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Abstract
The motor symptoms of Parkinson’s disease (PD) arise after a
marked loss of substantia nigra dopaminergic neurons. Common to the
surviving nigral neurons in PD brain are proteinaceous aggregates known
as Lewy bodies, which contain high levels of the presynaptic protein αSynuclein. Despite being strongly implicated in PD, the precise role of αSynuclein in PD neuropathology remains inconclusive. However, it is
known that the α-Synuclein protein contributes to the normal functioning
of dopaminergic neurons in part by interacting with a number of key
regulatory proteins and other cellular components. Normally, α-Synuclein
is present at low levels and in a soluble form that can interact with
proteins to modulate their functions, especially those that regulate
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dopamine production, release, and reuptake. In aging human brain, αSynuclein levels rise, which triggers over-modulation of α-Synuclein
interacting proteins. Eventually, high levels of α-Synuclein lead to: (i)
Lewy body pathology, (ii) α-Synuclein accumulation in insoluble
oligomers that impairs its normal regulatory functions, (iii) dysregulation
of dopaminergic cellular function, (iv) the death of nigral dopaminergic
neurons, and (v) the emergence of PD motor symptoms. This
commentary will describe normal functions of α-Synuclein in
dopaminergic neurons, and explore how changes in the levels and
solubility of intraneuronal α-Synuclein may contribute to PD.

I. Introduction
Ever since the discovery of mutations in the α-Synuclein (a-Syn) gene that
cause familial forms of Parkinson’s disease (PD) [1-3], research has focused
on the a-Syn protein. Furthermore, duplications and triplications of wild type
human a-Syn also cause early onset PD [4, 5], although most PD is sporadic
and associated with aging. Many laboratories have been exploring how a-Syn
acquires a toxic gain of function that is especially detrimental to dopaminergic
neurons of the substantia nigra pars compacta (SNc) [6-9]. Loss of
nigrostriatal axons depletes striatal dopamine levels, resulting in movement
problems that underlie the clinical diagnosis of PD. Translational studies in
our laboratory explore normal a-Syn functions in dopaminergic neuronal cells,
mouse models, and postmortem human brain to help identify therapeutic
targets for PD. We believe that understanding more about normal a-Syn
function will lead to therapies aimed at sustaining nigrostriatal health and SNc
neuronal viability. Below, we comment on research that forms the basis of our
hypothetical model in which we propose that too much or too little soluble aSyn in dopaminergic neurons contributes to nigrostriatal damage in PD
(Fig. 1).
PD is the second most common neurodegenerative disorder after
Alzheimer’s disease [10]. The cardinal motor symptoms of PD include
bradykinesia, resting tremor, postural instability, and muscle rigidity, which
arise after a marked loss of SNc dopaminergic neurons [11, 12]. Common to
the surviving SNc neurons are proteinaceous cytosolic aggregates known as
Lewy bodies and Lewy neurites, which contain high levels of insoluble a-Syn
that is phosphorylated on serine 129 (PSer129), a modification that may
accelerate a-Syn aggregation [13-15]. a-Syn is a normal presynaptic protein
[16-18] that has a tendency to aggregate inside neurons in the brains of
individuals with PD, Dementia with Lewy Bodies, Alzheimer’s disease, and
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Multiple System Atrophy, diseases collectively known as synucleinopathies
[19]. The formation of Lewy bodies and Lewy neurites in SNc neurons
contributes to the onset of the neuropathology underlying PD movement
problems. Although a-Syn is highly implicated in PD by mutations,
duplications or triplications, and its abundance in Lewy bodies and neurites,
the precise contributions of the a-Syn protein to normal neuronal function and
neuropathology are still emerging. Among the most intriguing discoveries
about a-Syn is evidence that it can be secreted and transfer from cell to cell in
a manner to stimulate pathology [20]. With regard to function, others have
shown that a-Syn has homology to the 14-3-3 family of chaperone-like adapter
proteins, and that 14-3-3 and a-Syn work in counterpoint to each other, to
regulate the activity of key cellular proteins that they can both bind [21]. For
instance, binding of 14-3-3 to phosphorylated tyrosine hydroxylase (TH; EC
1.14.16.2) stimulates TH enzymatic activity and dopamine synthesis [22-25].
We discovered that a-Syn binds TH as well as other enzymes that regulate
dopamine synthesis, including aromatic amino acid decarboxylase (AADC;
EC 4.1.1.28) and protein phosphatase 2A (PP2A; EC 3.1.3.16) [26-29]. We
discovered that a-Syn normally localizes to mitochondria where it associates
with TH [28], and further that 14-3-3 can stimulate dopamine synthesis on
mitochondria [30]. Dopamine synthesis occurring at the mitochondrion has the
potential to be problematic. Based on the data, we propose that a-Syn, 14-3-3,
TH, AADC, and PP2A form a regulatory complex that acts to help optimize
dopamine levels in presynaptic terminals in the striatum. In this commentary,
we will review findings largely from our laboratory regarding a-Syn, TH,
AADC, and PP2A and how a-Syn levels or aggregation may contribute to the
pathogenesis of PD.

