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Parkinson disease (PD) is a relatively common disorder of the nervous system that afflicts patients
later in life with tremor, slowness of movement, gait instability, and rigidity. Treatment of these
cardinal features of the disease is a success story of modern science and medicine, as a great deal
of disability can be alleviated through the pharmacological correction of brain dopamine deficiency. Unfortunately these therapies only provide temporary, though significant, relief from
early symptoms and do not halt disease progression. In addition, pathological changes outside of
the motor system leading to cognitive, autonomic, and psychiatric symptoms are not sufficiently
treated by current therapies. Much as the discovery of dopamine deficiency led to powerful treatments for motor
symptoms, recent discoveries concerning the role of specific genes in PD pathology will lead to the next revolution
in disease therapy. Understanding why and how susceptible cells in motor and nonmotor regions of the brain die
in PD is the first step toward preventing this cell death and curing or slowing the disease. In this review we discuss
recent discoveries in the fields of diagnosis and treatment of PD and focus on how a better understanding of disease mechanisms gained through the study of monogenetic forms of PD has provided novel therapeutic targets.
History
Parkinson disease (PD) is a chronic, progressive neurodegenerative disorder that affects at least 1% of people by age 70 (1–3).
James Parkinson provided the first detailed description of the
disease in his 1817 monograph “An Essay on the Shaking Palsy.”
In the latter part of the nineteenth century, Charcot further
refined the description of this disorder and identified the cardinal clinical features of PD including rest tremor, rigidity, balance impairment, and slowness of movement (reviewed in ref.
4). An early clue to the pathology of the disease came from Brissaud, who speculated that damage in the substantia nigra (SN)
might lead to PD (5, 6). Eosinophilic inclusions (Lewy bodies)
later were identified in the brains of PD patients (7) and, along
with abnormalities in the SN, became a recognized pathologic
marker of the disease (8).
A major advance in the understanding of PD came when dopamine deficiency was discovered in the corpus striatum and SN of
brains taken from patients (9). Later studies demonstrated the
connection between the SN and the striatum, thus suggesting
that dopaminergic cell loss in the SN directly leads to dopaminergic deficiency in the striatum (10). The determination that
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nal therapies aimed at correcting this deficiency (11). After some
initial uncertainty, the dopamine precursor levodopa proved to
be a powerful PD treatment (12). Subsequent advances in therapy included combining levodopa with a peripheral decarboxylase inhibitor, such as carbidopa or benserazide (13, 14). This
combination significantly reduced the nausea and vomiting
associated with levodopa therapy and allowed a greater proportion of levodopa to enter the brain. Similarly, catechol-O-methyltransferase (COMT) inhibitors, which prolong the half-life of
levodopa and dopamine were found to enhance the effect of a
given levodopa dose (15–17). In addition to increasing the level
of dopamine precursors, the focus of therapeutic design was
also on limiting the breakdown of endogenous dopamine. The
monoamine oxidase type B (MAO-B) inhibitor selegiline works
in this fashion and provides symptomatic benefit (18). Finally,
the development of dopamine agonists that directly stimulate
postsynaptic dopamine receptors, thus bypassing dopamine synthesis completely, further illustrates how novel therapies can be
borne from knowledge of pathology (19, 20).
Surgical therapies that reduce tremor and rigidity in PD
patients were used prior to the advent of levodopa treatment.
Meyers pioneered surgical lesioning procedures that targeted
symptoms and spared patients from the hemiparesis that resulted from earlier surgical approaches. These procedures largely
were abandoned once levodopa therapy became more common
(21). Recent advances in the understanding of basal ganglia
physiology and the development of new technologies has led
to a reemergence of surgical PD therapies in the form of deep
brain stimulation (DBS) (22, 23). DBS has become increasingly
common in patients whose disease is difficult to manage with
medical therapy alone.
Despite these landmark advances in symptomatic PD therapy,
the ability of these treatments to facilitate an acceptable quality of life for the patient wanes with time. This is due to the
development of motor complications including wearing-off (the
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Table 1
Diagnosing PD
Cardinal features of PD
Bradykinesia (slow movements, decrement of frequency and amplitude of repetitive movements)
Rest tremor (most commonly beginning in the hand)
Cogwheel rigidity
Postural instability (seen in later stage disease)
Associated features in support of the diagnosis
Sustained and significant levodopa effect
Reduced armswing
Difficulty rising from a low chair
Impaired olfaction
Hypophonia
Stooped posture
Depression/anxiety
Shuffling/festinating/freezing gait
Unilateral symptom onset
Difficulty turning in bed
Drooling
Constipation
Micrographia
Sleep disturbance/REM sleep behavior disorder
Seborrhea
Atypical features suggesting alternative diagnoses
Limited, nonsustained, or no response to levodopa and:
Symptom/sign

Consider

Early dementia with cognitive fluctuations, hallucinations, and delusions
Early autonomic impairment and/or cerebellar ataxia, nocturnal stridor, rapid progression, dysarthria
Stepwise progression, prominent lower extremity involvement, known vascular disease,
possible levodopa responsiveness
Cortical sensory impairment, automatic movements (alien hand phenomenon),
apraxia, prominent akinetic limb dystonia
Supranuclear gaze palsy, early falls, axial rigidity, pseudobulbar palsy, frontal lobe deficits
Kinetic or postural tremor especially involving the head or voice, alcohol responsiveness,
autosomal dominant pattern of inheritance
Urinary incontinence, gait disorder, cognitive impairment, and brain imaging
suggesting communicating hydrocephalus
Symmetric onset with previous exposure to neuroleptics or other PD-mimicking drugs

return of PD symptoms too soon after a given levodopa dose),
the presence of involuntary abnormal movements (dyskinesias
and dystonia), and the emergence of treatment-resistant symptoms such as gait impairment, cognitive decline, autonomic dysfunction, and medication-induced psychosis. Clearly, the current
symptomatic therapies cannot completely ameliorate later-stage
symptoms, nor can they address the ongoing degeneration in the
dopaminergic and nondopaminergic systems. For this reason, a
good deal of current research has focused on finding the cause
of dopaminergic cell loss and on exploring protective, restorative, and replacement therapies. Much in the same manner that
understanding the cellular pathology of PD led to a revolution
in symptomatic therapy, a better understanding of the molecular
pathology of PD will lead to prevention and cure.
Diagnosis
Even with recent advances in our understanding of disease
mechanisms, the diagnosis of PD is usually made based on
patient history and physical examination alone. PD should

Dementia with Lewy bodies
Multiple system atrophy
Vascular Parkinsonism
Cortical-basal ganglionic degeneration
Progressive supranuclear palsy
Essential tremor
Normal pressure hydrocephalus
Drug-induced Parkinsonism

be considered if a person exhibits one or more of the cardinal
features of the disease, including tremor at rest, bradykinesia, rigidity, and, in more advanced cases, postural instability.
Perhaps more than any other single feature, the presence of a
typical rest tremor increases the likelihood of pathologically
supported PD, although approximately 20% of patients fail to
develop a typical rest tremor (24). Supporting evidence also may
come from a history that includes associated symptoms and the
absence of findings that would suggest an alternative diagnosis (reviewed in ref. 25; see Table 1). Many of these associated
symptoms include nonmotor complaints including disrupted
sleep, depression, fatigue, constipation, and anxiety. Additionally, the early PD patient may complain of stiffness, slowness,
tremor, and imbalance even when the neurological exam is normal (26). Finally, a significant and lasting clinical response to
dopaminergic therapy is characteristic of PD, and the lack of
such a response should prompt a search for alternative diagnoses. Despite careful examination, the rate of PD misdiagnosis is
approximately 10–25% (27–29). Complicating diagnosis is the
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Table 2
Potential biomarkers of PD
Imaging
Reduced striatal metabolism on 18F-deoxyglucose imaging
Reduced dopa uptake and decarboxylation on 18F-dopa PET
Altered dopamine receptor binding on 11C-raclopride PET
Reduced level of dopamine transporter ligand uptake
on 123I β-CIT SPECT
Mineral deposition in the SN on transcranial ultrasound
Cardiac denervation on cardiac scintigraphy
Clinical
Personality questionnaires
Neuropsychiatric testing
Sleep evaluation
TMS/evoked potentials
Olfactory screening
Biochemical
Genetic screening
Mitochondrial complex I measurement
α-Synuclein levels and isoforms in blood
123I

β-CIT, iodine 123-2β-carbomethoxy-3β-(4-iodophenyl)tropane.

