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Abstract
Parkinson’s disease (PD) is a progressive neurodegenerative move-
ment disorder that results primarily from the death of dopaminergic
neurons in the substantia nigra. Although the etiology of PD is in-
completely understood, the recent discovery of genes associated with
rare monogenic forms of the disease, together with earlier studies
and new experimental animal models, has provided important and
novel insight into the molecular pathways involved in disease patho-
genesis. Increasing evidence indicates that deficits in mitochondrial
function, oxidative and nitrosative stress, the accumulation of aber-
rant or misfolded proteins, and ubiquitin-proteasome system dys-
function may represent the principal molecular pathways or events
that commonly underlie the pathogenesis of sporadic and familial
forms of PD.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neu-
rodegenerative movement disorder that is
estimated to affect approximately 1% of the
population older than 65 years of age (Lang
& Lozano 1998a,b). Clinically, most pa-
tients present with the cardinal symptoms of
bradykinesia, resting tremor, rigidity, and pos-
tural instability. A number of patients also
suffer from autonomic, cognitive, and psy-
chiatric disturbances. The major symptoms
of PD result from the profound and selec-
tive loss of dopaminergic (DA) neurons in
the substantia nigra pars compacta (SNc), but
there is widespread neuropathology with the
SNc becoming involved later toward the mid-
dle stages of the disease (Braak et al. 2003).
The pathological hallmarks of PD are round

eosinophilic intracytoplasmic proteinaceous
inclusions termed Lewy bodies (LBs) and dys-
trophic neurites (Lewy neurites) present in
surviving neurons (Forno 1996). PD is pri-
marily a sporadic disorder and its specific eti-
ology is incompletely understood, but impor-
tant new insights have recently been provided
through studying the genetics, epidemiology,
and neuropathology of PD, in addition to
the development of new experimental mod-
els. Until recently, PD had been considered
the prototypical nongenetic disorder. In the
past seven years, the identification of distinct
genetic loci responsible for rare Mendelian
forms of PD has challenged this view and has
provided us with vital clues to understanding
the molecular pathogenesis of the more com-
mon sporadic forms of this disease. These ge-
netic advances have revolutionized the way we
think about PD and have opened up new and
exciting areas of research. Despite such ad-
vances, much recent research has continued
to focus on the contribution of nongenetic or
environmental factors to the development of
sporadic forms of PD.

THE HERITABILITY OF PD

For most of the twentieth century, genetic
predisposition to Charcot’s “la maladie de
Parkinson” was thought to play a negligible
role in development of the syndrome. The
notion that environmental factors, not
heredity, caused PD was further propagated
following the post-encephalitic outbreak of a
variant of the syndrome. Yet for more than
one hundred years, clinicians noted that pa-
tients with PD often had an affected relative
(Gowers 1900). Further studies corroborated
these suspicions with the identification and
characterization of families that inherited PD
in a Mendelian fashion (Bell & Clark 1926).
In contrast, a number of studies utilizing twin
registries demonstrated a low rate of concor-
dance in monozygotic and dizygotic twins,
indicative of a lack of genetic susceptibility in
PD (Marttila et al. 1988, Ward et al. 1983).
These early twin studies seemed to shift the
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Table 1 Loci and genes associated with familial PD or implicated in PD1

Locus
Chromosome
location Gene

Inheritance
pattern Typical phenotype Reference

PARK1 &
PARK4

4q21–q23 α-synuclein AD Earlier onset, features of DLB
common

Polymeropolous et al. 1997,
Singleton et al. 2003

PARK2 6q25.2–q27 parkin usually AR Earlier onset with slow progression Kitada et al. 1998
PARK3 2p13 unknown AD, IP Classic PD, sometimes dementia Gasser et al. 1998
PARK5 4p14 UCH-L1 unclear Classic PD Leroy et al. 1998
PARK6 1p35–p36 PINK1 AR Earlier onset with slow progression Valente et al. 2004a
PARK7 1p36 DJ-1 AR Earlier onset with slow progression Bonifati et al. 2003
PARK8 12p11.2–q13.1 LRRK22 AD Classic PD Funayama et al. 2002
PARK10 1p32 unknown unclear Classic PD Hicks et al. 2002
PARK11 2q36–q37 unknown unclear Classic PD Pankratz et al. 2003
NA 5q23.1–q23.3 Synphilin-

1
unclear Classic PD Marx et al. 2003

NA 2q22–q23 NR4A2 unclear Classic PD Le et al. 2003

1Abbreviations: NA, not assigned; AD, autosomal dominant; AR, autosomal recessive; IP, incomplete penetrance; DLB, dementia with Lewy bodies.
2See note added in proof.

direction of PD research away from genetics,
and the concomitant identification of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced parkinsonism (Langston
et al. 1983) further downplayed any potential
genetic component to PD. Despite these past
assumptions that genetics played little role in
PD, it became clear that there is a significant
genetic component to disease (Dawson &
Dawson 2003, Hicks et al. 2002, Marder
et al. 1996, Sveinbjornsdottir et al. 2000).
Indeed, there are at least 10 distinct genetic
loci associated with PD, and mutations have
been identified in four genes that definitively
and unambiguously cause familial forms of
PD (Table 1).

THE CONTRIBUTION OF
GENES TO THE
PATHOGENESIS OF PD

Although monogenic and sporadic forms of
PD are clinically and pathologically distinct
from each other, they tend to share many
overlapping features that include, most
importantly, parkinsonism with nigrostriatal
DA degeneration (Hardy et al. 2003), which

perhaps implies that common pathogenic
mechanisms may underlie disease. How-
ever, although the genes linked to different
monogenic forms of PD do not necessarily
fit into a common pathogenic pathway, they
nevertheless promote our understanding of
the specific molecular pathways that lead
to DA neuronal degeneration in PD. This
section discusses our current understanding
of those gene products linked to monogenic
forms of PD (PARK1, 2, 4, 5, 6, and 7), em-
phasizing, in particular, the normal function
of each protein and how its dysfunction may
contribute to disease pathogenesis.

α-Synuclein (OMIM 163890; PARK1;
PARK4)

The first gene for familial PD was initially
mapped to chromosome 4q21–q23 in an Ital-
ian American family (Contursi kindred) with
more than 60 affected individuals spanning 5
generations with autosomal dominant disease
inheritance (Polymeropoulos et al. 1996). An
A53T missense mutation was isolated in af-
fected individuals in the gene encoding the
α-synuclein protein (Polymeropoulos et al.
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1997). Subsequently, a second mutation in
the α-synuclein gene (A30P) was found in a
German family (Kruger et al. 1998), in addi-
tion to an E46K mutation in a Spanish family
(Zarranz et al. 2004). Lastly, a genomic trip-
lication of a region spanning the α-synuclein
gene segregated with disease in the Iowa kin-
dred (Singleton et al. 2003). Moreover, there
is some suggestion that genetic variability in
the α-synuclein promoter associates with spo-
radic PD, which implicates that variability of
α-synuclein protein levels can predispose in-
dividuals to disease (Pals et al. 2004).

α-synuclein is a 140-amino-acid protein
belonging to a family of related synucleins
that include β- and γ -synuclein (Clayton
& George 1998). Structurally, human
α-synuclein consists of an N-terminal am-
phipathic region containing six imperfect
repeats (with a KTKEGV consensus motif),
a hydrophobic central region [containing the
non-amyloid-β component (NAC) domain],
and an acidic C-terminal region (Figure 1).
α-synuclein is an intrinsically unstructured or
natively unfolded protein but has significant
conformational plasticity. For example,

Figure 1
Domain architecture and familial mutations of proteins associated with PD. Protein domains of human
(A) α-synuclein (140 aa), (B) DJ-1 (189 aa), (C) parkin (465 aa), and (D) PINK1 (581 aa). The position of
amino acid missense mutations (single letter code) associated with familial forms of PD are indicated for
each protein (arrows). Nonsense mutations are indicated by X, which denotes the introduction of a
premature stop codon. Not all familial mutations are indicated for parkin. Refer to Mata et al. 2004 for
detailed references to all reported parkin mutations. MTS, mitochondrial targeting sequence.
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depending on the environment α-synuclein
can remain unstructured, can form
monomeric and oligomeric species, or
can form amyloidogenic filaments (Uversky
2003). The physiological function of α-
synuclein is unclear. α-synuclein is highly
expressed throughout the mammalian brain
and is enriched in presynaptic nerve termi-
nals, where it can associate with membranes
and vesicular structures (Irizarry et al. 1996,
Kahle et al. 2000). Recent studies have shown
that α-synuclein specifically associates with
membrane microdomains known as lipid rafts,
and this raft association may be required for
its synaptic localization (Fortin et al. 2004).
Analysis of mice with a targeted deletion of the
α-synuclein gene suggest a role for α-synuclein
in synaptic vesicle recycling and DA neuro-
transmission (Abeliovich et al. 2000). A role in
synaptic vesicle recycling is further supported
by observations in vitro that demonstrate that
α-synuclein can bind to acidic phospholipid
vesicles (Davidson et al. 1998) and can also
bind to and inhibit the activity of mammalian
phospholipase D (PLD) (Jenco et al. 1998).
Furthermore, in cultured cells α-synuclein
can regulate lipid metabolism by protecting
lipid droplets from hydrolysis (Cole et al.
2002) and can regulate the size of presynaptic
vesicular pools (Murphy et al. 2000). Studies
in the model organism yeast further demon-
strate that α-synuclein selectively associates
with the plasma membrane, inhibits PLD
activity, induces lipid droplet accumulation,
and modulates vesicle trafficking (Outeiro
& Lindquist 2003). Thus, α-synuclein may
play an important role in regulating synaptic
vesicle size and recycling with particular
relevance to dopamine storage.

α-synuclein is considered to play a central
role in the pathophysiology of PD, in part,
on the basis of the identification of mutations
or triplications of the α-synuclein gene asso-
ciated with familial PD (Kruger et al. 1998,
Polymeropoulos et al. 1997, Singleton et al.
2003). Moreover, the identification of fibrillar
forms of the α-synuclein protein as a major
structural component of LBs in PD and

other synucleinopathies provides compelling
evidence that α-synuclein plays a major role
in the pathogenesis of PD (Spillantini et al.
1998). Mutations in α-synuclein cause PD
through a toxic gain-of-function mechanism
consistent with the dominant inheritance pat-
tern of mutations. The genomic triplication
of α-synuclein leads to an approximate dou-
bling of expression, thereby demonstrating
that overexpression of wild-type α-synuclein
is sufficient to cause disease. The effects of
α-synuclein missense mutations are not so
obvious. Both the A30P and A53T mutant
proteins display an increased propensity to
self-aggregate to form oligomeric species
and LB-like fibrils in vitro compared with
wild-type α-synuclein (Conway et al. 1998).
α-synuclein oligomers are the precursors for
higher-order aggregates, such as amyloid-like
fibrils, which precipitate as the filamentous
structures observed in LBs and Lewy neurites
(Figure 2). Some investigators proposed
that oligomeric fibrillization intermediates of
α-synuclein termed protofibrils, rather than
the fibrils themselves, may be the pathogenic
cytotoxic moiety. For example, the A53T
and A30P mutations both share the capacity
to promote the oligomerization, but not
fibrillization, of α-synuclein (Conway et al.
2000). Furthermore, these mutants may form
annular protofibrils that resemble a class of

Figure 2
Schematic of α-synuclein fibrillogenesis. Natively unfolded or disordered
α-synuclein monomers form β-sheet rich oligomers that comprise a
transient population of protofibrils of heterogenous structure that may
include spheres, chains, or rings. The protofibrils may give rise to more
stable amyloid-like fibrils. α-synuclein fibrils eventually aggregate and
precipitate to form LBs in vivo. Figure adapted from Lansbury & Brice
2002.
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pore-forming bacterial toxin (Lashuel et al.
2002), which suggests that protofibrils might
cause inappropriate permeabilization of
cellular membranes. Catecholamines, partic-
ularly dopamine, can react with α-synuclein
to form covalent adducts that slow conversion
of protofibrils to fibrils (Conway et al. 2001),
thus promoting protofibril accumulation.
Soluble oligomeric forms of α-synuclein
have recently been observed in human brain
tissue (Sharon et al. 2003), which suggests
that oligomeric species are physiologically
relevant.

The notion of cytotoxic protofibrils is fur-
ther supported by studies in one line of α-
synuclein transgenic mice, whereby motoric
impairment and loss of DA nerve terminals
are observed in the presence of non-fibrillar
α-synuclein inclusions (Masliah et al. 2000).
However, the failure of transgenic mice over-
expressing the protofibrillogenic A30P mu-
tant α-synuclein to exhibit neurodegeneration
(Lee et al. 2002) suggests that protofibrils may
not be the primary cytotoxic moiety. Indeed,
only when the A30P mutant forms both fib-
rils and inclusions is neurodegeneration ob-
served in transgenic mice and flies (Feany &
Bender 2000, Kahle et al. 2001, Neumann
et al. 2002). Consistent with the cytotoxi-
city of fibrillar α-synuclein is the observa-
tion that β-amyloid promotes the formation
of α-synuclein fibrillar inclusions in bigenic
mice overexpressing mutant amyloid precur-
sor protein and α-synuclein, leading to a more
severe α-synuclein-related pathological and
behavioral phenotype (Masliah et al. 2001).
At this stage the relative contributions of α-
synuclein protofibrils and fibrils to PD patho-
genesis are incompletely understood, but both
likely contribute to disease pathogenesis.

