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Two  small-interfering RNAs  (siRNAs) targeting
o-synuclein (o-syn) and three control siRNAs were cloned
in an adeno-associated virus (AAV) vector and unilat-
erally injected into rat substantia nigra pars compacta
(SNc). Reduction of o-syn resulted in a rapid (4 week)
reduction in the number of tyrosine hydroxylase (TH)
positive cells and striatal dopamine (DA) on the injected
side. The level of neurodegeneration induced by the
different siRNAs correlated with their ability to down-
regulate o-syn protein and mRNA in tissue culture and
in vivo. Examination of various SNc neuronal markers
indicated that neurodegeneration was due to cell loss
and not just downregulation of DA synthesis. Reduction
of a-syn also resulted in a pronounced amphetamine
induced behavioral asymmetry consistent with the level
of neurodegeneration. In contrast, none of the three
control siRNAs, which targeted genes not normally
expressed in SN¢, showed evidence of neurodegenera-
tion or behavioral asymmetry, even at longer survival
times. Moreover, co-expression of both rat o-syn and
o-syn siRNA partially reversed the neurodegenerative
and behavioral effects of a-syn siRNA alone. Our data
show that a-syn plays an important role in the rat SNc
and suggest that both up- and downregulation of wild-
type o-syn expression increase the risk of nigrostriatal
pathology.
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INTRODUCTION

a-Synuclein (a-syn) is a 140 amino acid protein that is expressed
abundantly throughout the central nervous system (reviewed
in ref. 1). a-Syn is present during development throughout the
brain and accumulates in nerve terminals, but is also found in the
perinuclear zone of the cytoplasm and in the nucleus.

a-Syn appears to play a crucial role in the pathogenesis
of several neurodegenerative disorders including Parkinson’s
disease. The brains of Parkinson patients typically contain deter-
gent insoluble intracellular protein inclusions called Lewy bodies.
a-Syn is a major component of Lewy bodies as well as a related
disease, dementia with Lewy bodies.! It is also the nonamyloid
component in amyloid plaques of Alzheimer’s disease. Human
a-syn locus duplication or triplication with abnormal protein
overexpression, as well as point mutations in the gene, have been
shown to result in Parkinson-like neurodegeneration in humans,
characterized by the loss of dopamine (DA) neurons in the sub-
stantia nigra pars compacta (SNc), the loss of DA in striatal
terminals and accumulation of a-syn inclusions.!

The function of a-syn remains unclear. a-Syn is associated
with synaptic vesicles, and there is evidence that it regulates the
size of the synaptic vesicular pool or is involved in exocytosis
or endocytosis of multiple neurotransmitter release pathways.!
Paradoxically, a-syn transgenic mice, overexpressing wild-type or
mutant a-syn, have often shown no signs of SNc¢ neurodegenera-
tion or the accumulation of a-syn aggregates.? In contrast, several
groups have demonstrated that virus vector-mediated a-syn over-
production in SNc of rodents and monkeys induces Parkinson-
like neurodegeneration.’”’

Studies of a-syn knockout mice have revealed no overt patho-
genesis, but have produced evidence for altered DA release, lower
DA levels, changes in DA vesicle number, or changes in sensi-
tivity to amphetamine or neurotoxins.®'* Several studies have
shown successful a-syn downregulation in both tissue culture and
in animal models using antisense, ribozymes, small-interfering
RNAs (siRNAs), or micro RNA"' without obvious pathogenesis.
This has suggested that a-syn silencing might be a therapeutic
approach for synucleinopathies.

In this study, we examine two a-syn siRNAs and three control
siRNAs embedded as short-hairpin RNAs (shRNAs) in adeno-
associated virus (AAV) vectors and delivered into rat SNc. We
demonstrate that silencing of the rat a-syn gene by vector-based
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RNA interference can induce nigrostriatal degeneration,
suggesting that a-syn plays a critical role in the SNc.

RESULTS

Screening siRNAs for efficient silencing

of rat a-syn in vitro

siRNA sequences were selected according to current siRNA design
recommendations.”?' All siRNA sequences were 19 bases long
and were cloned as shRNA constructs into AAV vector plasmids
under the control of HI promoters. The siRNA vector plasmids
were then co-transfected with AAV vectors expressing the targeted
rat a-syn gene (2:1 ratio) or with empty vector as a control into
293 cells and knockdown of a-syn expression was determined
by immunoblotting (Figure 1). Two different a-syn siRNAs were
chosen to avoid the possibility that one of the siRNAs had off tar-
get effects unrelated to a-syn. si-312 and si-163, which showed
~93 and 60% knockdown efficiency, respectively, were packaged
in AAV2/5 vectors for subsequent injection into rats.