II. α-Synuclein
a-Syn is a small presynaptic protein [16] with chaperone-like properties
[31, 32] that contributes to signal transduction by protein-protein interactions
[33-38]. In addition, a-Syn interacts with membranes and vesicles [39-47] as
well as with the dopamine transporter to regulate dopamine release and
reuptake [48-50]. a-Syn also influences other characteristics such as membrane
curvature, which may affect vesicles and other cellular organelles [51, 52].
Alterations in the levels and/or the solubility state of a-Syn could thus disrupt
many processes within a dopaminergic neuron, including effects on enzymes
that directly regulate dopamine biosynthesis. One such protein, TH, is further
described below.

Figure 1. (Continued)

Figure 1. Hypothetical model of α-Synuclein effects on dopamine regulation in the nigrostriatal presynaptic axon terminal of normal
cells, during aging and/or with chronic stress, and after soluble a-Syn loss to Lewy-like aggregation. In normal cells (A), a-Syn is
soluble and at low levels, so it interacts with 14-3-3, TH, AADC, and PP2A in the cytoplasm and on mitochondria in a manner to
optimize dopamine synthesis and dopamine packaging into presynaptic vesicles. Arrowheads in the model indicate activation; while
lines with flat heads indicate inhibition.

During aging or with chronic stress (B), soluble a-Syn increases to high levels that over activate PP2A and down regulate TH and
AADC activity, resulting in reduced amounts of presynaptic dopamine. All proteins regulated by a-Syn are affected. Associated stress
begins to contribute to the generation of reactive oxygen species (ROS), which can further stress the cell. Together these factors create
an environment that is conducive to Lewy body formation. Arrowheads in the model indicate activation; while lines with flat heads
indicate inhibition.
Ultimately, (C) a-Syn becomes insoluble and forms a Lewy neurite, causing soluble a-Syn levels to become too low to stimulate
PP2A activity or to inhibit TH and AADC. This causes dopamine (DA) levels to become so high that they exceed the capacity of vesicle
storage by VMAT2, resulting in free cytosolic dopamine. Unpackaged dopamine produces reactive oxygen species and highly reactive
dopamine quinones (DA-Q) that can damage proteins, lipids, and DNA. Because dopamine is synthesized at the mitochondrion,
dopamine related damage impairs mitochondrial health. Cumulative damage ultimately kills the nigrostriatal dopaminergic neurons.
Arrowheads in the model indicate activation; while lines with flat heads indicate inhibition.
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III. Tyrosine Hydroxylase
TH is the rate limiting enzyme in catecholamine biosynthesis, which acts
by converting the amino acid tyrosine to 3,4-dihydroxyphenylalanine (LDOPA). In the developing human SNc, a-Syn localizes to dopaminergic TH
neurons where a-Syn plays a role in their maturation [53]. a-Syn interacts with
TH in a manner to inhibit TH activity in vitro and in vivo [26-28]. TH
enzymatic activity is normally stimulated by phosphorylation of key serine
residues in the N-terminal regulatory domain [54]. Dopaminergic cell lines
that overexpress soluble a-Syn exhibit significantly reduced TH
phosphorylation compared to control cells [26-28]. Moreover, both wild type
and A53T mutant human a-Syn overexpression in mice effectively reduces
phosphoserine levels on TH, leading to reduced TH activity without altering
TH protein levels [26]. Although a-Syn mutations (A53T, A30P, and E46K)
spur Lewy body pathology, they have little effect on a-Syn functions in
dopaminergic cells [7]. However, additional data reveal that too much a-Syn,
at levels that are high enough to stimulate a-Syn aggregation, produces a loss
of soluble a-Syn function that allows hyperphosphorylation of TH [55].
Hyperphosphorylation of TH increases dopamine synthesis, as shown by
silencing a-Syn expression in MN9D dopaminergic cells, which increases TH
phosphorylation, TH activity, as well as dopamine synthesis [56].
Interestingly, phosphorylation of a-Syn Ser129 can attenuate the ability of aSyn to inhibit TH in vitro and in vivo [26], while also contributing to Lewy
body/Lewy neurite formation [13-15].