The mechanism by which wild-type α-
synuclein aggregates in sporadic forms of PD
is poorly understood. A number of factors
enhance α-synuclein aggregation or fibril-
lization in different systems. Mitochondrial
complex-I inhibitors such as rotenone and
paraquat clearly lead to aggregation and ac-
cumulation of α-synuclein in vitro and in an-

imal models (Betarbet et al. 2000; Manning-
Bog et al. 2002; Sherer et al. 2002b, 2003),
and other forms of oxidative and nitrosative
stress also promote α-synuclein aggregation
(Ischiropoulos & Beckman 2003). Oxidative
damage may play a pertinent role in the ag-
gregation of α-synuclein in sporadic PD be-
cause there is selective tyrosine nitration of
α-synuclein in lesions in PD and other synu-
cleinopathies (Giasson et al. 2000). Indeed,
recent studies suggest that tyrosine nitration
of α-synuclein may potentiate fibril formation
of unmodified α-synuclein and may decrease
the rate of degradation by the 20S proteasome
and the cysteine protease calpain I (Hodara
et al. 2004). α-synuclein protein levels also
increase with aging in human substantia ni-
gra (Li et al. 2004). The stabilization of α-
synuclein with aging may be a significant fac-
tor in the pathogenesis of α-synucleinopathies
because it could lead to the accumulation of
pathogenic protein modifications, such as ox-
idative damage (Li et al. 2004). Proteasomal
inhibition is also associated with increases in
α-synuclein fibrillization with formation of
insoluble inclusions in primary neuronal cul-
tures and in vivo (McNaught et al. 2004,
Rideout et al. 2004). Endogenous cofactors
may play a role in modulating α-synuclein
fibrillogenesis. Recent evidence suggests that
interactions between α-synuclein and tau
synergistically promote the fibrillization of
both proteins in vitro and in animal models
(Giasson et al. 2003), which is supported
by the co-occurrence of α-synuclein and tau
pathology in some monogenic forms of PD, in
other neurodegenerative disorders, and in α-
synuclein transgenic mice. β-amyloid can also
enhance α-synuclein fibrillization in vivo, and
pathology related to both proteins can coexist
in neurodegenerative diseases such as the LB
variant of Alzheimer’s disease (Masliah et al.
2001). The interaction of α-synuclein with
amyloidogenic proteins could be one mecha-
nism that drives the formation of pathological
fibrillar inclusions in human neurodegenera-
tive diseases. Conversely, non-amyloidogenic
proteins such as β-synuclein can have the
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opposite effect to prevent α-synuclein fib-
rillization in vivo and may represent an en-
dogenous negative regulator of fibrillization
(Hashimoto et al. 2001). Mutations in the
β-synuclein gene may predispose to dementia
with LBs (DLB) (Ohtake et al. 2004). Post-
translational modifications may additionally
contribute to the aggregation or fibrillization
of α-synuclein because it is both selectively
ubiquitinated and phosphorylated in lesions
in sporadic PD and other synucleinopathies
(Hasegawa et al. 2002).

Although the process of α-synuclein fib-
rillization may be the key pathogenic event in
most forms of PD, the mechanism by which
α-synuclein species exert their downstream
neurotoxic effects is unclear. One proposed
mechanism is through direct impairment of
the ubiquitin-proteasome system (UPS). For
example, pathogenic species of α-synuclein
are more resistant to proteasomal degrada-
tion and can directly bind to 20/26S pro-
teasomal subunits and impair proteolytic ac-
tivity (Bennett et al. 1999, Lindersson et al.
2004, Snyder et al. 2003). Overexpression
of mutant α-synuclein also sensitizes cul-
tured cells to the toxicity associated with pro-
teasome inhibitors, suggesting a prior level
of proteasome impairment (Petrucelli et al.
2002, Tanaka et al. 2001). Thus, the reduced
clearance of α-synuclein species and their di-
rect inhibitory effect on proteasomal activ-
ity may contribute to disease pathogenesis.
It is presently unclear whether α-synuclein
turnover is physiologically regulated by
the proteasome, although both ubiquitin-
dependent and -independent mechanisms
have been described (Tofaris et al. 2001, Webb
et al. 2003). Furthermore, proteasomal inhibi-
tion produces LB-like α-synuclein inclusions
in rodent models of PD and in cultured neu-
rons (McNaught et al. 2004, Rideout et al.
2004). Alternative pathways of α-synuclein
degradation have also been proposed includ-
ing processing by the lysosome/autophagy
pathway and by cytoplasmic proteases such as
calpain I (Mishizen-Eberz et al. 2003, Webb
et al. 2003). In addition to effects on the UPS,

α-synuclein overexpression in cultured cells,
particularly of mutant forms, has been linked
to mitochondrial deficits (Hsu et al. 2000),
defective cellular trafficking (Gosavi et al.
2002), apoptosis (Lee et al. 2001b), impaired
chaperone-mediated autophagy (Cuervo et al.
2004), and increased sensitivity to oxidative
stress (Ko et al. 2000) and dopamine-mediated
toxicity (Tabrizi et al. 2000). Thus, the mech-
anism of α-synuclein-mediated toxicity likely
affects numerous critical cellular pathways
and highlights the complexity of disentan-
gling the primary pathogenic events from the
secondary events.

A role for dopamine in mediating α-synu-
clein toxicity is an attractive notion that would
account for the relatively selective degen-
eration of DA neurons in PD. In cultured
cells, the toxic effects of α-synuclein appear
to be selective for DA neurons, which re-
quires endogenous dopamine production and
is mediated by reactive oxygen species (ROS)
(Xu et al. 2002). Furthermore, α-synuclein
can interact with and enhance the activity of
the dopamine transporter, thereby accelerat-
ing cellular dopamine uptake and dopamine-
induced apoptosis (Lee et al. 2001a). Over-
expression of mutant α-synuclein can also
downregulate the vesicular monoamine trans-
porter 2, which perhaps promotes enhanced
levels of cytoplasmic dopamine and increased
oxidative stress (Lotharius et al. 2002). Thus,
one effect of toxic α-synuclein species could
be to increase cytosolic dopamine levels,
which, owing to the high oxidative potential
of dopamine metabolism, could promote ox-
idative stress and ensuing DA neuronal cell
death. However, degeneration observed in α-
synuclein-linked PD (PARK1 and PARK4) is
not limited to DA neurons or even to cat-
echolaminergic neurons but is widespread
and may affect other neurotransmitter sys-
tems. This mechanism would account only for
loss of DA neurons in PD, and α-synuclein
toxicity may affect distinct neuronal popula-
tions through alternate mechanisms. Future
research will help to delineate the precise
mechanism of α-synuclein toxicity in specific
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neuronal populations that will hopefully give
rise to an ordered pathway of events that lead
to neuronal degeneration in PD.

Parkin (OMIM 602544; PARK2)

A large region spanning chromosome 6q25.2–
q27 was initially linked to a rare form of auto-
somal recessive juvenile-onset parkinsonism
(AR-JP), in consanguineous Japanese families
(Matsumine et al. 1997). Subsequently, a ho-
mozygous deletion spanning a microsatellite
marker was identified in an affected case,
and the adjacent gene was cloned and named
parkin (Kitada et al. 1998). Mutations in the
parkin gene are relatively common in famil-
ial PD, with mutations found in 50% of fa-
milial early-onset cases compatible with re-
cessive inheritance and 10% of all early-onset
PD cases (Lucking et al. 2000). A genome-
wide scan in families with early-onset PD
revealed significant linkage only to parkin,
thereby demonstrating a unique role for the
parkin gene in the development of early-onset
PD (Scott et al. 2001). However, mutations
have also been described in apparent spo-
radic cases with a clinical presentation indis-
tinguishable from late-onset idiopathic PD
(Lucking et al. 1998). A wide variety of parkin
mutations have been described in PD cases,
ranging from deletions of a single nucleotide
to hundreds of thousands of nucleotides, in
addition to genomic multiplications and mis-
sense mutations (Mata et al. 2004, West &
Maidment 2004). Most parkin-linked disease
is inherited in an autosomal recessive fashion;
however, there are several descriptions of fam-
ilies with parkin mutations and disease segre-
gating in a mode incompatible with recessive
inheritance, and some evidence indicates that
haploinsufficiency in the parkin gene predis-
poses to PD (Farrer et al. 2001).

The parkin gene encodes a 465-amino-acid
protein with a modular structure that contains
an N-terminal ubiquitin-like (UBL) domain,
a central linker region, and a C-terminal
RING domain comprising two RING finger
motifs separated by an in-between-RING

(IBR) domain (Figure 1). Like many other
RING finger–containing proteins, parkin
can function as an E3 ubiquitin protein ligase
(Shimura et al. 2000, Zhang et al. 2000). E3
ligases are an important part of the cellular
machinery that covalently tags target proteins
with ubiquitin (Glickman & Ciechanover
2002) (Figure 3). Ubiquitination of pro-
teins results from the successive actions
of ubiquitin-activating (E1), conjugating
(E2), and ligase (E3) enzymes, respectively.
Subsequent cycles add additional ubiquitin
molecules to a previously ligated ubiquitin,
resulting in the formation of a poly-ubiquitin
chain containing four or more ubiquitin
molecules. Such poly-ubiquitinated proteins
are specifically recognized by the 26S pro-
teasome and are subsequently targeted for
degradation. The ubiquitination machinery
can also tag proteins with single ubiqui-
tin molecules or with alternatively linked
poly-ubiquitin chains that do not signal pro-
teasomal degradation but are implicated in
numerous nondegradative cellular processes
(Figure 3). E3 ligases typically confer sub-
strate specificity to the ubiquitination process
by simultaneously interacting with E2-
ubiquitin and the substrate protein to catalyze
the transfer of ubiquitin from E2 to a sub-
strate lysine residue. Parkin interacts with the
E2 enzymes, UbcH7 and UbcH8 (Shimura
et al. 2000, Zhang et al. 2000), as well as with
the endoplasmic reticulum–associated E2s,
UBC6 and UBC7 (Imai et al. 2001). Parkin
generally tends to interact with E2s and
substrate proteins through its RING domain.
The UBL domain of parkin can interact with
subunits of the 19S cap of the 26S protea-
somal complex, such as Rpn10, which most
likely mediates transfer of poly-ubiquitinated
substrates to the proteasome (Sakata et al.
2003). Parkin may function as part of a larger
protein complex. The interaction of parkin
with an SCF-like (Skp1-Cullin-F-box pro-
tein) complex, or with a complex containing
Hsp70 and CHIP, can enhance its E3 ligase
activity and its neuroprotective capacity
(Imai et al. 2002, Staropoli et al. 2003). Most
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Figure 3
The ubiquitin-proteasome system. Ubiquitin (Ub) monomers are activated by the Ub-activating enzyme
(E1) and are then transferred to a Ub-conjugating enzyme (E2). Normal or abnormal target proteins are
recognized by a Ub protein ligase (E3), such as parkin, which mediates the transfer of Ub from the E2
enzyme to the target protein. The sequential covalent attachment of Ub monomers to a lysine (K)
acceptor residue of the previous Ub results in the formation of a poly-Ub chain. Poly-Ub chains linked
through K29 or K48 signal the target protein for degradation through the 26S proteasome in an
ATP-dependent manner, resulting in the generation of small peptide fragments. The resulting poly-Ub
chains are recycled to free Ub monomers by deubiquitinating (DUB) enzymes, such as UCH-L1, for
subsequent rounds of ubiquitination. The addition of Ub also has other diverse roles. Normal proteins
can be singly or multiply mono-ubiquitinated, or poly-ubiquitinated with K63-linked chains, which leads
to nonproteasomal functions that include DNA repair, endocytosis, protein trafficking, and transcription
(Glickman & Ciechanover 2002).
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familial-associated mutations in parkin are
considered to be loss-of-function and tend to
impair the interaction of parkin with E2s or
substrates and reduce or abolish parkin’s E3
ligase activity or expression. Hence, parkin
mutations are thought to result, in general,
in the improper targeting of its substrates
for proteasomal degradation leading to their
potentially neurotoxic accumulation. For this
reason, great importance has been placed
on the identification of protein substrates of
parkin and their possible role in DA neuron
loss in PD.

A number of putative substrates have been
reported for parkin on the basis of in vitro and
cell culture experiments, including CDCrel-
1 (Zhang et al. 2000), synphilin-1 (Chung
et al. 2001b), a rare O-glycosylated form
of α-synuclein (Shimura et al. 2001), the
parkin-associated endothelin receptor-like re-
ceptor (Pael-R) (Imai et al. 2001), synap-
totagmin XI (Huynh et al. 2003), cyclin E
(Staropoli et al. 2003), the p38 subunit of the
aminoacyl-tRNA synthetase complex (Corti
et al. 2003), and α/β-tubulin (Ren et al. 2003).
The large number of substrates identified is
somewhat surprising because typically E3 lig-
ases demonstrate a high level of specificity for
one or a small number of substrates. Parkin
substrates are diverse, widely distributed, and
initially appear to have little in common, and
it remains to be seen which, if any, of these
putative substrates are relevant in vivo. Some
of parkin’s substrates have been implicated
in enhancing neuronal cell death or toxic-
ity, thus reinforcing a potential role in neu-
ronal dysfunction in PD. CDCrel-1 is a synap-
tic vesicle–associated protein implicated in
regulating neurotransmitter release and can
specifically inhibit dopamine release (Dong
et al. 2003). Overexpression of CDCrel-1 in
SNc DA neurons of rats by virus-mediated
gene transfer induces dopamine-dependent
neurodegeneration (Dong et al. 2003). When
overexpressed in cultured cells, Pael-R tends
to become unfolded and insoluble, inducing
the unfolded protein response that eventually
leads to cell death (Imai et al. 2001). Further-

more, panneuronal expression of Pael-R in
Drosophila causes age-dependent selective de-
generation of DA neurons (Yang et al. 2003).
Similarly, overexpression of the p38 subunit
results in aggresome-like inclusion formation
and/or cell death, depending on the cell type
(Corti et al. 2003). The deleterious accumula-
tion of such toxic substrates in the absence of
parkin in AR-JP patients may be one mecha-
nism that eventually leads to dysfunction and
death of susceptible neurons.