Because it has become clear that expression of shRNA in brain
sometimes leads to off target effects that are believed to be due
to inhibition of RNA processing,® we also chose three irrelevant
shRNA vectors that were designed to reduce the expression of
the rat rhodopsin, peripherin/retinal degeneration slow (rds),
and myocardin genes. All of the control genes are not normally
expressed in SNc at detectable levels. Rhodopsin is expressed
exclusively in the eye, and the rhodopsin shRNA has been shown
to be effective in reducing rhodopsin protein levels when injected
into a rat eye in the context of an AAV vector.”? Similarly, myo-
cardin controls differentiation of smooth muscle cells, and rds is
a membrane protein unique to rods and cones in the retina. Both
the a-syn siRNAs and the control siRNAs were under the con-
trol of the same H1 promoter in what were otherwise identical
AAV constructs, all of which were packaged into AAV2/5 virus.
In addition to the siRNA cassettes, all of the vectors used in this
study also contained green fluorescent protein (GFP) expression
cassettes for the purpose of identifying the injected brain region.

Silencing of a-syn in vivo

Animals were injected in the SNc with ~4 x 10° genome contain-
ing virus particles (1.5ul) of one of the a-syn or control siRNA
vectors. An approximately tenfold higher level of the control rho-
dopsin siRNA and 17-fold higher level of GFP virus were used
to test for nonspecific neurodegenerative effects. Injections were
done in the SNc on one side of the brain; the other side was kept as
a nontransduced internal control. Brain tissue was harvested at 4,
8, or 12 weeks postinjection, and delivery of virus to the SNc was
verified by detection of GFP fluorescence. As shown previously,
transduction spread throughout the SNc and extended into neigh-
boring structures,” including neurons of the ventral tegmental
area (VTA).

To estimate the level of reduction at the protein level, the
nearby VTA region was stained for a-syn and vesicular mono-
amine transporter (VMAT), and the level of a-syn staining was
estimated in cells that stained positively for VMAT. There was a
substantial reduction of a-syn in VMAT positive cells (Figure 2).
Using confocal image analysis software (Leica Applications Suite,
Leica Microsystems CMS GmbH, Mannheim, Germany), it was
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determined that the level of a-syn staining in VMAT positive cells
was ~14% of the control side in animals injected with si-312 (P <
0.0001) and 32% in animals injected with si-163 (P < 0.001); n =
4 for both groups, 200 cells/group. No significant change was seen
in a-syn levels in animals injected with control siRNAs.

Both of the a-syn siRNAs were also effective in reducing
the steady-state level of a-syn mRNA in the SNc¢ compared to
the uninjected side as judged by reverse transcriptase-PCR of
pooled SNc tissues. At 4 weeks postinjection, rat a-syn mRNA
was reduced to 10% (si-163) and 5% (si-312) of the uninjected
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Figure 1 Identification of active rat a-synuclein (o-syn) siRNAs. Three
different short-hairpin RNA expressing plasmids (si-312, si-163, si-263)
were co-transfected with a plasmid expressing HA tagged rat o-syn
into 293 cells. Whole cell extracts prepared 48 hours post-transfection
were fractionated on a sodium dodecyl sulfate—polyacrylamide gel and
immunoblotted with HA antibody. Control lane received no siRNA expres-
sion plasmid, no HA control lane received no o-syn plasmid. Tubulin was
used to normalize the amount of protein loaded and o-syn expression was
estimated by densitometry using Image Quant 5. HA, hemagglutinin.

Uninjected

Figure 2 In vivo reduction of rat a-synuclein (ca-syn) protein. Confocal
images show a-syn immunoreactivity (Cy3, red) and VMAT (Cy5, arti-
ficially colored green) of rat substantia nigra pars compacta at 4 weeks
after injection of a-syn si-312. VMAT is used as a marker of dopamine
cells in the ventral tegmental area. b and d are enlarged images of the
white frame on the injected side of a; ¢ and e are enlargements of the
frame on the control side of a. d and e illustrate expression of a-syn (red)
in VMAT positive neurons (green) shown in b and ¢, respectively. Bar =
150um (a) and 50um (b—e). VMAT, vesicular monoamine transporter.
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Figure 3 Tyrosine hydroxylase (TH) immunohistochemistry of substan-
tia nigra pars compacta (SNc) and striatum at 4 weeks postinjection
of animals treated with o-synuclein (o-syn) siRNAs. TH immunostaining
is significantly lower in both SNc (lower sections) and striatum (upper
sections) on the injected side with both si-163 and si-312.

