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Parkinson'’s disease (PD) is a progressive neuro-
logical disorder marked by nigrostriatal dopaminer-
gic degeneration and development of cytoplasmic
proteinaceous aggregates known as Lewy bodies.
Although the pathogenic mechanisms responsible for
PD are not completely understood, many clues have
come from biochemical, epidemiological, and
genetic studies. Mutations in certain genes found in
rare, familial cases of PD, such as  «-synuclein and
parkin, suggest a role for the ubiquitin-proteosome
system and aberrant protein aggregation. Biochem-
ical analyses have implicated mitochondrial dys-
function in PD. Epidemiological and animal model
studies point to a role for environmental toxins,
some of which are mitochondrial inhibitors. Mito-
chondrial dysfunction, resulting from either genetic
defects, environmental exposures or an interaction
between the two, may cause «-synuclein aggregation
or neurodegeneration through oxidative stress or
excitotoxicity. A better understanding of the mecha-
nisms underlying PD should reveal novel therapeu-
tic targets.

Brain Pathol 2002;12:499-510.

Introduction

Parkinson’s disease (PD) isalate onset, progressive,
neurodegenerative, movement disorder. Clinical symp-
toms of PD consist of tremor, rigidity and bradykinesia.
The pathological hallmark of PD isthe progressive and
sel ective degeneration of the nigrostriatal pathway and
dopaminergic cells of the substantianigra. The subsequent
dopamine deficiency in striatum is believed to underlie
many of the clinical manifestations of PD (3, 21, 23, 33,
48).

An additional, important pathological feature of PD
is the presence of cytoplasmic inclusions called Lewy
bodies. Lewy bodies contain aggregates of many different
proteins and are present in the dopaminergic neurons of
substantianigraand in brain regions such as the cerebral
cortex and magnocellular basal forebrain nuclei (12). A

major component of the Lewy body is a protein called
a-synuclein (87). Mutations in the a-synuclein gene
have been associated with rare familial cases of PD
(74). However, Lewy bodies are positive for a-synuclein
in the majority of idiopathic PD casesthat lack a-synu-
clein mutations, suggesting acentral rolefor a-synuclein
protein in PD pathogenesis. Transgenic animal models
have further implicated a-synuclein in the etiology of PD
(26, 64). In addition to a-synuclein, mutations in 2
other genes, parkin and ubiquitin carboxy-terminal
hydrolase L1, have been associated with familial PD
and have suggested that dysfunctional protein degrada-
tion might be an important factor in the etiology of PD
(67).

Mitochondrial dysfunction and subsequent oxidative
stress have also been strongly implicated in the patho-
genesis of PD. Several reports demonstrate modest but
reproducible reductions in mitochondrial complex |
function in avariety of tissuesfrom PD patients, includ-
ing brain, platelets, muscle and fibroblasts. Thisfinding
suggests a systemic complex | defect in PD (10, 15, 62,
69, 71, 79, 84). The role of mitochondria in PD has
been further accentuated by the observation that M PP,
the active metabolite of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and an inhibitor of complex
I of the mitochondrial electron transport chain (ETC),
causes an acute parkinsonian syndrome (41, 70, 94).

At several locations along the mitochondrial ETC,
there are sites of “electron leaks.” These electrons can
combine with molecular oxygen and form reactive oxy-
gen species (ROS), such as superoxide (O,) and hydro-
gen peroxide (H,O,). The ROS can readily react with
DNA, lipids and proteins and cause oxidative damage.
Of particular relevanceto PD isthe site of electron leak
within complex | of the ETC (36, 38, 95). Mounting evi-
dence for oxidative stress and damage in brains of PD
patients implicates oxidative damage as a mechanism of
central importance in PD neurodegeneration.

Environmental toxins, including pesticides, have
also been determined to be risk factorsfor PD based on
epidemiological observations. Farming, living in rural
areas, drinking well water and exposure to agricultural
chemicals are associated with increased risk for PD (75,
76). Occupational exposure to certain metals, most
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Benzimidazole Hoe 110779
Bullactacin Pyridaben
6-Chlorobenzothiadiazole Pyrimidifen

Cyhalothrin Sandoz 547A
Fenazaquin Tebufenpyrad
Fenpyroximate Thiangazole

From Degli Esposti (22) and Lummen (61)

Table 1. Pesticides known to inhibit Complex 1.