Some parkin substrates also have a ten-
dency to become insoluble and form cytoplas-
mic inclusions when overexpressed in cells.
For example, both Pael-R and p38 form in-
soluble inclusions in cells, and both have been
detected in LBs in sporadic PD together with
synphilin-1 and synaptotagmin XI (Corti et al.
2003, Huynh et al. 2003, Imai et al. 2001,
Murakami et al. 2004, Wakabayashi et al.
2000). Synphilin-1 interacts with α-synuclein
and coexpression of both proteins in cultured
cells leads to the formation of insoluble LB-
like cytoplasmic inclusions (Engelender et al.
1999). Although parkin can interact with and
ubiquitinate synphilin-1, it can also local-
ize to and ubiquitinate α-synuclein/synphilin-
1 LB-like inclusions (Chung et al. 2001b).
Furthermore, parkin can protect against the
toxicity induced by α-synuclein/synphilin-1
overexpression following proteasome inhibi-
tion (Chung et al. 2004). A direct role for
synphilin-1 in PD is suggested by the identi-
fication of a R621C mutation in the synphilin-
1 gene in two apparently sporadic PD pa-
tients of German origin (Marx et al. 2003).
Overexpression of the R621C mutant reduced
the number of inclusions formed following
proteasome inhibition, compared with wild-
type synphilin-1, and also sensitized cells to
staurosporine-induced cell death (Marx et al.
2003). These findings support a causative role
for R621C mutant synphilin-1 in PD and
suggest that inclusion formation may be a
protective event. Parkin, synphilin-1, and α-
synuclein are therefore intimately linked in a
common biochemical pathway that may con-
tribute to the biogenesis of LBs and may
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play an important role in the pathogenesis
of PD.

On the basis of strong evidence that loss
of function of parkin is the underlying cause
of AR-JP, mice with a targeted deletion
of the parkin gene have been generated to
model this form of PD. Surprisingly, parkin
knockout mice do not develop a PD-like
behavioral or neuropathological phenotype.
Two of the knockouts show subtle behav-
ioral deficits, mild alterations of dopamin-
ergic and glutamatergic neurotransmission,
and abnormalities in dopamine metabolism
(Goldberg et al. 2003, Itier et al. 2003). A
third line of knockout mice shows a reduced
number of noradrenergic neurons in the locus
coeruleus, accompanied by a marked reduc-
tion of the norepinephrine-dependent acous-
tic startle response (Von Coelln et al. 2004b).
Furthermore, none of the putative parkin sub-
strates have so far been reported to accumu-
late in the brains of parkin knockout mice,
which has cast doubt on the authenticity of
these substrates as well as the contribution of
parkin to their turnover by the proteasome.
Proteomic analysis has instead revealed re-
duced levels of several proteins involved in
mitochondrial oxidative phosphorylation and
protection from oxidative stress in the ven-
tral midbrain of parkin knockout mice (Pala-
cino et al. 2004). This was accompanied by
decreases in mitochondrial respiratory capac-
ity and age-dependent increases of oxidative
damage. This suggests an unexpected role for
parkin in the regulation of normal mitochon-
drial function. Recent studies in Drosophila
models of PD support this notion. Drosophila
parkin null mutants exhibit reduced lifespan,
locomotor defects, and male sterility (Greene
et al. 2003, Pesah et al. 2004). The locomo-
tor defects derive from apoptotic cell death
of muscle subsets, whereas male sterility re-
sults from a spermatid individualization de-
fect. The earliest manifestation of muscle de-
generation and defective spermatogenesis is
mitochondrial pathology, and there are also
accompanying signs of increased oxidative
stress. The observation of mitochondrial de-

fects and increased oxidative stress in parkin-
deficient mice and flies in the absence of DA
neuron loss suggests that mitochondrial im-
pairment may be a primary pathogenic event
in AR-JP that may eventually trigger selec-
tive neuronal degeneration. The absence of
DA neuron loss in these models could suggest
that neuronal degeneration proceeds over a
prolonged time scale exceeding that obtain-
able in animal models or may require a fur-
ther pathogenic “hit” to precipitate neuronal
death.

The mechanism by which parkin con-
fers neuroprotection, or specifically, pro-
motes the survival of DA neurons, is a cen-
tral unanswered question. Consistent with a
role in maintaining mitochondrial integrity,
overexpression of parkin in cultured cells
confers resistance to stimuli that promote
mitochondria-dependent apoptosis (Darios
et al. 2003). Furthermore, a small proportion
of parkin is localized to the outer membrane
of mitochondria in cells (Darios et al. 2003).
In cultured cells, parkin overexpression may
confer protection against dopamine-mediated
toxicity possibly by decreasing oxidative stress
through an undetermined mechanism, thus
potentially linking parkin to the survival of
DA neurons (Jiang et al. 2004). Parkin can also
confer protection against kainate-induced ex-
citotoxicity in primary neuronal cultures, pre-
sumably by suppressing cyclin E accumula-
tion (Staropoli et al. 2003). Similarly, parkin
can also suppress the ensuing cell death in-
duced by overexpression of Pael-R or the
p38 subunit in cultured cells, possibly by
ubiquitinating and promoting their degrada-
tion (Corti et al. 2003, Imai et al. 2001). In
cell culture, overexpression of parkin protects
against the toxicity induced by proteasomal
inhibition and overexpression of mutant α-
synuclein (Petrucelli et al. 2002). Further-
more, in Drosophila, parkin overexpression
can protect against the selective loss of DA
neurons induced by neuronal expression of
α-synuclein or Pael-R (Yang et al. 2003).
In the α-synuclein Drosophila model, parkin
overexpression leads to a sharp reduction
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in the abundance of α-synuclein-positive LB-
like inclusions, which suggests that parkin
may act to clear specifically aberrant α-
synuclein deposits. Because parkin does not
directly interact with native α-synuclein, al-
terations in the structure of α-synuclein, ei-
ther through post-translational modifications
(including phosphorylation, O-glycosylation,
ubiquitination, or nitration) or conforma-
tional changes (oligomers or fibrils), may pro-
mote an interaction of both proteins at some
level, possibly by converging on a common
molecular pathway. In this respect it is intrigu-
ing that parkin can suppress the toxic effects of
α-synuclein species apparently through rescu-
ing impaired proteasome function (Petrucelli
et al. 2002). The surprisingly large number of
putative parkin substrates, together with the
capacity of parkin to confer cellular protection
against a diversity of toxic insults, suggests
that parkin may represent a multipurpose neu-
roprotectant (Feany & Pallanck 2003).

UCH-L1 (OMIM 191342; PARK5;
Neuron-Specific PGP9.5)

Using a candidate gene-screening approach to
identify new mutations in familial PD cases,
a heterozygous I93M mutation in the gene
encoding ubiquitin carboxyl-terminal hydro-
lase L1 (UCH-L1) was identified in an af-
fected sibling pair in a German family (Leroy
et al. 1998). However, the transmitting par-
ent was asymptomatic, suggesting that ei-
ther the I93M variant is nonpathogenic or
that it causes disease with incomplete pen-
etrance. An additional heterozygous M124L
variant was described in an affected individ-
ual; however, this variant failed to segregate
with disease, suggesting that rare polymor-
phisms in UCH-L1 may not be pathogenic
(Farrer et al. 2000). Additional mutations
have not been identified despite extensive ge-
netic screening (Lincoln et al. 1999). Thus,
the involvement of the UCH-L1 gene in fa-
milial PD is contentious. A common non-
synonymous polymorphism (S18Y) in the
UCH-L1 gene was first reported as underrep-

resented in a European cohort of cases and
controls (Maraganore et al. 1999), and a num-
ber of subsequent studies either confirmed or
failed to replicate the original results. A meta-
analysis of the literature provided some evi-
dence to corroborate a potential protective ef-
fect of the S18Y variant in PD, which thereby
suggests that genetic variability in the UCH-
L1 gene plays a role in the development of
late-onset idiopathic PD (Maraganore et al.
2004).

UCH-L1 is a highly abundant, neuron-
specific protein that belongs to a family of
deubiquitinating enzymes that are responsible
for hydrolyzing polymeric ubiquitin chains
to free ubiquitin monomers (Wilkinson et al.
1989). UCH-L1 might additionally function
as a dimerization-dependent ubiquitin pro-
tein ligase (Liu et al. 2002) and can apparently
maintain ubiquitin homeostasis by promoting
the stability of ubiquitin monomers in vivo
(Osaka et al. 2003). UCH-L1 has been local-
ized to LBs in sporadic PD (Lowe et al. 1990).
The mechanism by which UCH-L1 mutations
cause PD is poorly understood. The I93M
mutation decreased the in vitro hydrolytic ac-
tivity of UCH-L1 (Leroy et al. 1998), which
originally suggested that this form of PD re-
sults from a partial loss of function. However,
this idea may be an oversimplified interpre-
tation because the I93M mutation shows in-
complete penetrance, and mutant mice lack-
ing functional UCH-L1 (the gracile axonal
dystrophy mouse) do not develop a parkin-
sonian phenotype (Leroy et al. 1998, Saigoh
et al. 1999). Some investigators have proposed
that UCH-L1 may recycle free ubiquitin by
cleaving ubiquitinated peptides that are prod-
ucts of the proteasomal degradation of poly-
ubiquitinated proteins (Figure 3). Thus, re-
duced UCH-L1 hydrolytic activity caused by
the I93M mutation might impair the overall
efficiency of the UPS by reducing the avail-
ability of free ubiquitin monomers, thereby
leading to potentially deleterious protein ac-
cumulation (Leroy et al. 1998). Although a di-
rect role in the UPS is an intriguing possibil-
ity, the function of UCH-L1 in vivo remains
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to be clarified. UCH-L1 can also promote the
accumulation of α-synuclein in cultured cells
presumably through the addition of Lys63-
linked poly-ubiquitin chains that are not as-
sociated with proteasomal degradation (Liu
et al. 2002). The potentially protective S18Y
polymorphic variant of UCH-L1 has reduced
ligase activity but exhibited comparable hy-
drolase activity to wild-type enzyme and does
not promote α-synuclein accumulation (Liu
et al. 2002). Thus, both the ubiquitin ligase
and hydrolase activities of UCH-L1 may play
a normal role in the UPS and may be relevant
to the pathogenesis of PD.

PINK1 (OMIM 608309; PARK6;
PTEN-Induced Putative Kinase 1)

A genome-wide homozygosity screen per-
formed on a large Sicilian family with four
early-onset PD patients revealed a shared
12.5 cM region on chromosome 1p35–p36
(Valente et al. 2001). Additional unrelated
families with positive linkage to this region
were described (Valente et al. 2002), and mu-
tations in the PINK1 gene were identified (Va-
lente et al. 2004a). Initial screens for PINK1
mutations in early-onset familial cases re-
vealed a number of novel mutations; however,
these mutations are less common than are
alterations in the parkin gene in early-onset
PD cases (Hatano et al. 2004, Valente et al.
2004b). Genetic variation in the PINK1 gene
did not influence the onset of idiopathic PD in
a large European cohort of cases and controls
(Healy et al. 2004).

PINK1 is a 581-amino-acid protein that
contains a mitochondrial targeting sequence
at its N-terminus and a highly conserved pro-
tein kinase domain similar to serine/threonine
kinases of the Ca2+-calmodulin family (Va-
lente et al. 2004a) (Figure 1). Accordingly,
overexpressed PINK1 is localized to mito-
chondria in cultured cells (Valente et al.
2004a). Studies of PINK1 are at an early stage,
and currently, little is known about the physio-
logical function of PINK1. Although PINK1
is considered to be a mitochondrial protein

kinase, the kinase activity of PINK1 has not
yet been demonstrated, and as such, no pu-
tative mitochondrial substrates or interacting
proteins have been identified. Mutations in
PINK1 are thought to cause PD through loss
of function of PINK1 activity with most mu-
tations clustering in or around the putative ki-
nase domain (Hatano et al. 2004; Valente et al.
2004a,b), which perhaps suggests that the loss
of PINK1 kinase activity directly causes PD.
Initial studies in cultured cells suggest that
PINK1 may afford some protection against
mitochondrial dysfunction and apoptosis in-
duced by proteasomal inhibition, although the
mechanism for this action is not understood
(Valente et al. 2004a). The G309D mutation,
identified in a Spanish family with PD, im-
pairs this protective effect of PINK1, and ho-
mology modeling reveals that this mutation
is located in the ADP binding site of PINK1
and may therefore interfere with ADP bind-
ing and kinase activity (Bossy-Wetzel et al.
2004, Valente et al. 2004a). Thus, the loss of
the putative kinase activity of PINK1 likely af-
fects mitochondrial function. It has been sug-
gested that PINK1 phosphorylates mitochon-
drial proteins, in response to cellular stress, to
prevent mitochondrial dysfunction (Valente
et al. 2004a), although alternatively an inabil-
ity to normally phosphorylate mitochondrial
proteins could actually lead to mitochondrial
dysfunction. Although such a mechanism re-
mains to be formally demonstrated, what is
clear instead is that a probable role for PINK1
in mitochondrial function links for the first
time a primary defect of mitochondria to the
molecular pathogenesis of PD. This may have
important implications for sporadic forms of
PD in which deficits in mitochondrial func-
tion have long been proposed.

DJ-1 (OMIM 602533; PARK7)

Homozygosity mapping in a family with
early-onset parkinsonism and multiple con-
sanguinity loops demonstrated significant ev-
idence for linkage on chromosome 1p36 (van
Duijn et al. 2001). Mutations within the gene
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encoding DJ-1 were identified in both an Ital-
ian and Dutch family (Bonifati et al. 2003).
Additional mutations, including splice site al-
terations, missense mutations, and small dele-
tions were identified in a number of other fa-
milial PD cases (Bonifati et al. 2004). However
mutations are extremely rare in early-onset
PD cases, present in perhaps less than 1% of
PD cohorts (Lockhart et al. 2004). To date, ev-
idence suggests that genetic variability within
the DJ-1 gene does not contribute to the onset
of idiopathic PD (Morris et al. 2003).

