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Mice lacking alpha-synuclein are resistant to mitochondrial toxins
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Abnormalities in the function of o-synuclein are implicated in the
pathogenesis of Parkinson’s disease (PD). We found that a-synuclein-
deficient mice are resistant to MPTP-induced degeneration of dop-
aminergic neurons. There was dose-dependent protection against loss
of both dopamine in the striatum and dopamine transporter (DAT)
immunoreactive neurons in the substantia nigra. These effects were not
due to alterations in MPTP processing. We found that o-synuclein-
deficient mice are also resistant to both malonate and 3-nitropropionic
acid (3-NP) neurotoxicity. There was reduced generation of reactive
oxygen species in a-synuclein-deficient mice following administration
of 3-NP. These findings implicate o-synuclein as a modulator of
oxidative damage, which has been implicated in neuronal death
produced by MPTP and other mitochondrial toxins.
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Introduction

A role of a-synuclein in the pathophysiology of Parkinson’s
disease (PD) has been under intense investigation following the
finding that mutations in a-synuclein are associated with dominantly
inherited PD, and that a-synuclein appears to be the most abundant
protein in Lewy bodies (Polymeropoulos et al., 1997; Spillantini et
al., 1998; Kruger et al., 1999). a-Synuclein is also part of glial
cytoplasmic inclusions of multiple system atrophy (Tu et al., 1998).
It is associated with the neuronal intranuclear inclusions of
Huntington’s disease (Furlong et al., 2000; Mezey et al., 2000).
Overexpression of both wild-type and mutated a-synuclein produ-
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ces neurotoxicity in Drosophila, mice, and rats (Feany and Bender,
2000; Kirik et al., 2002; Richfield et al., 2002; Giasson et al., 2002;
Lee et al., 2001a).

The normal physiologic role of a-synuclein is unknown. a-
Synuclein is widely expressed in the nervous system, where it is
found in presynaptic nerve terminals closely associated with
presynaptic vesicles (Goedert, 2001; Cole and Murphy, 2002).
Immunoelectron microscopy, as well as cell-fractionation studies,
suggest that a-synuclein is not stably associated with synaptic
membranes (Clayton and George, 1999; Kahle et al., 2000). a-
Synuclein, however, undergoes a marked conformational change
upon binding to cellular membranes and interacts with a number of
vesicle-related and microtubule-associated molecules (Goedert,
2001). In the substantia nigra dopaminergic neurons, a-synuclein
may regulate the rate of refilling of the releasable pool of synaptic
vesicles (Abeliovich et al., 2000).

The neurotoxicity of a-synuclein may be related to its fibrilliza-
tion. Both PD a-synuclein mutations [Ala>*-Thr (A53T) and [Ala*®-
Pro (A30P)] accelerate the formation of nonfibrillar oligomeric
protofibrils in vitro, but A30P inhibits the conversion of protofibrils
to fibrils (Conway et al., 2000). Dopamine is oxidatively linked to a-
synuclein, and this prevents the protofibril-to-fibril conversion,
causing accumulation of a-synuclein protofibrils (Conway et al.,
2001). Toxicity in Drosophila is dependent on phosphorylation of
serine 129 (Chen and Feany, 2005).

Oxidative damage can cross-link a-synuclein with the formation
of dityrosine, and a-synuclein can be nitrated (Souza et al., 2000;
Paxinou et al., 2001). Lewy bodies are nitrated in PD, suggesting
that peroxynitrite mediated oxidative damage may contribute to
disease pathogenesis (Giasson et al., 2000). a-Synuclein increases
oxidative damage in vitro and sensitizes cells to oxidative insults
(Hsu et al., 2000; Ko et al., 2000; Ostrerova-Golts et al., 2000; Lee et
al., 2001b).

Therefore, we examined whether a deficiency of a-synuclein
alters susceptibility to mitochondrial toxins which produce oxidative
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damage. We examined the effects of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a toxin which produces an animal
model of PD (Beal, 2001). We also examined the susceptibility of a-
synuclein-deficient mice to the mitochondrial toxins malonate and
3-NP, which produce striatal toxicity which closely mimic many
features of HD (Beal et al., 1993; Brouillet and Hantraye, 1995).