Compounds Source
Rotenoids Leguminosae plants
Piericidins Streptomyces strains

Acetogenins Annonacae plants (custard apple, paw-paw)

Antibiotics Myxobacteria

Rhein Rhubarb

From Degli Esposti (22)

Table 2. Natural compounds known to inhibit complex I.

notably manganese (32, 39, 57, 81), has been suggested
as an additional environmental risk for PD.

Despite many years of research and numerous
hypotheses, studies havefailed to conclusively prove any
specific causefor PD. It iscommonly believed that acom-
bination of genetic and environmental factors, converg-
ing on mitochondrial defects, oxidative stress and aber-
rant protein aggregation, account for most cases of PD.
This review will therefore emphasize current hypothe-
ses of how a combination of factors contribute to pro-
gressive neurodegeneration and parkinsonism.

PD and Environmental Toxins

Epidemiological studies indicate an association
between numerous environmental factors and risk of
developing Parkinson’s disease. Some studies have
linked geographical distribution of pesticide usage with
prevalence of PD. For example, case-control surveys
from several countries including the United States,
Canada, Australia, Hong Kong, and Taiwan have shown
statistically significant associations between pesticide
exposures and PD (17, 29, 31, 39, 57, 68).

Experimental exposure of rodents to herbicides and
pesticides further supports the involvement of environ-

Figure 1. Photomicrographs of brain sections from a unilater-
ally MPTP-treated monkey. Sections through the striatum (A) and
the substantia nigra (B) are stained for tyrosine hydroxylase, the
rate-limiting enzyme in dopamine synthesis. The gray levels of
TH-immunoreactivity have been converted to a pseudocolor
scale where in red depicts high and blue depicts low
immunoreactivity. Note the markedly reduced TH-immunore-
activity in the lesioned striatum (top right) and lesioned substantia
nigra (bottom right) versus the control striatum (top left) and con-
trol substantia nigra (bottom left).

mental toxinsin PD. Exposure of miceto the herbicides
paraquat (13) and maneb (92) caused a dose-dependant
decrease in dopaminergic nigral neurons and striatel
dopaminergic innervation, followed by reduced ambu-
latory movement. The mechanism of action of paraquat
is believed to involve oxidative stress and due to its
structural similarity to MPP*, its toxic effects may
involve mitochondria. The observation that combined
effects of parquat and maneb (93) have greater effectson
the dopaminergic system than either of the chemicals
alone suggests that exposure to a mixture of toxins may
be relevant etiologically. The extent to which the mech-
anisms of action of environmental factors/toxins are
related or independent is not clear.

Interestingly, many pesticides and herbicides sharethe
common mechanism of causing mitochondrial dys-
function by inhibiting complex | (Table ). Many of
these pesticides are used on a broad scale in commercial
agriculture (22). In addition to synthetic compounds,
there exist many natural substances that potently inhib-
it complex | (Table 2) and therefore have a potentia
role in PD pathogenesis (22). Thus various environ-
mental factors converging on similar mechanisms of

500 Mechanistic Approaches to PD Pathogenesis—Betarbet et al



Cytoplasm
ytop Rotenone

MPP+

Outer membrane

H* / H*

Complex I11

Inner membrane

o H*

Complex IV

ATP
H+
NADH + I+ NAD* e 1/20, H,0O l
ADP + Pi
/ Fumarate
Complex IT TCA Cycle
Succinate
Matrix
Mitochondrion

Figure 2. Schematic diagram of the mitochondrial ETC. Note the site of complex | inhibition by rotenone and MPP* and ROS pro-
duction. Paraquat, due to its structural similarity to MPP*, may also modify mitochondrial function at complex I.

action may eventually provide insights to PD patho-
genesis.