control side (n = 4 for both groups). No change in a-syn mRNA
was seen in rats injected with control siRNAs or with GFP. Thus,
both at the mRNA and protein levels, there was a significant
decrease in a-syn expression. In these measurements and in
other measurements described below, si-312 was consistently
more potent than si-163. The apparently higher level of reduc-
tion at the RNA level in SNc compared to the protein levels seen
in VTA may reflect the higher level of neuronal loss seen in SNc¢
(see below).

o-Syn silencing in the SNc appears to induce

the loss of TH positive neurons

When we immunostained SNc and striatal tissues for tyrosine
hydroxylase (TH), there was a significant loss of TH staining in
animals injected with both si-312 and si-163 compared to the
uninjected side (Figure 3). This was confirmed by immunoblotting
of striatal tissue from individual animals injected with control or
a-syn targeted siRNA virus (Figure 4). An si-312 injected rat
retained 18% of the TH seen on the uninjected side compared
to ~90% for rds and myocardin control injections at 4 weeks.
Injection of a smaller dose of si-312 (0.3x) or the less potent si-163
siRNA produced more modest reductions in TH (Figure 4). In
contrast, the level of a-syn in the striatum was not significantly
reduced, presumably because of the contribution of uninjected
striatal neurons to the total a-syn pool.

To obtain a quantitative estimate of the extent of neurode-
generation, we used unbiased stereology to count the number of
TH positive cells in the SNc. We found that both a-syn shRNAs
(si-312 and si-136) produced a rapid and significant SNc neuro-
degeneration (Figure 5). si-136 was less potent at approximately
the same input genome dose than si-312, consistent with its lower
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Figure 4 Immunoblot of small-interfering RNA (siRNA)-treated
striatal tissue. Tissue from individual animals that had received substan-
tia nigra pars compacta injections of o-synuclein (c-syn) siRNAs (si-312,
si-163, or a lower dose of si-312, 0.3x si-312) were compared with con-
trol injections of siRNAs directed against myocardin and rds for the level
of tyrosine hydroxylase (TH) and a-syn on the injected (R) versus unin-
jected (L) sides. Fluorescent antibody signals from o-syn and TH were
normalized to tubulin and the ratio of injected to uninjected side is listed
beneath each blot.

activity when tested in 293 cells (Figure 1) and in vivo (Figure 4,
TH). In addition, the neuron loss produced by si-312 appeared
to be dose dependent; a 3.5-fold lower input dose of si-312 pro-
duced significantly less (~6.6-fold) neurodegeneration at 4 weeks
(Figure 5a). No additional TH positive cells were lost in si-312
injected cells at longer time points (8 and 12 weeks) postinjec-
tion (Supplementary Figure S1, compare with Figure 5a). This
may reflect that some cells are not transduced or that there are
cells that are resistant to the siRNA. Finally, we also measured the
loss of DA in the striatum. Striatal DA levels as determined by
high-performance liquid chromatography mirrored the number
of TH positive cells remaining at 4 weeks in si-312-injected ani-
mals (Figure 5b), and 3,4-dihydroxyphenylacetic acid/DA ratios,
when compared to the uninjected side, were elevated in si-312
injected animals (Supplementary Figure S2) as expected.

In contrast to the a-syn siRNAs, no significant loss of TH
positive cells was seen in SNc of animals injected with any of
the control siRNAs or with GFP-expressing vectors. The control
siRNA targeting rhodopsin and the GFP-expressing vector were
injected at a tenfold and 17-fold higher dose, respectively, than
si-312 in an attempt to produce off target toxicity due to transcrip-
tional repression, inhibition of mRNA transport or processing,
or a viral inflammatory response; however, neither GFP nor the
rhodopsin siRNA produced any significant neurodegeneration
or loss of DA at 4 weeks postinjection (Figure 5a,b). Similarly,
in companion experiments, injection of control siRNAs directed
against myocardin and rds, which were injected at the same dose
as si-312, produced no significant neuronal loss even at 12 weeks
postinjection compared to uninjected controls (Figure 5a, ~96%
of uninjected side), or compared to the GFP-injected control.
Injection of high titer empty vector particles also did not produce
any apparent toxicity at 4 weeks as judged by DA content in the
striatum (Figure 5b) or by unbiased counting of TH positive cells
(data not shown).

