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Genetic Factors in Parkinson’s Disease and Potential Therapeutic Targets

Jian Feng*

Department of Physiology and Biophysics, State University of New York at Buffalo, Buffalo, NY
14214, USA.

Abstract: Parkinson’s disease is a neurodegenerative movement disorder caused by a
combination of environmental and genetic factors. Recent human genetic studies have
identified five genes that are linked to Parkinson’s disease (PD): α-synuclein, parkin, UCH-L1,
DJ-1 and NR4A2. Among these genes, a variety of mutations in the human parkin locus have
been found in many PD cases, both familial and sporadic. Parkin appears to be the most
prevalent genetic factor in PD. It encodes for a protein-ubiquitin E3 ligase, whose loss-of-
function mutations cause specific degeneration of dopamine (DA) neurons in substantia nigra
in human patients. The accumulation of parkin substrates is thought to be the key factor in the
selective death of DA neurons. Rapid progress in the identification of these substrates and the generation of genetic
animal models has produced a plethora of knowledge about the biological function of parkin and its role in PD. These
studies also offer novel pharmacological targets for the development of more selective therapeutic strategies. In this
review, I will summarize results from this fast expanding field and discuss their potential implication in the treatment of
Parkinson’s disease.
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I. INTRODUCTION

Parkinson’s disease is one of the most frequent
neurodegenerative disorders, affecting 1~2% of people over
65 years of age [27]. Symptoms of this disease include resting
tremor, muscle rigidity, bradykinesia, gait disturbance and
postural instability [88]. Although the etiology of PD is far
from clear, and the complicated spectrum of its symptoms
suggests that PD is caused by a variety of factors, the most
prevalent pathological feature in PD patients is the
progressive death of dopaminergic neurons in substantia
nigra pars compacta (SNpc). Such a loss results in the
reduction of dopaminergic inputs in striatum, a region
critically involved in the control of movements and motor
planning [79]. In most forms of PD, loss of nigral
dopaminergic neurons is often accompanied by Lewy bodies.
These intracytoplasmic inclusions are also found in other
brain regions, such as locus cerulus, nucleus basalis,
hypothalamus and cerebral cortex. Although neurodegen-
eration also occurs in these tissues, the loss of dopaminergic
neurons in SNpc is far more pervasive and appears to
contribute most significantly to the symptoms of PD [93].
Consistent with this, one of the most effective treatments of
PD is dopamine replacement therapy. Another line of
evidence supporting the critical role of nigral dopaminergic
neurons in the pathology of PD comes from studies on
MPTP (1,2,3,6-methyl-phenyl-tetrahydropyridine) [66], 6-
OHDA (6-hydroxydopamine) [52] and rotenone [8]. These
toxins selectively destroy dopaminergic neurons in SN. Drug
addicts who took MPTP exhibited symptoms that bear
striking resemblance to those found in PD patients. Animal
models using MPTP [96], 6-OHDA [52], or rotenone [8]
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further connect the death of nigral dopaminergic neurons to
symptoms of PD.

Although it is now generally believed that the death of
nigral dopaminergic neurons causes PD, we still do not
understand molecular and cellular mechanisms underlying
the specific loss of these neurons. Administration of
levodopa/carbidopa is beneficial for many patients,
especially in the beginning stage of therapy. However, as the
disease progresses, more extensive loss of nigral
dopaminergic neurons necessitates increased dose of
levodopa, which leads to many side effects, such as
levodopa-induced dyskinesia, personality changes, dementia,
withdrawal, depression, etc. The side effects of levodopa
therapy very often become so debilitating to the patients that
doctors are forced to limit dosage of the drug when patients
need it most. In the advanced stage of PD, levodopa therapy
is usually ineffective, as the chronic loss of dopamine
innervation in the striatum has perturbed the normal
functions of many brain regions [30]. The resurgence of
surgical methods and the recent development of deep brain
stimulation for advanced stage patients hold great promises
while raising many unanswered questions. It is clear that a
better understanding of how nigral dopaminergic neurons die
will greatly facilitate the discovery of novel therapeutic
strategies for PD.

II. GENETIC FACTORS IN PARKINSON’S DISEASE.

Long-term epidemiological studies indicate that many
factors contribute to the incidence of PD [115]. These
include exposure to certain toxins, living in a rural
environment, etc. Despite extensive searches for specific
toxins in brains of PD patients, no conclusive findings in
human population have been obtained so far on the
contribution of environmental factors to PD. On the other
hand, it has been noted for a long time that approximately
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5~10% of PD cases are familial [88]. Recent progress in
molecular genetics studies of families with PD has led to the
identification of several loci that are linked to certain
inherited forms of PD. These include α-synuclein (PARK1)
on chromosome 4q21-23 [94, 95], parkin (PARK2) on
chromosome 6p25.2-27 [57], UCH-L1 (PARK5) on
chromosome 4p14 [70], DJ-1 (PARK7) on chromosome
1p36 [10], and NR4A2 on chromosome 2q22-23 [67]. In
addition to these genes, several other loci have been
implicated in PD, although the responsible genes have not
been identified.

II.A. α-Synuclein

The first evidence that some forms of PD could have a
purely genetic basis was reported by Golbe and co-workers
in the initial account of the Contursi kindred [40]. Through
linkage analysis, Polymeropoulos et al. mapped a gene for
PD to a locus at chromosome 4q21-23 (PARK1 locus) [94].
They later identified a point mutation (A53T) in the α-
synuclein gene, which was located in this locus and was
linked to an early onset, autosomal dominant form of
familial PD [95]. Another missense mutation (A30P) in α-
synuclein was identified in an independent study [62].
However, subsequent investigations involving a large
number of patients with sporadic or familial PD have failed
to identify any mutations in the α-synuclein gene [15, 105,
118, 119], indicating that this gene is involved in very small
population of PD patients.

