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Abstract

A time span of 60 years covers the detection of catecholamines in the brain, their function in movement and correlation to
Parkinson’s disease (PD). The clinical findings that orally given L-DOPA can alleviate or even prevent akinesia gave great
hope for the treatment of PD. Attention focused on the role of tyrosine hydroxylase (TH) as the rate-limiting enzyme in the
formation of catecholamines. It became evident that the enzyme driven formation is lowered in PD. Such results could only
be obtained from studying human brain samples demonstrating the necessity for human brain banks. Originally, a TH enzyme
deficiency was suspected in PD. Studies were conducted on the enzyme properties: its induction and turnover, the complex
regulation starting with cofactor requirements as tetrahydrobiopterin and ferrous iron, and the necessity for phosphoryla-
tion for activity as well as inhibition by toxins or regulatory feedback inhibition by catecholamines. In the course of time,
it became evident that neurodegeneration and cell death of dopaminergic neurons is the actual pathological process and the
decrease of TH a cophenomenon. Nevertheless, TH immunochemistry has ever since been a valuable tool to study neuronal
pathways, neurodegeneration in various animal models of neurotoxicity and cell cultures, which have been used as well to

test potential neuroprotective strategies.
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Introduction

Since the early description of PD by James Parkinson in
1817, scientists directed their efforts to find therapies that
could improve the symptoms of the disease, rigidity, tremor
and akinesia. As the result, they succeeded to discover
and introduce levodopa into the clinic, the most effective
symptomatic treatment of PD (Birkmayer and Hornykie-
wicz 1961; Hornykiewicz 2010). Bernheimer et al. (1973)
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described neuronal loss of nerve cells in the substantia nigra
(SN) with a reduction of dopamine. Demonstration and map-
ping of nigrostriatal neurons had been performed already
earlier by Anden et al. (1964). The cellular localization of
TH was proven by Pickel et al. (1975). Labeled cell bodies
and their processes were easily distinguished from unstained
neuronal elements in the neuropil. TH presence was only
seen in the neuronal cytoplasm. Its distribution in processes
was different from that in cell soma. In longitudinal sec-
tions of axons and dendrites, the peroxidase reaction product
appeared as fiber-like strands (Pickel et al. 1975). TH was
immunohistochemically localized by the peroxidase—antiper-
oxidase method in rat to chromaffin cells of the rat adrenal
medulla, large neurons and small darkly staining cells of the
superior cervical ganglia and noradrenergic and dopamin-
ergic neurons in brain. Thus, experimentally dopaminergic
projection areas in mouse and rat brains can be localized
as well as dissected. Embryonic cell cultures of midbrain
preparations represent a tool for exposing dopaminergic cells
in a mixed culture with other neurons and glial elements to
toxic compounds as well as neuroprotective agents (Radad
et al. 2000).
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TH characteristics and determination

TH has first been described in a detailed paper by Nagatsu
et al. (1964). In detail, the paper describes the isolation of
enzyme, necessity for its cofactors tetrahydrobiopterin and
ferrous iron and its presence in different tissues as adre-
nal medulla, spleen, and various brain areas of laboratory
animals. The intracellular localization could be studied
because there is a soluble form of TH and enzyme attached
to particles.

This paper and many more to come used enzyme deter-
mination steps, which were based on radioactive tyrosine
to determine labeled L-Dopa (Levine et al. 1984). Other
assays using tyrosine and determining L-Dopa formed by
extraction steps over alumina columns and displacement
by acid and consecutive determination of L-Dopa by high-
performance liquid chromatography systems with electro-
chemical detection were developed (Naoi et al. 1988).

TH activity in PD

TH activity was assayed radioenzymatically in various
regions of post-mortem brains of human individuals
without neurologic disorders (controls), with PD, senile
dementia, hypertensive encephalopathy, hepatic and dia-
betic coma, liver cirrhosis without coma, and hepatic coma
treated with parenteral administration of L-valine. In addi-
tion, TH activity of the post-mortem adrenal medulla was
assayed in controls, PD, senile dementia and hypertensive
encephalopathy. In PD, activity of TH was significantly
decreased in the nigrostriatal system, and less severe in
other brainstem areas, while the raphe-reticular forma-
tion and limbic system showed normal values. In addi-
tion, there was significant decrease in the TH activity of
the adrenal medulla, suggesting that PD is a generalized
disorder not limited to distinct CNS areas (Riederer et al.
1978).