To date, however, no environmental agent has been
conclusively linked to PD pathogenesis. There are sev-
eral explanations for this. Chronic low-grade exposure
to toxins over many years may be essential for developing
progressive neurodegeneration but might be very hard to
detect. There may be long latent periods between toxin
exposure and neurodegeneration such that clinical
symptoms develop many years following exposure.
Furthermore, genetic differencesin the ability to metab-
olize causative environmental agents may explain the
occurrence of PD in only someindividuals exposed to a
toxin (4, 68). As mentioned above, many potential tox-
ins are naturally occurring plant or fungal products to
which one may be exposed through water or food. It is
therefore likely that anindividual’s cumulative lifetime
exposure to a combination of environmental factorsin
association with genetic susceptibility or resistance,
determines disease risk.

PD and Mitochondrial Dysfunction

MPTP and complex | defect. MPTP administration
isone of the most common approaches to study parkin-
sonism in animal models. Exposure to MPTP resultsin
selective, nigrostriatal, dopminergic degeneration (Fig-
ure 1). The experimental use of MPTP followed the
inadvertent discovery that injections of an illicit
meperidine analog resulted in acute, severe and perma-
nent PD in several drug addicts. Langston and col-
leagues found MPTPto be responsible for these parkin-
sonian symptoms (53). Subsequent investigations
showed that after administration, MPTP crosses the
blood-brain barrier and is metabolized by monoamine
oxidase B in astrocytes to its active metabolite 1-
methyl-4-phenyl-2,3-dihydropyridinium ion (MPP?).
MPP* is selectively taken up into dopaminergic neurons
viaits affinity for the dopamine transporter and is thus
selectively toxic to dopamine neurons (41). Further-
more, MPP* accumulatesin millimolar concentrationsin
mitochondria and inhibits respiration at the level of
complex | (Figure 2) (70, 94). Thus a selective, exoge-
nous complex | toxin, specifically transported into
dopaminergic neurons, could produce a parkinsonian
syndrome in humans that was remarkably similar to
“idiopathic PD.” This finding suggests arole for mito-
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Figure 3. Photomicrographs of rat brain sections after
rotenone administration. Sections through the striatum (A) and
the substantia nigra (B) stained for tyrosine hydroxylase. The
gray levels of TH-immunoreactivity have been converted to a
pseudocolor scale where in red depicts high and blue depicts
low immunoreactivity. Note the markedly reduced TH-
immunoreactivity in the lesioned striatum (top right) and
lesioned substantia nigra (bottom right) versus the control
striatum (top left) and control substantia nigra (bottom left).

chondrial dysfunction and complex | defects in PD
pathogenesis.

Complex | and PD. The mitochondrial electron
transport chain (ETC) produces ATP through oxidative
phosphorylation. This process involvesthe activity of 5
complexes, namely, I, I1, 111, IV and V, located along the
inner mitochondrial membrane (Figure 2). Protein sub-
units of these complexes are nuclear encoded or encod-
ed by the mitochondrial genome. Schapira and col-
leagues first reported selective complex | defects (other
complexes were not affected) in substantia nigra of PD
patients (79). Later on, reportsindicated that the complex
| defect is systemic in PD, affecting tissues outside the
brain such as platelets, lymphocytes and muscle (8, 10,
15, 62, 69, 71, 84). The nature of this complex |
defect—whether genetic or acquired—remains uncertain.
Investigations with cytoplasmic hybrids ( or cybrids)
haveimplied that PD patients may express mutationsin
subunits of complex I-encoding mitochondrial DNA.
Cybrid cells express mitochondrial DNA from PD
patients and age-matched controls on a common
nuclear background. Since cellswith mtDNA from PD
patients maintained the decreased complex | activity,
the reduced complex | activity may be due to mutations
in the mitochondrial genome (35, 90). However, efforts
to find causative mutations have been unsuccessful.

Thereforeit is possible that systemic complex | defects
observed in sporadic cases of PD could be due to
acquired abnormalitiesin protein subunits encoded in the
nuclear or mitochondrial genome or could result from
environmental toxins that inhibit complex I.