clinical heterogeneity of PD. Patients may present with a tremorpredominant clinical picture or lack tremor completely. Indeed
patients presenting with early postural instability/gait difficulty
(PIGD) or rigidity/bradykinesia follow a more rapid course of
disease than do those presenting with early tremor (30).
Inaccuracy in PD diagnosis and the desire to identify presymptomatic patients have prompted the search for disease biomarkers
that include imaging techniques and laboratory-based or clinical
assays. Brain imaging studies using both PET and single photon
emission computed tomography (SPECT) are able to distinguish
those subjects with PD from normal controls with greater than
95% sensitivity (31). The results are not as good, however, when
imaging is used to distinguish PD from similar disorders such
as progressive supranuclear palsy or multiple system atrophy. In
these cases multiple techniques and careful data analysis may be
required to clearly identify whether idiopathic PD or another disorder is the cause of a Parkinsonian syndrome (32). Studies are
being conducted to search for other possible diagnostic aids in
PD, of which some of the most promising use transcranial ultrasound (33), examine deficits in olfaction (34), and determine
oligomeric α-synuclein in blood from PD patients (35). A list of
potential biomarkers under study is shown in Table 2 (for a more
detailed review see ref. 36).
The screening of affected and presymptomatic individuals for
known genetic mutations may aid in PD diagnosis. With the discovery that mutations in the leucine-rich repeat kinase 2 (LRRK2)
gene are more common than expected in certain populations
(37, 38), there is little doubt that screening patients at risk will
become increasingly common. The research implications are
great, as investigators will be able to follow presymptomatic
patients over time to assess biomarkers, risk factors, and potential protective therapies. Until disease- and risk-modifying therapies are available, and until more is known about penetrance
rates, mutation-phenotype correlations, and gene frequency,
genetic screening for known mutations likely will have little
clinical impact on the average PD patient.
1746

Pathogenesis
The pathologic examination of brains from PD patients demonstrates neuronal cell loss, especially of the dopamine-rich, pigmented neurons in the SN, and the presence of Lewy bodies and
Lewy neurites in multiple brain regions (39, 40). Lewy bodies and
neurites stain with antibodies to α-synuclein, ubiquitin, and a variety of other biochemical markers and are found in many areas of
the PD brain: not only the SN, but also the dorsal motor nucleus
of the vagus, locus ceruleus, raphe and reticular formation nuclei,
thalamus, amygdala, olfactory nuclei, pediculopontine nucleus,
and cerebral cortex, among others (39, 41). Indeed pathology is
present outside of the brain as well, involving autonomic and
submucosal ganglia (41, 42). Despite this widespread pathology,
much of the research into the PD pathogenesis has focused on the
cell loss and Lewy bodies seen in the dopaminergic SN. The past
focus on dopaminergic deficits is related to the prominent motor
manifestations of PD for which patients seek treatment. However,
it is clear that PD is more than just a syndrome of dopaminergic deficiency and that future research and therapy will need to
address the multiple neuronal systems affected in PD.
Some studies suggest that environmental factors lead to PD.
The occurrence of postencephalitic Parkinsonism supports this
view, as a particular viral infection in the early twentieth century
placed patients at a higher risk for developing nigral cell loss and
some Parkinsonian clinical features (43). Some pathologic features were atypical of PD, however, including a lack of Lewy bodies and a prominence of neurofibrillary tangles (44). In addition,
the discovery of toxins that induce a Parkinsonian condition both
in animal models and in humans further supports the possibility
of an environmental trigger. The most widely studied toxin is a
meperidine analog, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), which, when mistakenly injected, leads to the clinical features of PD (45, 46). In addition, exposure to other toxins such as
rotenone, paraquat, maneb, and epoxomicin can induce a Parkinsonian syndrome in experimental animals (47–49).
Genetic causes or predispositions also play an important role in
PD. The disease is inherited in well-characterized kindreds (50, 51),
and patients by chance have an affected family member more often
than expected (52). Population-based association studies have
identified genetic loci that may contribute to the development of
“sporadic PD” (53). Thus far, genetic variability in tau, semaphorin
5A, α-synuclein, fibroblast growth factor 20, and nuclear receptorrelated 1 genes are associated with increased disease risk (54–56).
Perhaps more intriguing is the discovery of single gene mutations
responsible for causing disease phenotypes that can be indistinguishable from sporadic PD. Understanding and comparing how
mutations in specific genes can lead to Parkinsonism will provide
new model systems and a better knowledge of the more common
(i.e., sporadic) form of the disease (Table 3). These specific genes,
their syndromes, and how their discovery impacts the search for
the cause and treatment of PD are described below.
α-Synuclein and the role of protein aggregation
The first genetic mutation causing PD was found in the gene
encoding α-synuclein and consisted of an alanine-to-threonine
substitution (A53T) (57). This and 2 other point mutations (A30P
and E46K) in the coding region of this gene, as well as gene duplications and triplications, cause a very rare, autosomal-dominant
form of the disease (58–61). The clinical syndrome resulting from
an A30P mutation can be indistinguishable from sporadic PD,
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Table 3
Monogenetic causes of PD
Gene/protein

Pattern

Prevalence

Pathology

Common features

a-Synuclein
AD
Very rare
Lewy bodies
Early-onset dementia;
				
presentation variable
				
with mutation type
Parkin
AR (mostly)
18% EOPD (50% with Rare Lewy bodies, Early onset, slow progression
		
family history)
if any		
DJ-1
AR
<1% EOPD
Unknown
Early onset, slow progression
					
PINK-1
AR (carriers may be
2–3% EOPD
Unknown
Early onset, slow progression
at increased risk)
LRRK2
AD
Highly variable
Lewy bodies
Typical PD (mostly)
					

Notes
Aggregation of protein in Lewy
bodies from genetic and
sporadic forms of PD
Protein is involved in
ubiquitination
Protein is involved in the cellular
stress response
Protein is a mitochondrial kinase
Protein is a kinase with multiple
putative domains

AR, autosomal recessive; AD, autosomal dominant; EOPD, early-onset PD (usually before 50 years of age).

including typical motor findings and reported late-stage dementia and psychosis (62). On the other hand, the A53T mutation can
lead to unusual features such as earlier onset (less than 45 years
of age), myoclonus, and more severe autonomic dysfunction (63).
The E46K mutation causes Parkinsonism with the added features
of dementia and hallucinations. Patients harboring gene triplications have an early age of onset with prominent autonomic and
cognitive dysfunction, a rapidly progressive course, and broader
brain pathology compared with sporadic cases (64, 65). Those
patients with gene duplications have a less severe phenotype and a
later age of onset than those with triplications, suggesting that the
level of expression of α-synuclein correlates with disease severity
(61, 66). In addition, polymorphisms within the α-synuclein promoter are associated with an increased PD risk, further implicating altered α-synuclein expression as a disease mechanism (67–69).
This gene dosage effect, coupled with the important finding
of α-synuclein immunoreactivity in Lewy bodies (70), provides
strong evidence that this protein plays an important role in the
pathogenesis of both sporadic and certain inherited forms of the
disease. Furthermore, mice engineered to lack α-synuclein show
resistance to the dopaminergic toxin MPTP (71), implicating
α-synuclein in the pathogenic mechanism that leads to MPTPinduced Parkinsonism.
α-Synuclein is a highly conserved, abundant presynaptic phosphoprotein that adopts an elongated, unstructured shape in solution (72). In Lewy bodies, however, α-synuclein — the prominent
structural component — is present in aggregated and insoluble
filaments that are hyperphosphorylated and ubiquitinated (73,
74). It is likely that the abnormal aggregation of α-synuclein into
a toxic, misfolded form contributes to neuronal cell death in both
overexpressed wild-type and missense mutated proteins (75, 76).
Factors such as the presence of a pathologic α-synuclein mutation,
oxidative and nitrosative stress, phosphorylation, mitochondrial
and proteasomal dysfunction, as well as dopamine can influence
aggregation and folding of α-synuclein into a variety of forms
including protofibrils, fibrils, and filaments. α-Synuclein is normally processed and cleaved at its C terminus by unidentified synucleinases (77). Truncation of α-synuclein appears to correlate with
disease severity and with its propensity to oligomerize. It appears
that the protofibrils and fibrils are the most toxic forms, and the
creation and stabilization of these forms by mutation or cellular
milieu may be a central pathologic mechanism (Figure 1).