Materials and methods

All experiments were conducted in accordance with the
National Institutes of Health guidelines for the care and use of
experimental animals. The a-synuclein '~ mice were generated as
previously described (Abeliovich et al., 2000). Briefly, a gene-
targeting construct was generated in which the first two exons,
encoding amino acids 1—41 and upstream untranslated sequences
were deleted. This targeting sequence was electroporated into
embryonic stem (ES) cells to produce a-synuclein™'~ mice. The
resulting homozygous a-synuclein ™'~ mice are viable, normal in
size, and fertile. The a-synucleinf/ ~ mice have an absence of «a-
synuclein mRNA and protein. MPTP (Research Biochemicals,
Wayland, MA) was dissolved in phosphate-buffered saline (PBS),
and 20 mg/kg was injected i.p. in a volume of 0.15 ml every 2 h for
three doses in wild-type littermate control, hemizygous a-
synuclein”~ mice and homozygous a-synuclein ™'~ mice. Control
mice received PBS vehicle. Eight to ten animals were examined in
each group. Mice were sacrificed 7 days after MPTP injections,
and the striata were dissected and placed in chilled 0.1 M
perchloric acid. Samples were sonicated and centrifuged, and an
aliquot was taken for measurements of dopamine, 3, 4-dihydroxy-
phenylacetic acid (DOPAC), and homovanillic acid (HVA) by
HPLC using electrochemical detection as previously described.
Concentrations of dopamine and metabolites were expressed as
nanograms per milligram of protein (means * SEM). In a similar
experimental paradigm, histopathological evaluation of the effects
of MPTP i.p. injections was performed in 6 wild-type littermate
control and 6 a-synuclein ™~ mice. The mice received the same
treatment regimen as above. Seven days after the last MPTP
injection, the mice will be deeply anesthetized and transcardially
perfused with phosphate-buffered 4% paraformaldehyde.

The brains were postfixed for 24 h and cryoprotected in a
graded series of 10 and 20% glycerol/2% DMSO solution. Tissue
specimens were subsequently serially cut on a cryostat at 50 um,
stored in six separate collection wells, and stained for Nissl using
cresyl violet as previously described. Cut tissue sections of the
midbrain were immunostained for dopamine transporter (DAT)
(DAT antisera, 1:500 dilution; Chemicon International, Inc). DAT
labels neurons of the substantia nigra pars compacta. Midbrain
sections through both the left and the right substantia nigra from
the bregma levels fi 3.08 to fi 3.16 mm and intraaural levels 0.72 to
0.64 mm were analyzed by microscopic videocapture. Stereologic
counts of Nissl- and DAT-positive neurons within the substantia
nigra pars compact were computed using Neurolucida (Micro-
brightfield, Colchester, VT) image analysis software. The dissector
counting technique was employed, in which all neurons were
counted in an unbiased selection of serial sections in a defined
volume of the substantia nigra.

Quantification of cross-sectional area and density measure-
ments of DAT immunoreactive striatal terminals were made using a
Nikon Optiphot laboratory microscope configures with a “Cool-
Snap”, cooled CCS digital camera Media Cybernetics, Silver

Spring, MD). Spatially calibrated digital photomicroscope images
of the striatum were taken at 1x, and a sample area (AOI) of 21030
um? was used to measure the integrated optical density of MPTP
lesions. Two reading from several sections from each animal were
made by measuring the optical density of DAT staining in a striatal
lesion and then at a nearby unaffected striatum. To normalize the
data, the measurements were expressed as ratio of the unaffected
tissue measurement divided by the value of the lesion. These
measurements were made in PBS wild-type injected animals and in
homozygous knockouts, heterozygous knockouts, and in MPTP
injected wild-type animals.