To determine whether the reduction in SNc TH positive neu-
rons was specifically due to aloss of a-syn expression, animals were
injected with a mixture containing both the siRNA-expressing
virus, si-312, and a virus that expressed rat a-syn at a 1:1 genome
dose. This reduced the loss of DA neurons approximately sixfold
compared to si-312 injection alone, suggesting that the toxicity
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Figure 5 Quantitative estimation of the reduction of tyrosine
hydroxylase (TH)* cells and dopamine (DA) after injection of
a-synuclein (o-syn) small-interfering RNAs (siRNAs). (a) Unbiased
estimation of TH* cells remaining in substantia nigra pars compacta
(SNc) after expression of a-syn or control siRNAs in rat SNc. The mean
percentage of TH™ cells remaining plus standard error at 4 or 12 weeks
was calculated by comparison with the uninjected side. One-way group
analysis of variance (ANOVA) for the 4 weeks time point groups was
F(5,23) = 17.47, P < 0.0001, Tukey’s post hoc results are indicated as
*P < 0.05, **P < 0.01, and ***P < 0.001, when a group was compared
to GFP or rhodopsin; *P < 0.05, *tP < 0.01, and ***P < 0.001 when
a group was compared to si-312. There were no other significant dif-
ferences between groups; N = 4-8 for each group. (b) Measurement
of striatal DA. The amount of DA in striatal tissue was measured on the
injected and uninjected sides of individual animals and is displayed as
the mean percentage of DA remaining on the injected side compared
with the uninjected side plus standard error. One-way group ANOVA
statistics F(3,24) = 74.51, P < 0.0001, Tukey’s post hoc for si-312 versus
all controls at 4 weeks: ***P < 0.001. There were no other significant
differences between groups; N = 4-10 for each group.

of si-312 was due to the loss of rat a-syn activity (Figure 5a). In
contrast, injection of rat a-syn alone did not produce statisti-
cally significant loss of TH positive neurons or striatal DA at 8 or
12 weeks postinjection (Figure 5a,b).

Finally, to determine whether the loss of TH positive neurons
was due simply to the loss of TH expression, we examined the
effect of si-312 injection on the expression of two other markers
for DA neurons. Expression of both VMAT (Figure 6) and aro-
matic amino acid decarboxylase (AADC) appeared to be absent
to the same extent as TH following injection of si-312 but not rho-
dopsin siRNA. To be certain that we were observing cell loss and
not changes in gene expression, we also measured the ratio of GFP
positive cells to TH positive cells in the SNc of animals injected
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Figure 6 Comparison of vesicular monoamine transporter (VMAT)
staining (red) in substantia nigra pars compacta (SNc) injected
with either si-312 or rhodopsin small-interfering RNA express-
ing virus. Both vectors also express green fluorescent protein (GFP)
(green). Note the loss of VMAT staining cells in the animal injected
with si-312.

with equal amounts of GFP alone, si-312 and rhodopsin siRNA.
The expression level of GFP provided an independent measure of
the number of surviving cells. The ratio of GFP to TH positive
cells as a function of the vector injected was: GFP = 0.92 + 0.06
SD; rhodopsin = 0.95 £ 0.08; si-312 = 1.06 = 0.06 (Supplementary
Figure S3). Thus, the number of GFP positive cells was essen-
tially equal to the number of TH positive cells in all groups. This
implied that GFP expression and TH expression in SNc¢ were lost
to the same extent in si-312 injected animals and suggested that
loss of TH expression was due to the loss of DA neurons. Had the
loss of TH immunoreactivity in si-312 treated animals been due
simply to lower expression of TH, then the GFP/TH ratio would
have been significantly higher than one. This result also demon-
strated that 92-95% of the TH positive cells in the SNc had been
successfully transduced with vector. We also measured the loss of
cells in SNc that stained with cresyl violet, and the loss of cells that
stained with cresyl violet was similar to the loss of TH™ cells for
both si-312 and si-163 (compare Supplementary Figure S4 with
Figure 5a).