Such studies proved that TH is a relevant enzyme in PD
and related disorders (Nagatsu et al. 2019) as well demon-
strate that human brain biochemistry has manifold caveats
which should be considered. Ethical and religious objec-
tions are just one issue. Age, ongoing neurodegenerative
processes as well as long-term medication are relevant. In
addition, premortem comatose states, post-mortem times
in between death and dissection and storage conditions
have influence on obtained values.

Nevertheless, findings of decreased TH activity in PD
raised the hope that PD was partially a lack or defect of TH
and stimulation of TH could compensate functional defi-
cits (Tolleson and Claassen 2012). Detailed studies exist
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on the activation/inactivation of TH by phosphorylation
in animal tissues (Shehadeh et al. 2019). Using the same
techniques, stimulation could not be detected in cAMP,
ATP, protein kinase and Ca-Calmodulin systems, suggest-
ing that these systems are not responsive in human brain
tissue any more (Rausch et al. 1988).

Interestingly, however, remaining TH enzyme in PD brain
has compensatory ability. Mogi et al. (1988) could show
that TH “homospecific activity” (activity per enzyme pro-
tein) was significantly increased in the parkinsonian brains
whereas TH protein content and TH activity were decreased
compared to controls. This increase suggests that activity
changes occur in the TH molecule. An actual mechanism
is not known so far, but a connection to iron metabolism
seems possible.

The role of iron for TH

Stimulation of TH by ferrous iron has already been found
in the early paper on characterization of this enzyme by
Nagatsu et al. (1964). Iron-dependent stimulation was shown
in these initial studies on the kinetics of the purified enzyme.
Haavik et al. (1991) described that human TH exists as four
different isozymes (TH1-TH4), generated by alternative
splicing of pre-mRNA. When expressed in Escherichia coli,
the purified isozymes revealed high catalytic activity when
reconstituted with Fe(IT) and stability at neutral pH. The
isozymes contained 0.04-0.1 atom iron and 0.02-0.06 atom
zinc/enzyme subunit. All isozymes were rapidly activated
(13-40-fold) by incubation with Fe(II) salts and inhibited
by other divalent metal ions, e.g., Zn(II), Co(II) and Ni(II).
They all bind stoichiometric amounts of Fe(II) and Zn(II)
with high affinity (K;=0.2-3 pM at pH 5.4-6.5). Similar
time courses were observed for binding of Fe(II) and enzyme
activation. In the absence of any free Fe(Il) or Zn(II), the
metal ions dissociated from the reconstituted isozymes. The
process was favored by acidic pH, as well as by the presence
of metal chelators and dithiothreitol.

TH in human control tissues was stimulated by 1 mM iron
(IT) 13-fold. Although the activity of TH in striata of PD was
60% of controls, stimulation with 1 mM iron (IT) reached
an 11-fold increase of TH activity. This finding was similar
to that of controls as was the Km-value of TH in controls
and PD (Rausch et al. 1988; Riederer et al. 1988). Interest-
ingly, human TH activities were about 100-fold lower than
rat tissue, however, the ferrous iron stimulation in animal
brain was much less pronounced. Soluble TH interacts with
alpha-synuclein (a-syn) and an increase of a-syn leads to
reduction of TH activity (Kaushik et al. 2007; Olivares
et al. 2009). Therefore, it is hypothesized that iron-induced
enhancement of TH activity by reducing a-syn activity



From the tyrosine hydroxylase hypothesis of Parkinson’s disease to modern strategies: a short... 489

increases dopamine concentration. Furthermore, reaction of
dopamine with iron causes a-syn aggregation (Sian-Huls-
mann et al. 2015). In conclusion, “iron” is a major player
in the pathology of PD (Berg et al. 2001; Sofic et al. 1988).
Chelation of excess iron at the site of the substantia nigra,
where a dysfunction of the BBB is suggested, with periph-
erally acting iron chelators is suggested to contribute to the
portfolio and therapeutic armamentarium of anti-Parkinson
medications (Riederer et al. 2021).