Despite the rareness of mutations in α-synuclein, in vitro
studies demonstrate that compared to the wild-type protein,
both α-synuclein mutants show accelerated formation of
Lewy body-like fibrils and spherical assemblies when they
are present at high concentration in solution [21, 84].
Overexpression of human wild-type α-synuclein with a
PDGFβ promoter in neuronal tissues in mice results in
progressive accumulation of α-synuclein- and ubiquitin-
positive inclusions resembling Lewy bodies. The transgenic
mice also exhibit loss of dopaminergic neurons in SN and
significant deficits in motor performance in the rotorod test
[76]. Similar results are obtained when wild-type, A53T, or
A30P mutants were overexpressed in Drosophila [33].
Furthermore, α-synuclein knockout mice display altered
dopamine release, reduced striatal dopamine content and
attenuated locomotor response to amphetamine [2]. These
lines of evidence suggest that α-synuclein is critically
involved in the formation of Lewy bodies and the death of
nigral dopaminergic neurons under pathological conditions,
such as overexpression or mutations. However, other lines of
transgenic mice expressing either wild-type or mutant α-
synuclein under the prion promoter or tyrosine hydroxylase
(TH) promoter do not show significant degeneration of
dopaminergic neurons in substantia nigra, although many
other types of neurons are significantly degenerated,
especially by the A53T mutant [38, 68, 97]. Further studies
are necessary to resolve the discrepancies in various α-
synuclein transgenic mice.

Interestingly, injection of MPTP in mice or primates
leads to increased expression [120] and aggregation [61] of
α-synuclein. On the other hand, systemic administration of
rotenone in rats produces ubiquitin- and α-synuclein-positive

intracellular inclusions that are reminiscent of Lewy bodies
[8]. Both MPTP and rotenone cause selective degeneration
of dopaminergic neurons in SNpc and PD-like symptoms in
these animal models, which suggests that environmental
neurotoxins may interact with genetic factors, such as α-
synuclein, in the pathogenesis of PD.

II.B. Parkin

Linkage studies in a few Japanese families with Autosomal
Recessive Juvenile Parkinsonism (AR-JP) led to the identi-
fication of a locus on chromosome 6q25.2-q27 (PARK2
locus) [77]. Using positional cloning and exon trapping
techniques, Kitada et al. cloned a large gene (1.3 Mb) in this
region whose internal deletion was correlated with PD
symptoms. It was named parkin to reflect its connection with
the disease [57]. A number of follow-up studies have shown
that point mutations, internal deletion and truncations occur
in many AR-JP patients with diverse ethnic backgrounds [1,
42, 43, 69, 73]. In contrast to patients with sporadic PD, the
majority of AR-JP patients do not have Lewy bodies,
suggesting that parkin may be required for the efficient
formation of these cytoplasmic inclusions [25].

In addition to the causative role of parkin in AR-JP, its
mutations are a significant factor in idiopathic forms of
Parkinson’s disease. A recent study has found very high
degree of linkage (with a logarithm of odds score of 5.47)
between parkin mutations and sporadic cases in families with
at least one case of early-onset PD (<40 years) [104]. In a
total of 307 families with idiopathic PD, parkin mutations
have been found in 5% of them (18% in the early-onset cases
and 2% in the late-onset cases) [89]. These results indicate
that parkin is the most important genetic factor in PD. I will
discuss its biological functions in detail later.

II.C. UCH-L1

A missense mutation (I93M) in the ubiquitin carboxyl-
terminal hydrolase L1 (UCH-L1) gene was identified in a
German family with autosomal dominant PD [70]. UCH-L1
is a brain-specific deubiquitinating enzyme that is present in
Lewy bodies. The I93M point mutation causes a 50%
reduction in catalytic activity of the enzyme, which is
postulated to affect protein degradation in the brain.
However, the mutation identified in the small German family
has incomplete penetrance [70]. Additional studies on
several PD kindreds fail to identify any mutation in this gene
[35]. Furthermore, null mutation of UCH-L1 gene in the
gracile axonal dystrophy (gad) mouse exhibits phenotypes
that are markedly different from those of PD [100]. It is still
unclear to which extent UCH-L1 is involved in the etiology
of PD, although a recent study suggests that UCH-L1 may
have two opposing enzymatic activities: an ubiquitin C-
terminal hydrolase and a dimerization-dependent ubiquityl
ligase, which may be important in PD pathogenesis [71].

II.D. DJ-1

Very recently, two mutations in the DJ-1 gene were
found in two families that have an autosomal recessive form
of early-onset Parkinsonism (PARK7) [10]. One of the
mutations is a point mutation (L166P); the other is a 14 kb
deletion that removes the first five exons. In both cases, only
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homozygous family members are affected, while heterozygous
carriers are apparently free of any PD symptoms [10]. It
suggests that the mutations cause loss of function of the gene
product, which may be critically involved in PD. The known
functions of DJ-1 appear to be quite diverse and do not
provide any obvious connection to Parkinson’s disease. It
has sequence homology to some prokaryotic proteins such as
ThiJ, which is involved in thiamine synthesis; PfpI, a
protease; araC, a transcription factor; and certain glutamine
amidotransferases [10]. Human DJ-1 is first identified as an
oncogene that interacts with c-myc or h-ras to increase cell
transformation [82]. Another group has found that it is a
regulatory subunit of an RNA-binding protein [46]. In
addition, the rodent DJ-1 gene (also known as
Contraception-Associated Protein 1, CAP1) appears to be a
sperm protein that participates in fertilization [87, 121]. Most
interestingly, DJ-1 binds to PIAS, a SUMO-protein E3 ligase
[113] that regulates activities of certain transcription factors
[60]. Consistent with this, DJ-1 is sumoylated at lysine 130
[113]. There is also evidence that DJ-1 is modified in
response to H2O2 or the pesticide Paraquat (an agent linked
to higher incidence of PD) [80, 81]. Oxidative stress also
induces the transcription of the yeast DJ-1 homologue [26].
Furthermore, in transfected COS7 and PC12 cells, the L166P
mutant of DJ-1 is co-localized with mitochondria, in contrast
to the diffuse cytoplasmic and nuclear localization of the
wild-type protein [10]. As mutations in the DJ-1 gene
appears to be very rare [22], further studies are necessary to
establish the involvement of this versatile protein in
Parkinson’s disease.

II.E. NR4A2/Nurr1

The most recently identified PD gene is NR4A2, also
commonly known as Nurr1 [67]. Two mutations (a single
nucleotide deletion and a point mutation) have been found in
the first exon of NR4A2 in one allele of 10 patients with an
autosomal dominant form of PD. The clinical symptoms of
these patients are not significantly different from the typical
PD features.