Loss of o-syn expression also induces

behavioral effects

In addition to the loss of TH positive neurons in the SN¢, we also
observed significant amphetamine-induced rotational asymmetry
at the 4-week time point in si-312-injected animals (Figure 7a).
Furthermore, co-injection of the a-syn siRNA, si-312, with a
vector that expressed rat a-syn protein entirely eliminated the
asymmetric rotational behavior (Figure 7a). Animals injected
with a lower dose of si-312 and animals injected with si-163 also
displayed ipsilateral rotation but it did not reach statistical signifi-
cance. This was consistent with the level of TH positive cells and
DA remaining on the injected side (Figure 5). Further analysis
of the amphetamine-induced rotation as a function of time
revealed that si-163-injected animals also showed significant rota-
tional asymmetry at intermediate times following amphetamine
injection (Figure 7b).
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Figure 7 Amphetamine-induced rotation at 4 weeks postinjection.
(a) Injection with o-synuclein (o-syn) small-interfering RNA (siRNA)
induced significant rotation ipsilateral to the injected side for si-312 in
a 60-minute period after amphetamine injection. Group statistics were
F(6,50)=6.038, P<0.0001, Tukey’s post hoc: ***P < 0.001 versus control
siRNA (rds or rhodopsin), #P < 0.01 versus si-312+rat syn. There were no
other significant differences between groups; N = 4-12 for each group.
(b) Time course of amphetamine-induced rotation at 4-week time point
for green fluorescent protein (GFP) (closed grey squares), myocardin
(closed grey circle), si-312 (open circles), and si-163 (open squares). Net
rotation for each group is shown for each 10-minute interval following
treatment with amphetamine. Positive rotation indicates rotation toward
the injected side; negative rotation indicates rotation contralateral to the
injected side. Two-way analysis of variance statistics: time: F(9,297) =
1.20, P=0.298; gene: F(3,297) = 64.1, P < 0.0001; time x gene interac-
tion: F(24,297) = 0.571, P = 0.949. Bonferroni post-tests are indicated
as *P < 0.05, **P < 0.01, ***P < 0.001. Asterisks indicate that the group
is being compared to the GFP or myocardin group in the same time bin;
N = 5-12 for each group.

DISCUSSION

Our results suggest that a-syn may be essential for the survival
of DA neurons. Expression of two different a-syn siRNAs in
the rat SNc produced a rapid loss of TH positive neurons that
appeared to correlate with the potency of the siRNA. One of the
siRNAs, si-312, was consistently better both in vitro and in vivo
in reducing rat a-syn mRNA and protein, and was also consis-
tently better at inducing neurodegeneration. Moreover, injec-
tion of two different doses of si-312 suggested that the effect
was dose dependent. The use of multiple markers in the SNc,
including AADC, VMAT and GFP, indicated that loss of TH
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immunoreactivity was due to neuron loss, rather than a reduc-
tion of TH enzyme expression.

It is difficult to ascribe the loss of DA neurons in the SNc
following a-syn siRNA injection to nonspecific or off target
effects. First, three different control siRNAs (rhodopsin, rds, and
myocardin) produced little if any toxicity even at longer time
points postinjection. This argues against a nonspecific effect due
to overloading of the RNA processing, transport, or translational
machinery. In the case of the control rhodopsin siRNA, a tenfold
higher input genome dose did not produce neurodegeneration.
Second, two different siRNAs targeted to a-syn produced the
same effect (si-312 and si-163); both caused a loss of TH posi-
tive cells in the SNc. Third, both loss of TH positive neurons and
the rotational phenotype induced by a-syn siRNA were reversed
by injection of rat a-syn, suggesting that this siRNA was specific
for the a-syn gene. In addition, the fact that no neurotoxicity was
seen with GFP and three control siRNA viruses (myocardin, rho-
dopsin, and rds), as well as empty virus capsids, demonstrates that
nigrostriatal degeneration was not the result of an inflammatory
response due to viral injection or some other nonspecific effect.
Recently, Ulusoy et al.** demonstrated recombinant AAV vector
injections using titers in excess of 3-4 x 10'* genome particles/
ml produced nonspecific neurodegeneration in the SNc regard-
less of the expression cassette that was used. The input doses of
virus used in our studies were below those that have been shown
to cause neurodegeneration by this group (see Materials and
Methods). Taken together, this suggests that neurotoxicity was
due to a reduction of a-syn and not due to an off target effect. We
note that it is still remotely possible that each of the a-syn siRNAs
could have targeted alternative but equally essential genes that
were unrelated to a-syn.