Neuronal death of dopaminergic neurons

Neuronal cell death is a phenomenon accompanying age.
Adult neuronal cells do not divide anymore and are thus
exposed for life to the milieu inside the brain, which will
change over time. In case of TH-positive neurons, remark-
able length of axons bridges the cell bodies in the substantia
nigra to the target regions in caudate and putamen. Causes
of death thus may even be mechanic stress during osmotic
changes or shrinkage in the brain. Dopaminergic neurons
as well depend on their oxygen supply. A considerable part
of PD cases according to Udagedara et al. (2019) is consid-
ered to be caused by cerebrovascular changes. A wide body
of studies claimed environmental toxins such as herbicides,
pesticides and natural toxins to be potentially responsible
for neuronal cell death (Bové et al. 2005; Salama and Arias-
Carrion 2011).

Studies on a drug related to heroin, 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), have gained wide atten-
tion. MPTP is a neurotoxin, which causes symptoms of PD
in humans and animals. Metabolized by monoamine oxidase
the product 1-Methyl-4-phenylpyridinium (MPP™") inhibits
the mitochondrial respiratory chain and destroys dopamin-
ergic cells in the substantia nigra (Liu et al. 2020; Zhu et al.
2019).

The etiology of PD remains unknown. Genetic, environ-
mental risk factors and their interaction play a major role
for PD. Although 90% of PD cases are sporadic, several
genes exist which are directly related to inherited cases of
PD (Blauwendraat et al. 2020; Puschmann 2017). Mutations
in the a-syn-gene and the leucine-rich repeat kinase LRRK?2
(PARKS gene) cause autosomal dominant PD, while muta-
tions in Parkin (PARK2 gene), PINK1 (PARK6 gene) or
DJ-1 (PARKY7 gene) cause autosomal recessive PD (Hau-
garvoll and Wszolek 2006).

To observe the death of dopamine neurons in the human
brain as a daily phenomenon seems hardly possible. In cell
culture, the disappearance of cells can be documented by
shortening of axonal and dendritic processes, lost cells
and remaining apoptotic patches (Lotharius et al. 1999).
In this context, Callizot et al. (2019) studied the link of

mitochondrial dysfunction and aggregation of a-syn on
mechanisms of dopaminergic neuronal death. In rat pri-
mary cultures of mesencephalic neurons, mitochondrial
impairment was induced using “dopamine-toxins” (MPP™,
6-hydroxydopamine (6-OHDA) or rotenone). Cell death
originates through necrosis, apoptosis and necroptosis:
6-OHDA activates caspase-dependent cell death, MPP*
stimulates caspase-independent cell death and rotenone
activates both pathways (Callizot et al. 2019).

Excitotoxic death by glutamate is as well discussed for
midbrain dopaminergic neurons. Timely clearance of gluta-
mate from synaptic clefts is necessary to prevent high lev-
els of extracellular glutamate resulting in excitotoxicity and
neuroinflammation (Wang et al. 2020).

Neuromelanin functions

PD is accompanied by a loss of pigmented neurons in the
SN. Neuromelanin (NM) in the presynaptic terminal of
dopaminergic neurons has emerged as a primary player in
the etiology of neurodegenerative disorders including PD.
NM appears to confer susceptibility to chemical toxicity by
providing a large sink for iron (Haining and Achat-Mendes
2017). Progressive accumulation of NM with age along with
a decrease in dopamine synthetic pathways poses the imme-
diate question whether NM is capable of binding dopamine,
the primary functional monoamine utilized (Latif et al.
2021). Such a memory function as a release on need is being
proposed. In detailed morphometric studies on brains 4 years
post-diagnosis of PD, there was a loss of 50 to 90% of TH-
positive neurons. Interestingly, more melanin-containing
neurons than TH-positive neurons remained (Kordower
et al. 2013). Experimentally, at least synthetic neuromelanin
appears toxic to dopaminergic cells in culture (Nguyen et al.
2002). Clinically such findings are supported as neuromela-
nin sensitive MRI showed a different distribution of melanin
and TH-positive cells (Martin-Bastida et al. 2019).

A role of a-syn and Lewy bodies

a-syn, the main component of Lewy bodies (LBs), regulates
the production of dopamine through its interaction with TH.
Over-expression of a-syn reduces the levels of TH mRNA
and protein in the brain. Feve (2012) extends the findings
that not only TH activity but as well TH synthesis and TH
mRNA are affected. The opinion is presented that as long
as TH is present in remaining dopaminergic neurons; it can
still be used as a pharmacological target.

A histological hallmark of PD is the presence of a-syn-
positive aggregates called LBs and axonal fibrillar a-syn
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deposits. LBs’ formation has been considered to be a marker
for neuronal degeneration (Dickson 2018; Wakabayashi
et al. 2013).