The DJ-1 gene encodes a highly conserved
protein of 189 amino acids that belongs to
the DJ-1/ThiJ/PfpI superfamily (Figure 1).
DJ-1 is ubiquitously and abundantly ex-
pressed in most mammalian tissues, includ-
ing the brain, where it is localized to both
neurons and glia (Bandopadhyay et al. 2004,
Olzmann et al. 2004). DJ-1 does not appear
to be localized to LBs in sporadic PD and
other synucleinopathies but does colocalize
with tau-positive inclusions in a number of
neurodegenerative tauopathies and with α-
synuclein-positive glial inclusions in multiple
system atrophy (Neumann et al. 2004, Rizzu
et al. 2004), which suggests that DJ-1 may
play a diverse role in seemingly distinct neu-
rodegenerative diseases. Furthermore, insol-
uble forms of DJ-1 are dramatically increased
in the brains of sporadic PD patients (Moore
et al. 2005) perhaps also implicating DJ-1 in
sporadic forms of this disease. The crystal
structure of human DJ-1 has been resolved
and reveals a flavodoxin-like fold similar to
the bacterial protease PH1704 and the stress-
inducible molecular chaperone Hsp31, from
Escherichia coli and yeast (Tao & Tong 2003,
Wilson et al. 2003). The crystal structure also
shows that DJ-1 exists as a dimer in solution,
which has been confirmed in cultured cells
(Miller et al. 2003, Moore et al. 2003b). A
putative active site has been identified near
the dimer interface with similarities to the ac-
tive site catalytic triad (Cys-His-Asp/Glu) of
cysteine proteases, involving residues Cys106,
His126, and perhaps Glu18, although these
residues do not show an orientation favorable

for proton transfer that is typical of cysteine
protease catalysis (Tao & Tong 2003). Con-
sistent with these observations DJ-1 may pos-
sess chaperone-like activity as well as weak
proteolytic activity in vitro against synthetic
model substrates (Lee et al. 2003, Olzmann
et al. 2004). At present no substrates have been
definitively identified for DJ-1.

The physiological function of DJ-1 is un-
clear although many lines of evidence sug-
gest that DJ-1 may function as an anti-oxidant
protein or as a sensor of oxidative stress. For
example, DJ-1 demonstrates an acidic shift
in isoelectric point in cultured cells follow-
ing oxidative stress owing mainly to oxida-
tion of cysteine residues, particularly Cys106,
which can be converted to a cysteine sulfinic
acid (Cys-SO2H) (Canet-Aviles et al. 2004,
Mitsumoto et al. 2001). DJ-1 can also elim-
inate hydrogen peroxide in vitro by oxidiz-
ing itself suggesting that it may function, in
part, as a direct scavenger of ROS (Taira
et al. 2004). In cultured cells, overexpres-
sion of DJ-1 protects against oxidative in-
jury whereas knockdown of DJ-1 by short in-
terfering RNA enhances the susceptibility to
oxidative stress (Taira et al. 2004). A recent
study has shown that oxidative stress pro-
motes cysteine sulfinic acid-driven mitochon-
drial localization of DJ-1 and subsequent pro-
tection against mitochondria-dependent cell
death (Canet-Aviles et al. 2004). Oxidative
stress also promotes an interaction of DJ-1
with parkin in cultured cells (Moore et al.
2005), perhaps linking both proteins in a com-
mon neuroprotective pathway. Thus, DJ-1
may play a critical role in both sensing and
conferring protection against a range of ox-
idative stressors. DJ-1 may also confer pro-
tection against endoplasmic reticulum stress,
proteasomal inhibition, and the toxicity in-
duced by overexpression of Pael-R (Yokota
et al. 2003). These diverse cellular insults all
share the capacity to induce protein misfold-
ing and aggregation perhaps suggesting that
DJ-1 is a component of the UPS and may con-
fer protection by functioning as a molecular
chaperone or protease to refold or promote
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the degradation of misfolded or aggregated
proteins. The possibility that DJ-1 possesses
dual enzymatic function i.e., chaperone and
protease activities, should not be discounted
at this early stage. However, the precise
mechanism by which DJ-1 confers neuropro-
tection awaits further clarification. Familial-
associated mutations in DJ-1 are considered
to cause PD through a loss-of-function mech-
anism, consistent with the recessive inher-
itance pattern in two DJ-1-linked families
with PD (Bonifati et al. 2003). The man-
ner in which missense mutations cause loss
of DJ-1 function are beginning to be clari-
fied. The L166P mutation, identified in an
Italian kindred with PD, drastically destabi-
lizes the DJ-1 protein by promoting the un-
folding of its C-terminal region, leading to
a loss of dimerization, and subsequently en-
hancing its degradation by the proteasome
(Miller et al. 2003, Moore et al. 2003b,
Olzmann et al. 2004). Parkin, CHIP and
Hsp70 may play a role in these events since
they interact robustly with DJ-1 harboring
the L166P mutation (Moore et al. 2005). The
L166P mutation also impairs the neuropro-
tective function of DJ-1 against a range of ox-
idative stimuli in cultured cells, probably as
a direct consequence of its instability (Taira
et al. 2004). Other missense mutations may
similarly reduce the ability of DJ-1 to pro-
tect against selective forms of oxidative stress
(Takahashi-Niki et al. 2004), and such mu-
tations also share the capacity to reduce DJ-
1 dimerization (Moore et al. 2005). Further
clarifying the properties of such mutations
may provide novel insight into the neuropro-
tective function of DJ-1.

COMMON PATHWAYS
UNDERLYING THE
PATHOGENESIS OF PD

Prior to the identification of genes underlying
monogenic forms of PD, both mitochondrial
dysfunction and oxidative stress were consid-
ered to play a prominent role in the pathogen-
esis of sporadic PD. Both genetic and non-

genetic studies have further implicated these
pathways, but they have also highlighted pro-
tein mishandling due to UPS dysfunction as a
major pathway leading to neuronal degener-
ation in PD. This section reviews accumulat-
ing evidence that mitochondrial dysfunction,
oxidative stress, and impairment of the UPS
may represent the principal molecular path-
ways that commonly underlie the pathogene-
sis of both sporadic and familial forms of PD.

Mitochondrial Dysfunction and
Oxidative Stress

Post-mortem studies have consistently impli-
cated oxidative damage in the pathogenesis
of PD, and in particular, oxidative damage
to lipids, proteins, and DNA has been
observed in the SNc of sporadic PD brains
(Jenner 2003). Oxidative stress is considered
to compromise the integrity of vulnerable
neurons and thus to contribute to neuronal
degeneration. The source of this increased
oxidative stress is unclear but may include mi-
tochondrial dysfunction, increased dopamine
metabolism that can yield excess hydrogen
peroxide and other ROS, an increase in re-
active iron, and impaired antioxidant defense
pathways (Jenner 2003). Mitochondria are
exposed to a highly oxidative environment,
and the process of oxidative phosphorylation
is associated with the production of ROS.
Much evidence suggests a major role for
mitochondrial dysfunction in the patho-
genesis of PD, and in particular, defects
in mitochondrial complex-I (complex-I) of
the respiratory chain. A complex-I defect
could most obviously contribute to neuronal
degeneration in PD through decreased ATP
synthesis as well as damage caused by excess
production of ROS. There are consistent
findings of decrements in complex-I activity
in the SNc of sporadic PD patients (Schapira
et al. 1990), although the cause of this is
unknown. Complex-I activity is also reduced
in cytoplasmic hybrid (cybrids) cell lines that
contain mitochondrial DNA (mtDNA) from
sporadic PD patients, which indicates that
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deficits in complex-I can be stably trans-
mitted, although it is unclear whether such
defects in mtDNA arise somatically or are
due to inherited mutations (Swerdlow et al.
1996). Rare maternal patterns of inheritance
of PD in some families are consistent with the
notion of mitochondrial inheritance (Wooten
et al. 1997). Indeed, cybrid cell lines derived
from maternal descendents of these families
similarly exhibit reduced complex-I activity,
increased ROS production, and increased rad-
ical scavenging enzyme activities (Swerdlow
et al. 1998). Genetic evidence that alterations
in complex-I activity play a role in the patho-
genesis of sporadic PD is provided in part by
the observation that a single nucleotide poly-
morphism in the gene encoding the NADH
dehydrogenase 3 enzyme of complex-I,
causing an amino acid change from threonine
to alanine, leads to a significantly reduced risk
of developing PD in Caucasian populations
(van der Walt et al. 2003). However, as yet no
specific disease-related mutations have been
detected in sporadic PD in mitochondrial
or nuclear genes that encode complex-I pro-
teins, and pathogenic mutations in mtDNA
also have not been identified.

Several epidemiological studies suggest
that pesticides and other environmental tox-
ins that inhibit complex-I are involved in the
pathogenesis of sporadic PD (Sherer et al.
2002a). MPTP inhibits complex-I and repli-
cates most features of PD in humans and in
animal models (Dauer & Przedborski 2003).
MPTP was identified as a contaminant of the
manufacture of a synthetic opiate, and drug
users who accidentally injected MPTP devel-
oped a syndrome resembling PD (Langston
et al. 1983). The selectivity of MPTP for
DA neurons is due to its conversion in as-
trocytes by monoamine oxidase B to the
active metabolite, 1-methyl-4-phenyl pyri-
dinium (MPP+), which is taken up by DA
neurons via the dopamine transporter, where
it inhibits complex-I and ultimately leads
to cell death (Dauer & Przedborski 2003).
In aged nonhuman primates, MPTP treat-
ment produces intracellular proteinaceous in-

clusions resembling immature LBs that are
filamentous and contain α-synuclein (Forno
et al. 1988). Coadministration of the widely
used herbicide paraquat (1,1′-dimethyl-4,4′-5
bipyridinium) and the fungicide maneb (man-
ganese ethylenepistithiocarbamate) leads to
the pronounced and selective loss of nigros-
triatal DA neurons in mice (Thiruchelvam
et al. 2000). Paraquat is a complex-I in-
hibitor with structural similarity to MPP+

and, when administered alone, can also in-
duce selective degeneration of DA neurons
together with upregulation and aggregation
of α-synuclein in the SNc of mice (Manning-
Bog et al. 2002, McCormack et al. 2002).
Chronic systemic complex-I inhibition caused
by exposure to rotenone, a common insecti-
cide and fish poison, induces parkinsonism in
rats, including selective nigrostriatal DA de-
generation and the formation of LB-like in-
traneuronal filamentous inclusions containing
α-synuclein and ubiquitin (Betarbet et al.
2000, Sherer et al. 2003). In contrast to MPTP
and paraquat, rotenone is not selectively taken
up by DA neurons but can still induce selec-
tive DA neuronal degeneration, which implies
that DA neurons are especially vulnerable to
deficits in complex-I. These findings suggest
that deficits in complex-I may be central to
the pathogenesis of sporadic PD and imply
that environmental factors may contribute to
PD pathogenesis.

How might the gene products linked
to monogenic forms of PD be associated
with mitochondrial dysfunction observed
in sporadic forms of the disease? Current
evidence suggests an intriguing connec-
tion between α-synuclein and mitochondria.
Complex-I inhibition both in vitro and in vivo
consistently leads to the accumulation of LB-
like α-synuclein-positive inclusions, which
suggests that α-synuclein aggregation is a
downstream consequence of mitochondrial
dysfunction and might be an effector of neu-
ronal cell death (Betarbet et al. 2000, Forno
et al. 1988, Manning-Bog et al. 2002). This
idea is supported in part by the observation
that cybrid lines derived from members of

72 Moore et al.

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

the Contursi kindred with PD fail to manifest
complex-I deficiency (Swerdlow et al. 2001).
Furthermore, α-synuclein knockout mice are
resistant to the neurotoxic effects of MPTP,
whereas α-synuclein transgenic mice show
enhanced toxicity (Dauer et al. 2002, Song
et al. 2004), which thus implies that α-synu-
clein is required for mediating the deleterious
downstream effects of complex-I inhibition.
α-synuclein itself may further contribute
to mitochondrial dysfunction induced by
complex-I inhibition because α-synuclein
transgenic mice develop enhanced SNc
mitochondrial pathology following exposure
to MPTP, compared with wild-type mice
(Song et al. 2004). Overexpression of mutant
α-synuclein can sensitize cultured cells to
mitochondrial-dependent apoptosis (Tanaka
et al. 2001), which suggests that mutant forms
of α-synuclein can also impair mitochondrial
function.

Other gene products linked to monogenic
forms of PD also appear to be implicated
in mitochondrial function. On the basis of
studies in mice and Drosophila, parkin may
have an unexpected role in the regulation of
normal mitochondrial function, perhaps link-
ing mitochondria with UPS function (Greene
et al. 2003, Palacino et al. 2004). Mito-
chondrial dysfunction is probably the leading
source of increased oxidative and nitrosative
stress observed in the brains of sporadic
PD patients (Ischiropoulos & Beckman 2003,
Jenner 2003). Such stress can promote the S-
nitrosylation of parkin through its RING do-
main both in vitro and in cultured cells, and
this S-nitrosylation can impair parkin’s ubiq-
uitin ligase activity and its neuroprotective
function (Chung et al. 2004). Furthermore,
parkin is selectively S-nitrosylated in brains
from MPTP-treated mice in a nitric oxide–
dependent manner and in patients with spo-
radic PD and DLB (Chung et al. 2004). Thus,
inhibition of parkin’s E3 ligase activity by S-
nitrosylation could contribute to the patho-
genesis of PD and related disorders by impair-
ing the ubiquitination of parkin substrates.
Because the level of S-nitrosylated proteins

is increased in PD and DLB brains in general
(Chung et al. 2004), S-nitrosylation of pro-
teins due to oxidative and nitrosative stress
may play a prominent role in disease patho-
genesis. DJ-1 may play a role in mitochondrial
function because a proportion of DJ-1 is nor-
mally localized to mitochondria, whereas ox-
idative stress induced by complex-I inhibition
can enhance DJ-1 mitochondrial localization
(Canet-Aviles et al. 2004). Finally, PINK1, a
putative mitochondrial kinase, is the first gene
to directly link mitochondria to PD, and ac-
cordingly, PINK1 can partially protect against
mitochondrial dysfunction induced by pro-
teasome inhibition (Valente et al. 2004a). Fu-
ture analysis of post-mortem brain tissue from
monogenic forms of PD and genetic animal
models, including DJ-1 or PINK1 knockout
mice, may help to clarify further the molec-
ular pathway linking PD with mitochondrial
dysfunction and oxidative stress.