NR4A2/Nurr1 is a transcription factor in the nuclear
receptor superfamily. It plays a critical role in the development
of midbrain dopaminergic neurons. Nurr1 knockout mice do
not have dopamine neurons in the midbrain and die within
two days of birth due to hypoactivity and aphagy [127],
phenotypes remarkably similar to dopamine deficient mice
[130]. Nurr1 heterozygous mice develop normally and
generate dopaminergic neurons, but their dopaminergic cells
produce much less dopamine [127], as Nurr1 is critical for
controlling the expression of tyrosine hydroxylase [50]. The
two mutations in exon 1 are in the 5’-UTR (Untranslated
Region) of the gene. These mutations result in marked
reduction in the expression level of NR4A2/Nurr1 in
affected individuals. Previous studies have also found that a
homozygous polymorphism in intron 6 of NR4A2 occurs
significantly more frequently in familial PD than in sporadic
PD [124].  Mutations in exon 1 and exon 3 of NR4A/Nurr1
are also associated with schizophrenia [12, 16] and manic
depression [12], neuropsychiatric disorders related to
dysfunction of mesolimbic and mesocortical dopaminergic
pathways. On the other hand, a recent report shows that point

mutations in exon 1 of NR4A2 are not present in 44 cases of
familial PD cases [131]. More studies are needed to establish
the role of NR4A2 mutations in Parkinson’s disease.

In addition to NR4A2/Nurr1, other transcription factors
such as the LIM homeodomain transcription factor Lmx1b
[109] and the homeobox gene Ptx3 [110] are critically
involved in the development of mesencephalic dopaminergic
neurons. In Lmx1b knockout mice, TH+ neurons are
produced, but are lost later during development [109]. In the
initial population of TH+ neurons, Ptx3 is not expressed,
suggesting that Lmx1b, together with Ptx3, may play an
essential role in the survival of dopaminergic neurons [109].
It is perhaps worthwhile to examine these two genes in PD
patients to see if there is any mutation.

II.F. Susceptibility Genes in Sporadic PD

In the typical sporadic forms of PD, the relative risk for
first-degree relatives is at least two to three times that of
matched controls [74, 90], which suggests a genetic
contribution to idiopathic PD. Several genes have been
implicated in sporadic form of PD. These include
debrisoquine 4-hydroxylase (CYP2D6) [4, 111], monoamine
oxidase A (MAO-A) [47], monoamine oxidase B (MAO-B)
[64], etc. However, there are also contradictory reports on
the lack of involvement of these genes in sporadic PD [29,
36, 83]. In addition to these genes, there are also a few
reports on the possible involvement of superoxide dismutase
2 (SOD2) [99, 106] and the cytochrome P450 1A1 gene
(CYP1A1) [114] in sporadic PD. Further studies are necessary
to find out whether these genes are involved in PD, and if so,
their relative contribution to the cause of the disease. As
many of these candidate genes are involved in detoxification
of harmful substances or metabolism of neurotransmitters, it
seems likely that environmental insults may have differential
effects on people carrying mutations of these genes, in
comparison to normal subjects. The interplay between
genetic and environmental factors may ultimately determine
each individual’s susceptibility to Parkinson’s disease.

III. THE BIOLOGICAL FUNCTIONS OF PARKIN

III.A. Parkin is a Protein-Ubiquitin E3 Ligase

Sequence analysis of the parkin protein shows that it has
an ubiquitin-like domain in the N-terminus, followed by a
linker region that has no obvious sequence homology with
any other proteins. Its C-terminal half contains two RING
(Really Interesting New Gene) finger domains and a novel
IBR (In-Between RING) domain located between the two
RING fingers. It has been found that parkin is a protein-
ubiquitin E3 ligase, which catalyzes the E2-dependent
ubiquitination of many substrate proteins [25].

Ubiquitin (Ub) is a highly conserved 76 amino acid
protein. It plays a pivotal role in marking proteins for
degradation through the ubiquitin-dependent pathway [44,
45]. Protein ubiquitination is an ATP-dependent sequential
process in which ubiquitin is first activated by ubiquitin-
activating enzymes (E1), then transferred to ubiquitin-
conjugation enzymes (E2) and finally ligated to protein
substrates by ubiquitin ligase (E3). Ubiquitin is joined to the
substrate through an isopeptide bond between Gly76 and a
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Lys residue on the substrate. The ubiquitination enzyme
complex then adds more ubiquitin in a sequential manner to
Lys48 on the preceding Ub moiety of the substrates to
produce polyubiquitinated proteins, which are recognized
and degraded by the 26S proteasome into small peptides of
3-20 residues. These peptides are released into the cytosol,
where they are further hydrolyzed to amino acids by
peptidases [56].

A variety of cellular processes depend on the precise
temporal and spatial expression pattern of key protein
components. It has become increasingly clear that ubiquitin-
and proteasome-dependent proteolysis is an important aspect
in the regulation of protein concentration in the cell. For
example, ubiquitin-dependent degradation of cyclins makes
it possible to control the concentration of cyclins in a rapid
and precise manner to regulate cell cycle progression [39,
54]. The great variation in the in vivo half-life of proteins is
achieved, at least in part, by the high specificity of the
ubiquitination process. Another layer of regulation is the
post-translational modification of substrate proteins [55,
103]. For example, I-κB can only be ubiquitinated and
rapidly degraded after it is phosphorylated in response to
extracellular stimuli. In its unphosphorylated state, I-κB is
very stable [17]. The regulation of protein ubiquitination is
further complicated by its reversibility. A family of ubiquitin
C-terminal hydrolases or isopeptidases remove ubiquitin
from proteins that are already ubiquitinated [123]. One of
these deubiquitinating enzymes is the brain-specific UCH-
L1, whose mutation is implicated in a small group of patients
with familial PD discussed before.

The precise regulation of protein degradation ensures a
dynamic equilibrium of protein concentration as required by
the cellular environment. Failure to eliminate ubiquitinated
proteins is a key factor in many diseases, including neurode-
generative disorders. For instance, ubiquitinated proteins are
found in Lewy bodies in PD. There are also ubiquitinated
proteins in neurofibrilliary tangles in Alzheimer’s Disease, in
intranuclear inclusions in Huntington’s Disease, or in late
endosome-like organelles in prion encephalopathies [3]. In
these situations, ubiquitinated proteins form aggregates and
progressive cell death occurs, although the underlying
mechanisms are not fully understood.