Studies have suggested that oligomers and protofibrils
of a-syn are cytotoxic and that LBs may represent a cyto-
protective mechanism in PD (Wakabayashi et al. 2007).
Nevertheless, to date, it is still impossible to predict how
LB formation affects dopaminergic neuron viability in
PD patients because of their complex protein composition
(Beyer et al. 2009). The mechanism of TH depletion by the
ubiquitin—proteasome system contributes to an understand-
ing of the etiology of PD (Kawahata and Fukunaga 2020).
A relation of a-syn aggregation with the loss of TH protein
in PD is detectable.

Contribution of autophagy

Dysregulated autophagy, whether excessive or downregu-
lated, has been thought to be associated with neurodegen-
erative disorders including PD. Accordingly, an early study
was carried out to investigate whether 3-methyladenine, an
autophagy inhibitor, can modulate the effects of rotenone
on dopaminergic neurons in primary mesencephalic cell
culture. However, only small effects on the phagocytotic
process were found (Radad et al. 2020). Initially looked at
as a cell death pathway, it may as well have a survival func-
tion through clearing of protein aggregates and damaged
cytoplasmic organelles (Radad et al. 2015).

Effect of neuroinflammation

In PD, clinical and experimental data suggest that neuroin-
flammatory cytokines released by microglial activation con-
tribute to neuronal death (Hirsch et al. 2012; Campolo et al.
2020). Experimentally, neuroinflammation of dopaminergic
neurons can be evoked by lipopolysaccharide (LPS) exposure.
In mesencephalic TH-immunoreactive cells, LPS resulted in a
30-50% loss of dendritic processes, changes in the perikarya,
cellular atrophy and neuronal cell loss (Lin et al. 2007). Induc-
ible nitric oxide synthase (iNOS) activity was increased dose
dependently as well as prostaglandin E2 concentrations. Gin-
senosides, as the active compounds responsible for ginseng
action, are reported to have antioxidant and anti-inflammatory
effects and demonstrated partial neuroprotection.

Age-related decline of TH in controls and PD
The by far largest number of parkinsonian cases is idi-

opathic in origin, with no clear causative agent. Cell death
over time may follow different courses, either a continuous
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degenerative course, or an acute event as, e.g., stroke and
then continuous decline. The time sequence leading to cell
death can be studied when plotting TH activity versus age
and comparing it with PD brain values. Using this technique,
a linear decline was observed in human brain striatum sam-
ples indicating that at the age of 120 years all of us will be
parkinsonian (Rausch 1979).

What is necessary in PD treatment, however, is to follow this
curve back and look at the early onset of PD. PD is mainly diag-
nosed at a stage, when a large number of dopaminergic neurons
are lost. Therefore, identification of molecular biomarkers for
early detection of PD is important. Given that microRNAs are
crucial in controlling gene expression, these regulatory microR-
NAs and their target genes could be used as biomarkers for early
diagnosis of PD (Arshad et al. 2017). Given such good diagnostic
tools, neuroprotective strategies would be more promising.

TH as marker for dopaminergic neurons
in cell cultures

Cell cultures containing dopaminergic neurons such as primary
mesencephalic cell culture and dopaminergic cell lines (e.g.,
PC12 cell line, SH-SYSY neuroblastoma cells, N27 rat dopamin-
ergic neural cell line) are relevant in vitro models for PD (Henley
et al. 2017). They are also useful to (1) investigate properties
and characteristics of dopaminergic neurons (Gaven et al. 2014),
(2) reveal the underlying mechanisms mediating degeneration
of dopaminergic neurons and (3) test potential neuroprotective
compounds (Henley et al. 2017). Scientific community has seen
TH as an ideal marker for identification of dopaminergic neurons
in different cell cultures. Among different visualization meth-
ods, immunohistochemistry using monoclonal TH antibody is
an effective and accurate method to mark dopaminergic neurons
in different cell cultures (Hédou et al. 2000).

Neuroprotective strategies

Dopamine receptor agonists have become increasingly
popular as antiparkinsonian therapy since the introduction
of bromocriptine by Donald Calne and colleagues in 1974
(Foley et al. 2004).