Impairment of the
Ubiquitin-Proteasome System

Emerging evidence suggests that impairment
of the UPS and protein mishandling may
also underlie the molecular pathogenesis of
familial and sporadic forms of PD (Giasson
& Lee 2003, Moore et al. 2003a). Consis-
tent with this notion there are both struc-
tural and functional deficits in the 20/26S pro-
teasome in the SNc of sporadic PD patients
(McNaught et al. 2002, 2003). Systemic ex-
posure of rats to naturally occurring and syn-
thetic proteasome inhibitors closely recapit-
ulates many key features of PD, including
progressive parkinsonism, selective neurode-
generation of the nigrostriatal pathway and
specific brainstem nuclei, and the formation
of LB-like intracytoplasmic inclusions con-
taining α-synuclein and ubiquitin (McNaught
et al. 2004). If these studies are independently
replicated and confirmed, it suggests that per-
haps proteasomal dysfunction may be a com-
mon end point that precipitates DA neuronal
degeneration in PD. The accumulation and
aggregation of potentially cytotoxic proteins,
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including α-synuclein, in LBs in DA neu-
rons in sporadic PD strongly suggest gen-
eralized protein mishandling and subsequent
proteolytic stress, which perhaps implies im-
paired UPS function (Chung et al. 2001a).
In Drosophila, transgenic or pharmacologically
induced overexpression of molecular chaper-
ones rescues the motoric and pathological fea-
tures induced by transgenic overexpression
of normal or mutant α-synuclein (Auluck &
Bonini 2002, Auluck et al. 2002), which fur-
ther suggests a role for protein mishandling in
PD. Parkin overexpression has similar effects
in Drosophila models of PD (Yang et al. 2003).
A role for chaperones and other components
of the UPS, including UCH-L1, proteasomal
subunits, and ubiquitin, in sporadic PD is also
supported by their presence in LBs in post-
mortem brain tissue (Auluck et al. 2002, Forno
1996, Ii et al. 1997, Lowe et al. 1990).

Perhaps the most compelling evidence
supporting a role for the UPS in the patho-
genesis of PD is the association of parkin with
familial forms of this disease. Disease-linked
mutations in parkin are thought to cause de-
fects in normal UPS function with subsequent
proteolytic stress due to aberrant protein ac-
cumulation, perhaps leading to the eventual
demise of DA neurons (Chung et al. 2001a,
Von Coelln et al. 2004a). On the basis of struc-
tural comparison with Hsp31, DJ-1 may also
participate in the UPS as a redox-sensitive
molecular chaperone to alleviate protein mis-
folding by interacting with early unfolding in-
termediates (Quigley et al. 2003). As discussed
previously, α-synuclein species may be associ-
ated with UPS dysfunction through binding
and inhibiting the 20/26S proteasome (Sny-
der et al. 2003), and mutated or aggregated
forms of α-synuclein may also overwhelm the
degradative capacity of the proteasome, lead-
ing to further impairment (Bence et al. 2001,
Petrucelli et al. 2002). The consistent pres-
ence of fibrillar α-synuclein as a major com-
ponent of LBs in PD (Spillantini et al. 1998),
and the formation of LB-like inclusions con-
taining α-synuclein following proteasome in-
hibition in vivo (McNaught et al. 2004), tends

to support this notion. LBs are a patholog-
ical hallmark of sporadic and some familial
forms of PD and indicate the involvement
of protein mishandling in disease pathogen-
esis, although we do not know whether LB
formation is a primary or secondary event.
The role of LB formation in PD is the sub-
ject of some controversy with both pathogenic
and protective mechanisms being proposed
(Bence et al. 2001, Chung et al. 2001a). Re-
cent studies suggest that the biogenesis of
LBs may be akin to the formation of ag-
gresomes (Olanow et al. 2004, Tanaka et al.
2004). Aggresomes are cytoprotective pro-
teinaceous inclusions formed at the centro-
some to sequester and aid in the degrada-
tion of excess, possibly deleterious proteins
(Kopito 2000). One might hypothesize that
the formation of LBs is in direct response to
proteolytic stress due to proteasomal impair-
ment (Chung et al. 2001a). Parkin has been
implicated in promoting LB formation be-
cause the majority of patients with parkin mu-
tations lack LB pathology (Mori et al. 1998).
Alternatively, parkin-mediated neurodegen-
eration may proceed through mechanisms
distinct from those that cause classic PD with
LBs, or parkin may be downstream of α-
synuclein aggregation, thus bypassing the for-
mation of LBs. The idea that LBs are protec-
tive is supported in part by the observation
that parkin-linked AR-JP patients, which lack
LBs, exhibit an earlier onset and more aggres-
sive disease compared with patients with clas-
sic PD with LBs (Hardy et al. 2003). The oc-
currence of LBs in other monogenic forms of
PD, including PARK 5, 6, and 7, is not yet
known, but future neuropathological analysis
may shed light on the significance of LB for-
mation in PD.

CONCLUSIONS

Mitochondrial dysfunction, oxidative stress,
and impairment of the UPS may underlie the
molecular pathogenesis of familial and spo-
radic PD, and these pathways may be linked
together at multiple levels (Figure 4). This
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Figure 4
Common pathways underlying PD pathogenesis. Mutations in five genes encoding α-synuclein, parkin,
UCH-L1, PINK1, and DJ-1 are associated with familial forms of PD through pathogenic pathways that
may commonly lead to deficits in mitochondrial and UPS function. PINK1, parkin, and DJ-1 may play a
role in normal mitochondrial function, whereas parkin, UCH-L1, and DJ-1 may be involved in normal
UPS function. α-synuclein fibrillization and aggregation is promoted by pathogenic mutations, oxidative
stress, and oxidation of cytosolic dopamine (DA), leading to impaired UPS function and possibly
mitochondrial damage. α-synuclein may normally be degraded by the UPS. Some environmental toxins
and pesticides can inhibit complex-I and lead to mitochondrial dysfunction, whereas alterations in
mitochondrial DNA (mtDNA) may influence mitochondrial function. Impaired mitochondrial function
leads to oxidative stress, deficits in ATP synthesis, and α-synuclein aggregation, which may contribute to
UPS dysfunction. Oxidative and nitrosative stress may also influence the antioxidant function of DJ-1,
can impair parkin function through S-nitrosylation, and may promote dopamine oxidation. Excess
dopamine metabolism may further promote oxidative stress. Mitochondrial and UPS dysfunction,
oxidative stress, and α-synuclein aggregation ultimately contribute to the demise of DA neurons in PD.
Red lines indicate inhibitory effects, green arrows depict defined relationships between components or
systems, and blue dashed arrows indicate proposed or putative relationships.

idea is supported by the fact that α-synuclein,
parkin, and DJ-1 share the capacity to influ-
ence both mitochondrial and UPS function,
perhaps providing the beginnings of a com-
mon pathway involved in neuronal degener-
ation in PD. However, it is currently unclear
whether dysfunction of mitochondria and the
UPS tends to converge on a common pathway

or factor, whether they are part of the same
pathway, or whether they cause PD through
distinct mechanisms. Because the aggregation
of α-synuclein is clearly downstream from
complex-I inhibition and such aggregation
can also inhibit or overwhelm proteasomal
function, a putative model for the patho-
genesis of sporadic PD emerges from these
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AR-JP: autosomal
recessive
juvenile-onset
parkinsonism

DA: dopaminergic

DLB: dementia
with Lewy bodies

LB: Lewy body

MPTP: 1-methyl-
4-phenyl-1,2,3,6-
tetrahydropyridine

PD: Parkinson’s
disease

Pael-R:
parkin-associated
endothelin
receptor-like
receptor

PINK1:
PTEN-induced
putative kinase 1

ROS: reactive
oxygen species

SNc: substantia
nigra pars compacta

UCH-L1: ubiquitin
carboxyl-terminal
hydrolase L1

UPS: ubiquitin-
proteasome
system

observations. If complex-I inhibition is cen-
tral to PD pathogenesis, it would set in motion
a series of events that lead to α-synuclein
aggregation, increased oxidative stress, and
deficits in ATP synthesis, all of which can
impair normal UPS function. Inhibition of
the UPS would lead to the accumulation of
proteins otherwise targeted for degradation,
some of which may be cytotoxic; that in
combination with oxidative damage would
ultimately lead to the demise of DA neurons.
Parkin, UCH-L1, and DJ-1 may be involved
in maintaining normal UPS function, where-
as PINK1, together with parkin and DJ-1,
may regulate normal mitochondrial function;
disease-linked mutations in these genes would
lead to a similar set of events precipitating
in the demise of DA neurons. However, this
pathway of events is by no means straight-
forward because proteasomal inhibition
alone may potentially cause a PD-like phe-
notype including α-synuclein aggregation
(McNaught et al. 2004), and furthermore,
proteasomal inhibition can also reciprocally
impair mitochondrial function (Sullivan et al.
2004). These observations suggest a large de-
gree of cross-talk between mitochondria and
the UPS, and dysfunction in either or both
systems may lead to the common end point
of DA neuronal degeneration. Future studies
of the monogenic forms of PD and their
identified gene products, together with exper-
imental animal models of complex-I or UPS
dysfunction, will help to determine whether
common or distinct molecular pathways
contribute to the pathogenesis of familial and
sporadic PD.

NOTE ADDED IN PROOF

Recently, two studies have identified the
gene associated with PARK8-linked PD.
The PARK8 locus was originally identified
by parametric two-point analysis of a large
Japanese family with autosomal dominant
parkinsonism, which yielded significant
linkage to chromosome 12p11.2–q13.1, and
haplotype analysis further reduced the linked

region to a 13.6-cM interval (PARK8, OMIM
607060) (Funayama et al. 2002). Several
Caucasian families consistent with autosomal
dominant parkinsonism also demonstrated
linkage to the PARK8 region, suggesting
that genetic variation in PARK8 may be
a significant cause of autosomal dominant
PD (Zimprich et al. 2004a). Upon screening
candidate genes within the linked region, het-
erozygous mutations within the leucine-rich
repeat kinase 2 (LRRK2) gene were identified
in a number of families (Paisán-Ruı́z et al.
2004, Zimprich et al. 2004a). In particular,
Paisán-Ruı́z et al. (2004) identified two
different mutations that segregated with
disease in four Basque families (R1396G)
and in one large family from the United
Kingdom (Y1654C). Subsequent analysis of
a population of apparently unrelated Spanish
PD patients revealed that approximately
8% of cases carried the R1396G mutation
(Paisán-Ruı́z et al. 2004). Zimprich et al.
(2004b) identified mutations in the same two
amino acid residues of the LRRK2 gene in two
large families of German-Canadian (Y1699C)
and probable English (Western Nebraska
kindred; R1441C) origin; the difference in
numbering resulted from the inclusion of a
45 amino acid sequence that may correspond
to exon 6. Three distinct mutations (I1122V
and I2020T, and the putative splice site
variant L1114L [3342A > G]) as well as the
R1441C variant were identified in four fam-
ilies by analysis of an additional 32 families
with typical late-onset PD, compatible with
dominant transmission. These initial findings
suggest that mutations in the LRRK2 gene
are, to date, the most common identified
genetic cause of late-onset PD.

The LRRK2 gene contains 51 exons
that are predicted to encode a 2527 amino
acid protein that has been named dardarin
(Paisán-Ruı́z et al. 2004). The predicted
LRRK2/dardarin protein contains numerous
highly conserved domains, including multiple
leucine-rich repeats, a Ras-like/small GTPase
superfamily domain, a tyrosine kinase-like
domain, and a WD40 domain. Mutations
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in LRRK2/dardarin tend to be distributed
throughout these functional domains, and
thus it is currently unclear which domains are
relevant for neurodegeneration. Although
most PARK8-linked families described to
date exhibit a clinical phenotype of classic PD,
neuropathology in those affected individuals
examined so far ranges from pure nigral
degeneration without LBs to nigral degener-
ation associated with brainstem LBs typical of
PD, widespread LBs consistent with DLB, or
neurofibrillary tau-positive tangles suggestive
of tauopathy (Funayama et al. 2002, Wszolek
et al. 2004, Zimprich et al. 2004b). At present,

it is unclear how mutations in LRRK2 cause
PD, but it will be of particular interest
to determine whether LRRK2/dardarin is
related to other gene products or molecular
pathways associated with PD. It is tempting
to speculate that the putative kinase activity
of LRRK2/dardarin (and perhaps that of
PINK1) may be involved in the phosphoryla-
tion of proteins implicated in PD pathogene-
sis, such as the phosphoproteins α-synuclein
and tau, possibly leading to alterations in their
expression, turnover, processing, conforma-
tion, cellular localization, or protein-protein
interactions.

ACKNOWLEDGMENTS

This work was supported by grants from the USPHS NS38377, NS457565, NS48206, and
NS43691. D.J.M. and A.B.W. are supported by the Herbert Freidberg Fellowship. T.M.D.
is the Leonard and Madlyn Abramson Professor in Neurodegenerative Diseases at the Johns
Hopkins University School of Medicine.

LITERATURE CITED

Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH, et al. 2000. Mice lacking α-
synuclein display functional deficits in the nigrostriatal dopamine system. Neuron 25:239–
52

Auluck PK, Bonini NM. 2002. Pharmacological prevention of Parkinson disease in Drosophila.
Nat. Med. 8:1185–86

Auluck PK, Chan HY, Trojanowski JQ, Lee VM, Bonini NM. 2002. Chaperone suppression
of α-synuclein toxicity in a Drosophila model for Parkinson’s disease. Science 295:865–68

Bandopadhyay R, Kingsbury AE, Cookson MR, Reid AR, Evans IM, et al. 2004. The expres-
sion of DJ-1 (PARK7) in normal human CNS and idiopathic Parkinson’s disease. Brain
127:420–30

Bell J, Clark AJ. 1926. A pedigree of paralysis agitans. Ann. Eugen. 1:455–62
Bence NF, Sampat RM, Kopito RR. 2001. Impairment of the ubiquitin-proteasome system by

protein aggregation. Science 292:1552–55
Bennett MC, Bishop JF, Leng Y, Chock PB, Chase TN, Mouradian MM. 1999. Degradation

of α-synuclein by proteasome. J. Biol. Chem. 274:33855–58
Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Greenamyre JT. 2000.