Rotenone and PD. To address the fundamental ques-
tion of how a systemic defect in complex | could result
in highly selective and progressive degeneration of the
dopaminergic nigrostriatal pathway, anovel model of PD
was devel oped based on chronic and systemic inhibition
of complex | using rotenone (7). Rotenone is a natural -
ly occurring, high affinity complex | inhibitor, and is com-
monly used asan “organic” insecticide, or to kill nuisance
fishin lakes. Additionally, rotenoneisalipophilic com-
pound that easily crosses the blood brain barrier and
getsinto the brain rapidly. By systemically and chroni-
cally exposing rats to low doses of rotenone, a uniform
inhibition of complex | was produced throughout brain.
In this way, rotenone exposure differs from that of
MPTPR, which selectively inhibits complex | in
dopaminergic neurons due to its dependence on the
dopamine transporter. Despite uniform complex | inhi-
bition, rotenone caused selective degeneration of the
nigrostriatal dopaminergic pathway (Figure 3), selective
striatal oxidative damage, and formation of ubiquitin
and a-synuclein positive inclusions in nigral cells,
which were similar to the Lewy bodies of PD. Behav-
iorally, rotenone-exposed rats were hypokinetic with
flexed posture, similar to the stooped posture of PD
patients. Some developed severerigidity and afew had
spontaneously shaking paws that were reminiscent of rest-
ing tremor in PD (7).

The rotenone model showsthat features of PD can be
produced by systemic complex | inhibition. Thisindicates
that the nigrostriatal pathway isintrinsically and selec-
tively sensitiveto complex | dysfunction. In addition, the
occurrence of complex | dysfunction in PD may further
link environmental toxins like rotenone to the patho-
genesis of PD. Many other environmental agents as
mentioned before, affect mitochondrial function at
complex | (Tables 1, 2). Furthermore, complex |
impairment may predispose neurons to excitotoxicity
and oxidative damage, both of which have been impli-
cated in the pathogenesis of PD (2, 34, 82).

Therotenone model appearsto be an accurate model
in that systemic complex | inhibition resultsin specific,
progressive and chronic degeneration of the nigrostriatal
pathway similar to that observed in human PD. It also
reproduces the neuronal inclusions and oxidative dam-
age seen in PD. Thus, the rotenone model recapitul ates
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most of the mechanisms thought to be important in PD
pathogenesis.

Excitotoxicity in PD. Complex | impairment associ-
ated with PD may predispose neurons to excitotoxic
death. Depletion of cellular ATPlevels, due to complex
| dysfunction, can alter cellular homeostasis. Loss of ATP
would reduce Na/K* ATPase function, resulting in par-
tial neuronal depolarization and decreasing the voltage-
dependent Mg* blockade of the N-methyl-D-aspartate
(NMDA) glutamate receptor. Under these conditions,
even normal levels of glutamate stimulation may cause
excitotoxic activation of NMDA receptors and cause
large intracellular calcium transients. These calcium
transients may be lengthened or elevated by inadequate
mitochondrial calcium buffering and by decreased cal-
cium ATPase activity resulting from energy impair-
ment. In summary, complex | dysfunction may resultin
excitotoxic activation of NMDA receptors rendering
neurons vulnerable to thisinsult (34).

Thissituation is particularly dangerousin PD dueto
the neurochemistry of the basal ganglia circuitry.
Decreased nigrostriatal dopaminergic input leads to
overactivity of the subthalamic nucleus, which sends
excitatory glutamatergic projections to the already
damaged nigrostriatal neurons. Thisaltered circuit may
render nigrostriatal neurons vulnerable to excitotoxic
insults. In fact, both pharmacological and surgical
manipulations of the subthalamic nucleus protect sub-
stantia nigrain rodent models (9, 73).

Inappropriate activation of NMDA receptors may
also influence mitochondrial function leading to mito-
chondrial calcium overload, mitochondrial depolariza-
tion, and production of reactive oxygen species (77,
89). These effects may result in afeed-forward cycle of
mitochondrial impairment and may exacerbate the
oxidative damage that results from complex | inhibi-
tion alone.