α-Synuclein likely is involved in synaptic vesicle function (78),
and its intracellular distribution and metabolism involve axonal
transport (79) and degradation via the autophagic and proteasomal systems (80). Recent studies suggest that it may act as a co-chaperone with cysteine-string protein α in the maintenance of nerve
terminals (81). The association of α-synuclein with vesicles has led
to speculation that the oligomerized protein may rupture cellular
membranes through a pore-forming mechanism, leading to neurotransmitter leakage and toxicity (82). Other theories suggest that
the abnormally aggregated protein may inhibit a range of normal
cellular functions, such as axonal transport and protein turnover,
via the ubiquitin-proteasomal or chaperone-mediated autophagic
systems (83–85). Methods to interrupt synuclein aggregation by
reducing its expression, increasing its degradation, impairing the
formation of toxic aggregates, or inhibiting its truncation are logical therapeutic targets and are actively being explored (84).
Parkin and the role of the ubiquitin-proteasomal system
Mutations in the gene encoding parkin cause a form of autosomalrecessive, early-onset PD (86). Affected patients, though Parkinsonian and highly responsive to levodopa, do show several less typical
features including early age of onset, prominent dystonia, severe
motor fluctuation, and a more symmetric onset of symptoms
(87, 88). Though initially described as a recessive disorder, there
is controversial evidence that possessing a single parkin mutation
does make one more likely to develop PD and show evidence of
nigrostriatal dysfunction on imaging studies (89–92). Moreover,
there are certain missense mutations that seem to be inherited in
an autosomal-dominant manner (89).
Mutations in the gene encoding parkin are the most common
genetic cause for early-onset PD, with prevalence rates approaching 50% for those with an autosomal-recessive family history
and perhaps 18% of all those developing early-onset disease (less
than 45 years of age) without a clear family history (93). Patients
with parkin-related PD show loss of nigrostriatal and locus ceruleus neurons, but, with rare exception, do not develop classic
Lewy bodies (94–96).
Parkin is an E3 ligase that participates in the addition of ubiquitin molecules to target proteins, thereby marking them for proteasomal degradation (97). Loss of normal parkin function is postulated to lead to the abnormal accumulation of toxic substrates
and resultant cell death. Numerous putative parkin substrates
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Figure 1
Model of dopaminergic cell death and possible sites for therapeutic intervention in PD. Studies on inherited forms of PD have led to the identification of genes that, when mutated, lead to dopaminergic cell loss. These genes are involved in a variety of cellular processes that include protein
ubiquitination and degradation via the proteasome, response to oxidative stress, protein phosphorylation, mitochondrial function, and protein
folding. Potential points of therapeutic intervention are highlighted: gene silencing therapies to reduce synuclein levels (i); inhibitors of synuclein
aggregation and/or processing (ii); interventions to downregulate toxic substrates or upregulate parkin or proteasomal function (iii); interventions
to enhance mitochondrial function with factors such as CoQ10, DJ-1, or PINK-1 (iv); free radical scavengers and antioxidants (v); kinase inhibitors to block LRRK2 activity or interventions to increase PINK-1 function (vi); and other therapies using trophic factors such as GDNF, survival
genes, or fetal/stem cell replacement that would protect or replace susceptible cells (vii).

have been identified (75). The candidate substrates CDCrel-1,
CDCrel-2, Pael-R, cyclin E, p38/JTV-1 (also known as AIMP2), and
far upstream element–binding protein-1 (FBP-1) appear to accumulate in patients with parkin-associated PD, but only p38/JTV-1
and its interacting partner, FBP-1, accumulate in sporadic PD as
well as in parkin knockout mice, suggesting that these proteins are
true parkin substrates (98, 99).
Additional evidence for the importance of the ubiquitin-proteasomal system in PD pathogenesis comes from genetic association studies implicating the gene encoding ubiquitin-specific
protease 24 (100). Moreover, mutations in ubiquitin carboxyterminal hydrolase L1 (UCH-L1) in 2 individuals from a single
1748

affected German family (101) provide further support for the
role of the ubiquitin-proteasome system in PD. The ability of
mutations in this gene to cause or increase the risk of PD is highly controversial, and no additional families have been reported
(75, 102, 103). Indeed, recent studies suggest that UCH-L1 is
not a PD susceptibility gene (75, 102, 103). The exact function
of UCH-L1 is unclear, but it does involve ubiquitin hydrolase
and ligase activities, and, interestingly, the protein is localized
to Lewy bodies (see ref. 75). In addition, UCH-L1 can promote
an alternative form of synuclein ubiquitination that uses the
lysine 63 (K63) residue of ubiquitin to form polyubiquitin
chains (104). This linkage is not directly related to proteasomal
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degradation, but may be involved in α-synuclein inclusion formation as well as in the function of parkin (105). The role of K63
ubiquitination in the development of inclusions and ultimately
the pathogenesis of PD and other ubiquitin-positive neurodegenerative diseases is a promising field of study.
The link between sporadic PD and proteasomal dysfunction is
supported by studies showing that parkin is nitrosylated in sporadic PD patients and that this modification impairs parkin’s E3
ligase activity (106). Moreover, dopamine also may directly inhibit
this activity through covalent modification (107). Additional evidence for the importance of the proteasome comes from pathologic studies that have found decreased proteasomal activity and
expression in the SN of PD patients and the intriguing, but controversial, finding that exposure to proteasomal toxins can induce
PD-like pathology in animal models (47, 108, 109). Interventions
that increase proteasomal function or perhaps induce parkin
expression may be a means of neuroprotection in PD.
DJ-1 and the role of oxidative stress
Mutations in the gene encoding DJ-1 similar to those in parkin
lead to early-onset, autosomal-recessive PD (110). Clinically,
patients are levodopa responsive with asymmetric onset of symptoms, slow progression, and variable severity. Behavioral, psychiatric, and dystonic features occur in patients with DJ-1 mutations
(111). The prevalence of DJ-1 mutations is likely less than 1% in
the early-onset patient subgroup (112).
The exact function of the DJ-1 protein is unknown, though evidence suggests it may act as an antioxidant, oxidation/reduction
sensor, chaperone, and/or protease (75). Pathologically DJ-1 is not
present in Lewy bodies, though it colocalizes with α-synuclein in
other neurodegenerative diseases such as multiple system atrophy and Alzheimer disease (113). Some fraction of the protein is
found in mitochondria (114). Oxidized and insoluble forms of
the protein accumulate in the brains of patients with sporadic
PD (113, 115). Interestingly, DJ-1 can interact with parkin in vitro
under conditions of oxidative stress (115). In addition, when in a
particular oxidized state, DJ-1 interacts with α-synuclein to prevent formation of fibrils (116). This latter activity suggests that
DJ-1 acts as a redox-sensitive chaperone that protects cells from
α-synuclein misfolding and toxicity under conditions of oxidative
stress. In vivo studies have documented increased susceptibility of
mice deficient in DJ-1 to the toxic effects of MPTP, and in culture,
neurons from these mice were more sensitive to oxidative stress
than those expressing DJ-1 (117). In addition, similar to parkin,
DJ-1 is susceptible to protein S-nitrosylation that may be involved
in the control of protein activity (118). There is speculation as
well that DJ-1 functions as a regulator of apoptosis by modification of PTEN function and through interactions with several
apoptosis-regulating proteins (119). The biology of DJ-1 links
synuclein and parkin function with the phenomenon of oxidative stress, apoptosis, and the mitochondrion — all of which play
a role in the pathogenesis of PD.
PINK-1 and the role of the mitochondrion
Mutations in the gene encoding PTEN-induced putative kinase 1
(PINK-1) are a cause of early-onset, autosomal-recessive PD (120).
The clinical phenotype of point mutations is difficult to distinguish from other forms of early-onset disease, whereas a deletion
mutation can induce a broader phenotype including dystonia
and cognitive impairment (121). In general, patients with PINK-1