IV. Aromatic Amino Acid Decarboxylase
The conversion of L-DOPA to dopamine is normally mediated by the next
enzyme after TH in the catecholamine biosynthetic pathway, AADC [57]. In
cells overexpressing wild type or A53T mutant human a-Syn, administration
of L-DOPA was expected to stimulate dopamine synthesis by bypassing the
TH rate-limiting step; however, a-Syn cells continued to have diminished
dopamine synthesis even after high level L-DOPA treatment [29]. This occurs
in part by a direct binding of a-Syn to AADC, which produces a parallel
reduction in AADC phosphorylation that lowers AADC enzymatic activity
[29, 58]. AADC in a-Syn overexpressing cells is 65% less phosphorylated than
AADC in plasmid transfected control cells that express low endogenous levels
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of soluble a-Syn [29]. Similar to what was found for TH, overexpressing a-Syn
to levels that induce a-Syn aggregation has the potential to impair a-Synmediated AADC inhibition, producing a subsequent increase in dopamine
synthesis [7, 55]. Both TH and AADC activation appear to be regulated by
increasing their phosphorylation state, which can be reversed by PP2Amediated dephosphorylation [26, 27, 58, 59]. Even though direct binding can
occur between a-Syn, TH, and AADC, we think that stimulation of PP2A
activity by a-Syn likely plays the major role in dopamine regulation.

V. Protein Phosphatase 2A
PP2A is a major Ser/Thr phosphatase that contributes widely to normal
brain function, including dopamine production [60]. The PP2A holoenzyme
consists of three independent subunits, a catalytic C subunit, a scaffolding A
subunit, and several different regulatory/targeting B subunits that help localize
PP2A to specific cellular microdomains, providing functional diversity. By coimmunoprecipitation studies we have shown that a-Syn normally binds to and
stimulates the activity of the C subunit of PP2A in rat brain and dopaminergic
PC12 cells as well as in MN9D cells, particularly the pool of PP2A that
regulates dopamine synthesis [27]. This appears to be a normal regulatory
function of a-Syn, contributing to optimal PP2A activity to regulate the
phosphorylation state of other a-Syn interacting proteins. In the same cells,
phosphorylation of Akt, another key PP2A substrate [29] is unaltered by a-Syn
overexpression; demonstrating that a-Syn interacts with unique pools of PP2A
within dopaminergic cells. PP2A activity can be overstimulated by high levels
of soluble a-Syn, causing dephosphorylation of AADC and TH and
consequently reducing dopamine levels [26, 29]. Aside from driving Lewy
body formation, a-Syn PSer129 phosphorylation lessens the stimulatory effect
of a-Syn on PP2A activation [26]. We and others find that PP2A does not
dephosphorylate a-Syn PSer129 [26, 61], while another report finds that
certain PP2A holoenzymes can do so [62]. Regardless, postmortem brains
from individuals with Dementia with Lewy Bodies or the a-Syn triplication,
which contain high levels of aggregated a-Syn with high PSer129 levels, have
impaired PP2A activity [63] as do Alzheimer brains [64], which often have
coincident synucleinopathy. Cumulatively, the data suggest that maintaining
low a-Syn levels in soluble form will help sustain optimal PP2A activity. We
further propose that treatments that stimulate PP2A activity may be beneficial
for the treatment of PD.
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Conclusion and Hypothetical Model
In addition to a-Syn and other proteins [65], TH and 14-3-3 have also been
identified in Lewy bodies [66-69]. In contrast to a-Syn, which is normally
expressed at low levels [28], TH and 14-3-3 are highly expressed in
dopaminergic neurons [70, 71] and there is no evidence that levels of TH or
14-3-3 decrease in neurons with Lewy pathology. Normal a-Syn function in
dopaminergic neurons is controlled, at least in part, by a-Syn levels and
solubility. Here we propose a model, based largely on work from our
laboratory, characterizing how a-Syn contributes to both wellness and disease.
In normal healthy neurons, soluble a-Syn is present at low levels and works in
counterpoint to 14-3-3 to help optimize dopamine levels (Fig. 1A) [7, 21, 28,
30]. With aging and stress, soluble a-Syn levels begin to rise and a-Syn
overexpression produces too great an effect on key interacting proteins,
contributing to a down regulation in dopamine synthesis in SNc presynaptic
axonal terminals in the striatum (Fig 1B) [72, 73]. As this occurs, nigrostriatal
axon terminals arborize and/or up regulate TH levels, to help sustain striatal
dopamine levels [11, 74, 75]. The high levels of a-Syn provide a pool that not
only stimulates oligomer formation [76-80] but also kindles
neuroinflammation [37, 81-84]. When a-Syn aggregates, a loss of a-Syn
regulatory function occurs in dopaminergic neurons (Fig. 1C) [85], similar to
what we noted in a-Syn knockout mice [26]. Insoluble a-Syn cannot optimally
stimulate PP2A activity [63] leading to hyperphosphorylation/hyperactivity of
TH and AADC [55] which can lead to an overproduction of dopamine.
Cytosolic dopamine levels rise when neurotransmitter levels exceed the
capacity of the vesicular monoamine transporter (VMAT2) to package
dopamine in vesicles [86, 87]. Dopamine that is free in the cytosol contributes
to the generation of reactive oxygen species (ROS) and dopamine quinones
(DA-Q), either spontaneously or through transition metal ions and enzyme
catalyzed reactions [88-95]. ROS and DA-Q that are not neutralized can injure
neurons by damaging proteins, membranes, lipids, mitochondria, and DNA.
This compromises the health of the nigrostriatal presynaptic terminals in
striatum, causing them to die back, and eventually inducing SNc neuronal
death to allow PD motor symptoms to emerge.
The staple PD treatment, L-DOPA (levodopa), can effectively restore
striatal dopamine levels to help improve movement in the short run [96], but
eventually the treatment contributes to motor complications such as dyskinesia
[97]. Unfortunately, PD continues to progress in individuals treated with drugs
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that address the motor symptoms, making the search for neuroprotective
strategies an important area of PD research [98]. Understanding the normal
function(s) of a-Syn in dopaminergic neurons thus holds promise for
identifying therapeutic targets for PD. This becomes all the more important as
accumulating data show that the incidence of PD is increasing worldwide [99]
and further, that a-Syn aggregation also contributes to early prodromal
symptoms of PD such as diminished gastric motility and olfactory impairment
[100, 101]. Synucleinopathy assessment before motor onset may thus be a
valuable biomarker for early PD detection [102]. Patients could further benefit
by early detection using a-Syn neuroimaging compounds that are currently in
development. Such analyses could help identify those with more intact
nigrostriatal pathways who may respond well to emerging neuroprotective
therapies aimed at slowing or reversing progressive PD pathology.
Discovering safe remedies that can help sustain low a-Syn levels, reduce
neuroinflammation, and normalize PP2A activity may even act to prevent PD
onset at some time in the not too distant future.