Oxidative damage and PD. During ATP production
through oxidative phosphorylation, molecular oxygenis
reduced to water at complex IV of the ETC (Figure 2).
A small portion of this oxygen gets reduced non-enzy-
matically, to superoxide (O,) and hydrogen peroxide
(H,0O,) by electronsthat leak at sitesin the ETC. One such
siteiscomplex |, upstream of the rotenone binding site.
Partial inhibition of complex |, as produced by rotenone
and as observed in PD, can enhance ROS production (36,
38, 95). PD cybrid cells also produce elevated ROS
(16). Local ROS production can further damage complex
I, resulting in afeed-forward cycle of complex | damage

and ROS generation. Free radicals produce damage by
reacting with DNA, lipids and proteins.

In addition to mitochondrial production, H,O, isalso
produced as a by-product of dopamine metabolism and
dopamine auto-oxidation (59), which can participate in
a positive feedback loop responsible for progressive
oxidative damage (42). Thus dopaminergic neurons and
their nerve terminals, the primary targets in PD, are
believed to exist in a constant state of oxidative stress.
Cellular freeradical scavenging systems, including glu-
tathione (GSH) and superoxide dismutase (SOD), can,
to alarge extent, prevent ROS from damaging cellular
and mitochondrial structures. Partial inhibition of com-
plex | greatly increases ROS production (38), which
may overwhelm such protective mechanisms. Con-
versely, depletion of GSH can cause oxidative damage
to complex | and reduction in its activity (44).

Evidence for theinvolvement of oxidative stressin PD
has also been obtained from PD patients. Increased
lipid peroxidation and oxidative damage to DNA and pro-
teins have been observed in substantia nigra of PD
patients (24, 27, 42, 100). Decreased levels of glu-
tathione have also been found in the substantia nigra of
PD brains, further implicating oxidative stress (85).
Oxidative damage in PD may not be selective to sub-
stantia nigra as elevated oxidative protein damage has also
been reported throughout PD brain (1).

Animal models of PD have also suggested the
involvement of oxidative stress. MPTP-treated mice
demonstrate elevated levels of ROS, lipid peroxidation
(36, 88) and 3-nitrotyrosine (65). Antioxidants and spin
trap agents attenuated MPTP-induced toxicity (65, 80,
101). There is ample evidence for the involvement of
oxidative stress in 6-hydroxydopamine (6-OHDA)-
induced degeneration, another animal model of PD.
Studies have demonstrated that the neurotoxic effects of
6-OHDA involves generation of hydrogen peroxide and
hydroxyl radicals (78), reduction in GSH and SOD
activity (72) and an increase in malondialdehyde levels
in the striatum (52). In addition, it has been shown that
6-OHDA istoxic to mitochondrial complex I, and leads
to production of superoxide free radicals (18, 36). The
partial or even complete prevention of neurotoxic
effects of 6-OHDA by prior administration of vitamin E
(14) and the MAO-B inhibitor, selegiline (49), may also
be regarded asindirect evidence for the formation of free
radicals and involvement of oxidative stress. Furthermore,
thein vitro rotenone model of PD has also suggested the
involvement of oxidative stress in neurodegeneration.
Neuroblastoma cells, chronically exposed to rotenone
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have demonstrated reduced GSH and elevated oxidative
damage to DNA and proteins prior to cell death (82).

As mentioned previously, peroxynitrite (ONOO-)
formation has also been implicated in PD pathogenesis.
Peroxynitriteisahighly reactive oxidant formed by the
reaction of nitric oxide with superoxide anion. Reaction
of proteinswith peroxynitrite resultsin modification of
proteins at tyrosine residues (3-nitrotyrosines) and
brains from PD patients have shown elevated levels of
3-nitrotyrosine suggesting that protein nitration may
play arolein the neurodegeneration in PD (5, 30).

The oxidative stress hypothesis for PD provides a
potential explanation for the selective toxicity observed
in dopaminergic neurons. From the numerous lines of evi-
dence mentioned above it appears that the dopaminergic
cells in PD are under tremendous oxidative stress:
oxidative stress as a consequence of systemic mito-
chondrial complex | inhibition, in addition to oxidative
stress from feed- forward cycles of dopamine metabolism
and dopamine auto-oxidation. It istherefore hypothesized
that dopaminergic cells are selectively vulnerable to
complex | toxins. However, why the nigrostriatal
dopamine system is selectively affected when other
dopamine systems are resistant is as yet unknown.