III.B. Substrates of Parkin

Mutations of the parkin gene appear to be recessive in
most cases, and many of these mutants exhibited
significantly decreased E3 ligase activity. Thus, it is likely
that accumulation of parkin substrates may cause
degeneration of dopaminergic neurons in SNpc. Parkin is
widely expressed in a variety of tissues, including brain,
heart, skeletal muscle, lung, kidney, testis, etc. [57]. In the
brain, parkin is expressed in almost all regions and there is
no significant difference in its expression level in neurons
and glial cells, or between dopaminergic neurons and non-
dopaminergic neurons [98]. However, mutations of the gene
in AR-JP patients appear to cause only Parkinson’s disease.
The key issue is why the loss of function for parkin
specifically leads to degeneration of nigral dopaminergic
neurons, while other types of cells seem to be unaffected.
The working hypothesis is that parkin may have specific

substrates in nigral DA neurons; the failure to ubiquitinate
and degrade them in the absence of functional parkin may
result in their accumulation and ensuing cell death. To test
this hypothesis, many groups have performed yeast two-
hybrid screening to identify the substrates of parkin.

III.B.1. CDCrel-1

The first substrate found is CDCrel-1 [128], a member of
the septin family GTPases that binds to syntaxin-1 [7], but
appears to be dispensable in neurotransmitter release, as
evidenced by the CDCrel-1 knockout mice [91]. No
significant defect is observed in neuronal development and
function in CDCrel-1 knockout mice [91]. Subsequent
studies using the knockout mice have shown that CDCrel-1
has a non-redundant function in the regulation of platelet
secretion [28].

III.B.2. Pael Receptor (Parkin-associated Endothelin
Receptor-like Receptor)

Another substrate of parkin is Pael receptor (Pael-R), a
homolog of endothelin receptor type B that is widely
expressed in oligodendrocytes in the brain, but generally not
in neurons. However, dopamine neurons in SNpc express
Pael-R, in contrast to other types of neurons [49].
Overexpression of Pael-R in dopaminergic neuroblastoma
cell line SH-SY5Y induces unfolded protein stress (UPS)
and cell death. Co-expression of wild-type parkin, but not its
PD-linked mutants, suppresses the toxicity of Pael-R. In
postmortem brain tissues from AR-JP patients lacking parkin
expression, there is significant increase of Pael-R in the
Triton X-100-insoluble fraction. These results suggest that
the accumulation of Pael-R in nigral DA neurons in the
absence of parkin may cause selective degeneration of these
neurons [49]. This hypothesis is tested in transgenic flies
expressing human Pael-R, which exhibit specific loss of
dorsomedial DA neurons. Transgenic flies expressing both
parkin and Pael-R show significant reduction in the loss of
DA neurons [125]. These studies have demonstrated that
Pael-R is probably a key substrate of parkin in nigral DA
neurons. It is unclear why overexpression of Pael-R is
particularly toxic to DA neurons, compared to other types of
cell, e.g. oligodendrocytes.

III.B.3. O-glycosylated α-synuclein and Synphilin-1

Two proteins related to α-synuclein have been found to
be substrates of parkin. One of them is an O-glycosylated
form of α-synuclein [108], the other is the α-synuclein-
binding protein, synphilin-1 [19]. Although α-synuclein
itself does not interact with parkin, an O-glycosylated form
(αSp22) binds to parkin, but not its PD-linked mutants.
Furthermore, αSp22 is ubiquitinated by wild-type parkin and
is accumulated in a non-ubiquitinated form in PD brain
tissues lacking parkin expression [108]. These results
suggest that the O-glycosylated form of α-synuclein is a key
substrate of parkin, and its accumulation in the absence of
parkin may contribute to the selective degeneration of nigral
DA neurons.

However, the existence of O-glycosylated α-synuclein in
the brain is subject to debate [38]. The major species of α-
synuclein is not glycosylated, and has been demonstrated not
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to be a substrate of parkin [108]. Instead, the α-synuclein-
interacting protein synphilin-1 binds to parkin and is
ubiquitinated by wild-type, but not mutant parkin [19]. Co-
expression of α-synuclein, synphilin-1 and parkin in HEK293
cells produces Lewy body-like intracellular inclusions that
are ubiquitin-positive. This effect is significantly abrogated
by PD-associated mutations of parkin [19].

Although the two studies above identified different
substrates of parkin, both results suggest a critical role of
parkin in the formation of Lewy bodies. When the parkin
gene is mutated, neither αSp22 nor synphilin-1 can be
effectively ubiquitinated and degraded. These non-
ubiquitinated parkin substrates may not be able to form
Lewy bodies, but appear to be quite toxic to DA neurons,
nevertheless. In contrast, parkin, α-synuclein, synphilin-1
and ubiquitinated proteins are all found in Lewy bodies in
sporadic cases of PD [19, 102], suggesting that ubiquitinated
parkin substrates are accumulated in Lewy bodies.

The interaction between α-synuclein and parkin has been
demonstrated functionally in transgenic flies and cultured
mouse neurons. Expression of human parkin in dorsomedial
DA neurons in drosophila significantly attenuates the
toxicity caused by transgenic expression of either wild-type
or mutant human α-synuclein [125]. In mouse primary
midbrain cultures, Herpes Simplex Virus-mediated
expression of α-synuclein A53T mutant preferentially kills
TH+ neurons. Co-expression of parkin significantly mitigates
the toxicity of mutant α-synuclein [92].

III.B.4. Cyclin E

More recently, parkin is found to be a component of a
large SCF-like ubiquitin ligase complex. By interacting with
hSel-10 and Cul1, parkin can ubiquitinate cyclin E, which is
recruited to this complex by hSel-10 [112]. Consistent with
this observation, cyclin E is accumulated in substantia nigra
of AR-JP brains lacking parkin expression. However, in two
sporadic cases of PD, cyclin E expression level appears to be
similar to that in AR-JP, but much higher than in normal
control or in Alzheimer’s disease (AD) [112]. It suggests that
the accumulation of cyclin E may have a direct correlation
with PD-associated degeneration of substantia nigra, rather
than with the loss of parkin. On the other hand, accumulation
of cyclin D1 is observed in SN from AD brains, but not in
normal or PD brains [112]. These observations support the
idea that abnormal expression of cyclins in postmitotic
neurons may trigger apoptosis [23]. Expression of parkin in
cerebella granule cells reduces the level of cyclin E and
protects these cells from kainate-induced apoptosis.
Furthermore, suppression of parkin expression by siRNA
potentiates kainate toxicity in cultured DA neurons, while
parkin overexpression protects DA neurons from kainate-
induced cell death [112].