mutations show onset at an average of 35 years, slow progression,
and levodopa responsiveness. The phenotype of PINK-1–, parkin-,
and DJ-1–associated PD are indistinguishable, and atypical features may be a result of early onset rather than the etiology of disease (122). Heterozygous PINK-1 mutations were found in a cohort
of early-onset patients in excess of the number seen in controls
(123). This suggests that possessing a single PINK-1 mutation may
predispose an individual to PD. In addition, imaging studies have
demonstrated altered dopaminergic function in single PINK-1
mutation carriers (124). The prevalence of PINK-1 mutation is
between that of parkin and DJ-1 and is present in the homozygous
state in 2–3% of early-onset patients (122, 125).
PINK-1 is a mitochondrial protein kinase whose substrates are
unknown (S1). PINK-1 is induced by PTEN, the same protein
whose activity is suppressed by DJ-1. PINK-1 mutation may lead
to mitochondrial dysfunction and increased sensitivity to cellular stress through a defect in the apoptosis pathway (S2). PINK-1
appears to play an important role in mitochondrial function, as
Drosophila lacking PINK-1 have substantial mitochondrial defects
resulting in apoptotic muscle degeneration and male sterility.
Interestingly, parkin rescues the PINK-1 loss-of-function phenotype, suggesting that parkin and PINK-1 function in a common
biochemical pathway (S3–S5).
The presence of PINK-1 and DJ-1 in the mitochondrion underscores the role that this cellular organelle plays in PD pathogenesis. A common feature of sporadic PD is evidence of complex I
mitochondrial dysfunction (119). This component of the electron
transport chain also is affected by rotenone and MPTP, 2 toxins
whose effects can model PD (S6). Rotenone, when given chronically to animals by infusion, produces SN cell and dopaminergic
fiber loss with α-synuclein accumulation and the formation of
Lewy body–like inclusions (S7). Similarly, MPTP exposure in both
patients and animal models leads to nigral cell loss and Parkinsonian symptoms (S6) and under conditions of chronic administration leads to the formation of α-synuclein–containing inclusions
(S8). Furthermore, animals deficient in α-synuclein are resistant to
MPTP, implying the participation of this protein in the pathogenic
mechanism of MPTP (71). Additionally, the toxins 6-hydroxydopamine and paraquat produce dopaminergic cell damage by inducing oxidative stress that may mimic the mitochondrial toxicity
seen with rotenone and MPTP (S9).
Two recent studies provide a clue as to how oxidative stress
may lead to cellular dysfunction in PD. These studies showed
that in PD, SN neurons accumulate mitochondrial DNA deletion mutations at an abnormally high rate (S10, S11). The deletion in each individual cell appears clonal and likely results
from a single mutation event and subsequent expansion of the
affected mitochondrion. The authors suggest that this mutation load is sufficient to cause impaired cellular respiration,
as determined by the loss of cytochrome c oxidase staining.
These findings suggest a possible mechanism that begins with
increased oxidative stress in the SN and leads to mitochondrial
DNA mutation and subsequent failure of mitochondrial function. The accumulation of impaired mitochondria within a cell
in turn leads to respiratory chain deficiency and SN cellular
pathology. Interestingly, a mutation in the polymerase responsible for mitochondrial DNA replication has been associated
with the accumulation of deletions in mitochondrial DNA, SN
cell loss, and early-onset Parkinsonism (S12). The role that mitochondrial dysfunction and oxidative stress play in PD patho-
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genesis has led to trials of antioxidant and promitochondrial
compounds, including coenzyme Q10 (CoQ10), vitamin E, and
creatine, as possible neuroprotectants in the disease.
LRRK2 and phosphorylation
Mutation in the gene for LRRK2 (also called dardarin) was identified in 2004 as a cause of autosomal-dominant PD (S13, S14). Most
cases of LRRK2-related disease show typical late and asymmetric
onset of symptoms, levodopa responsiveness, and other features
that are indistinguishable from sporadic disease, although rarely,
early onset, amyotrophy, gaze palsy, dementia, and psychiatric symptoms are observed (S13–S15). The prevalence of LRRK2 mutations
in familial and sporadic PD is highly dependent on the particular
study population and the nature of the mutation. In a Spanish
cohort, 5.3% of all PD patients (9.6% of those with a family history)
tested positive for the mutation, with G2019S being most common
(4.3% of all patients; 6.4% of PD patients with a family history) (S15).
The R1441G mutation was found in 8% of PD patients from the
Basque region of Spain (S14), but only 0.7% of a more diverse Spanish cohort (S15). Remarkably, the G2019S mutation was found in
18.3% of all PD cases from an Ashkenazi Jewish cohort and in 30% of
those with a family history (37). The lack of a family history in many
of these patients suggested an estimated penetrance rate of 32%.
Even more striking is the finding that in a North African Arab PD
cohort, the prevalence of the G2019S mutation was approximately
40% in both sporadic and familial cases, again suggesting possible
reduced penetrance (38). Mirroring sporadic PD, the prevalence rate
of the G2019S mutation increases with age, reaching 25% by age
55 and 85% by age 70 (S16). Autopsy material from the majority
of affected patients demonstrates typical PD pathology, including
SN and locus ceruleus cell loss with Lewy bodies and Lewy neurites.
Atypical pathology also occurs and likely is more common with
particular mutants such as R1441C (S13, S17). This pathology has
included the absence of Lewy bodies and the presence of synucleinnegative, ubiquitin-positive inclusions, LRRK2-filled neurites, and
abnormal tau pathology, the latter of which is suggestive more of
progressive supranuclear palsy than of PD (S13). Additionally the
Y1699C mutation may lead to abnormal pathology including features similar to motor neuron disease, though a subsequent report
found typical PD pathology in a patient carrying the same mutation
from another family (S13, S18).
LRRK2 is a large protein that includes Roc (Ras in complex protein), COR (C-terminal of Roc), leucine-rich repeat, mixed lineage
kinase, WD40 (a putative protein-protein interaction domain terminating in a tryptophan-aspartic acid dipeptide), and ankryin
domains (S13, S14, S19). Function and localization data for this
protein is limited, but there is evidence that it is cytoplasmic, associated with mitochondria, and capable of autophosphorylation
(S20). Recent data suggests that an increase in LRRK2 kinase activity plays a role in the pathogenesis of at least 3 of the known mutations (S20, S21). In addition, LRRK2 binds to parkin and leads to
increased protein aggregation and ubiquitination in a cell culture
model, and disease-associated LRRK2 mutants are toxic to SHSY5Y cells and cortical neurons (S22). Furthermore, LRRK2 may,
as do other WD40 proteins, participate in mitochondrial fission
or interact with the cytoskeleton, suggesting a role in membrane,
vesicular, or protein trafficking (S23).
The biology of LRRK2 and PINK-1 adds to other data suggesting
that protein phosphorylation plays a vital role in PD pathogenesis.
Clearly if abnormal kinase activity is responsible for LRRK2-medi1750