PD and Aberrant Protein Aggregation

Lewy bodies, prominent in substantia nigra of PD
patients, are protei naceous accumul ations of neurofila-
ments, a-synuclein fibrils, ubiquitin, ubiquitin carboxy-
terminal hydrolase L1 (UCHL 1), parkin, proteasomal €le-
ments, nitrated proteins (including a-synuclein) and
numerous, probably asyet unidentified, proteins (11). Var-
ious components of Lewy bodies have been associated
with genetic mutations in familial PD (19, 43, 56, 83).
Therefore, it has been suggested that Lewy bodies,
(whether causative or secondary to PD pathogenesis) may
be crucia in providing clues about pathogenesis. In
addition, genetic mutations linked to familial PD also
point to the possibility that altered protein conformation
and/or degradation could be akey and acommon factor
in the degenerative processin sporadic PD. Infact, dys-
functional protein degradation has recently been proposed
as being an important player in the degenerative
process that occursin PD (67).

The ubiquitin-proteasome system (UPS) is essential
for non-lysosomal degradation and clearance of abnor-
mal (ie, mutated or oxidatively damaged) proteins.
Through a series of enzyme-mediated reactions, pro-
teins are first identified and then linked with multiple
ubiquitin moleculesasasignal for degradation. Activated
ubiquitinis generated by a ubiquitin-activating enzyme

(E1) through an ATP-dependent mechanism. It is then
transferred to ubiquitin-conjugating enzymes (E2) and lig-
ated to lysine residues of protein substratesin areaction
catalysed by many different ubiquitin protein ligases
(E3), such as parkin, that, together with specific E2s,
ensure specific protein targeting. Ubiquitin-protein
conjugates are subsequently recognized and degraded by
26S proteasomes, which are multi-subunit proteases
found in eukaryotic cells. The degraded products are
short peptide fragments and amino acids that can be
recycled to produce new proteins. At the sametime, the
polyubiquitin chains are disassembled by ubiquitin car-
boxy-terminal hydrolases (such as UCHL 1) to produce
monomeric ubiquitin molecules that re-enter the UPS
pathway.

Mutation in 3 different genes associated with famil-
ial PD link impaired protein degradation to PD patho-
genesis. Deletion or point mutations in the parkin gene
cause autosomal recessive, juvenile parkinsonism (AR-
JP). AR-JP is characterized by juvenile onset, pro-
longed survival, L-DOPA responsiveness and loss of
pars compacta neurons. Cytoplamic inclusions such as
Lewy bodies or neurofibrillary tangles however, are
rare in these patients (25, 37, 47, 60). Parkin is a ubig-
uitin-protein ligase whose activity islost with the disease-
causing mutation (83). Thus, in AR-JP patients, the
ability of the UPS to clear abnormal proteins is
impaired. Toxicity, due to accumulation of improperly
degraded proteins, could be responsible for dopaminer-
gic cell death in substantia nigra. A second mutation
associated with the UPS was identified in members of
another kindred with early-onset, autosomal dominant,
typical PD. These patients showed a mutation in the
gene for UCH-L1. Beneficia responses to L-DOPA
treatment support the diagnosis of PD in these cases but
it is unknown if these individuals have Lewy body
pathology (56). Loss of UCHL1 activity could lead to
reduced labeling with ubiquitin and impaired clearance
of abnormal proteins and subsequently to neurodegen-
eration. Association of PD with parkin and UCH-L1
mutations indicate that altered UPS function may have
arolein PD pathogenesis.