III.B.5. α-tubulin and β-tubulin

Our recent studies demonstrate that parkin binds to
microtubules very strongly, probably through a direct
interaction with α/β tubulin heterodimers, the building
blocks of microtubules [98]. We have found that almost all
parkin is bound to microtubules, as shown in taxol-mediated
microtubule co-assembly assays. In contrast to typical

microtubule-associated proteins (MAPs), parkin cannot be
dissociated from polymerized microtubules at very high salt
conditions (up to 4 M of NaCl). We were able to disrupt the
interaction between parkin and microtubules with 1 M of
urea. However, at this condition, microtubules were also
destroyed and released α- and β-tubulin into the supernatant
(Yang, F., Zhao, J., Ren, Y., Feng, J., unpublished
observations)*. The extremely tight interaction between
parkin and microtubules is further confirmed by strong co-
immunoprecipitation between parkin and α/β tubulin
heterodimers, as well as subcellular co-localization studies.
With a mono-specific antibody against parkin, we have
shown that parkin exhibits punctate subcellular localization
along microtubules in a variety of cells, including neurons
and glial cells in rat brain sections and cultures, human
dopaminergic neuroblastoma cell lines, as well as mouse
fibroblast cell lines such as 3T3. The parkin-microtubule
interaction is further substantiated by the observation that
disruption of microtubules by drugs such as colchicine
changes the subcellular localization of parkin into a diffusely
cytosolic pattern, just like what happens to microtubules
[98]. The binding between parkin and α/β tubulin appears to
be much stronger than its interaction with other proteins.

We have also shown that overexpression of parkin in
HEK293 cells increases the ubiquitination and degradation
of α- and β-tubulins, and this effect is significantly
abrogated by PD-linked mutations of parkin. Furthermore,
similarly ubiquitinated α- and β-tubulins have been found in
rat brain lysates. Taken together, our data suggest that parkin
is an E3 ligase for α- and β-tubulin [98].

Several lines of evidence indicate that tubulin degradation
may be involved in Parkinson’s disease. Both ubiquitin [72,
78] and tubulin [34] are major components of Lewy bodies,
which suggests that ubiquitinated tubulin may be present in
them. In addition, two PD-causing neurotoxins, 1-methyl-4-
phenylpyridinium (MPP+) and rotenone strongly depoly-
merize microtubules in vivo and in vitro [11, 13, 14, 75]. As
depolymerization of microtubules triggers rapid degradation
of tubulin [20], the cellular mechanism for degrading tubulin
in response to neurotoxins may play a role in PD.

III.B.6. Expanded Polyglutamines

The most recently reported substrate of parkin up to the
writing of this review is the polyglutamine (PolyQ) stretches
found in many neurodegenerative disorders [116]. Parkin
preferentially binds to expanded PolyQ (e.g. Q79), compared
to shorter PolyQ (e.g. Q26). This interaction appears to
recruit parkin to huntingtin aggregates in the cytosol and
nucleus in transgenic mice expressing a mutant huntingtin
gene with 72 glutamines, although parkin is normally not in
the nucleus. Parkin increases the in vitro ubiquitination of
GFP-Q79 and its degradation in HEK293 cells. This activity
reduces the toxicity of GFP-Q79 by decreasing its
aggregation and ensuing activation of caspase-12. The
interaction between parkin and PolyQ is enhanced by the
heat shock protein Hsp70, which binds to the RING-IBR-

                                                
* Yang, F., Zhao, J., Ren, Y., Feng, J. (2003) Tubulin-binding Domains of Parkin. Soc.
Neurosci. Abs. Submitted.
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RING region of parkin. On the other hand, the ubiquitin-like
(Ubl) domain of parkin binds to the 26S proteasome. This
study suggests an intriguing model in which parkin could
efficiently ubiquitinate mutant proteins containing expanded
PolyQ with the help of Hsp70, and then passes the
polyubiquitinated substrates directly to the 26S proteasome.
Functionally, it means that parkin may play an important role
in handling expanded PolyQ-containing proteins, which
cause a variety of neurodegenerative disorders.

III.C. Animal Models

As almost all human parkin mutations are recessive, it is
reasonable to assume that the lost of function of this gene
causes Parkinson’s disease. To establish the causative link,
many groups have generated parkin mutant mice in which an
exon is removed by homologous recombination in
embryonic stem cells. There has been no published report on
the analysis of these mice.

On the other hand, the drosophila parkin gene has been
deleted through imprecise excision of a P element inserted
near the parkin locus [41]. The transposable P element was
randomly inserted into the drosophila genome. Using a PCR-
based screen, a single line of drosophila was identified to
harbor a P element inserted 71bp upstream of the parkin start
codon. The P element was then excised under conditions
favoring large deletion of flanking sequence, which
generated a null allele with the entire parkin locus removed.
Although homozygous parkin null flies was also generated,
most of the reported phenotypes were obtained from
transheterozygous mutants containing the null allele in trans
to the Df(3L)Pc-MK deletion chromosome, which has a large
deletion spanning the parkin locus. These transheterozygous
mutants should not express parkin, although no data was
shown to document this important result. The mutants
exhibit reduced life span, degeneration of certain muscles,
and male sterility due to the lack of mature sperms. The
defects in muscle and spermatogenesis are associated with
abnormal mitochondria. Transgenic expression of parkin in
musculature restores normal morphology of muscles and
mitochondria in them; it also rescues flight and climbing
problems in the mutants. There is no loss of dopaminergic
neurons in these flies, although shrinkage in cell body and
reduction of TH staining in proximal dendrites are
consistently observed in dorsomedial DA neurons, but not in
other groups of DA neurons. No obvious defect is seen in
other parts of the brain.

These results suggest that the presumed loss of parkin in
drosophila does not cause significant degeneration of
dopaminergic neurons, and that the locomotor problems are
caused by mitochondrial defects in muscles, instead. The
phenotypes observed in parkin mutant flies differ
significantly from those found in AR-JP patients with parkin
mutations. If these flies indeed do not express parkin, which
is not shown in the paper, it suggests that drosophila parkin
may not be a critical factor in the survival of dopaminergic
neurons. Thus, the usefulness of these flies in modeling PD
may be quite limited. On the other hand, the mitochondrial
defects suggest that parkin plays a critical role in normal
functions of mitochondria. This is consistent with the recent
report that overexpression of parkin in PC12 cells prevents

ceramide-induced mitochondrial swelling and cell death
[24]. Although further studies are necessary to identify the
target(s) of parkin that are important for mitochondrial
functions, it seems likely that production of reactive oxygen
species by enzymes in mitochondria may be a critical
factor in the degeneration of dopamine neurons when parkin
is mutated.