ated disease, kinase inhibitors, particularly LRRK2 kinase inhibitors, may have therapeutic relevance. Protein phosphorylation
involving the mixed lineage kinase pathway may play a role in PD
and remains an important therapeutic target despite the recent
failure of the kinase inhibitor CEP-1347 in clinical trials (S24). In
addition, abnormal phosphorylation of proteins such as α-synuclein is seen in PD and in models of the disease (S25), suggesting
that inhibitors of α-synuclein phosphorylation may be therapeutic. Finally, the neurotrophic effects of glial cell line–derived neurotrophic factor (GDNF) on dopaminergic neurons involve the
activation of the protein kinase Ret and a myriad of downstream
targets including Akt that are important in a cell’s response to oxidative stress and to DJ-1 function (S26, S27). These data suggest
that other inducers of Akt signaling may be therapeutic.
Symptomatic therapy
Current medical and surgical therapies for PD are symptomatic
and lack significant disease-modifying effect. Indeed the most
effective medical therapy continues to be levodopa mixed with a
peripheral decarboxylase inhibitor (S28–S30). The most recent
advances in available symptomatic medical therapies in the United States have revolved around prolonging the effect of levodopa
through the use of COMT inhibition and by changing the availability and formulation of older medications such as selegiline
and apomorphine. The latter, given subcutaneously with an oral
antiemetic, can temporarily rescue patients during disabling
motor “off” time (time spent with reduced levodopa effect) (S31).
Looking beyond dopaminergic therapy, other symptomatic medical therapies showing promise in published clinical trials include
istradefylline, an adenosine A2 antagonist that reduces “off” time
(S32), and sarizotan, a serotonin agonist that reduces levodopainduced dyskinesias (S33, S34).
There are data suggesting that deferring levodopa therapy in
favor of dopamine agonists such as ropinerole or pramipexole may
delay motor complications such as dyskinesias (S29, S30). The
dopamine agonists are less effective than levodopa in symptomatic relief, and nearly all patients with advancing PD will require
levodopa at some point. The reduced risk of dyskinesias with the
dopamine agonists may be related to their longer half-life, and
thus more stable receptor stimulation, relative to levodopa. Supporting these data are studies showing that continuous infusion
of levodopa or an agonist has benefit over oral interval dosing
(S35–S37). These findings have led to the development of experimental therapies including the transdermal patch (for delivery
of rotigotine) and infusion delivery systems (for Duodopa) that
reduce pulsatile drug delivery. In addition, this concept has given
rise to the theory that COMT inhibitors given with levodopa may
reduce the risk of future dyskinesias by prolonging brain exposure
to a given levodopa dose (S38).
Surgical DBS is perhaps the most influential development in
symptomatic PD therapy since levodopa and is reviewed in detail
elsewhere (S39). In this procedure, an electrode is inserted through
the skull to reach and stimulate the globus pallidus, subthalamic
nucleus (STN), or ventral intermediate thalamus. A pacemakerlike device is implanted and connected to the electrode through
wires buried beneath the skin. The results of this therapy can be
quite marked and include the reduction of “off ” time, increased
“on” time without dyskinesias, reduction of levodopa dose, and
improved tremor. The STN has recently emerged as the preferential target due to improved symptom control and a reduced energy
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requirement (S40). Currently this procedure is largely reserved for
advanced cases of PD in which motor complications and/or medication intolerance have led to an unacceptable decline in quality of
life. In addition, disabling tremor that is not responsive to medical
therapy may respond well to DBS. Very encouraging are the recent,
albeit small, studies showing the benefits of electrode implantation into the pedunculopontine nucleus with resultant improvement in bradykinesia, gait freezing, and postural stability (S41).
A newer, experimental field of study is the use of transcranial
magnetic stimulation (TMS). In this process a current is passed
through a coil to generate a magnetic field. The coil is placed near
the head to induce stimulation in the nearby brain structures.
TMS studies show that PD patients have a measurable abnormality in the inhibitory control of the cortex that results in a shortened “silent period.” Also seen are inconsistently measurable
changes in motor threshold and abnormal activation during voluntary input (S42). Some of these abnormalities normalize with
medical and surgical PD therapies. The effect of repetitive TMS
(rTMS) is now being explored as a possible therapeutic intervention. A meta-analysis of available data has shown a small but
significant effect of rTMS (approximately 20% improvement on
the motor Unified Parkinson’s Disease Rating Scale [UPDRS]).
Other large studies have failed, prompting concern regarding the
standardization of technique. In addition, a measurable placebo
effect, as detected by PET scan, can be seen with rTMS that may be
confounding study results (S43). A well-defined protocol including rTMS applied while in the “on” state, inclusion of a placebo
control, and specific parameters for intensity and frequency of
stimulation was used in a recent study, showing improvement of
limb bradykinesia and gait for at least one month after a course of
rTMS therapy (S44). The magnitude of improvement was thought
to be similar to the effect of a single levodopa dose. These results
require duplication, and the cumulative effect and clinical significance of this therapy must be subjected to further study before
rTMS can be recommended for routine treatment. The paucity of
adverse effects of rTMS does make the optimization of this treatment an attractive field of study.
A review of symptomatic PD therapies would not be complete
without consideration of progress made in the treatment of
non-motor sequelae. Given the good response of motor symptoms to medical and surgical therapies, it is often poor balance,
sleep interruption, cognitive impairments, anxiety, depression, and drooling that become most disabling (S45). Indeed
the recognition of widespread pathology in PD suggests that
these affected areas lying outside of the dopaminergic motor
pathway are contributing to patients’ symptoms. Specifically,
abnormalities in the noradrenergic and serotonin nuclei may
lead to anxiety and depression as well as the autonomic, sleep,
and visual disturbances seen in PD, while changes in the neocortex, limbic system, and cholinergic nucleus basalis may be
involved in cognitive decline later in the disease. Treatment of
these symptoms can be rewarding and involves interventions
including agents such as midodrine and pyridostigmine for
blood pressure support (S46), atropine drops for symptomatic
control of salivation (S47), cholinesterase antagonists for cognitive decline (S48), antidepressants (serotonin selective reuptake inhibitors and possibly others) for treatment of depression
(S49), and atypical antipsychotics (most commonly clozapine
and quetiapine) for treatment of psychosis (S50). A recent
study by Ondo et al. has cast some doubt on the effectiveness of

quetiapine for the treatment of psychosis, underscoring the
need for more rigorous trials of therapies aimed at the treatment of nonmotor PD symptoms (S51).
Neuroprotection and future therapies
The search for compounds that can slow or halt the progression
of PD is an active area of clinical research. The neuroprotective
properties of selegiline, an MAO-B inhibitor, continue to be
debated, with studies showing that even after years of treatment,
individuals receiving selegiline appear to demonstrate slower PD
progression (S52, S53). Rasagiline is an irreversible MAO-B inhibitor that likely works via several pathways to provide symptomatic
relief, but may also slow disease progression (S54, S55). Like selegiline, rasagiline’s symptomatic effect has made it difficult to convincingly extract neuroprotective data, and the magnitude of this
effect will likely rely on further observation. The protective effect
of both selegiline and rasagiline may occur through prevention
of the GAPDH cell death cascade by blocking the S-nitrosylation
of GAPDH, the binding of GAPDH to Siah (a protein E3 ligase
that aids in the translocation of GAPDH to the nucleus), and the
subsequent Siah-mediated degradation of nuclear proteins that
leads to cell death (S56).
Another neuroprotective candidate is CoQ10. It was hypothesized that this antioxidant and electron transport chain component might correct the mitochondrial complex I dysfunction
and CoQ10 deficiency seen in PD patients. In a pilot study CoQ10
appeared to slow disease progression at the highest dose of 1,200
mg/d, although the subject numbers were small and the results
await confirmation (S57). Based on a futility study design, the
antiinflammatory, anticaspase drug minocycline and the promitochondrial compound creatine were both recently deemed
worthy of future consideration as neuroprotectants in PD (S58).
Mixed results have been obtained in looking at the diseasemodifying effects of GDNF. This potent dopaminergic neuron
survival factor was infused into PD patients in 3 recent studies.
A double-blind, placebo-controlled study failed to demonstrate
clinical improvement and was discontinued due to lack of efficacy, the development of antibodies in patients, and safety concerns
raised over the development of cerebellar toxicity in a group of
exposed nonhuman primates (S59). Two prior open-label studies showed a beneficial effect of infusion, and the reason behind
the disparity needs further investigation. In addition, GDNF and
related compounds are being examined for efficacy using alternative means of delivery including implantation of capsules, engineered cells, and viral vectors.
One step beyond neuroprotection is cell replacement therapy,
wherein cells lost in PD are replaced. There have been mixed
results in clinical trials attempting this strategy: some open-label
studies showed benefit, while 2 double-blind, placebo-controlled
studies failed to meet their primary endpoints and noted the worrisome development of dyskinesias (S60–S63). In these studies,
ventral midbrain tissue was isolated from fetal human tissue and
ectopically transplanted into the striatum of PD patients. Autopsy and imaging studies do verify that the transplanted tissue can
survive and functionally integrate. Studies continue to explore
the reasons for variable clinical response with possible explanations involving surgical technique, level of immunosuppression,
cell preparation and survivability, and patient selection (S64). In
addition, these cells lack normal synaptic input since they are not
properly localized to the SN. A fully integrated graft may need
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to be placed in the SN and recapitulate functional connectivity
to the striatum. Until these problems are addressed and better
understood, fetal cell transplantation cannot be recommended
as a routine therapeutic option.
The isolation of human embryonic stem cells has provided a
potential source for transplantation material. Over the past few
years a good deal of effort has gone into developing protocols to
induce the proper dopaminergic characteristics in these undifferentiated cells to make them suitable candidates for transplant. Several
protocols exist that can induce a dopaminergic phenotype, but poor
cell survival after transplant into animal models has led to disappointing results (S65). Several other roadblocks stand in the way
of stem cell therapy, including concerns regarding exposing cells to
xenogenic factors during the expansion and differentiation phases,
the possibility of tumor formation if cells are not properly differentiated, the possibility of tissue rejection, and purification of the transplanted cells. In addition, there is the concern that even if ample
numbers of the appropriate cells are produced, these cells may suffer
from the same difficulties seen with fetal cell transplants. Finally,
there is little reason to believe that transplantation of dopaminergic
cells will alleviate the symptoms related to the degeneration seen
in non-nigrostriatal brain areas and with other neurotransmitter
types. Despite these caveats, if a way can be found to reliably reproduce the symptomatic benefit seen in some fetal transplant studies,
the availability of large numbers of differentiated stem cells may one
day make such transplantation a very attractive therapy.
Conclusions
Just as landmark discoveries that identified PD as a disease of
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1. Nutt, J.G., and Wooten, G.F. 2005. Clinical practice.
Diagnosis and initial management of Parkinson’s
disease. N. Engl. J. Med. 353:1021–1027.
2. Elbaz, A., et al. 2002. Risk tables for parkinsonism
and Parkinson’s disease. J. Clin. Epidemiol. 55:25–31.
3. de Rijk, M.C., et al. 2000. Prevalence of Parkinson’s disease in Europe: a collaborative study
of population-based cohorts. Neurologic Diseases in the Elderly Research Group. Neurology.
54(Suppl. 5):S21–S23.
4. Goetz, C.G. 2002. Charcot and Parkinson’s disease. In Parkinson’s disease diagnosis and clinical management. S. Factor and W. Weiner, editors. Demos
Medical Publishing. New York, New York, USA.
19–26.
5. Brissaud, E. 1895. Nature et pathogenie de la maladie de Parkinson. In Leçons sur les malades nerveuses.
Masson. Paris, France. 488–501.
6. Kapp, W. 1992. The history of drugs for the treatment of Parkinson’s disease. J. Neural Transm. Suppl.
38:1–6.
7. Lewy, F.H. 1912. Paralysis agitans. I. Pathologische
anatomie. In Handbuch der neurologie. M. Lewandowsky, editor. Springer. Berlin, Germany. 920–933.
8. Greenfield, J.G., and Bosanquet, F.D. 1953. The
brain-stem lesions in Parkinsonism. J. Neurol.
Neurosurg. Psychiatry. 16:213–226.
9. Ehringer, H., and Hornykiewicz, O. 1960. Verteilung von noradrenalin und dopamin (3-hydroxy
tyramin) ingerhirn des menschen und ihr verhalten
bei erkrankugen des extrapyramidalen systems.
Klin. wochenschr. 38:1236–1239.
10. Poirier, L.J., and Sourkes, T.L. 1965. Influence of
the substantia nigra on the catecholamine content
of the striatum. Brain. 88:181–192.
11. Carlsson, A., Lindqvist, M., and Magnusson, T.
1957. 3,4-Dihydroxyphenylalanine and 5-hydroxy1752

