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Abstract 

A consistent neurochemical abnormality in Parkinson's disease (PD) is degeneration of 
dopaminergic neurons in substantia nigra, leading to a reduction of striatal dopamine (DA) lev- 
els. As tyrosine hydroxylase (TH) catalyses the formation of L-DOPA, the rate-limiting step in the 
biosynthesis of DA, the disease can be considered as a TH-deficiency syndrome of the striatum. 
Similarly, some patients with hereditary L-DOPA-responsive dystonia, a neurological disorder 
with clinical similarities to PD, have mutations in the TH gene and decreased TH activity and/or  
stability. Thus, a logical and efficient treatment strategy for PD is based on correcting or bypassing 
the enzyme deficiency by treatment with L-DOPA, DA agonists, inhibitors of DA metabolism, or 
brain grafts with cells expressing TH. A direct pathogenetic role of TH has also been suggested, as 
the enzyme is a source of reactive oxygen species (ROS) in vitro and a target for radical-mediated 
oxidative injury. Recently, it has been demonstrated that L-DOPA is effectively oxidized by mam- 
malian TH in vitro, possibly contributing to the cytotoxic effects of DOPA. This enzyme may 
therefore be involved in the pathogenesis of PD at several different levels, in addition to being a 
promising candidate for developing new treatments of this disease. 

Index entries: Neurodegeneration; dopamine; iron; oxidant stress; mutations; pathogenesis; 
etiology; gene therapy; transplantation. 

Introduction 

Parkinson's  disease (PD) is a c o m m o n  neu- 
rodegenerat ive disorder that is clinically char- 
acterized by tremor, bradykinesia,  rigidity, and  
loss of postural  reflexes (Strange, 1992). It is 
generally believed that the major symptoms  of 
PD are caused by a striatal dopamine  (DA) 
deficiency, secondary to degenerat ion of ni- 

grostriatal dopaminergic  neurons  and possibly 
a decreased DA-biosynthetic capacity in the 
surviving cells. Al though  the DA loss is most  
p ronounced ,  norepinephr ine ,  serotonin, and 
melanin  p igments  are also decreased, whereas  
cholinergic activity seems to be increased 
(Ehringer and Hornykiewicz,  1960). Al though  
the cause of PD still is u n k n o w n ,  a number  of 
different hypotheses  for its etiology have been 
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presented. This review focused on alterations 
in the function of tyrosine hydroxylase (TH; EC 
1.14.16.2), which is the rate-limiting enzyme in 
the biosynthesis of DA, and its importance for 
the pathogenesis and treatment of PD. 

Etiology of Neurodegenerative 
Disorders 

The selective loss of specific neurons in the 
central nervous system (CNS) is a characteristic 
feature for PD and other common neurodegen- 
erative disorders, such as Alzheimer's disease, 
Huntington's chorea, and amyotrophic lateral 
sclerosis. Despite intensive research efforts dur- 
ing recent years, fundamental questions re- 
garding the etiology and pathogenesis of these 
diseases are still unresolved. Thus, the neuronal 
injury in neurodegenerative disorders has been 
linked to the possible involvement of infectious 
agents, exogenous toxins, genetic factors, neu- 
ronal injury caused by excitatory amino acid 
transmitters, endogenous reactive oxygen 
species (ROS), or various other metabolic dis- 
turbances, including lack of neurotrophic hor- 
mones or impaired DNA repair mechanisms 
(Beal, 1995; Calne and Takahashi, 1991; Youdim 
and Riederer, 1997). In a variant form of these 
hypotheses, PD is considered to be partly the 
result of an accelerated aging process (Enochs et 
al., 1994). Here we mainly focus on the oxida- 
tive stress hypothesis of PD (for reviews, see Jen- 
ner, 1991; Bondy, 1992; Coyle and Puttfarcken 
1993; Ebadi et al., 1996) and its relationship to 
recently discovered genetic factors in this dis- 
ease, whereas the reader is referred to general 
reviews for a discussion of the other theories 
(Poirier et al., 1991; Evans, 1993). 

The Oxidant Stress Hypothesis 
of Parkinson's Disease 

All aerobic cells are constantly exposed to 
oxidant stress, although certain cell types have 

metabolic characteristics that can be con- 
sidered as particular "risk factors" for the 
development of oxidative injury. For several 
reasons, catecholaminergic neurons may 
belong to this category. First of all, neurons 
consume large amounts of dioxygen which is 
used in mitochondrial respiration for the gen- 
eration of ATP and conservation of the neu- 
ronal energy balance. "Leakage" along the 
mitochondrial electron chain causes the forma- 
tion of ROS, such as H202 and "02-. These com- 
pounds can either directly, or by the formation 
of the extremely reactive hydroxyl radical 
('OH), cause oxidative damage to cellular 
macromolecules (proteins, lipids, carbohy- 
drates, and nucleic acids) (Beal, 1995). "OH 
may be generated spontaneously, but its for- 
mation is markedly increased in the presence 
of redox-active metal ions, in particular by the 
reaction between Fe(II) and H202 (The Haber- 
Weiss/Fenton reaction). Superoxide ('02-) has 
a more restricted reaction pattern than "OH 
and reacts mainly with proteins that contain 
transition metals (Gutteridge, 1994). Such reac- 
tions have been found to accelerate lipid per- 
oxidation (found in SN pars compacta in PD; 
Hirsch, 1994) and can also oxidize amino acids 
with subsequent loss of protein function. 