Two previous reports of a-syn knockdown with siRNAs or
ribozymes demonstrated that viral vector-mediated reduction
of a-syn could have a therapeutic effect. Hayashito-Kinoh et al.'®
used AAV-mediated expression of a-syn ribozymes in rat SNc to
reduce the increase in a-syn level that resulted from 1-methyl-
4-phenylpyridinium™ (MPP%) treatment. This had a protective
effect against MPP*-induced nigral TH* neuron loss. Similarly,
Sapru et al.'’® used lentivirus-mediated expression of an siRNA
directed to human a-syn to successfully silence human a-syn
expression in rat SNc. This siRNA was specific for human a-syn
and it was not clear whether there was any effect on endogenous
a-syn expression. In addition, Lewis et al.'” infused chemically
modified naked siRNAs into rat hippocampus. a-Syn was reduced
for at least 1 week and recovered by week 3 with no obvious toxic-
ity. Although this transient reduction is not directly comparable to
the chronic reduction reported here, the lack of toxicity reported
in hippocampus may suggest that SNc is preferentially susceptible
to reduction of a-syn. Indeed, reduction of a-syn in the nearby
VTA during our experiments did not appear to have as severe an
effect as in SN, although we could not be certain that this was not
due to the lower dose of vector that reached the VTA. Our results
also support a recent report that demonstrated an ~50% loss in cell
viability when an a-syn siRNA was expressed in the dopaminergic
cell line MN9D.* The a-syn siRNA used in the MN9D study was
different from the two reported here. As expected from previous
work,” the reduction in a-syn in MN9D cells had no affect on TH
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protein levels, but increased both the level of TH phosphorylation
and enzymatic activity.

Although our results do not necessarily conflict with other
a-syn knockdown experiments, they are not in agreement with a
number of reports of a-syn knockout mice. Transgenic knockout
of a-syn,""'* or a combination of a-syn and p-syn,'® did not appear
to induce any obvious changes in mouse brain. However, modest
(20%) reductions in striatal DA'® or changes in DA release'""
were noted in knockout mice. In addition, one study showed that
knockout of a-syn, y-syn, or both significantly reduced the num-
ber of TH positive neurons (20%) in SN¢’ and another demon-
strated that loss of striatal DA (but not SNc neurons) became
more severe with age.® This implies that knockdown of a gene in
adults is not the same as congenital deletion. It is not uncommon
for knockout mice to undergo compensation during development
and to date a conditional knockout of a-syn in the adult mouse
brain has not been constructed. In contrast, the use of viral-
mediated gene expression modifies a-syn expression in adult rats
and primates, and this may not allow time for adaptation. In the
case of a-syn, two potentially redundant pathways are available,
B-synuclein, and y-synuclein, and both are expressed in the SNc."*
This suggestion was also made by Robertson et al.,” who showed
an increase in P-synuclein expression in adult a-syn and y-syn
knockout mice. We note that a-syn transgenic mice, in which
human a-syn or a-syn mutants are overexpressed, also do not
recapitulate the human phenotype.? This is in contrast to what has
been seen in both rodents and primates when a-syn is expressed
via viral-mediated gene transfer.>” Finally, the absence of toxicity
seen in mouse a-syn knockout models suggested the possibility
that siRNA knockdown might be a viable therapeutic strategy for
Parkinson Disease. Our results suggest caution in using knock-
down of a-syn as a strategy for treating Parkinson disease.

The toxicity that was seen when nigral a-syn was reduced
raises new questions about the role of a-syn in Parkinson disease.
Much of the attention to a-syn has focused on the possibility that
a-syn protein can aggregate to form soluble complexes, fibrils, or
large inclusion bodies." One or more of these aggregated species is
believed to lead to cell death by modifying DA release, proteolytic
processes, endoplasmic reticulum, or vesicle formation. Cell death
due to protein aggregation is consistent with the progressive nature
of Parkinson disease and the progressive neurodegeneration that
is seen in both rodent and primate models of viral-mediated
a-syn overexpression.>” Overexpression of human a-syn in rat
SNc leads to ~50% loss of DA neurons at 6 months postinjection.*
Similar losses are seen in primates 1 year after injection of the
A53T mutant of a-syn.® In contrast, the toxicity seen with a-syn
knockdown is immediate and severe, suggesting an acute rather
chronic defect. This suggests that a-syn is performing a critical
biochemical role in DA neurons, and highlights the importance
of identifying a-syn’s biochemical function in the SNc. a-Syn has
been shown to interact with a variety of cellular proteins and is
present in membranes, nuclei, and cytoplasm.”” It is not immedi-
ately clear which of these interactions is responsible for the acute
phenotype we have observed. One possible interaction that might
be relevant is phospholipase D2. Elsewhere, we will present evi-
dence that overexpression of phospholipase D2 in SNc also causes
an immediate and severe toxicity with a time course similar to that
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Table 1 Small-interfering RNA target sequences

Rhodopsin CCTCTTCACGCTCTACGTC
Myocardin TGCAACTGCAGAAGCAGAA
rds GATGAAGTATTATCGGGAT
si-312 GAAGGACCAGATGGGCAAG
si-163 GGAGGGAGTCGTTCATGGA

seen with knockdown of a-syn, and that a-syn overexpression
reduces the toxicity of phospholipase D2 (O.S. Gorbatyuk and N.
Muzyczka, manuscript submitted). Thus, our results are consis-
tent with a-syn being an in vivo inhibitor of phospholipase D2.
However, a variety of other interactions could also contribute to
the rapid neurodegeneration we have seen.

