gene.

Isolation and Processing of Tissues. Animals were deeply anesthetized by
pentobarbital injection. Brains were removed and divided into two parts by a
coronal blade cut at approximately �3.5 mm behind bregma. The caudal part
containing the SNc was fixed in the ice-cold 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4. The rostral piece of brain tissue was used
immediately to dissect the right and left striatum. The striatum from each
hemisphere was homogenized and separated into two separate tubes. The
tissue pieces were weighed, frozen separately on dry ice, and kept at �80°C
until assayed for protein expression or DA content. The fixed part of brains
were stored overnight at 4°C and then transferred into 30% sucrose in 0.1 M
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PB for cryoprotection. Coronal sections (40 �m thick) were cut on a freezing
stage sliding microtome and processed for immunohistochemistry.

Immunohistochemistry. For the bright-field microscopy analysis, sections were
preincubated first with 1% H2O2/10% methanol for 15 min and then with 5%
normal goat serum for 1 h. Sections were incubated overnight at room
temperature with mouse anti-TH (Chemicon, 1:2,000 dilution) or mouse anti-
�-syn (BD Laboratories) antibodies. Incubation with biotinylated secondary
anti-mouse antibody was followed by incubation with avidin– biotin–
peroxidase complex (ABC; Vector Laboratories). Reactions were visualized by
using 3,3-diaminobenzidine (DAB) as a chromagen. All manipulations of
contrast and illumination on color images and color replacement were made
by using Adobe PhotoShop CS software.

For confocal microscopy, sections were incubated with the indicated pri-
mary antibodies for human �-syn, TH, vesicular monoamine transporter
(VMAT), or DAPI and a secondary antibody labeled with Cy3 or Cy2 (Jackson
Immunoresearch Laboratories). The sections were examined with a laser-
scanning confocal microscope and images were processed with Adobe Pho-
toshop 9 software.

Unbiased Stereology. The unbiased stereological estimation of the total num-
ber of the TH� neurons in SNc was performed by using the optical fractionator
method, as described in ref. 3, with the MicroBrightfield Stereo Investigator
System. The estimate of the total number of neurons and coefficient of error
due to the estimation was calculated according to the optical fractionator
formula as described in ref. 19. Because �-syn expression might down-regulate
TH expression and lead to a mistaken sense of cell loss, we also evaluated the
number of neurons in the SNc by using sections stained with cresyl violet.

Immunoblotting. Tissues were suspended in 300 �l of lysis buffer (50 mM Tris,
pH 7.5, 0.15 M NaCl) containing protease mixture (0.1 mM PMSF, 0.5 �g/ml

leupeptin, 0.7 �g/ml pepstatin A) (Roche) and homogenized for 10 s. Each
aliquot was adjusted to a final concentration of 1% Nonidet P-40, 0.1% SDS,
incubated on ice for 30 min, and centrifuged for 15 min at 4°C. Lysates from
each group were pooled (n � 3–5 per group), and protein concentrations were
determined by the Bradford protein assay. Fifty micrograms of each protein
pool was separated on Bio-Rad precast 4–20% SDS/PAGE gradient gel, trans-
ferred to PVDF-LFP (Amersham) membranes, and immunoblotted. In some
cases lysates from single animals were also analyzed. Mouse anti-�-syn (BD
Transduction Laboratories and Zymed Laboratories), mouse anti-GAPDH, and
goat anti-TH (Chemicon) were used as recommended by the supplier. Cy5- and
cy3-conjugated goat anti-mouse and rabbit anti-goat secondary antibodies
were purchased from GE Bioscience. Immunblotted �-syn was detected and
quantified with a Typhoon scanner (Amersham) by using purified �-syn-TAP
protein as a standard. Western blots used for TH quantitation included GAPDH
for normalization.

Striatal DA Measurements. DA samples were thawed and the equivalent of
3 mg of starting tissue was diluted into 1 ml of 0.1 N HClO4 containing
dihydrobenzylamine as an internal control, and thoroughly homogenized.
DA and 3, 4-dihydroxyphenylacetic acid (DOPAC) were measured as de-
scribed in ref. 3.

Statistical Analysis. Dopamine measurements and estimates of surviving neu-
rons were analyzed by using one-way ANOVA with Tukey’s post hoc analysis;
n � 4–10 per group.
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