As both L-Dopa and dopamine agonists lack sufficient
efficacy and produce pronounced side effects with the pro-
gression of the disease (Dhall and Kreitzman 2016), contem-
porary research aims to develop disease-modifying agents
that can slow down or stop the progression of the disease.
In this context, many preclinical studies, both in vivo and
in vitro, have examined numerous compounds with neuro-
protective potential including dopamine receptor agonists,
monoamine oxidase-B (MAO-B) inhibitors, anti-inflamma-
tory compounds, herbal formulations and others.
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Dopamine receptor agonists

Both ergoline- (bromocriptine, cabergoline, dihydroer-
gocryptine, lisuride, pergolide) and non-ergoline (pramipex-
ole, ropinirole, rotigotine, piribedil, apomorphine) dopamine
agonists were demonstrated to have neuroprotective effects
on dopaminergic neurons based largely on experimental evi-
dence in vitro (Iida et al. 1999; Takashima et al. 1999; Gille
et al. 2002, 2006; Oster et al. 2014; Reichelt et al. 2016) and
in vivo (Muralikrishnan and Mohanakumar 1998; Yoshioka
et al. 2002; Scheller et al. 2008). Different mechanisms are
involved in neuroprotection by dopamine receptor agonists,
most notably, stimulation of dopamine receptors, antioxidant
activity, stimulation of P13K/Akt pathway, inactivation of
pro-apoptotic factor, de novo protein synthesis, upregula-
tion of metallothionein expression in astrocytes by targeting
5-HT1A receptors (Moldzio et al. 2006; Oster et al. 2014;
Reichelt et al. 2016; Isooka et al. 2020).

MAO-B inhibitors

The use of MAO-B inhibitors for treating PD dates back
more than 50 years. It began after the outstanding discov-
ery of a selective inhibitor, selegiline, by Kalman Magyar
(Szoko et al. 2018). As MAO-B is involved mainly in the
degradation of dopamine, the inhibitors are used based on
their dopamine-sparing activity, i.e., to prolong the action
of both endogenously and exogenously derived dopamine
(Chen et al. 2007). Studies with selegiline, the gold-stand-
ard MAO-B inhibitor, and rasagiline, the second approved
MAO-B inhibitor, showed that their neuroprotective and
antiapoptotic properties in experimental models involve
MAO-B-independent mechanisms. These properties were
shown to be connected to the propargylamine structure
(Szoko et al. 2018). Moreover, it was shown that neuropro-
tective properties of selegiline and rasagiline are associated
with maintaining mitochondrial function, upregulation of
genes coding antioxidant enzymes, antiapoptotic Bcl-2 and
pro-survival neurotrophic factors, and oligomerization and
aggregation of a-syn in cellular and animal models (Mandel
et al. 2003; Naoi et al. 2020; Salamon et al. 2020).

Non-steroidal anti-inflammatory drugs

A number of studies have concluded that non-steroidal
anti-inflammatory drugs (NSAIDs) carry some neuropro-
tective effects in PD since it had been reported that inflam-
mation is associated with the pathogenesis of the disease
(Asanuma et al. 2004). For instance, Casper et al. (2000)

and Swiatkiewicz et al. (2013) showed that ibuprofen res-
cued dopaminergic neurons in a glutamate-treated primary
dopaminergic cell culture and in the striatum of MPTP-
treated mice. In a clinical epidemiological study, Chen et al.
(2003) reported that the regular use of non-aspirin NSAIDs
decreased the risk of PD incidence compared to non-regular
users. Neuroprotective effect of NSAIDs was reported to
account for inhibition of cyclooxygenases and nitric oxide
synthesis (Asanuma et al. 2004).

Herbal formulations

Plant extracts have been used to treat many different ill-
nesses through history (Uddin et al. 2013). More recently,
there is growing evidence indicates that constituents of some
medicinal plants can be neuroprotective in PD (Fu et al.
2015). In this context, Zhou et al. (2016) showed that ginse-
noside Rgl, one of the major ingredients of Panax ginseng,
rescued dopaminergic neurons against MPP +and MPTP-
induced cell damage in primary mesencephalic cell culture
and mice, respectively. Cui et al. (2015) demonstrated that
curcumin protected dopaminergic neurons in the SNpc of
rotenone-injured rats. According to Lofrumento et al. (2014)
and Arbo et al. (2020) resveratrol, a stilbene found in some
plants including blueberries, grapes and peanuts, protected
dopaminergic neurons in experimental models of PD. Green
tea polyphenols were shown to be neuroprotective in many
in vitro and in vivo models of PD (Caruana and Vassallo
2015). Moldzio et al. (2010) and Kim et al. (2010) found
that green tea polyphenol epigallocatechin-3-gallate (EGCG)
protected dopaminergic neurons in primary dopaminergic
cell culture and a mouse model of PD stressed with rotenone
and MPTP, respectively. Herbal ingredients were reported
to have a wide range of underlying neuroprotective mecha-
nisms, most notably antioxidant, anti-inflammatory, dopa-
mine-sparing, antiapoptotic and anti-a-synuclein aggrega-
tion actions (Fu et al. 2015; Nebrisi 2021).