Chronic systemic pesticide exposure reproduces features of Parkinson’s disease. Nat. Neu-
rosci. 3:1301–6

Bonifati V, Oostra BA, Heutink P. 2004. Linking DJ-1 to neurodegeneration offers novel
insights for understanding the pathogenesis of Parkinson’s disease. J. Mol. Med. 82:163–
74

Bonifati V, Rizzu P, van Baren MJ, Schaap O, Breedveld GJ, et al. 2003. Mutations in the DJ-1
gene associated with autosomal recessive early-onset parkinsonism. Science 299:256–59

www.annualreviews.org • Molecular Pathophysiology of Parkinson’s Disease 77

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Bossy-Wetzel E, Schwarzenbacher R, Lipton SA. 2004. Molecular pathways to neurodegen-
eration. Nat. Med. 10:S2–9

Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E. 2003. Staging of brain
pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 24:197–211

Canet-Aviles RM, Wilson MA, Miller DW, Ahmad R, McLendon C, et al. 2004. The Parkin-
son’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic acid-driven mito-
chondrial localization. Proc. Natl. Acad. Sci. USA 101:9103–8

Chung KK, Dawson VL, Dawson TM. 2001a. The role of the ubiquitin-proteasomal pathway
in Parkinson’s disease and other neurodegenerative disorders. Trends Neurosci. 24:S7–14

Chung KK, Thomas B, Li X, Pletnikova O, Troncoso JC, et al. 2004. S-nitrosylation of parkin
regulates ubiquitination and compromises parkin’s protective function. Science 304:1328–
31

Chung KK, Zhang Y, Lim KL, Tanaka Y, Huang H, et al. 2001b. Parkin ubiquitinates the
α-synuclein-interacting protein, synphilin-1: implications for Lewy-body formation in
Parkinson disease. Nat. Med. 7:1144–50

Clayton DF, George JM. 1998. The synucleins: a family of proteins involved in synaptic
function, plasticity, neurodegeneration and disease. Trends Neurosci. 21:249–54

Cole NB, Murphy DD, Grider T, Rueter S, Brasaemle D, Nussbaum RL. 2002. Lipid droplet
binding and oligomerization properties of the Parkinson’s disease protein α-synuclein. J.
Biol. Chem. 277:6344–52

Conway KA, Harper JD, Lansbury PT. 1998. Accelerated in vitro fibril formation by a mutant
α-synuclein linked to early-onset Parkinson disease. Nat. Med. 4:1318–20

Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE, Lansbury PT Jr. 2000. Acceleration
of oligomerization, not fibrillization, is a shared property of both α-synuclein mutations
linked to early-onset Parkinson’s disease: implications for pathogenesis and therapy. Proc.
Natl. Acad. Sci. USA 97:571–76

Conway KA, Rochet JC, Bieganski RM, Lansbury PT Jr. 2001. Kinetic stabilization of the
α-synuclein protofibril by a dopamine-α-synuclein adduct. Science 294:1346–49

Corti O, Hampe C, Koutnikova H, Darios F, Jacquier S, et al. 2003. The p38 subunit of the
aminoacyl-tRNA synthetase complex is a Parkin substrate: linking protein biosynthesis
and neurodegeneration. Hum. Mol. Genet. 12:1427–37

Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT, Sulzer D. 2004. Impaired degradation
of mutant α-synuclein by chaperone-mediated autophagy. Science 305:1292–95

Darios F, Corti O, Lucking CB, Hampe C, Muriel MP, et al. 2003. Parkin prevents mitochon-
drial swelling and cytochrome c release in mitochondria-dependent cell death. Hum. Mol.
Genet. 12:517–26

Dauer W, Kholodilov N, Vila M, Trillat AC, Goodchild R, et al. 2002. Resistance of α-synuclein
null mice to the parkinsonian neurotoxin MPTP. Proc. Natl. Acad. Sci. USA 99:14524–29

Dauer W, Przedborski S. 2003. Parkinson’s disease: mechanisms and models. Neuron 39:889–
909

Davidson WS, Jonas A, Clayton DF, George JM. 1998. Stabilization of α-synuclein secondary
structure upon binding to synthetic membranes. J. Biol. Chem. 273:9443–49

Dawson TM, Dawson VL. 2003. Rare genetic mutations shed light on the pathogenesis of
Parkinson disease. J. Clin. Invest. 111:145–51

Dong Z, Ferger B, Paterna JC, Vogel D, Furler S, et al. 2003. Dopamine-dependent neurode-
generation in rats induced by viral vector-mediated overexpression of the parkin target
protein, CDCrel-1. Proc. Natl. Acad. Sci. USA 100:12438–43

78 Moore et al.

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Engelender S, Kaminsky Z, Guo X, Sharp AH, Amaravi RK, et al. 1999. Synphilin-1 associates
with α-synuclein and promotes the formation of cytosolic inclusions. Nat. Genet. 22:110–
14

Farrer M, Chan P, Chen R, Tan L, Lincoln S, et al. 2001. Lewy bodies and parkinsonism in
families with parkin mutations. Ann. Neurol. 50:293–300

Farrer M, Destee T, Becquet E, Wavrant-De Vrieze F, Mouroux V, et al. 2000. Linkage
exclusion in French families with probable Parkinson’s disease. Mov. Disord. 15:1075–83

Feany MB, Bender WW. 2000. A Drosophila model of Parkinson’s disease. Nature 404:394–98
Feany MB, Pallanck LJ. 2003. Parkin: a multipurpose neuroprotective agent? Neuron 38:13–16
Forno LS. 1996. Neuropathology of Parkinson’s disease. J. Neuropathol. Exp. Neurol. 55:259–

72
Forno LS, Langston JW, DeLanney LE, Irwin I. 1988. An electron microscopic study of

MPTP-induced inclusion bodies in an old monkey. Brain Res. 448:150–57
Fortin DL, Troyer MD, Nakamura K, Kubo S, Anthony MD, Edwards RH. 2004. Lipid rafts

mediate the synaptic localization of α-synuclein. J. Neurosci. 24:6715–23
Funayama M, Hasegawa K, Kowa H, Saito M, Tsuji S, Obata F. 2002. A new locus for Parkin-

son’s disease (PARK8) maps to chromosome 12p11.2–q13.1. Ann. Neurol. 51:296–301
Gasser T, Muller-Myhsok B, Wszolek ZK, Oehlmann R, Calne DB, et al. 1998. A susceptibility

locus for Parkinson’s disease maps to chromosome 2p13. Nat. Genet. 18:262–65
Giasson BI, Duda JE, Murray IV, Chen Q, Souza JM, et al. 2000. Oxidative damage linked to

neurodegeneration by selective α-synuclein nitration in synucleinopathy lesions. Science
290:985–89

Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves CL, et al. 2003. Initiation and syner-
gistic fibrillization of tau and α-synuclein. Science 300:636–40

Giasson BI, Lee VM. 2003. Are ubiquitination pathways central to Parkinson’s disease? Cell
114:1–8

Glickman MH, Ciechanover A. 2002. The ubiquitin-proteasome proteolytic pathway: destruc-
tion for the sake of construction. Physiol. Rev. 82:373–428

Goldberg MS, Fleming SM, Palacino JJ, Cepeda C, Lam HA, et al. 2003. Parkin-deficient
mice exhibit nigrostriatal deficits but not loss of dopaminergic neurons. J. Biol. Chem.
278:43628–35

Gosavi N, Lee HJ, Lee JS, Patel S, Lee SJ. 2002. Golgi fragmentation occurs in the cells with
prefibrillar α-synuclein aggregates and precedes the formation of fibrillar inclusion. J.
Biol. Chem. 277:48984–92

Gowers WR. 1900. A Manual of Diseases of the Nervous System. Vol. I. Diseases of the Nerves and
Spinal Cord. Philadelphia: Blakiston’s Son

Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB, Pallanck LJ. 2003. Mitochondrial
pathology and apoptotic muscle degeneration in Drosophila parkin mutants. Proc. Natl.
Acad. Sci. USA 100:4078–83

Hardy J, Cookson MR, Singleton A. 2003. Genes and parkinsonism. Lancet Neurol. 2:221–28
Hasegawa M, Fujiwara H, Nonaka T, Wakabayashi K, Takahashi H, et al. 2002. Phosphorylated

α-synuclein is ubiquitinated in alpha-synucleinopathy lesions. J. Biol. Chem. 277:49071–
76

Hashimoto M, Rockenstein E, Mante M, Mallory M, Masliah E. 2001. β-synuclein inhibits
α-synuclein aggregation: a possible role as an anti-parkinsonian factor. Neuron 32:213–23

Hatano Y, Li Y, Sato K, Asakawa S, Yamamura Y, et al. 2004. Novel PINK1 mutations in
early-onset parkinsonism. Ann. Neurol. 56:424–27

www.annualreviews.org • Molecular Pathophysiology of Parkinson’s Disease 79

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Healy DG, Abou-Sleiman PM, Ahmadi KR, Muqit MM, Bhatia KP, et al. 2004. The gene
responsible for PARK6 Parkinson’s disease, PINK1, does not influence common forms of
parkinsonism. Ann. Neurol. 56:329–35

Hicks AA, Petursson H, Jonsson T, Stefansson H, Johannsdottir HS, et al. 2002. A susceptibility
gene for late-onset idiopathic Parkinson’s disease. Ann. Neurol. 52:549–55

Hodara R, Norris EH, Giasson BI, Mishizen-Eberz AJ, Lynch DR, et al. 2004. Functional
consequences of α-synuclein tyrosine nitration: diminished binding to lipid vesicles and
increased fibril formation. J. Biol. Chem. 279:47746–53

Hsu LJ, Sagara Y, Arroyo A, Rockenstein E, Sisk A, et al. 2000. α-synuclein promotes mito-
chondrial deficit and oxidative stress. Am. J. Pathol. 157:401–10

Huynh DP, Scoles DR, Nguyen D, Pulst SM. 2003. The autosomal recessive juvenile Parkinson
disease gene product, parkin, interacts with and ubiquitinates synaptotagmin XI. Hum.
Mol. Genet. 12:2587–97

Ii K, Ito H, Tanaka K, Hirano A. 1997. Immunocytochemical co-localization of the proteasome
in ubiquitinated structures in neurodegenerative diseases and the elderly. J. Neuropathol.
Exp. Neurol. 56:125–31

Imai Y, Soda M, Hatakeyama S, Akagi T, Hashikawa T, et al. 2002. CHIP is associated with
Parkin, a gene responsible for familial Parkinson’s disease, and enhances its ubiquitin ligase
activity. Mol. Cell. 10:55–67

Imai Y, Soda M, Inoue H, Hattori N, Mizuno Y, Takahashi R. 2001. An unfolded putative
transmembrane polypeptide, which can lead to endoplasmic reticulum stress, is a substrate
of Parkin. Cell 105:891–902

Irizarry MC, Kim TW, McNamara M, Tanzi RE, George JM, et al. 1996. Characterization of
the precursor protein of the non-A β component of senile plaques (NACP) in the human
central nervous system. J. Neuropathol. Exp. Neurol. 55:889–95

Ischiropoulos H, Beckman JS. 2003. Oxidative stress and nitration in neurodegeneration: cause,
effect, or association? J. Clin. Invest. 111:163–69

Itier JM, Ibanez P, Mena MA, Abbas N, Cohen-Salmon C, et al. 2003. Parkin gene inactiva-
tion alters behaviour and dopamine neurotransmission in the mouse. Hum. Mol. Genet.
12:2277–91

Jenco JM, Rawlingson A, Daniels B, Morris AJ. 1998. Regulation of phospholipase D2: selective
inhibition of mammalian phospholipase D isoenzymes by α- and β-synucleins. Biochemistry
37:4901–9

Jenner P. 2003. Oxidative stress in Parkinson’s disease. Ann. Neurol. 53:S26–36
Jiang H, Ren Y, Zhao J, Feng J. 2004. Parkin protects human dopaminergic neuroblastoma

cells against dopamine-induced apoptosis. Hum. Mol. Genet. 13:1745–54
Kahle PJ, Neumann M, Ozmen L, Muller V, Jacobsen H, et al. 2000. Subcellular localization of

wild-type and Parkinson’s disease-associated mutant α-synuclein in human and transgenic
mouse brain. J. Neurosci. 20:6365–73

Kahle PJ, Neumann M, Ozmen L, Muller V, Odoy S, et al. 2001. Selective insolubility of
α-synuclein in human Lewy body diseases is recapitulated in a transgenic mouse model.
Am. J. Pathol. 159:2215–25

Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, et al. 1998. Mutations in the
parkin gene cause autosomal recessive juvenile parkinsonism. Nature 392:605–8

Ko L, Mehta ND, Farrer M, Easson C, Hussey J, et al. 2000. Sensitization of neuronal cells
to oxidative stress with mutated human α-synuclein. J. Neurochem. 75:2546–54

Kopito RR. 2000. Aggresomes, inclusion bodies and protein aggregation. Trends Cell Biol.
10:524–30

80 Moore et al.

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Kruger R, Kuhn W, Muller T, Woitalla D, Graeber M, et al. 1998. Ala30Pro mutation in the
gene encoding α-synuclein in Parkinson’s disease. Nat. Genet. 18:106–8

Lang AE, Lozano AM. 1998a. Parkinson’s disease. First of two parts. N. Engl. J. Med. 339:1044–
53

Lang AE, Lozano AM. 1998b. Parkinson’s disease. Second of two parts. N. Engl. J. Med.
339:1130–43

Langston JW, Ballard P, Tetrud JW, Irwin I. 1983. Chronic Parkinsonism in humans due to a
product of meperidine-analog synthesis. Science 219:979–80

Lansbury PT Jr, Brice A. 2002. Genetics of Parkinson’s disease and biochemical studies of
implicated gene products. Curr. Opin. Cell. Biol. 14:653–60

Lashuel HA, Hartley D, Petre BM, Walz T, Lansbury PT Jr. 2002. Neurodegenerative disease:
amyloid pores from pathogenic mutations. Nature 418:291

Lee FJ, Liu F, Pristupa ZB, Niznik HB. 2001a. Direct binding and functional coupling of
α-synuclein to the dopamine transporters accelerate dopamine-induced apoptosis. Faseb
J. 15:916–26

Lee M, Hyun D, Halliwell B, Jenner P. 2001b. Effect of the overexpression of wild-type or
mutant α-synuclein on cell susceptibility to insult. J. Neurochem. 76:998–1009