Acknowledgements
We thank M. Chattopadhyay, W. Godfrey, S. Gonzalez, S.
Krishnamachari, J. Vargas, G. Vidal, and E. Villanueva for editorial advice,
and dedicate this to M.J. Fox, R. Byer, J. Cordy, and in memory of L. “Rusty”
Lanelli. Funding was generously provided by the Scaife Family Foundation,
Michael J. Fox Foundation, and the National Institutes of Health
[NINDS/R01NS042094, RGP].

References
[1]
[2]

[3]

Kruger, R., et al., Ala30Pro mutation in the gene encoding alphasynuclein in Parkinson's disease. Nat Genet, 1998. 18(2): p. 106-8.
Polymeropoulos, M.H., et al., Mutation in the alpha-synuclein gene
identified in families with Parkinson's disease. Science, 1997.
276(5321): p. 2045-7.
Zarranz, J., et al., The new mutation, E46K, of alpha-synuclein causes
parkinson and Lewy body dementia. Ann Neurol, 2004. 55(2): p. 164-73.

62
[4]
[5]

[6]
[7]

[8]
[9]

[10]
[11]

[12]
[13]

[14]
[15]

[16]

[17]

[18]

Jose L. Porras and Ruth G. Perez
Singleton, A.B., et al., alpha-Synuclein locus triplication causes
Parkinson's disease. Science, 2003. 302(5646): p. 841.
Chartier-Harlin, M.-C., et al., alpha-Synuclein locus duplication as a
cause of familial Parkinson's disease. Lancet, 2004. 364(9440): p. 11671169.
Goedert, M., Alpha-synuclein and neurodegenerative diseases. Nat Rev
Neurosci, 2001. 2(7): p. 492-501.
Perez, R.G. and T.G. Hastings, Could a loss of alpha-synuclein function
put dopaminergic neurons at risk? J Neurochem, 2004. 89(6): p. 131824.
Venda, L.L., et al., alpha-Synuclein and dopamine at the crossroads of
Parkinson's disease. Trends Neurosci, 2010. 33(12): p. 559-68.
Zhu, Y., J. Zhang, and Y. Zeng, Overview of tyrosine hydroxylase in
Parkinson's disease. CNS Neurol Disord Drug Targets, 2012. 11(4): p.
350-8.
Braak, H. and E. Braak, Pathoanatomy of Parkinson's disease. J Neurol,
2000. 247 Suppl 2: p. II3-10.
Bernheimer, H., et al., Brain dopamine and the syndromes of Parkinson
and Huntington. Clinical, morphological and neurochemical
correlations. J Neurol Sci, 1973. 20(4): p. 415-55.
Rao, G., et al., Does this patient have Parkinson disease? JAMA, 2003.
289(3): p. 347-53.
Anderson, J.P., et al., Phosphorylation of Ser-129 is the dominant
pathological modification of alpha-synuclein in familial and sporadic
Lewy body disease. J Biol Chem, 2006. 281(40): p. 29739-52.
Fujiwara, H., et al., alpha-Synuclein is phosphorylated in
synucleinopathy lesions. Nat Cell Biol, 2002. 4(2): p. 160-4.
Spillantini, M.G., et al., alpha-Synuclein in filamentous inclusions of
Lewy bodies from Parkinson's disease and dementia with lewy bodies.
Proc Natl Acad Sci U S A, 1998. 95(11): p. 6469-73.
Maroteaux, L., J.T. Campanelli, and R.H. Scheller, Synuclein: a neuronspecific protein localized to the nucleus and presynaptic nerve terminal.
J Neurosci, 1988. 8(8): p. 2804-15.
Clayton, D.F. and J.M. George, The synucleins: a family of proteins
involved in synaptic function, plasticity, neurodegeneration and disease.
Trends Neurosci, 1998. 21(6): p. 249-54.
Clayton, D.F. and J.M. George, Synucleins in synaptic plasticity and
neurodegenerative disorders. J Neurosci Res, 1999. 58(1): p. 120-9.

