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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 α-

Synuclein. Despite being strongly implicated in PD, the precise role of α-

Synuclein 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, α-

Synuclein 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 a-

Syn 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 (L-

DOPA). 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 a-

Syn 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-Syn-

mediated 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 PP2A-

mediated 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 co-

immunoprecipitation 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. 
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