To determine whether MPTP uptake or metabolism was altered,
a single dose of MPTP 20 mg/kg was administered i.p., and mice
were sacrificed at 90 min after the last injection (n = 6 per group).
Striatal tissue was dissected, and samples were sonicated in 0.1 M
perchloric acid. MPP" levels were quantified by HPLC with UV
detection at 295 nm. An aliquot of supernatant was injected onto a
Brownlee Aquapore X03-224 cation exchange column (Rainin,
Woburn, MA). Samples were eluted isocratically with 90% 0.1 M
acetic acid and 75 mM triethylamine HC1, pH 2.3, adjusted with
formic acid and 10% acetonitrile.

Malonate (Sigma, St. Louis, MO) was dissolved in PBS and the
pH adjusted to 7.4 with HC1. Intrastriatal injections of 1.0 pl
containing 1.5 pmol of malonate were made within the left striatum
0.5 mm anterior to bregma, 2.1 mm lateral to the midline, 3.8 mm
ventral to the skull surface of both wild-type littermate control and
a-synuclein-deficient mice, using a 10-pl Hamilton syringe fitted
with a 26-gauge needle (n = 10 for each group). At 7 days, mice
were deeply anesthetized and transcardially perfused with 4%
buffered paraformaldehyde. Striatal lesion volumes were deter-
mined on Nissl-stained sections from the areas of pallor in which
there was increased gliosis and neuronal loss. Stereological
analysis of lesion volumes using the Cavalieri principle was
computed from serial sections through the striata using Neuro-
lucida software (Microbrightfield).

3-Nitropropionic acid (Sigma) was dissolved in PBS (pH
adjusted to 7.4) and injected intraperitoneally nine times at 12-h
intervals, using a dose of 50 mg/kg per injection in both o-
synuclein-deficient and littermate wild-type mice (z = 10 for each
group). The animals were deeply anesthetized and transcardially
perfused with buffered 4% paraformaldehyde 3—5 h after the last
3-NP injection and processed for histopathology as above. Striatal
lesion volumes were determined on Nissl-stained sections from the
areas of pallor in which there was increased gliosis and neuronal
loss. Stereological analysis of lesion volumes using the Cavalieri
principle was computed from serial sections through the striata
using Neurolucida software (Microbrightfield).

To study effects of 3-NP on succinate dehydrogenase (SDH)
activity, mice were injected i.p. with 3-NP as follows: 1st day, 2 x
25 mg/kg; 2nd and 3rd days, 2 x 50 mg/kg; 4th day, 50 and 25 mg/
kg; 5th day, 50 mg/kg; mice were sacrificed 5 h after the last
injection We examined 4 mice in each group. Mice were sacrificed
by cervical dislocation, and striata and cortex samples were
immediately dissected on ice-cold plate, weighted and frozen at
—80°C overnight. Frozen tissue was thawed on ice and manually
homogenized in 1 ml or 20 mM HEPES (pH 7.6) buffer using a
Dounce-type homogenizer. Homogenates were diluted with 20
mM HEPES (pH 7.6) to 1 mg tissue per ml and loaded into a 96-
well plate.

SDH activity was measured spectrophotometrically by following
2,6-dichloro-phenolindipohenol (DCPIP) reduction (Arrigon and
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Singer, 1962) at 595 nm with a HTS7000" plate reader (Perkin-
Elmer, USA). The reaction mixture contained 80 pM DCPIP, 5 mM
succinate, 1 uM rotenone, 1 mM KCN, 40 uM coenzyme Q1, and 20
mM HEPES 9 pH 7.6). The baseline reaction rate was obtained by
supplementing the reaction mixture with 100 mM thenoyltrifluor-
oacetone (TTFA, a specific inhibitor or SDH). Specific SDH activity
was obtained by subtracting the baseline rate from that in the absence
of TTFA. Extinction coefficient for DCPIP was taken as £ 00 nm) =
21 x em™' x mM L