In addition to mouse and fly PD models, genetic and
pharmacological manipulation of other organisms, such as C.
elegans, have also produced fruitful results. Wild-type or
A53T mutant α-synuclein are expressed in C. elegans with a
pan-neuronal (aex-3), dopaminergic (dat-1) or motor neuron
(acr-2) promoter [65]. Both pan-neuronal and dopaminergic
expression of either α-synuclein cause accelerated degene-
ration of all three sets of DA neurons, which apparently
leads to motor deficits in the worm. No significant difference
is observed between wild-type and mutant α-synuclein. In
contrast, expressing either form of α-synuclein under the
control of the motor neuron-specific promoter does not cause
any significant degeneration of DA neurons [65]. These
results suggest that overexpression of human α-synuclein,
either wild-type or the A53T mutant, induces the selective
degeneration of dopaminergic neurons in C. elegans.
Although the worm does not appear to have its own α-
synuclein gene, its unique advantages in genetic analysis
and apoptosis studies would make it a valuable model
organism to study molecular and cellular mechanisms of
neurodegeneration and to carry out genetic screens for
suppressor and enhancer genes [85].

A pharmacological model of PD in C. elegans has also
been made by treating the worm with 6-OHDA, a DA
mimetic toxin commonly used to generate mammalian PD
models. A brief (1 h) treatment of C. elegans with 6-OHDA
(10 mM) leads to death of dopaminergic neurons [86]. The
effect is dependent on dopamine transporter (DAT), as
coincubation with DAT inhibitors significantly blocks the
loss of DA neurons. In addition, 6-OHDA is no longer toxic
to C. elegans mutants with a deletion of its DAT gene from
exon 4 through 12 [86]. The 6-OHDA-induced apoptosis of
DA neurons in C. elegans is mediated by an unknown
pathway that is independent of CED-3 (caspase-9) and CED-
4 (Apaf-1) [86]. Thus, the 6-OHDA worm model not only
recapitulates key features of the mammalian counterparts,
but also reveals novel pathways by which the toxin induces
apoptosis. Further studies using this model would
undoubtedly offer unique and intriguing insights into the
molecular and cellular mechanisms underlying the
degeneration of DA neurons.

III.D. The Cell Biology of Parkin

The identification of parkin substrates and the generation
of animal models have offered tremendous insights into the
biological function of this E3 ligase. It is further
complemented by studies that examine where and how it
works in the cell.

Depending on the antibodies and experimental
approaches, a variety of subcellular localization for parkin
has been reported. These include the Golgi apparatus [107],
the postsynaptic density [32], synaptic vesicles [63],the
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mitochondria [24], actin filaments [48], etc. Using a
monospecific antibody against parkin, we have demonstrated
with several independent methods that parkin exhibits
punctate localization along microtubules [98]. This
observation is further substantiated by our observation that
parkin is recruited to the centrosome in a microtubule-
dependent manner when protein degradation is inhibited in
the cell [129]. After dopaminergic neuroblastoma cell lines
such as SH-SY5Y or BE(2)c are treated with lactacystin, a
specific inhibitor of the 26S proteasome, endogenous parkin
is accumulated in the centrosome in a manner dependent on
the dose and duration of the treatment. Similar observation is
made for transfected parkin in HEK293 cells [129] or COS7
cells [53]. The centrosomal recruitment of parkin is
accompanied by accumulation of γ-tubulin in the
centrosome. Furthermore, parkin binds to γ-tubulin in rat
brain lysates and in transfected cells [129].

There are two pools of γ-tubulin in the cell, one in the
centrosome and the other in the cytosol. Accumulation of
misfolded proteins either by mutation of the gene or by
inhibition of the 26S proteasome is known to trigger a
response that brings γ-tubulin, chaperones, ubiquitinated
proteins and proteasomes, to the centrosome in a
microtubule-dependent manner [59]. It appears to represent a
concerted response of the cell to bring ubiquitinated protein
aggregates to this central location, so it can be degraded by
the autophagic pathway [58]. This large inclusion of
misfolded and ubiquitinated proteins at the centrosome is
contained in a cage formed by intermediate filaments such as
vimentin. The structure is termed “aggresome” to
differentiate from other types of inclusion bodies formed
elsewhere in the cell [59]. The centrosomal recruitment of
parkin suggests that it may ubiquitinate its substrates in this
specific location. Indeed, substrates such as CDCrel-1, α-
synuclein and synphilin-1 are accumulated in the centrosome
when proteasomes are inhibited [53, 129]. If the
ubiquitinated substrates cannot be effectively handled by
chaperones and proteasomes that are brought to the
centrosome, they may form an aggresome for degradation
through autophagy. This pathway seems to be the most
efficient way to get rid of misfolded proteins as the burden
becomes overwhelming.

However, in cultured neurons, we never observed any
significant movement of parkin in response to proteasome
inhibitors [129]. In neurons, the relatively small amount of γ-
tubulin is almost exclusively localized in the centrosome [6].
In contrast to mitotic cells, microtubules are not anchored on
the centrosome, although they are still nucleated from γ-
tubulin in the centrosome [126]. Soon after the polymer-
ization of a microtubule, it is severed by katanin from the
centrosome, released into the cytosol and transported along
existing microtubules to where it is needed [5]. The lack of a
centrosomally-anchored microtubule network perhaps makes
it impossible for protein aggregates to travel to the
centrosome, which may cause the formation of inclusion
bodies at different sites. This could make neurons more
vulnerable to misfolded protein stress than mitotic cells,
especially in that neurons cannot divide and would
accumulate much more misfolded proteins during their life
time. The lack of functional parkin in AR-JP patients would

further exacerbate the situation by not ubiquitinating its
substrates, such as α-synuclein, which appears to be more
toxic in dopaminergic neurons than in other neurons.

III.E. A Working Model on the Functions of Parkin

As illustrated in Fig. (1), aggregates of proteins, such as
α-synuclein and Pael-R, may overwhelm the 26S
proteasome, induce misfolded protein stress and contribute
to cell death. By ubiquitinating these substrates, parkin
facilitates their degradation and alleviates the stress. When
parkin is mutated, accumulation of the substrates specifically
kills dopaminergic neurons. The key question is how
dopaminergic neurons are selectively affected.