Potential Role of α-Synuclein Dysregulation …

63

[19] Galvin, J.E., V.M. Lee, and J.Q. Trojanowski, Synucleinopathies:
clinical and pathological implications. Arch Neurol, 2001. 58(2): p. 18690.
[20] Steiner, J.A., E. Angot, and P. Brundin, A deadly spread: cellular
mechanisms of alpha-synuclein transfer. Cell Death Differ, 2011. 18(9):
p. 1425-33.
[21] Ostrerova, N., et al., alpha-Synuclein shares physical and functional
homology with 14-3-3 proteins. J Neurosci, 1999. 19(14): p. 5782-91.
[22] Toska, K., et al., Phosphorylation of tyrosine hydroxylase in isolated
mice adrenal glands. Ann N Y Acad Sci, 2002. 971: p. 66-8.
[23] Dunkley, P.R., et al., Tyrosine hydroxylase phosphorylation: regulation
and consequences. J Neurochem, 2004. 91(5): p. 1025-43.
[24] Ichimura, T., et al., Molecular cloning of cDNA coding for brainspecific 14-3-3 protein, a protein kinase-dependent activator of tyrosine
and tryptophan hydroxylases. Proc Natl Acad Sci USA, 1988. 85(19): p.
7084-8.
[25] Tanji, M., et al., Activation of protein kinase C by purified bovine brain
14-3-3: comparison with tyrosine hydroxylase activation. J Neurochem,
1994. 63(5): p. 1908-16.
[26] Lou, H., et al., Serine 129 phosphorylation reduces the ability of alphasynuclein to regulate tyrosine hydroxylase and protein phosphatase 2A
in vitro and in vivo. J Biol Chem, 2010. 285(23): p. 17648-61.
[27] Peng, X., et al., Alpha-synuclein activation of protein phosphatase 2A
reduces tyrosine hydroxylase phosphorylation in dopaminergic cells. J
Cell Sci, 2005. 118(Pt 15): p. 3523-30.
[28] Perez, R.G., et al., A role for alpha-synuclein in the regulation of
dopamine biosynthesis. J Neurosci, 2002. 22(8): p. 3090-9.
[29] Tehranian, R., et al., Alpha-synuclein inhibits aromatic amino acid
decarboxylase activity in dopaminergic cells. J Neurochem, 2006. 99(4):
p. 1188-96.
[30] Wang, J., et al., 14-3-3 contributes to tyrosine hydroxylase activity in
MN9D cells: localization of dopamine regulatory proteins to
mitochondria. J Biol Chem, 2009. 284(21): p. 14011-9.
[31] Souza, J.M., et al., Chaperone-like activity of synucleins. FEBS Lett,
2000. 474(1): p. 116-9.
[32] Kim, T.D., et al., Structural changes in alpha-synuclein affect its
chaperone-like activity in vitro. Protein Sci, 2000. 9(12): p. 2489-96.