Finally, it is also possible that the neurodegeneration caused by
a-syn overexpression and the neurodegeneration induced by a-syn
downregulation are due to the same mechanism. Overexpression
of a-syn or the expression of a dominant a-syn mutant may lead
either to sequestration of a-syn into nonfunctional aggregates, or
misdirection of a-syn to cellular compartments where it is not
functional. The net effect would be the same as downregulating
a-syn expression by siRNA. This theoretical possibility was also
suggested by Perez et al.?®

MATERIALS AND METHODS

Recombinant AAV-shRNA plasmid and virus construction. siRNAs
were designed based on the Genbank rat a-syn sequence NM019169. All
sequences were BLAST confirmed for specificity. Synthetic DNA encoding
shRNA sequences targeting rat a-syn were cloned under the control of an
H1 promoter as previously described.”” shRNA vector plasmids were then
co-transfected with AAV vectors expressing target genes (2:1 ratio) or with
empty vector as control into 293 cells for 48 hours to determine the level of
knockdown of gene expression by immunoblotting. The siRNA sequences
are shown in Table 1.

All viral vectors contained AAV2 terminal repeats and were packaged
in AAV5 capsids that were purified as described previously.*** The GFP
and rhodopsin shRNA expressing viruses have been described.?>? All
shRNA vectors contained a GFP cassette in addition to the sShRNA cassette
driven by an HI promoter. Empty AAV5 virus particles were obtained
by fractionation on iodixanol density gradients and subsequent monoQ
chromatography as described for full particles. Titers were determined by
dot-blot assays and reverse transcriptase-PCR. Dot-blot assay titers were
used to determine the input dose used for injection. For comparison with
work reported by others, we found that the dot-blot titers are about 8-10
times higher than titers determined by reverse transcriptase-PCR. The
dot-blot virus titers were 2.6 x 10'? vector genomes (vg)/ml for si-312, rds,
myocardin, and rat a-syn, 9 x 10**vg/ml for si-163, 2.6 x 10" vg/ml for
rhodopsin, and 4.5 x 10" vg/ml for GFP. Empty AAV'5 particles had a titer
of 7 x 10" particles/ml as determined by B1 AAV antibody normalized to
GFP virus. Viruses were stored and diluted in Lactated Ringers solution.

Intracerebral injections. All surgeries were performed as previously
described.* The rats were placed in the stereotaxic frame and recombi-
nant AAV vectors were injected into the SNc (anteroposterior: —5.6 mm,
lateral: ~2.4mm from bregma, and dorsoventral: —=7.2mm from dura),
through a glass micropipette with an inner diameter ~30-40 um at a rate of
0.5 ul/minute. Animals were injected with a total of 1.5l containing ~4 x
10°vg/ml of the appropriate gene unless otherwise indicated.

Tissue preparation. Animals were deeply anesthetized by pentobarbital
injection (150 mg/kg, intraperitoneally). Brains were removed and divided
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into two parts at approximately —3.5mm behind bregma. The caudal part
containing the SNc was fixed in the ice-cold 4% paraformaldehyde in
0.1 mol/l phosphate buffer (PB), pH 7.4. The rostral piece of brain tissue
was dissected on the right and left striatum. The tissue pieces were weighed,
frozen separately on dry ice, and kept at —80°C until assayed. The fixed
part of brains were stored overnight at 4°C and then transferred into 30%
sucrose in 0.1 mol/l PB for cryoprotection. Forty micrometer thick coronal
sections were cut on a freezing stage sliding microtome.

For preparation of tissues that were used to measure the reduction of
a-syn in VTA, an alternative method was used as previously described.”
Rats were perfused sequentially through the ascending aorta with: 20 ml of
heparinized saline; 50 ml of 3.75% acrolein, and 2% paraformaldehyde in
0.1 mol/1 PB, pH 7.4 (PB); and finally with 200 ml of 2% paraformaldehyde
in PB. Coronal sections (40-pm thick) were cut on a Vibratome (Leica)
in chilled PB. Sections were incubated for 30 minutes in 1% sodium
borohydride in PB to inactivate excess aldehydes and washed in PB. After
a rinse in 0.1 mol/l Tris-buffered saline, pH 7.6, sections were processed
for immunocytochemical labeling. This method shows increased nuclear
staining of a-syn as described previously.*’

Immunohistochemistry. For bright-field microscopy analysis sections were
preincubated first with 1% H,0,-10% methanol for 15 minutes and then
with 5% normal goat serum for 1 hour. Sections were incubated overnight
at room temperature with mouse anti-TH (at 1:2,000 dilution; Chemicon,
Temecula, CA) or mouse anti- a-syn (clone 42; BD Laboratories, Franklin
Lakes, NJ) antibodies. When a biotinylated secondary antibody was used,
this was followed by incubation with avidin-biotin-peroxidase complex
(Vector Laboratories, Burlingame, CA) and reactions were visualized using
3,3-diaminobenzidine.