Fig (1). A Working Model for the Functions of Parkin in
Dopaminergic Neurons. As the most prevalent genetic factors
among the five genes linked to Parkinson’s disease, parkin protects
dopaminergic neurons through multiple mechanisms. The ability of
parkin to ubiquitinate and degrade misfolded tubulin ensures
microtubule integrity, which is critical for the transport of
dopamine synaptic vesicles. Environmental toxins such as rotenone
and MPTP not only inhibit complex I of mitochondria respiratory
chain, but also depolymerize microtubules. The latter action may
cause accumulation of dopamine vesicles in the cell body and an
increase in cytosolic dopamine concentration, which would lead to
overproduction of reactive oxygen species due to dopamine
oxidation by MAO. As an ubiquitin E3 ligase, parkin facilitates the
ubiquitination and degradation of protein aggregates by the 26S
proteasome. The attachment of ER and mitochondria on
microtubules provides the proximity between parkin and its
substrates in these organelles, which are retrotranslocated to the
cytosol for ubiquitination and degradation. In summary, the
combination of misfolded protein stress and oxidative stress may
render dopaminergic neurons more vulnerable than other cells. By
reducing these stresses, parkin may keep DA neurons from apoptosis.
Mutation of the gene or environmental insults may tip the balance
and result in the degeneration of these neurons. SV, synaptic
vesicle; DAT, dopamine transporter; MT, microtubule; Mito,
mitochondria; DA, dopamine; MAO, monoamine oxidase; ROS,
reactive oxygen species; Nuc, nucleus; ER, endoplasmic reticulum.

One critical factor for the selectivity could be dopamine
itself. The enzymatic oxidation of dopamine by monoamine
oxidases (MAO) produces H2O2, which can be converted to
other reactive oxygen species or reactive nitrogen species
[51]. These oxyradicals covalently modify many cellular
components, such as lipid, enzymes, and DNA. The ensuing
oxidative damages significantly affect normal functions of
the cell, especially those in the mitochondria, as both MAO-



308    Current Neuropharmacology, 2003, Vol. 1, No. 4 Jian Feng

A and MAO-B are attached to the mitochondrial outer
membrane. Since the mitochondrion is both a cellular power
plant (ATP production) and a trigger for apoptosis
(cytochrome C release), its dysfunction would lead to wide-
spread cellular crises that may culminate in cell death.
Interestingly, PD-causing neurotoxins, such as MPTP and
rotenone, also target mitochondria. Their ability to inhibit
complex I results in the uncoupling of the electron transfer
chain, which would produce reactive oxygen species as
electrons are diverted to water.

As mitochondria are attached to the microtubule network
in the cell, it is possible that parkin, by way of its tight
association with microtubules [98], may efficiently
ubiquitinate damaged or misfolded mitochondrial proteins
due to oxidative modification. Parkin may also directly
interact with mitochondria to maintain its structural stability
[24]. On the other hand, the entire endoplasmic reticulum is
also anchored on microtubules. Misfolded ER proteins, such
as Pael-R, are retrotranslocated into the cytosol for
ubiquitination and degradation [49]. The localization of
parkin on microtubules could significantly facilitate the
ubiquitination reaction due to the proximity of substrates. In
addition, misfolded proteins tend to form aggregates, which
are transported along the microtubule network to a central
location [59]. The ability of parkin to accumulate in the same
inclusion body offers increased efficiency for the E3 ligase
to ubiquitinate its substrates [53, 129]. Parkin also interacts
with proteasomal components and may thus pass
ubiquitinated substrates directly to the protein degradation
machinery [116].

Rotenone and MPP+ depolymerize microtubules [11, 13]
and may prevent the effective transportation of dopamine
synaptic vesicles. Accumulation of these leaky vesicles in
the cell body may raise cytosolic DA concentration, leading
to increased production of reactive oxygen species due to
dopamine oxidation by MAO. The interaction between parkin
and α/β tubulin may be critical for the quality control of the
microtubule building blocks. By ubiquitinating and degrading
misfolded tubulin [98], parkin may help to keep the rest of
the tubulin pool in a polymerization-competent state, thus
maintaining the integrity of the microtubule network.

In summary, complicated interactions between unfolded
protein stress and oxidative stress may underlie the
vulnerability of dopaminergic neurons. Many environmental
toxins selectively impact on DA neurons to exacerbate the
stress. Parkin protects dopaminergic neurons by ubiquitinating
and degrading harmful substrates to reduce both unfolded
protein stress and oxidative stress.

IV. NEUROPHARMACOLOGICAL IMPLICATIONS

The identification of genes linked to familial forms of
Parkinson’s disease offers great opportunities to develop
novel therapeutic strategies for PD. As parkin and α-
synuclein are by far the best-studied genes in PD, I will
focus my attention on them.

IV. A. Pharmacological Targets on α-synuclein

The most important features of α-synuclein pertaining to
Parkinson’s disease are its enrichment in Lewy bodies and

its selective toxicity to dopaminergic neurons. At present,
although it is still unclear whether Lewy bodies are a cause
or an effect of Parkinson’s disease, many lines of evidence
seem to support the former. The two mutations found in α-
synuclein have been shown to enhance the formation of α-
synuclein fibrillar aggregates [84], which are insoluble in 1%
Triton X-100, and very similar to α-synuclein found in Lewy
bodies. The fact that these two mutations are linked to PD
suggests that increased formation of α-synuclein-containing
inclusions is a causative factor of PD. This is corroborated
by α-synuclein transgenic flies and mice, in which α-
synuclein- and ubiquitin-positive Lewy body-like structures
are linked to specific degeneration of dopaminergic neurons
[33, 76]. Furthermore, reactive oxygen species (ROS) and
reactive nitrogen species (RNS) produced in DA neurons
modify α-synuclein and accelerate its aggregation [37]. The
α-synuclein-binding protein, synphilin-1, also enhance the
formation of α-synuclein aggregates [18].

Based on these findings, one obvious strategy is to
reduce the formation of α-synuclein aggregates. Anti-
oxidants would reduce oxidative stress in a non-specific
manner, which could reduce the formation of α-synuclein
aggregates. However, ROS and RNS appear to modulate,
rather than mediate aggregate formation. To target α-
synuclein aggregates directly, it is necessary to design small
compounds that block the formation of aggregates.
Successful precedents have been demonstrated in the ability
of Congo red to block the oligomerization of amyloid fibrils,
as well as polyglutamines [101]. Infusion of Congo red in
huntingtin transgenic mice markedly reduces protein aggre-
gates, and enhances animal survival and motor functions
[101]. Congo red preferentially binds to β-sheets, which are
predicted to be enriched in α-synuclein as well [31]. It would
be interesting to test the effect of Congo red on α-synuclein
aggregates and α-synuclein transgenic animals.