will the understanding of disease mechanisms spurred on by
the study of genetics lead to novel neuroprotective and restorative therapies. The identification of monogenetic forms of
PD has uncovered a role for proteasomal and mitochondrial
dysfunction, oxidative stress, protein misfolding, and aberrant phosphorylation in the pathophysiology of PD. While the
interplay and temporal relationship among these pathologic
processes are unclear at present, further research to determine
which factors are most proximate to the cell death process and
which are most amenable to pharmaceutical intervention are
the challenges for the future.
Acknowledgments
T.M. Dawson and V.L. Dawson are supported by grants from the
NIH (National Institute of Neurological Disorders and Stroke
grants NS38377, NS051468, NS048206, and NS054207), the Lee
Martin Trust, the Sylvia Nachlas Trust, the National Parkinson
Foundation, and the Michael J. Fox Foundation. T.M. Dawson is
the Leonard and Madlyn Abramson Professor in Neurodegenerative Diseases. J.M. Savitt is supported by the American Parkinson
Disease Foundation and NIH National Institute of Neurological
Disorders and Stroke grant NS052624.
Note: References S1–S65 are available online with this article;
doi:10.1172/JCI29178DS1.
Address correspondence to: Ted M. Dawson, Institute for Cell
Engineering, Department of Neurology and Neuroscience, Johns
Hopkins University School of Medicine, 733 North Broadway, BRB
Suite 731, Baltimore, Maryland 21205, USA. Phone: (410) 614-3359;
Fax: (410) 614-9568; E-mail: tdawson@jhmi.edu.

tryptophan as reserpine antagonists. Nature.
180:1200.
12. Cotzias, G.C., Papavasiliou, P.S., and Gellene, R.
1969. Modification of Parkinsonism--chronic treatment with L-dopa. N. Engl. J. Med. 280:337–345.
13. Rinne, U.K., and Sonninen, V. 1973. Brain catecholamines and their metabolites in Parkinsonian
patients. Treatment with levodopa alone or combined with a decarboxylase inhibitor. Arch. Neurol.
28:107–110.
14. Rinne, U.K., Sonninen, V., and Sirtola, T. 1972.
Treatment of Parkinson’s disease with L-DOPA
and decarboxylase inhibitor. Z. Neurol. 202:1–20.
15. Ericsson, A.D. 1971. Potentiation of the L-Dopa
effect in man by the use of catechol-O-methyltransferase inhibitors. J. Neurol. Sci. 14:193–197.
16. Myllyla, V.V., Sotaniemi, K.A., Illi, A., Suominen,
K., and Keranen, T. 1993. Effect of entacapone,
a COMT inhibitor, on the pharmacokinetics of
levodopa and on cardiovascular responses in
patients with Parkinson’s disease. Eur. J. Clin.
Pharmacol. 45:419–423.
17. Roberts, J.W., et al. 1993. Catechol-O-methyltransferase inhibitor tolcapone prolongs levodopa/carbidopa action in parkinsonian patients. Neurology.
43:2685–2688.
18. Chrisp, P., Mammen, G.J., and Sorkin, E.M. 1991.
Selegiline. A review of its pharmacology, symptomatic benefits and protective potential in Parkinson’s
disease. Drugs Aging. 1:228–248.
19. Gopinathan, G., et al. 1981. Lisuride in parkinsonism.
Neurology. 31:371–376.
20. Calne, D.B., Teychenne, P.F., Leigh, P.N., Bamji,
A.N., and Greenacre, J.K. 1974. Treatment of parkinsonism with bromocriptine. Lancet. 2:1355–1356.
21. Brophy, B.P. 1998. Surgical palliation of dyskinesiae
in Parkinson’s disease. Stereotact. Funct. Neurosurg.

70:107–113.
22. Bergman, H., Wichmann, T., and DeLong, M.R.
1990. Reversal of experimental parkinsonism
by lesions of the subthalamic nucleus. Science.
249:1436–1438.
23. Benabid, A.L., et al. 2000. Future prospects of brain
stimulation. Neurol. Res. 22:237–246.
24. Hughes, A.J., Daniel, S.E., Blankson, S., and Lees,
A.J. 1993. A clinicopathologic study of 100 cases of
Parkinson’s disease. Arch. Neurol. 50:140–148.
25. Pal, P., Samii, A., and Calne, D. 2002. Cardinal features of early Parkinson’s disease. In Parkinson’s disease: diagnosis and clinical management. S. Factor and
W. Weiner, editors. Demos Medical Publishing.
New York, New York, USA. 41–56.
26. de Lau, L.M., Koudstaal, P.J., Hofman, A., and Breteler, M.M. 2006. Subjective complaints precede
Parkinson disease: the rotterdam study. Arch. Neurol.
63:362–365.
27. Hughes, A.J., Daniel, S.E., Kilford, L., and Lees, A.J.
1992. Accuracy of clinical diagnosis of idiopathic
Parkinson’s disease: a clinico-pathological study of
100 cases. J. Neurol. Neurosurg. Psychiatry. 55:181–184.
28. Rajput, A.H., Rozdilsky, B., and Rajput, A. 1991.
Accuracy of clinical diagnosis in parkinsonism--a
prospective study. Can. J. Neurol. Sci. 18:275–278.
29. Hughes, A.J., Daniel, S.E., and Lees, A.J. 2001.
Improved accuracy of clinical diagnosis of Lewy
body Parkinson’s disease. Neurology. 57:1497–1499.
30. Suchowersky, O., et al. 2006. Practice parameter:
diagnosis and prognosis of new onset Parkinson
disease (an evidence-based review). Neurology.
66:968–975.
31. Marek, K., Jennings, D., and Seibyl, J. 2003. Neuroimaging in Parkinson’s disease. In Handbook of
Parkinson’s disease. 3rd edition. R. Pahwa, K. Lyons,
and W. Koller, editors. Marcel Dekker, Inc. New

The Journal of Clinical Investigation    http://www.jci.org    Volume 116    Number 7    July 2006