4HBA/3,4DHBA measurement

4-Hydroxybutyric acid (4HBA) at a dose of 600 mg/kg
(dissolved in saline) was administered i.p to wild-type, hemi-
zygous, and homozygous knockout mice (n = 8 for each group).
After 20 min, 3-NP (100 mg/kg i.p., dissolved in saline) was
administered. Twenty minutes following 3-NP administration, a
second injection of 4HBA (600 mg/kg, i.p.) was made, and the
animals were sacrificed after 20 min. Additional set of animals
were sacrificed 20 min after a single 600 mg/kg dose of 4HBA.
The brains were rapidly removed, dissected on chilled glass plate,
and stored at — 80°C until measurement. Eighty microliters 0.5
M PCA was added to the striatal tissues, sonicated, and
centrifuged for 10 min at 10,000 g. The supernatant was used
to determine the concentrations of 3,4-dihydroxybutyric acid (3,4-
DHBA) and 4HBA using HPLC/EC. Samples were separated on
a Super ODS 4.6 x 50 mm, 2 mm column (Tosohass,
Mongomeryville, PA). The mobile phase was delivered at 1 ml/
min (ESA model 480 pump, ESA, Chelmsford, MA) consisting
of 100 mM NaH,PO, (pH 2.8 with phosphoric acid), 6.5%
methanol (v/v). Analytes were detected using a dual potentiostat
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electrochemical detector (Coulochem II, ESA) and a dual
coulometric electrode analytical cell (model 5011, ESA). The
potential applied to the first and the second electrodes were +225
and +700 mV, respectively. 3,4-DHBA was detected on the first
electrode, and 4HBA on the second. Data collection was
performed using an ESA 500 data station. Under these
conditions, the limit of detection for 3,4-DHBA is about 0.5 pg
on the column, and the chromatogram was completed in under 10
min. Data were expressed as the mean + SEM values of the ratio
(3,4-DHBA/4-HBA) (nmol/mmol).

Statistical analysis

Results are expressed as the mean £ SEM. Statistical compar-
isons were made using unpaired student’s 7 test or one-way ANOVA
followed by Fisher’s PLSD post hoc tests.

Results

The effects of administration of MPTP in wild-type controls
and a-synuclein knockout mice are shown in Fig. 1. The dose of
MPTP we used (3 x 20 mg/kg) produced significant dopamine
depletion of 70% in wild-type controls. The same dose of MPTP
produced a significant 49% depletion of dopamine in heterozygous
knockout mice and 41% in homozygous knockout mice (P < 0.05
and P < 0.002 respectively). This MPTP dose produced a
significant depletion of DOPAC and HVA in controls. There was
a trend of increasing levels of the metabolites in the knockout
groups, but only the HVA level reached statistical significance in
the homozygous knockout mice. The decreased sensitivity to

60 HEcontr/PBS

Bcontr/MPTP
I mhet/PBS
5 T Dhet/MPTP
L Oko/PBS
Oko/MPTP

40 4

ng/mg protein

dopac hva

Fig. 1. Effects of MPTP on dopamine, DOPAC, and HVA in wild-type control, a-synuclein heterozygous knockout, and homozygous knockout mice. The lack
of a-synuclein protein provided a dose-dependent neuroprotection against MPTP-induced dopamine DOPAC a HVA depletion *P < 0.001, as compared to
PBS-treated wild-type animals; “P < 0.05 compared to MPTP-treated wild-type animal “*P < 0.002, as compared to MPTP-treated wild-type mice by ANOVA
with Fisher PLSD post hoc test. Het: heterozygous knockout mice, ko: homozygous knockout mice.
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Fig. 2. Effects of MPTP on numbers of substantia nigra DAT immunor-
eactive neurons. There were no differences in the knockout mice treated
with vehicle as compared to wild type, but there was a significant protection
against cell loss in knockout mice as compared to wild type following
MPTP. **P < 0.01 compared to wild type with PBS; *P < 0.05 compared
to MPTP-treated wild type by ANOVA with Fisher PLSD post hoc test.