Defective UPS or increased production of abnormal
proteins that fail to be degraded by the UPS would
result in abnormal protein accumulation. Mutated, mis-
folded, and oxidatively damaged proteins that accumu-
late have a tendency to aggregate and form insoluble
inclusions (45, 51, 99) such as Lewy bodies. Evidence
in support of impaired UPS and protein aggregation,
comes from the occurrence of elevated |levels of oxida-
tively damaged proteins (1), increased protein aggrega-
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tion (58) and impaired proteolysis (66) in substantia
nigra of patients with sporadic PD. In addition, forma-
tion of a-synuclein positive cytoplasmic inclusions in
dopamine neuronsin animal models of PD (7, 26, 64) and
from the research done on a-synuclein (6) suggests the
involvement of impaired protein degradation in PD.
However, the exact role of the UPS remains unclear.

The neuronal protein a-synuclein has been directly
linked to PD pathogenesis. Two different point mutations
in a-synuclein gene, A53T (19) and A30P (43), have been
identified in separate families with dominantly trans-
mitted PD. a-Synuclein is the major component of
Lewy bodies, even in the more common forms of PD that
are not associated with a-synuclein mutations. «-Synu-
clein mutations cause dominantly inherited, early onset
PD with L-DOPA responsiveness and pathology that
includes L ewy bodies and severe loss of neuronsin the
substantia nigra pars compacta. Evidence for therole of
a-synuclein in PD pathogenesis comes from transgenic
animal models for PD that express the wild type or the
mutated «-synuclein (26, 64). Transgenic mice overex-
pressing human a-synuclein demonstrate anumber of fea-
tures of PD, including loss of nigrostriatal dopaminergic
terminalsin the striatum, development of «a-synuclein and
ubiquitin-positive cytoplasmic inclusions, and motor
impairments (64). Dopaminergic and behavioral
defects were only observed in the high expressing line
of transgenic mice, suggesting that acritical threshold of
a-synuclein expression may be required for the
dopaminergic and behavioral abnormalities. Other
transgenic mice had «-synuclein-positive inclusions
and motor deficits, but there was no evidence of nigros-
triatal dopaminergic degeneration. In fact, in these
mice, neurons of the brainstem and motor neurons were
most vulnerable (97). The conflicting results observed in
a-synuclein transgenic mice suggest that other factors,
such as background strain, in addition to «-synuclein
pathology may be involved in PD pathogenesis. Fur-
thermore, it should be kept in mind that one of the
mutations associated with the human PD is normally
expressed in mice. How mutations in a-synuclein can
induce dopamine cell death is not known; however, it has
been speculated that altered protein degradation may
have a role in the underlying mechanisms leading to
neurodegeneration.

Chemical analysis suggeststhat wild-type a-synuclein
has atendency to form insoluble aggregates. Changesin
a-synuclein, whether following mutations (19, 43) or oxi-
dation (28, 86), cause the protein to become less soluble
and further promote its aggregation. The A30P mutation
appearsto disrupt binding of a-synuclein to vesicles, thus

Figure 4. Paraquat-induced protein aggregation. Coronal sec-
tions from the mouse midbrain were either stained with hema-
toxylin and thioflavine S or bisbenzimide (inset) and an antibody
against a-synuclein. Treatment of animals with a regimen of 3
consecutive weekly injections of 10 mg/kg paraquat caused
the formation of thioflavine S-positive and (inset) a-synuclein-
imunoreactive aggregates within neurons of the substantia
nigra pars compacta. Arrowheads (inset) indicate two perinuclear
deposits. In control animals injected with saline, no thioflavine
S staining was detected above background and a-synuclein
immunoreactivity was diffuse throughout the substantia nigra and
stained mostly neuronal fibers (not shown).