science in medicine
York, New York, USA. 179–202.
32. Van Laere, K., et al. 2006. Dual-tracer dopamine
transporter and perfusion SPECT in differential
diagnosis of parkinsonism using template-based
discriminant analysis. J. Nucl. Med. 47:384–392.
33. Berg, D., Hochstrasser, H., Schweitzer, K.J., and Riess,
O. 2006. Disturbance of iron metabolism in Parkinson’s disease -- ultrasonography as a biomarker.
Neurotox. Res. 9:1–13.
34. Ponsen, M.M., et al. 2004. Idiopathic hyposmia as a
preclinical sign of Parkinson’s disease. Ann. Neurol.
56:173–181.
35. El-Agnaf, O.M., et al. 2006. Detection of oligomeric
forms of alpha-synuclein protein in human plasma
as a potential biomarker for Parkinson’s disease.
Faseb J. 20:419–425.
36. Michell, A.W., Lewis, S.J., Foltynie, T., and Barker,
R.A. 2004. Biomarkers and Parkinson’s disease.
Brain. 127:1693–1705.
37. Ozelius, L.J., et al. 2006. LRRK2 G2019S as a cause of
Parkinson’s disease in Ashkenazi Jews. N. Engl. J. Med.
354:424–425.
38. Lesage, S., et al. 2006. LRRK2 G2019S as a cause of
Parkinson’s disease in North African Arabs. N. Engl.
J. Med. 354:422–423.
39. Braak, H., et al. 2003. Staging of brain pathology
related to sporadic Parkinson’s disease. Neurobiol.
Aging. 24:197–211.
40. Marsden, C. 1983. Neuromelanin and Parkinson’s
disease. J. Neural Transm. Suppl. 19:121–141.
41. Jellinger, K. 2005. The pathology of parkinson’s
disease-recent advances. In Scientific basis for the treatment of Parkinson’s disease. 2nd edition. N. GalvezJimenez, editor. Taylor & Francis. New York, New
York, USA/London, United Kingdom. 53–85.
42. Braak, H., de Vos, R.A., Bohl, J., and Del Tredici,
K. 2006. Gastric alpha-synuclein immunoreactive
inclusions in Meissner’s and Auerbach’s plexuses
in cases staged for Parkinson’s disease-related brain
pathology. Neurosci. Lett. 396:67–72.
43. Poskanzer, D.C., and Schwab, R.S. 1963. Cohort
analysis of Parkinson’s syndrome: evidence for
a single etiology related to subclinical infection
about 1920. J. Chronic Dis. 16:961–973.
44. Reid, A.H., McCall, S., Henry, J.M., and Taubenberger, J.K. 2001. Experimenting on the past: the
enigma of von Economo’s encephalitis lethargica.
J. Neuropathol. Exp. Neurol. 60:663–670.
45. Burns, R.S., et al. 1983. A primate model of parkinsonism: selective destruction of dopaminergic neurons in the pars compacta of the substantia nigra
by N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
Proc. Natl. Acad. Sci. U. S. A. 80:4546–4550.
46. Langston, J.W., Ballard, P., Tetrud, J.W., and Irwin,
I. 1983. Chronic Parkinsonism in humans due to
a product of meperidine-analog synthesis. Science.
219:979–980.
47. McNaught, K.S., Perl, D.P., Brownell, A.L., and Olanow, C.W. 2004. Systemic exposure to proteasome
inhibitors causes a progressive model of Parkinson’s disease. Ann. Neurol. 56:149–162.
48. Betarbet, R., et al. 2000. Chronic systemic pesticide
exposure reproduces features of Parkinson’s disease.
Nat. Neurosci. 3:1301–1306.
49. Landrigan, P.J., et al. 2005. Early environmental
origins of neurodegenerative disease in later life.
Environ. Health Perspect. 113:1230–1233.
50. Bell, J., and Clark, A. 1926. A pedigee of paralysis
agitans. Ann. Eugen. 1:455–462.
51. Allen, W. 1937. Inheritence of the shaking palsy.
Arch. Intern. Med. 60:424–436.
52. Lazzarini, A.M., et al. 1994. A clinical genetic study
of Parkinson’s disease: evidence for dominant
transmission. Neurology. 44:499–506.
53. Maraganore, D.M., et al. 2005. High-resolution wholegenome association study of Parkinson disease.
Am. J. Hum. Genet. 77:685–693.
54. Mizuta, I., et al. 2006. Multiple candidate gene

analysis identifies alpha-synuclein as a susceptibility gene for sporadic Parkinson’s disease. Hum. Mol.
Genet. 15:1151–1158.
55. van der Walt, J.M., et al. 2004. Fibroblast growth
factor 20 polymorphisms and haplotypes strongly
influence risk of Parkinson disease. Am. J. Hum.
Genet. 74:1121–1127.
56. Le, W.D., et al. 2003. Mutations in NR4A2 associated with familial Parkinson disease. Nat. Genet.
33:85–89.
57. Polymeropoulos, M.H., et al. 1997. Mutation in the
alpha-synuclein gene identified in families with
Parkinson’s disease. Science. 276:2045–2047.
58. Kruger, R., et al. 1998. Ala30Pro mutation in the gene
encoding alpha-synuclein in Parkinson’s disease.
Nat. Genet. 18:106–108.
59. Zarranz, J.J., et al. 2004. The new mutation, E46K,
of alpha-synuclein causes Parkinson and Lewy
body dementia. Ann. Neurol. 55:164–173.
60. Singleton, A.B., et al. 2003. alpha-Synuclein locus
triplication causes Parkinson’s disease. Science.
302:841.
61. Nishioka, K., et al. 2006. Clinical heterogeneity of
alpha-synuclein gene duplication in Parkinson’s
disease. Ann. Neurol. 59:298–309.
62. Langston, J.W., et al. 1998. Novel alpha-synucleinimmunoreactive proteins in brain samples from
the Contursi kindred, Parkinson’s, and Alzheimer’s
disease. Exp. Neurol. 154:684–690.
63. Spira, P.J., Sharpe, D.M., Halliday, G., Cavanagh, J.,
and Nicholson, G.A. 2001. Clinical and pathological features of a Parkinsonian syndrome in a family
with an Ala53Thr alpha-synuclein mutation. Ann.
Neurol. 49:313–319.
64. Farrer, M., et al. 2004. Comparison of kindreds
with parkinsonism and alpha-synuclein genomic
multiplications. Ann. Neurol. 55:174–179.
65. Muenter, M.D., et al. 1998. Hereditary form of parkinsonism--dementia. Ann. Neurol. 43:768–781.
66. Eriksen, J.L., Przedborski, S., and Petrucelli, L. 2005.
Gene dosage and pathogenesis of Parkinson’s disease.
Trends Mol. Med. 11:91–96.
67. Pals, P., et al. 2004. alpha-Synuclein promoter confers susceptibility to Parkinson’s disease. Ann. Neurol.
56:591–595.
68. Hadjigeorgiou, G.M., et al. 2005. Association of
alpha-synuclein Rep1 polymorphism and Parkinson’s disease: influence of Rep1 on age at onset.
Mov. Disord. 21:534–539.
69. Tan, E.K., et al. 2004. Alpha-synuclein haplotypes
implicated in risk of Parkinson’s disease. Neurology.
62:128–131.
70. Spillantini, M.G., et al. 1997. Alpha-synuclein in
Lewy bodies. Nature. 388:839–840.
71. Dauer, W., et al. 2002. Resistance of alpha-synuclein null mice to the parkinsonian neurotoxin MPTP.
Proc. Natl. Acad. Sci. U. S. A. 99:14524–14529.
72. Weinreb, P.H., Zhen, W., Poon, A.W., Conway,
K.A., and Lansbury, P.T., Jr. 1996. NACP, a protein
implicated in Alzheimer’s disease and learning, is
natively unfolded. Biochemistry. 35:13709–13715.
73. Hasegawa, M., et al. 2002. Phosphorylated alphasynuclein is ubiquitinated in alpha-synucleinopathy
lesions. J. Biol. Chem. 277:49071–49076.
74. Spillantini, M.G., Crowther, R.A., Jakes, R., Hasegawa, M., and Goedert, M. 1998. alpha-Synuclein in
filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia with lewy bodies.
Proc. Natl. Acad. Sci. U. S. A. 95:6469–6473.
75. Moore, D.J., West, A.B., Dawson, V.L., and Dawson,
T.M. 2005. Molecular pathophysiology of Parkinson’s disease. Annu. Rev. Neurosci. 28:57–87.
76. Mizuno, Y., Mochizuki, H., and Hattori, N. 2005.
Alpha–synuclein, nigral degeneration and parkinsonism. In Scientific basis for the treatment of Parkinson’s
disease. 2nd edition. N. Galvez-Jimenez, editor. Taylor & Francis. New York, New York, USA/London,
United Kingdom. 87–104.