MPTP was not caused by an alteration in uptake or metabolism of
MPTP to MPP" because striatal MPP" levels did not significantly
differ at 90 min after MPTP administration (MPP" 4.74 + 1.48 ng/
mg protein in controls and 5.12 + 1.91 ng/mg protein in
homozygous knockout mice).

As shown in Fig. 2, the number of DAT immunoreactive
neurons in the substantia nigra pars compacta did not differ at
baseline in wild-type mice treated with phosphate-buffered saline
(PBS) as compared to a-synuclein homozygous knockout mice.
Following administration of MPTP, there was a significant
depletion of DAT immunoreactive neurons in the wild-type mice,
which was significantly attenuated in the homozygous a-synuclein
knockout mice (Figs. 2 and 3). Nissl staining confirmed these
findings (data not shown). We also examined the area of MPTP-
induced loss of DAT immunoreactivity in the striatum. This was
significantly attenuated in both the heterozygous and the homo-
zygous a-synuclein knockout mice, consistent with the dopamine
measurements (Fig. 4).

We also examined whether a deficiency of a-synuclein would
protect against striatal lesions produced by either malonate or 3-
NP. As shown in Figs. 5 and 6, striatal lesions produced by
malonate were significantly attenuated by 35% in the homozygous
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Fig. 4. Cross-sectional area of MPTP induced loss of DAT immunor-
eactivity in the striatum. The lesion areas were significantly attenuated in
both heterozygous and homozygous a-synuclein knockout mice as
compared to wild type treated with MPTP. **P < 0.01, ***P < 0.001.

a-synucelin knockout mice. The striatal lesion volumes produced
by 3-NP are shown in Fig. 7. Administration of 3-NP produced
striatal lesions in the wild-type mice that were dose-dependently
significantly attenuated in the heterozygous and homozygous o-
synuclein knockout mice.

To confirm that there was no alteration in uptake or
metabolism of 3-NP in the a-synuclein-deficient mice, we
measured its effects on SDH activity in both cerebral cortex and
striatum of 3-NP treated mice versus vehicle. In all instances,
SDH was reduced approximately 80% from control values. The
values in cortex in controls, a-synuclein™~ and a-synuclein™/~
mice treated with 3-NP did not significantly differ (0.34 = 0.04,
0.43 + 0.04 and 0.30 + 0.02 nmol DCPIP/min/mg of tissue wet
weight. Similarly, there were no significant differences in the
striatum (0.25 = 0.03, 0.27 + 0.02, and 0.25 + 0.02 nmol
DCPIP/min/mg of tissue wet weight.

Conversion of 4HBA to 3,4ADHBA in a-synuclein knockout
mice after administration of 3-NP is shown in Fig. 8. The
conversion of 4HBA to 3,4DHBA is a well-described marker of
oxidative stress mediated by OH- radicals. Under physiological
conditions, there was no difference in the 3,4DHBA/4HBA ratio
in the striata of wild-type and homozygous knockout mice.
Administration of 3-NP resulted in a significant increase in the
ratio of 3,4DHBA to 4HBA in wild-type mice, which was dose

Fig. 3. Representative sections shown at low magnification (top) and high magnification of DAT immunostained neurons in the substantia nigra of wild-type
mice treated with PBS (A), oc-synuclein’/ ~ mice treated with PBS (B), wild-type mice treated with MPTP (C) and a-synuclein '~ mice treated with MPTP (D).
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Fig. 5. Nissl stained sections showing a malonate lesion in a wild-type mouse (A) and in a-synuclein

dependently significantly attenuated in heterozygous and homo-
zygous knockout mice (P < 0.05 and P < 0.02 respectively).

Discussion

In the present experiments, we examined the susceptibility of a-
synuclein-deficient mice to the neurotoxin MPTP, which has been
used to model PD in mice (Beal, 2001). We found that a-synuclein
mice are resistant to both dopamine depletion and loss of DAT
immunostained neurons in the substantia nigra pars compacta. This
resistance did not appear to be due to altered uptake or processing of
MPTP, since we found no significant differences in MPP" levels in
the mutant as compared to control mice at 90 min. Sequestration of
MPP" into vesicles is therefore unlikely to account for the protection
we observed.