For confocal microscopy, sections were incubated with the indicated
primary antibodies for a-syn, TH and hemagglutinin (Abcam, Cambridge,
MA), VMAT (Santa Cruz Biotechnology, Santa Cruz, CA),and a secondary
antibody labeled with Cy2, Cy3, or Cy5 (Jackson Immunoresearch
Laboratories, West Grove, PA). The sections were examined with a Leica
laser scanning confocal microscope.

Unbiased stereology. Unbiased estimation of the total number of the TH™*
neurons in SNc was performed as previously described** using sections
stained with TH antibody. Some measurements were also made with sec-
tions stained with cresyl violet or with antibody to AADC, VMAT, or
GFP.

Immunoblotting. Tissue homogenates described above were adjusted to a
final concentration of 1% NP-40, 0.1% sodium dodecyl sulfate, incubated
on ice for 30 minutes and centrifuged for 15 minutes at 4°C. Protein con-
centrations were determined by Bradford. 50 ug of each lysate was sepa-
rated on Biorad precast 4-20% sodium dodecyl sulfate-polyacrylamide
(gradient) gel electrophoresis, transferred to polyvinylidene fluoride
(Millipore, Bedford, MA) membranes, and immunoblotted. Membranes
were incubated with primary antibodies for 2 hours at room temperature or
4°C overnight. Primary antibodies were diluted at 1:2,000 (a-syn antibody,
BD, and TH antibody; Chemicon), or 1:5,000 (GAPDH antibody; Abcam)
before incubation. After washing, membranes were incubated with perox-
idase-conjugated or fluorescently labeled secondary antibodies for 1 hour.
Peroxidase-conjugated hemagglutinin (Roche, Basel, Switzerland) antibody
was used to detect hemagglutinin-tagged proteins and the intensity of the
bands was determined by densitometry using Image Quant 5.0 software
(GE Healthcare Life Sciences, Piscataway, NJ). Cy3 and Cy5 fluorescently
labeled antibodies (Jackson Immunoresearch Laboratories) were used for
TH and a-syn detection and the intensity of the bands was determined using
a Typhoon fluorescent phosphoimager and ImageQuant TL software.

Striatal DA measurements. DA samples were thawed and the equivalent
of 3mg starting tissue was diluted into 1 ml of 0.1 N HCIO, containing
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dihydrobenzylamine as an internal control, and thoroughly homogenized.
The sample was centrifuged and the supernatant was filtered through a
0.2-um filter. DA and 3,4-dihydroxyphenylacetic acid levels were analyzed
on a Beckman Gold System using a C18 Waters Symmetry column and an
ESA Coulochem electrochemical detector equipped with a 5011A analyti-
cal cell. The mobile phase was: 8.2mmol/l citric acid, 8.5mmol/l sodium
phosphate monobasic, 0.25mmol/l EDTA, 0.30mmol/l sodium octyl
sulfate, and 7.0% acetonitrile, pH 3.5.

Rotational behavior. Drug-induced rotational behavior was measured
following an injection of b-amphetamine sulfate (2.5 mg/kg intraperitone-
ally; Sigma, St Louis, MO) at 4, 8, and 12 weeks after the viral injection.
Rotations were measured during a 90-minute period, and full 360° turns
were counted.

Statistical analysis. Data were analyzed using unpaired t-test, one-way anal-
ysis of variance with Tukey post-test or two-way analysis of variance with
Bonferroni post-test using Prism 4 (GraphPad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL

Figure S1. Unbiased estimation of TH* cells remaining in SNc after
expression of GFP, a-syn siRNAs or control siRNAs in rat SNc.

Figure $2. Expression of a-syn siRNA increases the DOPAC to DA
ratio.

Figure $3. GFP and TH positive cells were lost or retained at the same
rate.

Figure $4. Unbiased estimation of cresyl violet (CV) positive cells
remaining in SNc after expression of GFP or o-syn siRNAs in rat SNc.
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