Lee MK, Stirling W, Xu Y, Xu X, Qui D, et al. 2002. Human α-synuclein-harboring familial
Parkinson’s disease-linked Ala-53 → Thr mutation causes neurodegenerative disease with
α-synuclein aggregation in transgenic mice. Proc. Natl. Acad. Sci. USA 99:8968–73

Lee SJ, Kim SJ, Kim IK, Ko J, Jeong CS, et al. 2003. Crystal structures of human DJ-1 and
Escherichia coli Hsp31, which share an evolutionarily conserved domain. J. Biol. Chem.
278:44552–59

Le WD, Xu P, Jankovic J, Jiang H, Appel SH, et al. 2003. Mutations in NR4A2 associated
with familial Parkinson disease. Nat. Genet. 33:85–89

Leroy E, Boyer R, Auburger G, Leube B, Ulm G, et al. 1998. The ubiquitin pathway in
Parkinson’s disease. Nature 395:451–52

Li W, Lesuisse C, Xu Y, Troncoso JC, Price DL, Lee MK. 2004. Stabilization of α-synuclein
protein with aging and familial Parkinson’s disease-linked A53T mutation. J. Neurosci.
24:9400–9

Lincoln S, Vaughan J, Wood N, Baker M, Adamson J, et al. 1999. Low frequency of pathogenic
mutations in the ubiquitin carboxy-terminal hydrolase gene in familial Parkinson’s disease.
Neuroreport 10:427–29

Lindersson E, Beedholm R, Hojrup P, Moos T, Gai W, et al. 2004. Proteasomal inhibition by
α-synuclein filaments and oligomers. J. Biol. Chem. 279:12924–34

Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury PT Jr. 2002. The UCH-L1 gene encodes two
opposing enzymatic activities that affect α-synuclein degradation and Parkinson’s disease
susceptibility. Cell 111:209–18

Lockhart PJ, Lincoln S, Hulihan M, Kachergus J, Wilkes K, et al. 2004. DJ-1 mutations are
a rare cause of recessively inherited early onset parkinsonism mediated by loss of protein
function. J. Med. Genet. 41:e22

Lotharius J, Barg S, Wiekop P, Lundberg C, Raymon HK, Brundin P. 2002. Effect of mutant
α-synuclein on dopamine homeostasis in a new human mesencephalic cell line. J. Biol.
Chem. 277:38884–94

Lowe J, McDermott H, Landon M, Mayer RJ, Wilkinson KD. 1990. Ubiquitin carboxyl-
terminal hydrolase (PGP 9.5) is selectively present in ubiquitinated inclusion bodies char-
acteristic of human neurodegenerative diseases. J. Pathol. 161:153–60

www.annualreviews.org • Molecular Pathophysiology of Parkinson’s Disease 81

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Lucking CB, Abbas N, Durr A, Bonifati V, Bonnet AM, et al. 1998. Homozygous deletions
in parkin gene in European and North African families with autosomal recessive juvenile
parkinsonism. The European Consortium on Genetic Susceptibility in Parkinson’s Disease
and the French Parkinson’s Disease Genetics Study Group. Lancet 352:1355–56

Lucking CB, Durr A, Bonifati V, Vaughan J, De Michele G, 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. 342:1560–67

Manning-Bog AB, McCormack AL, Li J, Uversky VN, Fink AL, Di Monte DA. 2002. The
herbicide paraquat causes up-regulation and aggregation of α-synuclein in mice: paraquat
and α-synuclein. J. Biol. Chem. 277:1641–44

Maraganore DM, Farrer MJ, Hardy JA, Lincoln SJ, McDonnell SK, Rocca WA. 1999. Case-
control study of the ubiquitin carboxy-terminal hydrolase L1 gene in Parkinson’s disease.
Neurology 53:1858–60

Maraganore DM, Lesnick TG, Elbaz A, Chartier-Harlin MC, Gasser T, et al. 2004. UCHL1
is a Parkinson’s disease susceptibility gene. Ann. Neurol. 55:512–21

Marder K, Tang MX, Mejia H, Alfaro B, Cote L, et al. 1996. Risk of Parkinson’s disease among
first-degree relatives: a community-based study. Neurology 47:155–60

Marttila RJ, Kaprio J, Koskenvuo M, Rinne UK. 1988. Parkinson’s disease in a nationwide twin
cohort. Neurology 38:1217–19

Marx FP, Holzmann C, Strauss KM, Li L, Eberhardt O, et al. 2003. Identification and func-
tional characterization of a novel R621C mutation in the synphilin-1 gene in Parkinson’s
disease. Hum. Mol. Genet. 12:1223–31

Masliah E, Rockenstein E, Veinbergs I, Mallory M, Hashimoto M, et al. 2000. Dopaminergic
loss and inclusion body formation in α-synuclein mice: implications for neurodegenerative
disorders. Science 287:1265–69

Masliah E, Rockenstein E, Veinbergs I, Sagara Y, Mallory M, et al. 2001. β-amyloid peptides
enhance α-synuclein accumulation and neuronal deficits in a transgenic mouse model
linking Alzheimer’s disease and Parkinson’s disease. Proc. Natl. Acad. Sci. USA 98:12245–
50

Mata IF, Lockhart PJ, Farrer MJ. 2004. Parkin genetics: one model for Parkinson’s disease.
Hum. Mol. Genet. 13:R127–33

Matsumine H, Saito M, Shimoda-Matsubayashi S, Tanaka H, Ishikawa A, et al. 1997. Local-
ization of a gene for an autosomal recessive form of juvenile Parkinsonism to chromosome
6q25.2–27. Am. J. Hum. Genet. 60:588–96

McCormack AL, Thiruchelvam M, Manning-Bog AB, Thiffault C, Langston JW, et al.
2002. Environmental risk factors and Parkinson’s disease: selective degeneration of ni-
gral dopaminergic neurons caused by the herbicide paraquat. Neurobiol. Dis. 10:119–27

McNaught KS, Belizaire R, Isacson O, Jenner P, Olanow CW. 2003. Altered proteasomal
function in sporadic Parkinson’s disease. Exp. Neurol. 179:38–46

McNaught KS, Belizaire R, Jenner P, Olanow CW, Isacson O. 2002. Selective loss of 20S pro-
teasome α-subunits in the substantia nigra pars compacta in Parkinson’s disease. Neurosci.
Lett. 326:155–58

McNaught KS, Perl DP, Brownell AL, Olanow CW. 2004. Systemic exposure to proteasome
inhibitors causes a progressive model of Parkinson’s disease. Ann. Neurol. 56:149–62

Miller DW, Ahmad R, Hague S, Baptista MJ, Canet-Aviles R, et al. 2003. L166P mutant DJ-1,
causative for recessive Parkinson’s disease, is degraded through the ubiquitin-proteasome
system. J. Biol. Chem. 278:36588–95

82 Moore et al.

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Mishizen-Eberz AJ, Guttmann RP, Giasson BI, Day GA 3rd, Hodara R, et al. 2003. Distinct
cleavage patterns of normal and pathologic forms of α-synuclein by calpain I in vitro. J.
Neurochem. 86:836–47

Mitsumoto A, Nakagawa Y, Takeuchi A, Okawa K, Iwamatsu A, Takanezawa Y. 2001. Oxi-
dized forms of peroxiredoxins and DJ-1 on two-dimensional gels increased in response to
sublethal levels of paraquat. Free Radic. Res. 35:301–10

Moore DJ, Dawson VL, Dawson TM. 2003a. Role for the ubiquitin-proteasome system in
Parkinson’s disease and other neurodegenerative brain amyloidoses. Neuromolecular Med.
4:95–108

Moore DJ, Zhang L, Dawson TM, Dawson VL. 2003b. A missense mutation (L166P) in
DJ-1, linked to familial Parkinson’s disease, confers reduced protein stability and impairs
homo-oligomerization. J. Neurochem. 87:1558–67

Moore DJ, Zhang L, Troncoso J, Lee MK, Hattori N, et al. 2005. Association of DJ-1 and
parkin mediated by pathogenic DJ-1 mutations and oxidative stress. Hum. Mol. Genet.
14:71–84

Mori H, Kondo T, Yokochi M, Matsumine H, Nakagawa-Hattori Y, et al. 1998. Pathologic
and biochemical studies of juvenile parkinsonism linked to chromosome 6q. Neurology
51:890–92

Morris CM, O’Brien KK, Gibson AM, Hardy JA, Singleton AB. 2003. Polymorphism in the
human DJ-1 gene is not associated with sporadic dementia with Lewy bodies or Parkinson’s
disease. Neurosci. Lett. 352:151–53

Murakami T, Shoji M, Imai Y, Inoue H, Kawarabayashi T, et al. 2004. Pael-R is accumulated
in Lewy bodies of Parkinson’s disease. Ann. Neurol. 55:439–42

Murphy DD, Rueter SM, Trojanowski JQ, Lee VM. 2000. Synucleins are developmentally
expressed, and α-synuclein regulates the size of the presynaptic vesicular pool in primary
hippocampal neurons. J. Neurosci. 20:3214–20

Neumann M, Kahle PJ, Giasson BI, Ozmen L, Borroni E, et al. 2002. Misfolded proteinase
K-resistant hyperphosphorylated α-synuclein in aged transgenic mice with locomotor
deterioration and in human α-synucleinopathies. J. Clin. Invest. 110:1429–39

Neumann M, Muller V, Gorner K, Kretzschmar HA, Haass C, Kahle PJ. 2004. Pathological
properties of the Parkinson’s disease-associated protein DJ-1 in α-synucleinopathies and
tauopathies: relevance for multiple system atrophy and Pick’s disease. Acta Neuropathol.
(Berlin) 107:489–96

Ohtake H, Limprasert P, Fan Y, Onodera O, Kakita A, et al. 2004. β-synuclein gene alterations
in dementia with Lewy bodies. Neurology 63:805–11

Olanow CW, Perl DP, DeMartino GN, McNaught KS. 2004. Lewy-body formation is an
aggresome-related process: a hypothesis. Lancet Neurol. 3:496–503

Olzmann JA, Brown K, Wilkinson KD, Rees HD, Huai Q, et al. 2004. Familial Parkinson’s
disease-associated L166P mutation disrupts DJ-1 protein folding and function. J. Biol.
Chem. 279:8506–15

Osaka H, Wang YL, Takada K, Takizawa S, Setsuie R, et al. 2003. Ubiquitin carboxy-terminal
hydrolase L1 binds to and stabilizes monoubiquitin in neuron. Hum. Mol. Genet. 12:1945–
58

Outeiro TF, Lindquist S. 2003. Yeast cells provide insight into alpha-synuclein biology and
pathobiology. Science 302:1772–75

Paisán-Ruı́z C, Jain S, Evans EW, Gilks WP, Simon J, et al. 2004. Cloning of the gene
containing mutations that cause PARK8-linked Parkinson’s disease. Neuron 44:595–600

Palacino JJ, Sagi D, Goldberg MS, Krauss S, Motz C, et al. 2004. Mitochondrial dysfunction
and oxidative damage in parkin-deficient mice. J. Biol. Chem. 279:18614–22

www.annualreviews.org • Molecular Pathophysiology of Parkinson’s Disease 83

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Pals P, Lincoln S, Manning J, Heckman M, Skipper L, et al. 2004. α-synuclein promoter
confers susceptibility to Parkinson’s disease. Ann. Neurol. 56:591–95

Pankratz N, Nichols WC, Uniacke SK, Halter C, Rudolph A, et al. 2003. Significant linkage
of Parkinson disease to chromosome 2q36–37. Am. J. Hum. Genet. 72:1053–57

Pesah Y, Pham T, Burgess H, Middlebrooks B, Verstreken P, et al. 2004. Drosophila parkin
mutants have decreased mass and cell size and increased sensitivity to oxygen radical stress.
Development 131:2183–94

Petrucelli L, O’Farrell C, Lockhart PJ, Baptista M, Kehoe K, et al. 2002. Parkin protects against
the toxicity associated with mutant α-synuclein: Proteasome dysfunction selectively affects
catecholaminergic neurons. Neuron 36:1007–19

Polymeropoulos MH, Higgins JJ, Golbe LI, Johnson WG, Ide SE, et al. 1996. Mapping of a
gene for Parkinson’s disease to chromosome 4q21–q23. Science 274:1197–99

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, et al. 1997. Mutation in the
α-synuclein gene identified in families with Parkinson’s disease. Science 276:2045–47

Quigley PM, Korotkov K, Baneyx F, Hol WG. 2003. The 1.6-A crystal structure of the class
of chaperones represented by Escherichia coli Hsp31 reveals a putative catalytic triad. Proc.
Natl. Acad. Sci. USA 100:3137–42

Ren Y, Zhao J, Feng J. 2003. Parkin binds to α/β-tubulin and increases their ubiquitination
and degradation. J. Neurosci. 23:3316–24

Rideout HJ, Dietrich P, Wang Q, Dauer WT, Stefanis L. 2004. α-synuclein is required for the
fibrillar nature of ubiquitinated inclusions induced by proteasomal inhibition in primary
neurons. J. Biol. Chem. 279:46915–20

Rizzu P, Hinkle DA, Zhukareva V, Bonifati V, Severijnen LA, et al. 2004. DJ-1 colocalizes
with tau inclusions: a link between parkinsonism and dementia. Ann. Neurol. 55:113–18

Saigoh K, Wang YL, Suh JG, Yamanishi T, Sakai Y, et al. 1999. Intragenic deletion in the gene
encoding ubiquitin carboxy-terminal hydrolase in gad mice. Nat. Genet. 23:47–51

Sakata E, Yamaguchi Y, Kurimoto E, Kikuchi J, Yokoyama S, et al. 2003. Parkin binds the Rpn10
subunit of 26S proteasomes through its ubiquitin-like domain. EMBO Rep. 4:301–6

Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD. 1990. Mitochondrial
complex I deficiency in Parkinson’s disease. J. Neurochem. 54:823–27

Scott WK, Nance MA, Watts RL, Hubble JP, Koller WC, et al. 2001. Complete genomic
screen in Parkinson disease: evidence for multiple genes. JAMA 286:2239–44