In the present experiments, we also examined the suscepti-
bility of a-synuclein-deficient mice to the mitochondrial toxins
malonate and 3-NP. Malonate and 3-NP are respectively
reversible and irreversible inhibitors of succinate dehydrogenase,
which replicate many of the characteristic pathologic and
phenotypic features of HD (Beal et al., 1993; Brouillet and
Hantraye, 1995). We found that the striatal lesions produced by
both of these toxins were significantly decreased in a-synuclein
deficient as compared to control mice. These findings, therefore,
show that a-synuclein deficiency protects not only against
MPTP but also against direct acting mitochondrial toxins. The
resistance to 3-NP was not due to any difference in uptake or
metabolism, since the extent of SDH inhibition in both the
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Fig. 6. Striatal lesion volume produced by malonate in wild type compared
to homozygous a-synuclein knockout mice. The striatal lesion volumes
were significantly attenuated. *P < 0.05.

/.

~ mouse (B).

cerebral cortex and striatum did not significantly differ between
control, hemizygous, and homozygous a-synuclein knockout
mice. In the case of both MPTP and 3-NP, we found that the
protection was gene dosage-dependent since homozygote knock-
out mice showed greater protection than heterozygote knockout
mice.

We also examined whether the «-synuclein-deficient mice
produce less reactive oxygen species. We previously showed that
3-NP increases hydroxyl radical generation, and that 3-NP
induced striatal lesions are significantly attenuated by free radical
scavengers (Schulz et al., 1996). Furthermore, 3-NP lesions are
exacerbated in mice deficient in free radical scavenging enzymes
(Klivenyi et al., 2000; Andreassen et al., 2001). In the present
experiments, we found that a-synuclein-deficient mice show
reduced hydroxyl radical generation following intrastriatal admin-
istration of 3-NP, consistent with the neuroprotective effects we
observed.

How might a-synuclein modulate oxidative damage. a-Synu-
clein appears to be important in vesicular loading of dopamine
(Abeliovich et al., 2000). MPTP induced release of dopamine was
reduced in another line of a-synuclein-deficient mice (Dauer et al.,
2002). When a-synuclein expression is reduced in cultured rat
neurons, the number of vesicles in the distal pool of the presynaptic
terminal is reduced (Murphy et al., 2000). In the a-synuclein mice
tissue (intracellular), dopamine was reduced (Abeliovich et al.,
2000). Thus, there may be reduced cytoplasmic dopamine in the o-
synuclein-deficient mice. The importance of cytoplasmic dopamine
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Fig. 7. Striatal lesion volumes in wild-type heterozygous knockout and
homozygous knockout mice following administration of 3-NP. The striatal

lesion volumes were significantly attenuated in both the heterozygous
knockout and the homozygous knockout mice. *P < 0.05, **P < 0.01.
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Fig. 8. Conversion of 4HBA to 3,4ADHBA in a-synuclein knockout mice
under physiological conditions and after systemic administration of 3-NP.
There was no difference in the 3,4ADHBA/4HBA ratio under physiological
conditions. Administration of 3-NP resulted in a significant increase in the
ratio of 3,4ADHBA to 4HBA in wild-type mice, which was significantly
attenuated in heterozygous and homozygous knockout mice. (A) Basal
levels; (B) after 3-NP. *P < 0.05, compared to wild-type mice. Wt: wild
type, het: heterozygous knockout mice, homo: homozygous knockout mice.

to PD cell death is supported by the finding that the dopaminergic
neurons of the ventral tegmental area, which are resistant as
compared to the substantia nigra, express high levels of the vesicular
monoamine transporter, which promotes vesicular sequestration of
dopamine, and low levels of the dopamine transporter which pumps
dopamine into the cytoplasm (Takahashi et al., 1997). Cytoplasmic
dopamine may autooxidize, contributing to the production of
reactive oxygen species (Sulzer et al., 2000). Accumulation of «-
synuclein in cultured human dopaminergic neurons results in
apoptosis which is dependent on dopamine and the production of
reactive oxygen species (Xu et al., 2002).