making excess protein available for aggregates (43).
The A53T mutation produces a protein that is more
prone to spontaneous aggregati on than wild-type protein
(19). Furthermore, impaired degradation of altered o-
synuclein protein can exacerbate its accumulation in
neurons. Also, unusual folding patterns may not permit
the modified a-synuclein to undergo degradation. Stud-
ies have dso shown that oxidatively modified a-synuclein
is also more prone to aggregate than the native protein
(86). Dopamine, itself, may also influence a-synuclein
aggregation. Dopamine-a-synuclein adducts may stabi-
lize a-synuclein and cause it to selectively accumulate
in dopaminergic cells (20). In these cell-free systems, pes-
ticide mitochondrial inhibitors such as rotenone and
paraquat also induced «-synuclein aggregation (96).
a-Synuclein appears to be selectively nitrated in PD
(28). Furthermore, complex | toxins such as MPTP (98)
and rotenone (82) also cause an apparent upregulationin
a-synuclein levelsin specific brain regions. Exposure to
the herbicide paraquat in mice was accompanied by a-
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Figure 5. Suggested mechanisms involved in PD pathogene-
sis. Genetic mutations (ie, a-synuclein, mitochondrial DNA),
whether inherited or acquired through environmental expo-
sures, may result in altered mitochondrial function, abnormal pro-
tein degradation and/or protein aggregation. Many environ-
mental factors including rotenone and paraquat can also cause
mitochondrial impairment. Mitochondrial dysfunction can
cause abnormal protein degradation, oxidative stress or render
cells vulnerable to excitotoxicity. Finally, oxidative stress, exci-
totoxicity, or protein aggregation can lead directly or indirectly
to cell death.
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synuclein aggregation in neurons of substantia nigra.
These aggregates were a so positive for thioflavine S (Fig-
ure 4) suggesting the formation of a-synuclein positive
inclusions similar to amyloid fibrils (63). These obser-
vations further strengthen the role of environmental
agentsin PD pathogenesis and indicate abnormal protein
degradation as a potential mechanism for PD pathogen-
esis (6).

Evidence fromin vitro studies using neuronal cell lines
over-expressing a-synuclein (54, 55), have further
strengthened therole of a-synuclein or rather its mutat-
ed/altered, aggregated form, in PD pathogenesis. Expo-
sure to complex | inhibitors such as rotenone caused
acute aggregation of over-expressed a-synuclein (54,
55), and chronic accumul ation of endogenous a-synuclein
(82). These results suggest an interaction between mito-
chondrial function and a-synuclein pathology. Addi-
tionally, a-synuclein can itself inhibit mitochondrial
function and induce oxidative stress (40). Elevated a-
synuclein levels sensitized cellsto exogenous oxidative
challenges and dopamine toxicity (46, 50, 91).

Conclusions

There are numerous lines of evidence implicating
variousfactorsin the pathogenesis of PD, but to date there
is no “smoking gun” pointing to a specific cause. The

absence of a specific cause strengthens the common
belief that a combination of environmental factors and
genetic susceptibilities account for most sporadic cases
of PD. Epidemiological and biochemical studies on PD
patients have suggested the involvement of alow-grade
systemic complex | defect as one of the underlying
mechanismsin PD pathogenesis, due to chronic exposure
to environmental toxins, or from genetic mutations of
nuclear or mitochondrial DNA, or from a combination
of genetic and environmental factors. The range of vul-
nerabilities would depend on genetic differencesin the
ability to metabolize or activate environmental toxins.
Mitochondrial defects would further result in oxidative
damage and/or excitotoxicity (Figure 5). Oxidative
stress from complex | inhibition would augment the
free radical production that results from dopamine
metabolism and dopamine auto-oxidation, in dopamin-
ergic cells. The cumulative effects of oxidative stress
would result in a feed-forward cycle that would further
damage complex | of the mitochondrial ETC (Figure 5),
and dopamine metabolism in dopaminergic cells.

Oxidation of a-synuclein and its subsequent aggre-
gation in cellsis one example of an oxidative stress-rel at-
ed alteration. In addition, a-synuclein accumulation
suggests a defective protein degradation and clearance
pathway, possibly involving the UPS, and again result-
ing in afeed-forward cycle wherein increased a-synu-
clein levels would lead to protein accumulation and
aggregation (Figure 5).

A more complete understanding of PD pathogenesis
will uncover novel targets for rational drug therapy.
However, even with our incomplete understanding of PD
etiology there are a number of potential avenues for
treatment. Theseinclude, but are not limited to, brain-per-
meable antioxidants and spin trap agents, glutamate
receptor antagonists, and compounds that prevent pro-
tein aggregation. Testing of these compoundsin accurate
animal models of PD could uncover important clues to
the mechanisms that underlie PD neurodegeneration.
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