Other neuroprotectants

Many others compounds have been shown to possess pos-
sible neuroprotective effects in relation to PD such as some
vitamins, creatinine, co-enzyme Q10, caffeine and nicotine.
Numerous clinical, animal and cellular studies have shown
neuroprotective candidates such as vitamins, particularly
A, B, C, D and E, in PD (Zhang et al. 2002). The neuro-
protective action of vitamins was reported to be mediated
by their antioxidant, anti-inflammatory and gene regu-
lating actions (Zhao et al. 2019). Creatine is an essential
compound in maintaining cellular energy and has shown
neuroprotection in many acute and chronic experimental
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models of neurological diseases including PD (Klein and
Ferrante 2007). For example, Andres et al. (2005) and Beal
(2011) reported that creatine protected dopaminergic neu-
rons against neurotoxic insults induced by serum/glucose
deprivation, MPP* and 6-OHDA in primary mesencephalic
cell culture and in MPTP-treated mice, respectively. The
electron acceptor for complex I and II, and potent antioxi-
dant co-enzyme Q10 was found to save dopaminergic neu-
rons both in vitro and in vivo models of PD. In parallel,
Kooncumchoo et al. (2006) protected human dopaminergic
SK-N-SH neurons with Q10 against iron-induced apoptotic
death. Beal et al. (1998) demonstrated that co-enzyme Q10
reduced loss of dopaminergic axons in the striatum. Caf-
feine, the most-widely consumed psychoactive substance,
was reported to provide neuroprotection in MPTP, 6-OHDA
and rotenone-treated animal models (Ren and Chen 2020).
Nicotine, the alkaloid derived from tobacco, which was
studied more intensely is suggested as a neuroprotective
compound in PD based on the negative correlation between
tobacco consumption and PD (Barreto et al. 2015). In rote-
none-treated primary dopaminergic cell culture, Delijewski
et al. (2021) showed that nicotine protected dopaminergic
neurons through an antioxidant mechanism.

Conclusion

This review intended to follow the fate of tyrosine hydroxy-
lase in PD research. Over 60 years of brain research were
covered by extracting a selection out of many papers focus-
ing on dopaminergic neurodegeneration. Excellent animal
and TH-positive cell culture models have opened a way to
test various compounds for toxicity as well as for neuro-
protection. Various antiparkinsonian drugs have emerged
which supplement the gold-standard L-Dopa such as dopa-
mine agonists and the selective monoamine oxidase inhibi-
tors selegiline and rasagiline. Refinement of medication has
resulted in better quality of life for a considerably long time
in individual patients. Despite the fact that many models and
mechanisms of neurodegeneration have been postulated, the
understanding of the actual trigger for the process leading
to cell death, however, has not been clarified during the last
60 years. Definitely, early diagnosis before the clinical onset
of the disease seems to be an option to start effective neuro-
protective treatment in PD. Modern imaging techniques will
help to study ongoing neurodegenerative changes. New ways
and approaches deserve attention. The role of the gut micro-
biota and their products for brain activity are still poorly
understood. These products may well be capable to pro-
vide TH stimulation in the gut and thus more DOPA could
reach the brain. Experimentally, dopamine cell cultures will
be extended to longer time spans increased sensitivity for
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biochemical changes can be achieved and studies in a few
cells or even single cell approaches will become possible.

Though extensive preclinical studies have been performed
by scientists to look for a neuroprotective drug that can slow
down or halt the disease progression, neuroprotection in PD
is still a major unmet need and only few clinical trials are
promising. Therefore, scientists are required to: (1) refine
their basic research to determine which agent could be a
promising therapeutic drug and (2) change the methodol-
ogy, develop reliable animal models and establish effective
markers to successfully predict the efficacy of putative neu-
roprotective agents.
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