77. Li, W., et al. 2005. Aggregation promoting C-terminal truncation of alpha-synuclein is a normal
cellular process and is enhanced by the familial
Parkinson’s disease-linked mutations. Proc. Natl.
Acad. Sci. U. S. A. 102:2162–2167.
78. Abeliovich, A., et al. 2000. Mice lacking alpha-synuclein display functional deficits in the nigrostriatal
dopamine system. Neuron. 25:239–252.
79. Jensen, P.H., Li, J.Y., Dahlstrom, A., and Dotti, C.G.
1999. Axonal transport of synucleins is mediated by
all rate components. Eur. J. Neurosci. 11:3369–3376.
80. Webb, J.L., Ravikumar, B., Atkins, J., Skepper, J.N.,
and Rubinsztein, D.C. 2003. Alpha-synuclein is
degraded by both autophagy and the proteasome.
J. Biol. Chem. 278:25009–25013.
81. Chandra, S., Gallardo, G., Fernandez-Chacon, R.,
Schluter, O.M., and Sudhof, T.C. 2005. Alphasynuclein cooperates with CSPalpha in preventing
neurodegeneration. Cell. 123:383–396.
82. Rochet, J.C., et al. 2004. Interactions among alphasynuclein, dopamine, and biomembranes: some
clues for understanding neurodegeneration in
Parkinson’s disease. J. Mol. Neurosci. 23:23–34.
83. Cuervo, A.M., Stefanis, L., Fredenburg, R., Lansbury, P.T., and Sulzer, D. 2004. Impaired degradation of mutant alpha-synuclein by chaperonemediated autophagy. Science. 305:1292–1295.
84. Mukaetova-Ladinska, E.B., and McKeith, I.G. 2006.
Pathophysiology of synuclein aggregation in Lewy
body disease. Mech. Ageing Dev. 127:188–202.
85. Snyder, H., et al. 2003. Aggregated and monomeric
alpha-synuclein bind to the S6’ proteasomal protein and inhibit proteasomal function. J. Biol. Chem.
278:11753–11759.
86. Kitada, T., et al. 1998. Mutations in the parkin gene
cause autosomal recessive juvenile parkinsonism.
Nature. 392:605–608.
87. Lohmann, E., et al. 2003. How much phenotypic
variation can be attributed to parkin genotype?
Ann. Neurol. 54:176–185.
88. Bonifati, V., et al. 2001. The parkin gene and its
phenotype. Italian PD Genetics Study Group,
French PD Genetics Study Group and the European Consortium on Genetic Susceptibility in
Parkinson’s Disease. Neurol. Sci. 22:51–52.
89. Oliveira, S.A., et al. 2003. Parkin mutations and susceptibility alleles in late-onset Parkinson’s disease.
Ann. Neurol. 53:624–629.
90. Khan, N.L., et al. 2005. Dopaminergic dysfunction
in unrelated, asymptomatic carriers of a single parkin mutation. Neurology. 64:134–136.
91. Lincoln, S.J., et al. 2003. Parkin variants in North
American Parkinson’s disease: cases and controls.
Mov. Disord. 18:1306–1311.
92. Oliveira, S.A., et al. 2003. Association study of Parkin gene polymorphisms with idiopathic Parkinson disease. Arch. Neurol. 60:975–980.
93. Lucking, C.B., et al. 2000. Association between
early-onset Parkinson’s disease and mutations in
the parkin gene. French Parkinson’s Disease Genetics Study Group. N. Engl. J. Med. 342:1560–1567.
94. Mori, H., et al. 1998. Pathologic and biochemical
studies of juvenile parkinsonism linked to chromosome 6q. Neurology. 51:890–892.
95. Farrer, M., et al. 2001. Lewy bodies and parkinsonism in families with parkin mutations. Ann. Neurol.
50:293–300.
96. Sasaki, S., Shirata, A., Yamane, K., and Iwata, M. 2004.
Parkin-positive autosomal recessive juvenile Parkinsonism with alpha-synuclein-positive inclusions.
Neurology. 63:678–682.
97. Zhang, Y., et al. 2000. Parkin functions as an E2dependent ubiquitin- protein ligase and promotes
the degradation of the synaptic vesicle-associated protein, CDCrel-1. Proc. Natl. Acad. Sci. U. S. A.
97:13354–13359.
98. Ko, H.S., et al. 2005. Accumulation of the authentic parkin substrate aminoacyl-tRNA synthetase

The Journal of Clinical Investigation    http://www.jci.org    Volume 116    Number 7    July 2006

1753

science in medicine
cofactor, p38/JTV-1, leads to catecholaminergic
cell death. J. Neurosci. 25:7968–7978.
99. Ko, H.S., Kim, S.W., Sriram, S.R., Dawson, V.L.,
and Dawson, T.M. 2006. Identification of far up
stream element binding protein-1 as an authentic parkin substrate. J. Biol. Chem. doi:10.1074/jbc.
C600041200.
100. Oliveira, S.A., et al. 2005. Identification of risk and
age-at-onset genes on chromosome 1p in Parkinson disease. Am. J. Hum. Genet. 77:252–264.
101. Leroy, E., et al. 1998. The ubiquitin pathway in
Parkinson’s disease. Nature. 395:451–452.
102. Healy, D.G., et al. 2006. UCHL-1 is not a Parkinson’s disease susceptibility gene. Ann. Neurol.
59:627–633.
103. Maraganore, D.M., et al. 2004. UCHL1 is a Parkinson’s disease susceptibility gene. Ann. Neurol.
55:512–521.
104. Liu, Y., Fallon, L., Lashuel, H.A., Liu, Z., and Lansbury, P.T., Jr. 2002. The UCH-L1 gene encodes two
opposing enzymatic activities that affect alphasynuclein degradation and Parkinson’s disease
susceptibility. Cell. 111:209–218.
105. Lim, K.L., Dawson, V.L., and Dawson, T.M. 2006.
Parkin-mediated lysine 63-linked polyubiquitination: a link to protein inclusions formation in
Parkinson’s and other conformational diseases?
Neurobiol. Aging. 27:524–529.
106. Chung, K.K., et al. 2004. S-nitrosylation of parkin
regulates ubiquitination and compromises parkin’s
protective function. Science. 304:1328–1331.
107. LaVoie, M.J., Ostaszewski, B.L., Weihofen, A.,

1754

Schlossmacher, M.G., and Selkoe, D.J. 2005. Dopamine covalently modifies and functionally inactivates parkin. Nat. Med. 11:1214–1221.
108. McNaught, K.S., and Jenner, P. 2001. Proteasomal
function is impaired in substantia nigra in Parkinson’s disease. Neurosci. Lett. 297:191–194.
109. McNaught, K.S., Belizaire, R., Isacson, O., Jenner, P.,
and Olanow, C.W. 2003. Altered proteasomal function in sporadic Parkinson’s disease. Exp. Neurol.
179:38–46.
110. Bonifati, V., et al. 2003. Mutations in the DJ-1 gene
associated with autosomal recessive early-onset
parkinsonism. Science. 299:256–259.
111. Dekker, M., et al. 2003. Clinical features and neuroimaging of PARK7-linked parkinsonism. Mov.
Disord. 18:751–757.
112. Lockhart, P.J., et al. 2004. DJ-1 mutations are a rare
cause of recessively inherited early onset parkinsonism mediated by loss of protein function [letter].
J. Med. Genet. 41:e22.
113. Choi, J., et al. 2006. Oxidative damage of DJ-1 is
linked to sporadic Parkinson’s and Alzheimer’s
diseases. J. Biol. Chem. 281:10816–10824.
114. Zhang, L., et al. 2005. Mitochondrial localization
of the Parkinson’s disease related protein DJ-1:
implications for pathogenesis. Hum. Mol. Genet.
14:2063–2073.
115. Moore, D.J., et al. 2005. Association of DJ-1 and
parkin mediated by pathogenic DJ-1 mutations
and oxidative stress. Hum. Mol. Genet. 14:71–84.
116. Zhou, W., Zhu, M., Wilson, M.A., Petsko, G.A., and
Fink, A.L. 2006. The oxidation state of DJ-1 regu-

lates its chaperone activity toward alpha-synuclein.
J. Mol. Biol. 356:1036–1048.
117. Kim, R.H., et al. 2005. Hypersensitivity of DJ-1deficient mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine (MPTP) and oxidative stress. Proc.
Natl. Acad. Sci. U. S. A. 102:5215–5220.
118. Ito, G., Ariga, H., Nakagawa, Y., and Iwatsubo, T.
2006. Roles of distinct cysteine residues in S-nitrosylation and dimerization of DJ-1. Biochem. Biophys.
Res. Commun. 339:667–672.
119. Abou-Sleiman, P.M., Muqit, M.M., and Wood, N.W.
2006. Expanding insights of mitochondrial dysfunction in Parkinson’s disease. Nat. Rev. Neurosci.
7:207–219.
120. Valente, E.M., et al. 2004. Hereditary early-onset
Parkinson’s disease caused by mutations in PINK1.
Science. 304:1158–1160.
121. Li, Y., et al. 2005. Clinicogenetic study of PINK1
mutations in autosomal recessive early-onset parkinsonism. Neurology. 64:1955–1957.
122. Klein, C., et al. 2005. PINK1, Parkin, and DJ-1
mutations in Italian patients with early-onset parkinsonism. Eur. J. Hum. Genet. 13:1086–1093.
123. Valente, E.M., et al. 2004. PINK1 mutations are
associated with sporadic early-onset parkinsonism.
Ann. Neurol. 56:336–341.
124. Ibanez, P., et al. 2006. Mutational analysis of the
PINK1 gene in early-onset parkinsonism in Europe
and North Africa. Brain. 129:686–694.
125. Tan, E.K., et al. 2006. PINK1 mutations in sporadic early-onset Parkinson’s disease. Mov. Disord.
doi:10.1002/mds.20810.

The Journal of Clinical Investigation    http://www.jci.org    Volume 116    Number 7    July 2006