Clearly, the lack of 3D structure significantly hampers
rational design of inhibitors. High-throughput assays could
be deployed to screen for compounds that block the
formation of α-synuclein aggregates. On the other hand,
efforts could also be directed at inhibiting the binding
between α-synuclein and synphilin-1, which appears to
promote aggregate formation. In addition, one can also
exploit the ability of β-synuclein and γ-synuclein to inhibit
α-synuclein fibril formation [117]. It is necessary to
characterize in detail how α-synuclein interacts with these
promoters (e.g. synphilin-1) and inhibitors (e.g. β- and γ-
synuclein) of its aggregation. Knowledge gained from such
studies could then be used to design effective assays to
screening for small compounds that block the formation of
α-synuclein aggregates or enhance their dissolution.

IV. B. Pharmacological Targets on Parkin

As parkin appears to be the most important genetic factor
in PD, it would probably be very fruitful to search for
pharmacological targets that act on parkin. Of particular
importance is the interaction between parkin and its various
substrates. Although a direct interaction between parkin and
α-synuclein is still debatable, it is critical to elucidate their
interaction, especially when synphilin-1 is also present.
Without a detailed knowledge, it would be difficult to
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explore various ways to enhance the degradation of α-
synuclein or synphilin-1 by parkin.

As overexpression of parkin in drosophila protects the
specific toxicity of Pael-R or α-synuclein on dorsomedial
dopaminergic neurons, it would be very interesting to see
whether similar effects can be observed in transgenic mice.
If so, enhancing parkin expression by increasing its
transcription or decreasing its own degradation would be a
very attractive approach. The parkin locus, which is more
than 1.3 Mb in length, is one of the largest genes in the
human genome. There is evidence that its transcription is
regulated by a small bi-directional promoter located between
the parkin gene and the PACRG gene (Parkin Co-Regulated
Gene), which are only ~200 bp apart [122]. At present, it is
unknown whether the transcription rate of parkin could be
regulated by any factors. Parkin, as well as PACRG, is
expressed in a variety of tissues. There is no obvious
correlation between the expression patterns of these two
genes. Further studies are necessary to investigate the
transcription regulation of parkin. The correct splicing of its
huge primary transcripts may also be subject to regulation.

The interaction between parkin and tubulins offers novel
insights into the function of the gene and potential targets for
therapies. Parkin binds to α/β tubulin with extremely high
affinity, which suggests that all parkin molecules in the cell
are associated with tubulins, either in heterodimers or in
microtubules. Although it is unclear whether parkin affects
the stability of α/β heterodimers or the dynamic properties of
their polymerization, our preliminary experiments showed
that it is virtually impossible to separate parkin from tubulin
heterodimers without denaturing them. It is an intriguing
possibility that parkin may perform its functions in the
context of microtubules, which serves as anchorage and
transportation tracks for many organelles including the ER,
mitochondria, and synaptic vesicles. Thus, parkin substrates
such as Pael-R may be retrotranslocated from the ER, which
is attached on the microtubule, for immediate ubiquitination
by parkin bound on microtubules.

PD-causing toxins, such as rotenone and MPP+, strongly
depolymerize microtubules, which may pose greater risks to
dopaminergic neurons than to other neurons. With very long
axons, DA neurons in SN transport dopamine vesicles along
microtubules to terminals in striatum. Destroying microtub-
ules by rotenone or MPP+ would block vesicle transportation,
which results in accumulation of vesicles and ensuing
increase in cytosolic DA concentration, due the leakiness of
vesicles. Oxidation of dopamine by monoamine oxidases
(MAO) produces reactive oxygen species, which is also
produced by inhibition of complex I by both toxins. The
combined effects may selectively kill dopamine neurons.
Our preliminary experiments using rotenone and various
inhibitors strongly support the above hypothesis (Ren, Y.,
Feng, J., unpublished observation)*. Thus, a variety of drugs
that stabilize microtubules could be tested to see if they have
protective functions on DA neurons in cultures or in animal
models. When these compounds are combined with anti-

                                                
* Ren, Y., Feng, J. (2003) Two Sites of Action for Rotenone in the Selective Death of
Dopaminergic Neurons. Soc. Neurosci. Abs. Submitted.

oxidants or MAO inhibitors, greater protection may be
achieved. This approach may circumvent problems
associated with old strategies that use MAO inhibitors alone
in the treatment of PD. The combination of different drugs
may allow for lower dosages of individual components to
avoid dangerous side effects on peripheral systems.

The involvement of microtubules in neurodegenerative
disorders is a concept strengthened by increasing evidence
from disparate lines of research. For example, tau, a
microtubule-associated protein has long been recognized as a
key factor in Alzheimer’s disease, as well as in certain forms
of Parkinson’s disease. A point mutation in tubulin-specific
folding cofactor E is responsible for progressive motor
neuronopathy in mice [9]. Although cofactor E is
presumably required for the correct folding and formation of
α/β heterodimers in all cells, its mutation selectively affects
motor neurons, which also have very long axons that are
enriched in microtubules. In an analogous manner, the
interaction between parkin and tubulin/microtubules may
play a specific role in PD. Further studies are necessary to
elucidate the molecular and cellular mechanisms involved.
Such studies would also provide new targets for the
treatment of neurodegenerative disorders including
Parkinson’s disease.

V. CONCLUSION

In this review, I have summarized recent discoveries of
genes that are linked to Parkinson’s disease. Special
emphasis has been placed on α-synuclein and parkin, which
are better characterized than other genes such as DJ-1, UCH-
L1 or NR4A2/Nurr1. From many different lines of studies, it
is clear that overexpression of α-synuclein, particularly its
mutant forms, leads to the formation of aggregates, which
may selectively kill dopaminergic neurons. On the other
hand, parkin serves to ubiquitinate a variety of substrates to
facilitate their degradation. Accumulation of these substrates,
e.g. Pael-R, specifically kills dopaminergic neurons. The
most critical question unsolved yet is how dopaminergic
neurons are selectively damaged. Studies that try to address
this question would undoubtedly reveal intriguingly unique
features of these neurons.

The exciting developments in the identification of genes
linked to PD are producing rapid progress in understanding
molecular and cellular mechanisms of this disorder.
Elucidation of the functions of these genes, combined with
the generation of various genetic models in animals would
significantly accelerate the development of novel therapeutic
strategies. It is now clear that mutations of a single gene can
cause Parkinson’s disease. Once we understand more about
these individual PD genes, the more challenging tasks are to
figure out how PD-linked genes impact on various aspects of
dopaminergic neurons in SNpc, how these features are also
affected by environmental toxins, and eventually, how new
drugs can be developed to prevent or attenuate the
degenerative process.
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