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Midbrain dopaminergic neurons play a central role in a wide 
range of behaviors, from attention and motivation to motor 
control and reinforcement. Dopaminergic systems, originating 
in the Ventral Tegmental Area (VTA) and in the substantia nigra 
pars compacta (SNpc), and mainly projecting to the ventral and 
dorsal striatum (mesostriatal pathway) and to the prefrontal 
cortex (mesocortical pathway), play a major motivational role 
in behavioral actions [1-3]. Dysfunction of the dopaminergic 
system is involved in neurological disorders such as Parkinson’s 
disease, Tourette’s syndrome, and schizophrenia, as well as 
in pituitary tumors [4]. Although the etiology of dopamine-
related disorders has been studied and molecular evidence for 
maintenance of a dopaminergic phenotype has been produced 
in the past quarter of century, they are not yet completely 
understood. The development of fundamental therapies for 
such diseases is expected. Here, I focus on Parkinson’s disease 
and present regulation of the gene expression of Tyrosine 
Hydroxylase (TH), the rate-limiting enzyme of dopamine 
biosynthesis. I also refer to the quality control system for the 
clearance of TH, and offer perspectives on the fundamental 
therapies for Parkinson’s disease.

TH [5] and Aromatic Aminoacid Decarboxylase (AADC) [6] 
are dopamine-biosynthesizing enzymes. TH is responsible for 
catalyzing the conversion of the amino acid L-tyrosine to L-3,4-
dihydroxyphenylalanine (L-DOPA), and subsequently L-DOPA 
is converted to dopamine by AADC. Tetrahydrobiopterin 
(BH4), which is biosynthesized by GTP cyclohydrolase I 
(GTPCHI), is required for the enzymatic activity of TH. Unlike 
other enzymes, TH protein has its enzymatic activity strictly 
controlled at the rate-limiting step of dopamine biosynthesis 
[7, 8]. TH expression level and activity are directly involved 
in regulating intracellular dopamine levels. The activity of TH 
can be modulated by two mechanisms: medium- to long-term 
regulation of gene expression, for example by effect on enzyme 
stability, transcription, RNA stability, alternative RNA splicing 
and translation; and short-term regulation of enzyme activity, 
for example by feedback inhibition, allosteric regulation and 
phosphorylation. Regulation of TH expression is dependent on 
a cAMP-dependent responsive element (CRE) [8], AP-1 [9, 10], 
ATF-2 [11], and Nurr1 [12].

A degradation of the nigrostriatal dopaminergic system to 
reduce TH protein level is the key component of pathogenesis of 
Parkinson's disease. In contrast, TH activity from parkinsonian 
tissue was reportedly increased by 48% compared to controls 
[13], or activity per enzyme protein of TH in the parkinsonian 
nigrostriatal region elevated by 3-4-fold [14]. The increased 
activity of residual TH in parkinsonian brain suggests facilitation 
of TH phosphorylation as result in a compensatory increase in 
TH activity to compensate for the loss of dopamine caused 

by the disease [15]. Intriguingly, we recently reported that 
dopamine or biopterin deficiency potentiates phosphorylation 
in cultured cells [16]. It is noteworthy that we revealed that the 
potentiated TH phosphorylation is accompanied by degradation 
of TH protein by the ubiquitin proteasome system [16, 17]. 
This mechanism suggests the possibility that dysfunction of 
dopamine biosynthesis in dopamine-related disorders such as 
Parkinson’s disease and dopa-responsive dystonia leads to the 
induction of TH phosphorylation, which is accompanied by a 
reduced total TH protein level induced by degradation via the 
ubiquitin proteasome system. Consistently, phosphorylation of 
the N-terminal portion of TH reportedly triggers proteasomal 
digestion of the enzyme [18]. Phosphorylated TH also easily 
forms aggregates in living cells. We previously reported that 
accumulated TH forms intracellular inclusion bodies under 
conditions of proteasomal inhibition [17]. This phenomenon 
supports a putative mechanism in which elevation of TH 
phosphorylation to prevent a lack of dopamine in Parkinson’s 
disease leads to the formation of intracellular aggregates of 
TH protein. Importantly, we observed TH and phosphorylated 
TH-immunopositive Lewy bodies in the brains of patients with 
Parkinson’s disease [19]. These data suggest that phosphorylated 
TH is vulnerable and that the dopamine-deficient state in 
Parkinson’s disease and related disorders may accelerate the 
decrease in TH protein level through the degradation and/or 
aggregation of phosphorylated TH.

Fundamental therapies for Parkinson’s disease are not yet well 
established. Almost half a century after it was first introduced 
[20], L-DOPA (C9H11NO4) is still the most effective medication 
available for the palliative treatment of the motor symptoms 
in Parkinson's disease [21]. Recent progress of treatment 
technique for Parkinson's disease is remarkable; deep brain 
stimulation has been shown to be efficacious in the treatment 
of parkinsonian tremor [22], striatal injection of AADC-coding 
vectors stably restore the response to L-DOPA and contribute 
to a decrease of the effective L-DOPA dose [23], and stem cell 
transplantation therapies may effectively restore and replace 
cells in the damaged tissues [24]. Recently, we identified a novel 
regulatory mechanism of dopamine-biosynthesizing enzymes, 
that is functionally coupled to actin polymerization [25, 26]. 
This mechanism positively regulates TH, AADC and GTPCHI 
gene expression cooperatively, which may contribute to the 
recovery of dopaminergic function in nigrostriatal dopaminergic 
system. We also identified natural compounds that reverse 
memory dysfunction [27]. These novel compounds facilitated 
nigrostriatal dopamine biosynthesis [28, 29] promoting the 
motivation in behavioral actions. Interestingly, in addition to 
the pharmacotherapies and surgical operations described above, 
music therapy is receiving attention in the medical care for 
Parkinson's disease [30, 31]. It is noteworthy that music therapy 
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does improve motor, affective, and behavioral functions [30]. 
In fact, listening to music reportedly facilitates dopaminergic 
neurotransmission in a calcium/calmodulin-dependent manner 
[32, 33]. This phenomenon suggests the potential mechanism to 
facilitate CRE-mediated TH gene expression by the activation 
of calcium/calmodulin-dependent kinase II [34]. These reports 
mentioned above raise expectations for fundamental therapeutics 
and the benefits of music in neurodegenerative disorders.

Parkinson’s disease and related disorders are currently difficult 
to cure. However, although fundamental therapies have 
not been established, development of novel therapeutics is 
remarkable. Understanding of the regulation of gene expression 
and degradation of dopamine-biosynthesizing enzymes can 
contribute to the development of chemical compounds and 
music therapy for dopamine-related disorders. Studied from the 
molecule to the organism level, it may provide an effective and 
sustainable therapeutic approach for treatment of Parkinson’s 
disease and related disorders.
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