64

Jose L. Porras and Ruth G. Perez

[33] Aoki, R. and Y.R. Li, alpha-Synuclein promotes neuroprotection
through NF-kappaB-mediated transcriptional regulation of protein
kinase Cdelta. Sci Signal, 2011. 4(195): p. jc6.
[34] Hashimoto, M., et al., alpha-Synuclein protects against oxidative stress
via inactivation of the c-Jun N-terminal kinase stress-signaling pathway
in neuronal cells. J Biol Chem, 2002. 277(13): p. 11465-72.
[35] Jensen, P.H., et al., alpha-synuclein binds to Tau and stimulates the
protein kinase A-catalyzed tau phosphorylation of serine residues 262
and 356. J Biol Chem, 1999. 274(36): p. 25481-9.
[36] Jin, H., et al., alpha-Synuclein negatively regulates protein kinase Cdelta
expression to suppress apoptosis in dopaminergic neurons by reducing
p300 histone acetyltransferase activity. J Neurosci, 2011. 31(6): p. 203551.
[37] Klegeris, A., et al., Alpha-synuclein activates stress signaling protein
kinases in THP-1 cells and microglia. Neurobiol Aging, 2008. 29(5): p.
739-52.
[38] Seo, J.H., et al., Alpha-synuclein regulates neuronal survival via Bcl-2
family expression and PI3/Akt kinase pathway. Faseb J, 2002. 16(13): p.
1826-8.
[39] Maroteaux, L. and R.H. Scheller, The rat brain synucleins; family of
proteins transiently associated with neuronal membrane. Brain Res Mol
Brain Res, 1991. 11(3-4): p. 335-43.
[40] Davidson, W.S., et al., Stabilization of alpha-synuclein secondary
structure upon binding to synthetic membranes. J Biol Chem, 1998.
273(16): p. 9443-9.
[41] Narayanan, V. and S. Scarlata, Membrane binding and self-association
of alpha-synucleins. Biochemistry, 2001. 40(33): p. 9927-34.
[42] Bisaglia, M., et al., The 11-mer repeats of human alpha-synuclein in
vesicle interactions and lipid composition discrimination: a cooperative
role. Biopolymers, 2006. 84(3): p. 310-6.
[43] Bartels, T., et al., The N-terminus of the intrinsically disordered protein
alpha-synuclein triggers membrane binding and helix folding. Biophys J,
2010. 99(7): p. 2116-24.
[44] Varkey, J., et al., Membrane curvature induction and tubulation are
common features of synucleins and apolipoproteins. J Biol Chem, 2010.
285(42): p. 32486-93.
[45] Geng, X., et al., alpha-Synuclein binds the K(ATP) channel at insulinsecretory granules and inhibits insulin secretion. Am J Physiol
Endocrinol Metab, 2011. 300(2): p. E276-86.

Potential Role of α-Synuclein Dysregulation …

65

[46] Sudhof, T.C. and J. Rizo, Synaptic vesicle exocytosis. Cold Spring Harb
Perspect Biol, 2011. 3(12).
[47] Braun, A.R., et al., alpha-Synuclein induces both positive mean
curvature and negative Gaussian curvature in membranes. J Am Chem
Soc, 2012. 134(5): p. 2613-20.
[48] Lee, F.J., et al., Direct binding and functional coupling of alphasynuclein to the dopamine transporters accelerate dopamine-induced
apoptosis. FASEB J, 2001. 15(6): p. 916-26.
[49] Sidhu, A., C. Wersinger, and P. Vernier, alpha-Synuclein regulation of
the dopaminergic transporter: a possible role in the pathogenesis of
Parkinson's disease. FEBS Lett, 2004. 565(1-3): p. 1-5.
[50] Wersinger, C. and A. Sidhu, Attenuation of dopamine transporter
activity by alpha-synuclein. Neurosci Lett, 2003. 340(3): p. 189-92.
[51] Nemani, V.M., et al., Increased expression of alpha-synuclein reduces
neurotransmitter release by inhibiting synaptic vesicle reclustering after
endocytosis. Neuron, 2010. 65(1): p. 66-79.
[52] Perlmutter, J.D., A.R. Braun, and J.N. Sachs, Curvature dynamics of
alpha-synuclein familial Parkinson disease mutants: molecular
simulations of the micelle- and bilayer-bound forms. J Biol Chem, 2009.
284(11): p. 7177-89.
[53] Galvin, J.E., et al., Differential expression and distribution of alpha-,
beta-, and gamma-synuclein in the developing human substantia nigra.
Exp Neurol, 2001. 168(2): p. 347-55.
[54] Kumer, S.C. and K.E. Vrana, Intricate regulation of tyrosine
hydroxylase activity and gene expression. J Neurochem, 1996. 67(2): p.
443-62.
[55] Alerte, T.N., et al., Alpha-synuclein aggregation alters tyrosine
hydroxylase phosphorylation and immunoreactivity: lessons from viral
transduction of knockout mice. Neurosci Lett, 2008. 435(1): p. 24-9.
[56] Liu, D., et al., Silencing alpha-synuclein gene expression enhances
tyrosine hydroxylase activity in MN9D cells. Neurochem Res, 2008.
33(7): p. 1401-9.
[57] Christenson, J.G., W. Dairman, and S. Udenfriend, On the identity of
DOPA decarboxylase and 5-hydroxytryptophan decarboxylase
(immunological titration-aromatic L-amino acid decarboxylaseserotonin-dopamine-norepinephrine). Proc Natl Acad Sci U S A, 1972.
69(2): p. 343-7.