Sharon R, Bar-Joseph I, Frosch MP, Walsh DM, Hamilton JA, Selkoe DJ. 2003. The formation
of highly soluble oligomers of α-synuclein is regulated by fatty acids and enhanced in
Parkinson’s disease. Neuron 37:583–95

Sherer TB, Betarbet R, Greenamyre JT. 2002a. Environment, mitochondria, and Parkinson’s
disease. Neuroscientist 8:192–97

Sherer TB, Betarbet R, Stout AK, Lund S, Baptista M, et al. 2002b. An in vitro model of
Parkinson’s disease: linking mitochondrial impairment to altered α-synuclein metabolism
and oxidative damage. J. Neurosci. 22:7006–15

Sherer TB, Kim JH, Betarbet R, Greenamyre JT. 2003. Subcutaneous rotenone exposure causes
highly selective dopaminergic degeneration and α-synuclein aggregation. Exp. Neurol.
179:9–16

Shimura H, Hattori N, Kubo S, Mizuno Y, Asakawa S, et al. 2000. Familial Parkinson disease
gene product, parkin, is a ubiquitin-protein ligase. Nat. Genet. 25:302–5

Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, et al. 2001. Ubiq-
uitination of a new form of α-synuclein by parkin from human brain: implications for
Parkinson’s disease. Science 293:263–69

84 Moore et al.

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, et al. 2003. α-synuclein locus
triplication causes Parkinson’s disease. Science 302:841

Snyder H, Mensah K, Theisler C, Lee J, Matouschek A, Wolozin B. 2003. Aggregated and
monomeric α-synuclein bind to the S6′ proteasomal protein and inhibit proteasomal func-
tion. J. Biol. Chem. 278:11753–59

Song DD, Shults CW, Sisk A, Rockenstein E, Masliah E. 2004. Enhanced substantia nigra mi-
tochondrial pathology in human α-synuclein transgenic mice after treatment with MPTP.
Exp. Neurol. 186:158–72

Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. 1998. α-synuclein in fil-
amentous inclusions of Lewy bodies from Parkinson’s disease and dementia with lewy
bodies. Proc. Natl. Acad. Sci. USA 95:6469–73

Staropoli JF, McDermott C, Martinat C, Schulman B, Demireva E, Abeliovich A. 2003. Parkin
is a component of an SCF-like ubiquitin ligase complex and protects postmitotic neurons
from kainate excitotoxicity. Neuron 37:735–49

Sullivan PG, Dragicevic NB, Deng JH, Bai Y, Dimayuga E, et al. 2004. Proteasome inhibi-
tion alters neural mitochondrial homeostasis and mitochondria turnover. J. Biol. Chem.
279:20699–707

Sveinbjornsdottir S, Hicks AA, Jonsson T, Petursson H, Gugmundsson G, et al. 2000. Familial
aggregation of Parkinson’s disease in Iceland. N. Engl. J. Med. 343:1765–70

Swerdlow RH, Parks JK, Cassarino DS, Binder DR, Bennett JP Jr, et al. 2001. Biochemical
analysis of cybrids expressing mitochondrial DNA from Contursi kindred Parkinson’s
subjects. Exp. Neurol. 169:479–85

Swerdlow RH, Parks JK, Davis JN 2nd, Cassarino DS, Trimmer PA, et al. 1998. Matrilineal
inheritance of complex I dysfunction in a multigenerational Parkinson’s disease family.
Ann. Neurol. 44:873–81

Swerdlow RH, Parks JK, Miller SW, Tuttle JB, Trimmer PA, et al. 1996. Origin and functional
consequences of the complex I defect in Parkinson’s disease. Ann. Neurol. 40:663–71

Tabrizi SJ, Orth M, Wilkinson JM, Taanman JW, Warner TT, et al. 2000. Expression of
mutant α-synuclein causes increased susceptibility to dopamine toxicity. Hum. Mol. Genet.
9:2683–89

Taira T, Saito Y, Niki T, Iguchi-Ariga SM, Takahashi K, Ariga H. 2004. DJ-1 has a role in
antioxidative stress to prevent cell death. EMBO Rep. 5:213–18

Takahashi-Niki K, Niki T, Taira T, Iguchi-Ariga SM, Ariga H. 2004. Reduced anti-oxidative
stress activities of DJ-1 mutants found in Parkinson’s disease patients. Biochem. Biophys.
Res. Commun. 320:389–97

Tanaka M, Kim YM, Lee G, Junn E, Iwatsubo T, Mouradian MM. 2004. Aggresomes formed
by α-synuclein and synphilin-1 are cytoprotective. J. Biol. Chem. 279:4625–31

Tanaka Y, Engelender S, Igarashi S, Rao RK, Wanner T, et al. 2001. Inducible expression of mu-
tant α-synuclein decreases proteasome activity and increases sensitivity to mitochondria-
dependent apoptosis. Hum. Mol. Genet. 10:919–26

Tao X, Tong L. 2003. Crystal structure of human DJ-1, a protein associated with early onset
Parkinson’s disease. J. Biol. Chem. 278:31372–79

Thiruchelvam M, Richfield EK, Baggs RB, Tank AW, Cory-Slechta DA. 2000. The nigros-
triatal dopaminergic system as a preferential target of repeated exposures to combined
paraquat and maneb: implications for Parkinson’s disease. J. Neurosci. 20:9207–14

Tofaris GK, Layfield R, Spillantini MG. 2001. α-synuclein metabolism and aggregation is
linked to ubiquitin-independent degradation by the proteasome. FEBS Lett. 509:22–26

Uversky VN. 2003. A protein-chameleon: conformational plasticity of α-synuclein, a disor-
dered protein involved in neurodegenerative disorders. J. Biomol. Struct. Dyn. 21:211–34

www.annualreviews.org • Molecular Pathophysiology of Parkinson’s Disease 85

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM, Harvey K, et al. 2004a. Hereditary
early-onset Parkinson’s disease caused by mutations in PINK1. Science 304:1158–60

Valente EM, Bentivoglio AR, Dixon PH, Ferraris A, Ialongo T, et al. 2001. Localization
of a novel locus for autosomal recessive early-onset parkinsonism, PARK6, on human
chromosome 1p35–p36. Am. J. Hum. Genet. 68:895–900

Valente EM, Brancati F, Ferraris A, Graham EA, Davis MB, et al. 2002. PARK6-linked parkin-
sonism occurs in several European families. Ann. Neurol. 51:14–18

Valente EM, Salvi S, Ialongo T, Marongiu R, Elia AE, et al. 2004b. PINK1 mutations are
associated with sporadic early-onset parkinsonism. Ann. Neurol. 56:336–41

van der Walt JM, Nicodemus KK, Martin ER, Scott WK, Nance MA, et al. 2003. Mitochondrial
polymorphisms significantly reduce the risk of Parkinson disease. Am. J. Hum. Genet.
72:804–11

van Duijn CM, Dekker MC, Bonifati V, Galjaard RJ, Houwing-Duistermaat JJ, et al. 2001.
Park7, a novel locus for autosomal recessive early-onset parkinsonism, on chromosome
1p36. Am. J. Hum. Genet. 69:629–34

Von Coelln R, Dawson VL, Dawson TM. 2004a. Parkin-associated Parkinson’s disease. Cell
Tissue Res. 318:175–84

Von Coelln R, Thomas B, Savitt JM, Lim KL, Sasaki M, et al. 2004b. Loss of locus coeruleus
neurons and reduced startle in parkin null mice. Proc. Natl. Acad. Sci. USA 101:10744–49

Wakabayashi K, Engelender S, Yoshimoto M, Tsuji S, Ross CA, Takahashi H. 2000. Synphilin-1
is present in Lewy bodies in Parkinson’s disease. Ann. Neurol. 47:521–23

Ward CD, Duvoisin RC, Ince SE, Nutt JD, Eldridge R, Calne DB. 1983. Parkinson’s disease
in 65 pairs of twins and in a set of quadruplets. Neurology 33:815–24

Webb JL, Ravikumar B, Atkins J, Skepper JN, Rubinsztein DC. 2003. α-synuclein is degraded
by both autophagy and the proteasome. J. Biol. Chem. 278:25009–13

West AB, Maidment NT. 2004. Genetics of parkin-linked disease. Hum. Genet. 114:327–36
Wilkinson KD, Lee KM, Deshpande S, Duerksen-Hughes P, Boss JM, Pohl J. 1989. The

neuron-specific protein PGP 9.5 is a ubiquitin carboxyl-terminal hydrolase. Science
246:670–73

Wilson MA, Collins JL, Hod Y, Ringe D, Petsko GA. 2003. The 1.1-A resolution crystal
structure of DJ-1, the protein mutated in autosomal recessive early onset Parkinson’s
disease. Proc. Natl. Acad. Sci. USA 100:9256–61

Wooten GF, Currie LJ, Bennett JP, Harrison MB, Trugman JM, Parker WD Jr. 1997. Maternal
inheritance in Parkinson’s disease. Ann. Neurol. 41:265–68

Wszolek ZK, Pfeiffer RF, Tsuboi Y, Uitti RJ, McComb RD, et al. 2004. Autosomal dominant
parkinsonism associated with variable synuclein and tau pathology. Neurology 62:1619–22

Xu J, Kao SY, Lee FJ, Song W, Jin LW, Yankner BA. 2002. Dopamine-dependent neurotoxicity
of α-synuclein: a mechanism for selective neurodegeneration in Parkinson disease. Nat.
Med. 8:600–6

Yang Y, Nishimura I, Imai Y, Takahashi R, Lu B. 2003. Parkin suppresses dopaminergic neuron-
selective neurotoxicity induced by Pael-R in Drosophila. Neuron 37:911–24

Yokota T, Sugawara K, Ito K, Takahashi R, Ariga H, Mizusawa H. 2003. Down regulation
of DJ-1 enhances cell death by oxidative stress, ER stress, and proteasome inhibition.
Biochem. Biophys. Res. Commun. 312:1342–48

Zarranz JJ, Alegre J, Gomez-Esteban JC, Lezcano E, Ros R, et al. 2004. The new mutation,
E46K, of α-synuclein causes Parkinson and Lewy body dementia. Ann. Neurol. 55:164–73

Zhang Y, Gao J, Chung KK, Huang H, Dawson VL, Dawson TM. 2000. Parkin functions as
an E2-dependent ubiquitin-protein ligase and promotes the degradation of the synaptic
vesicle-associated protein, CDCrel-1. Proc. Natl. Acad. Sci. USA 97:13354–59

86 Moore et al.

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M, et al. 2004b. Mutations in LRRK2
cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 44:601–7

Zimprich A, Muller-Myhsok B, Farrer M, Leitner P, Sharma M, et al. 2004a. The PARK8 locus
in autosomal dominant parkinsonism: confirmation of linkage and further delineation of
the disease-containing interval. Am. J. Hum. Genet. 74:11–19

www.annualreviews.org • Molecular Pathophysiology of Parkinson’s Disease 87

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AR245-NE28-03 ARI 10 May 2005 13:31

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Contents ARI 13 May 2005 13:21

Annual Review of
Neuroscience

Volume 28, 2005

Contents

Genetics of Brain Structure and Intelligence
Arthur W. Toga and Paul M. Thompson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

The Actin Cytoskeleton: Integrating Form and Function at the Synapse
Christian Dillon and Yukiko Goda � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �25

Molecular Pathophysiology of Parkinson’s Disease
Darren J. Moore, Andrew B. West, Valina L. Dawson, and Ted M. Dawson � � � � � � � � � � � � �57

Large-Scale Genomic Approaches to Brain Development and Circuitry
Mary E. Hatten and Nathaniel Heintz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �89

Autism: A Window Onto the Development of the Social
and the Analytic Brain
Simon Baron-Cohen and Matthew K. Belmonte � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 109

Axon Retraction and Degeneration in Development and Disease
Liqun Luo and Dennis D.M. O’Leary � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 127

Structure and Function of Visual Area MT
Richard T. Born and David C. Bradley � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 157

Growth and Survival Signals Controlling Sympathetic Nervous System
Development
Natalia O. Glebova and David D. Ginty � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 191

Adult Neurogenesis in the Mammalian Central Nervous System
Guo-li Ming and Hongjun Song � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 223

Mechanisms of Vertebrate Synaptogenesis
Clarissa L. Waites, Ann Marie Craig, and Craig C. Garner � � � � � � � � � � � � � � � � � � � � � � � � � � � � 251

Olfactory Memory Formation in Drosophila: From Molecular
to Systems Neuroscience
Ronald L. Davis � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 275

The Circuitry of V1 and V2: Integration of Color, Form, and Motion
Lawrence C. Sincich and Jonathan C. Horton � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 303

v

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Contents ARI 13 May 2005 13:21

Molecular Gradients and Development of Retinotopic Maps
Todd McLaughlin and Dennis D.M. O’Leary � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 327

Neural Network Dynamics
Tim P. Vogels, Kanaka Rajan, and L.F. Abbott � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 357

The Plastic Human Brain Cortex
Alvaro Pascual-Leone, Amir Amedi, Felipe Fregni, and Lotfi B. Merabet � � � � � � � � � � � � � � 377

An Integrative Theory of Locus Coeruleus-Norepinephrine Function:
Adaptive Gain and Optimal Performance
Gary Aston-Jones and Jonathan D. Cohen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 403

Neuronal Substrates of Complex Behaviors in C. elegans
Mario de Bono and Andres Villu Maricq � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 451

Dendritic Computation
Michael London and Michael Häusser � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 503

Optical Imaging and Control of Genetically Designated Neurons
in Functioning Circuits
Gero Miesenböck and Ioannis G. Kevrekidis � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 533

INDEXES

Subject Index � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 565

Cumulative Index of Contributing Authors, Volumes 19–28 � � � � � � � � � � � � � � � � � � � � � � � � � � � 577

Cumulative Index of Chapter Titles, Volumes 19–28 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 582

ERRATA

An online log of corrections to Annual Review of Neuroscience chapters
may be found at http://neuro.annualreviews.org/

vi Contents

A
nn

u.
 R

ev
. N

eu
ro

sc
i. 

20
05

.2
8:

57
-8

7.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

R
E

G
O

N
 H

E
A

L
T

H
 &

 S
C

IE
N

C
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
06

. F
or

 p
er

so
na

l u
se

 o
nl

y.