A reduction in release of dopamine may explain the neuro-
protection seen in the a-synuclein mice against both malonate and 3-
NP neurotoxicity. Striatal lesions produced by malonate and 3-NP,
as well as the generation of reactive oxygen species, are significantly
attenuated in rats with 6-hdyroxydopamine lesions of the striatum or
pharmacologic depletion of dopamine (Maragos et al., 1998;
Reynolds et al., 1998; Xia et al., 2001). Furthermore, systemic or
intrastriatal administration of L-DOPA or dopamine, respectively,
restores malonate toxicity and generation of reactive oxygen species

in 6-hydroxydopamine lesioned rats (Xia et al., 2001), and
dopamine transporter knockout mice are hypersensitive to 3-NP-
induced striatal damage (Fernagut et al., 2002).

Several prior studies showed that a-synuclein-deficient mice
were resistant to MPTP neurotoxicity. The initial study suggested
that a lack of a-synuclein interfered with the ability of MPP" to
block complex I, perhaps by increasing monoamine vesicular
transport (Dauer et al., 2002). In another study of chronic MPTP
administration, mice lacking a-synuclein had an attenuated loss
of dopamine but no loss of striatal vesicular monoamine
transporter protein (VMAT-2) (Drolet et al., 2004). Despite the
attenuated toxicity, elevated lactate concentrations were observed
in the a-synuclein knockout mice, arguing against impaired
ability of MPP" to impair mitochondrial energy production.
Continuous MPTP infusion by Alzet pump produced long-lasting
activation of glucose uptake, and impairment of the ubiquitin—
proteosome system (Fornai et al., 2004). In mice lacking o-
synuclein MPTP induced metabolic activation, but behavioral
symptoms and loss of dopamine neurons were almost completely
abrogated, as was the production of a-synuclein inclusion bodies
(Fornai et al., 2004). Our present findings that mice lacking «-
synuclein are resistant not only to MPTP but also to malonate
and 3-NP, and that they exhibit reduced generation of reactive
oxygen species, suggest that a-synuclein deficiency results in
neuroprotection by reducing oxidative stress. This is consistent
with observations that overexpression of a-synuclein increases
oxidative stress (Orth et al., 2004). Increased a-synuclein can
inhibit the proteosome which then leads to oxidative damage in
vitro (Sullivan et al., 2004).

The present findings are consistent with a role of a-synuclein
in modulating dopamine release and oxidative damage in PD.
There may be a complex interaction as suggested by the
observation that oxidative forms of dopamine can promote -
synuclein protofibril generation (Conway et al., 2001). Expression
of mutant a-synuclein causes increased susceptibility to dopamine
toxicity, and an a-synuclein fragment produces neurotoxicity to
dopaminergic neurons both in vitro and in vivo (Forloni et al.,
2000; Tabrizi et al., 2000; Xu et al., 2002). Furthermore,
administration of rotenone, a selective mitochondrial complex I
inhibitor which generates ROS, can produce, selective damage to
substantia nigra neurons, and a-synuclein positive Lewy bodies
(Betarbet et al., 2000). MPTP upregulates a-synuclein expression
in both mice and primates (Kowall et al., 2000; Vila et al., 2000;
Fornai et al., 2004). Paraquat which produces oxidative damage
and is implicated PD pathogenesis also upregulates a-synuclein
(Manning-Bog et al., 2002). Lastly, oxidative damage may
contribute to Lewy body generation (Giasson et al., 2000). The
mutations in a-synuclein in familial PD may promote the ability of
a-synuclein to generate protofibrils. In sporadic PD, exposure to
environmental toxins may produce oxidative damage, promote o-
synuclein expression and aggregation, which is then exacerbated
by dopamine, and directly contribute on degeneration of substantia
nigra neurons.
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