66

Jose L. Porras and Ruth G. Perez

[58] Duchemin, A.-M., et al., Phosphorylation and activation of brain
aromatic amino acid decarboxylase by cyclic AMP-dependent protein
kinase. J Neurochem, 2000. 75(2): p. 725-731.
[59] Leal, R.B., et al., Tyrosine hydroxylase dephosphorylation by protein
phosphatase 2A in bovine adrenal chromaffin cells. Neurochem Res,
2002. 27(3): p. 207-13.
[60] Janssens, V. and J. Goris, Protein phosphatase 2A: a highly regulated
family of serine/threonine phosphatases implicated in cell growth and
signalling. Biochem J, 2001. 353(Pt 3): p. 417-39.
[61] Waxman, E.A. and B.I. Giasson, Specificity and regulation of casein
kinase-mediated phosphorylation of alpha-synuclein. J Neuropathol Exp
Neurol, 2008. 67(5): p. 402-16.
[62] Lee, K.W., et al., Enhanced phosphatase activity attenuates alphasynucleinopathy in a mouse model. J Neurosci, 2011. 31(19): p. 696371.
[63] Wu, J., et al., Lewy-like aggregation of alpha-synuclein reduces protein
phosphatase 2A activity in vitro and in vivo. Neuroscience, 2012. 207: p.
288-97.
[64] Gong, C.X., et al., Phosphoprotein phosphatase activities in Alzheimer
disease brain. J Neurochem, 1993. 61(3): p. 921-7.
[65] Wakabayashi, K., et al., The Lewy body in Parkinson's disease:
molecules implicated in the formation and degradation of alphasynuclein aggregates. Neuropathology, 2007. 27(5): p. 494-506.
[66] Berg, D., O. Riess, and A. Bornemann, Specification of 14-3-3 proteins
in Lewy bodies. Ann Neurol, 2003. 54(1): p. 135.
[67] Nakashima, S. and F. Ikuta, Tyrosine hydroxylase protein in Lewy
bodies of parkinsonian and senile brains. J Neurol Sci, 1984. 66(1): p.
91-6.
[68] Kawamoto, Y., et al., 14-3-3 proteins in Lewy bodies in Parkinson
disease and diffuse Lewy body disease brains. J Neuropathol Exp
Neurol, 2002. 61(3): p. 245-53.
[69] Ubl, A., et al., 14-3-3 protein is a component of Lewy bodies in
Parkinson's disease-mutation analysis and association studies of 14-3-3
eta. Brain Res Mol Brain Res, 2002. 108(1-2): p. 33-9.
[70] Seroogy, K., et al., Cholecystokinin and tyrosine hydroxylase messenger
RNAs in neurons of rat mesencephalon: peptide/monoamine coexistence
studies using in situ hybridization combined with immunocytochemistry.
Exp Brain Res, 1989. 74(1): p. 149-62.

Potential Role of α-Synuclein Dysregulation …

67

[71] Baxter, H.C., et al., Immunolocalisation of 14-3-3 isoforms in normal
and scrapie-infected murine brain. Neuroscience, 2002. 109(1): p. 5-14.
[72] Chu, Y. and J.H. Kordower, Age-associated increases of alpha-synuclein
in monkeys and humans are associated with nigrostriatal dopamine
depletion: Is this the target for Parkinson's disease? Neurobiol Dis, 2007.
25(1): p. 134-49.
[73] Li, W., et al., Stabilization of alpha-synuclein protein with aging and
familial parkinson's disease-linked A53T mutation. J Neurosci, 2004.
24(33): p. 7400-9.
[74] Perez, X.A., et al., Pre-synaptic dopaminergic compensation after
moderate nigrostriatal damage in non-human primates. J Neurochem,
2008. 105(5): p. 1861-72.
[75] Zigmond, M.J. and E.M. Stricker, Parkinson's disease: studies with an
animal model. Life Sci, 1984. 35(1): p. 5-18.
[76] Zigmond, M.J., T.G. Hastings, and R.G. Perez, Increased dopamine
turnover after partial loss of dopaminergic neurons: compensation or
toxicity? Parkinsonism Relat Disord, 2002. 8(6): p. 389-93.
[77] Lee, V.M. and J.Q. Trojanowski, Mechanisms of Parkinson's disease
linked to pathological alpha-synuclein: new targets for drug discovery.
Neuron, 2006. 52(1): p. 33-8.
[78] Conway, K.A., et al., Accelerated oligomerization by Parkinson's
disease linked alpha-synuclein mutants. Ann N Y Acad Sci, 2000. 920: p.
42-5.
[79] Goldberg, M.S. and P.T. Lansbury, Jr., Is there a cause-and-effect
relationship between alpha-synuclein fibrillization and Parkinson's
disease? Nat Cell Biol, 2000. 2(7): p. E115-9.
[80] Lansbury, P.T., Jr. and A. Brice, Genetics of Parkinson's disease and
biochemical studies of implicated gene products. Curr Opin Cell Biol,
2002. 14(5): p. 653-60.
[81] Croisier, E., et al., Microglial inflammation in the parkinsonian
substantia nigra: relationship to alpha-synuclein deposition. J
Neuroinflammation, 2005. 2: p. 14.
[82] Gao, H.M., et al., Neuroinflammation and oxidation/nitration of alphasynuclein linked to dopaminergic neurodegeneration. J Neurosci, 2008.
28(30): p. 7687-98.
[83] Gao, H.M., et al., Neuroinflammation and alpha-synuclein dysfunction
potentiate each other, driving chronic progression of neurodegeneration
in a mouse model of Parkinson's disease. Environ Health Perspect,
2011. 119(6): p. 807-14.

68

Jose L. Porras and Ruth G. Perez

[84] Theodore, S., et al., Targeted overexpression of human alpha-synuclein
triggers microglial activation and an adaptive immune response in a
mouse model of Parkinson disease. J Neuropathol Exp Neurol, 2008.
67(12): p. 1149-58.
[85] Baba, M., et al., Aggregation of alpha-synuclein in Lewy bodies of
sporadic Parkinson's disease and dementia with Lewy bodies. Am J
Pathol, 1998. 152(4): p. 879-884.
[86] Mosharov, E.V., et al., Alpha-synuclein overexpression increases
cytosolic catecholamine concentration. J Neurosci, 2006. 26(36): p.
9304-11.
[87] Mosharov, E.V., et al., Interplay between cytosolic dopamine, calcium,
and alpha-synuclein causes selective death of substantia nigra neurons.
Neuron, 2009. 62(2): p. 218-29.
[88] Foppoli, C., et al., Catecholamines oxidation by xanthine oxidase.
Biochim Biophys Acta, 1997. 1334(2-3): p. 200-6.
[89] Graham, D.G., et al., Autoxidation versus covalent binding of quinones
as the mechanism of toxicity of dopamine, 6-hydroxydopamine, and
related compounds toward C1300 neuroblastoma cells in vitro. Mol
Pharmacol, 1978. 14(4): p. 644-53.
[90] Hastings, T.G., Enzymatic oxidation of dopamine: the role of
prostaglandin H synthase. J Neurochem, 1995. 64(2): p. 919-24.
[91] Linert, W., et al., Dopamine, 6-hydroxydopamine, iron, and dioxygen-their mutual interactions and possible implication in the development of
Parkinson's disease. Biochim Biophys Acta, 1996. 1316(3): p. 160-8.
[92] Paris, I., et al., Copper neurotoxicity is dependent on dopamine-mediated
copper uptake and one-electron reduction of aminochrome in a rat
substantia nigra neuronal cell line. J Neurochem, 2001. 77(2): p. 519-29.
[93] Paris, I., et al., Dopamine-dependent iron toxicity in cells derived from
rat hypothalamus. Chem Res Toxicol, 2005. 18(3): p. 415-9.
[94] Segura-Aguilar, J. and C. Lind, On the mechanism of the Mn3(+)induced neurotoxicity of dopamine:prevention of quinone-derived
oxygen toxicity by DT diaphorase and superoxide dismutase. Chem Biol
Interact, 1989. 72(3): p. 309-24.
[95] Thompson, C.M., J.H. Capdevila, and H.W. Strobel, Recombinant
cytochrome P450 2D18 metabolism of dopamine and arachidonic acid. J
Pharmacol Exp Ther, 2000. 294(3): p. 1120-30.
[96] Barbeau, A., L-dopa therapy in Parkinson's disease: a critical review of
nine years' experience. Can Med Assoc J, 1969. 101(13): p. 59-68.

Potential Role of α-Synuclein Dysregulation …

69

[97] Fabbrini, G., et al., Levodopa-induced dyskinesias. Mov Disord, 2007.
22(10): p. 1379-89; quiz 1523.
[98] Del-Bel, E. and V. Tumas, Parkinson's Disease: Some Current
Therapies and their Limitations, in Frontiers in Parkinson's Disease
Research, A.S.J. Aguiar and R.D.S. Predegir, Editors. 2012, Nova
Science Publishers, Inc.: New York. p. 93-116.
[99] Muangpaisan, W., et al., A systematic review of the worldwide
prevalence and incidence of Parkinson's disease. J Med Assoc Thai,
2011. 94(6): p. 749-55.
[100] Beach, T.G., et al., Olfactory bulb alpha-synucleinopathy has high
specificity and sensitivity for Lewy body disorders. Acta Neuropathol,
2009. 117(2): p. 169-74.
[101] Braak, H., et al., Stages in the development of Parkinson's diseaserelated pathology. Cell Tissue Res, 2004. 318(1): p. 121-34.
[102] Shannon, K.M., et al., Is alpha-synuclein in the colon a biomarker for
premotor Parkinson's disease? Evidence from 3 cases. Mov Disord,
2012. 27(6): p. 716-9.