Other metabolic features that are characteris- 
tic of catecholaminergic neurons and neuroen- 
docrine cells include the synthesis, release, and 
metabolism of DA, noradrenaline, and adrena- 
line. Several of the enzymes involved in these 
reactions are thought to produce ROS as 
byproducts of their activity. 

Monoamine Oxidase (MAO) 

The mitochondrial outer membrane en- 
zyme monoamine oxidase (MAO), catalyzes 
the deamination of catecholamines (e.g., DA) 
and generates one equivalent of H202 per 
equivalent of catecholamine oxidized (Sandri 
et al., 1990). H202 can readily dissociate over 
the mitochondrial membrane, react with 
iron(II) to form "OH, or be neutralized by the 
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antioxidant enzymes catalase and glutathione 
reductase. 

Because the activity of MAO increases with 
age (Fowler et al., 1980; Sparks et al., 1991), 
this enzyme has been suggested to have a 
pathogenetic role in PD (Oreland, 1991). This 
suggestion led to the design of large multicen- 
ter clinical trials where PD patients received 
the MAO B inhibitor L-deprenyl (Selegiline), 
in an attempt to halt or reverse the progres- 
sion of the disease. Because L-deprenyl 
inhibits the oxidative catabolism of DA, theo- 
retically a decreased amount of toxic meta- 
bolites of DA will be formed. Although the 
treatment at first seemed to delay progres- 
sion of the disease (N. Engl. J. Med., 321, 
1364-1371), the effect has since been found 
only to be transient and the patients forced to 
return to standard treatment with L-DOPA 
after some time (Arch. Neurol. 52, 237-245). In 
addition, several alternative explanations for 
the partial efficacy of L-deprenyl treatment in 
PD have been suggested. Thus, c-deprenyl 
may increase neurotrophic factor activity 
and increase the levels of bcl-2, (a regulatory 
protein in the apoptotic pathway), as well as 
factors that protect against oxidant stress 
(superoxide dismutase [SOD], catalase, and 
glutathione) (Jenner and Olanow, 1996). This 
correlates well with the decreased oxidative 
damage seen in aged rats treated with L- 
deprenyl (De La Cruz et al., 1996) and with 
its apparent effect on disorders not related to 
catecholamine metabolism (Wu et al., 1996). 
Because treatment of rats with L-deprenyl also 
affects TH expression, it has even been sug- 
gested that the observed effects of L-deprenyl 
are secondary to changes in TH activity and 
rate of dopamine synthesis (Haavik et al., 
1997a; Goc and Stachowiak, 1994; Rodriguez 
et al., 1997). 

Neuromelanin 

It has been suggested that neuromelanin, or 
a compound related to this substance, is 

involved in the mechanisms leading to loss of 
dopaminergic neurons in PD, because a selec- 
tive injury of dopaminergic cells with a high 
content of neuromelanin has been observed in 
several studies (Hirsch, 1993, 1994). Neurome- 
lanin may, under normal conditions, have a 
cytoprotective function in the sequestration of 
Fe(II). However, under altered conditions, like 
in PD, it is thought to possess a cytotoxic role 
by exerting cellular damage, initiating redox 
reactions, and chelating and concentrating 
redox active transition metals, such as iron 
(Enochs et al., 1994). 

It is well established that nonenzymatically 
or tyrosinase-mediated oxidation of catechol- 
amines generates highly reactive o-quinone 
intermediates. These compounds can undergo 
cyclization and polymerization or react with 
cellular thiols to form neuromelanin (eume- 
lanins and pheomelanins, respectively; Gra- 
ham, 1978). However, the mechanism of the 
synthesis of neuromelanin in the human brain 
has been subject to some controversy. Whereas 
most investigators have concluded that its 
formation is initiated by the nonenzymatic 
oxidation of catechols and catecholamines 
(Barden, 1969; Rodgers and Curzon, 1975; Lin- 
ert et al., 1996), the involvement of oxidative 
enzymes such as tyrosinase (Miranda et al., 
1984), or peroxidase (Okun et al., 1971) has 
also been suggested. Tyrosinases are wide- 
spread in nature and are responsible for the 
biosynthesis of the photo protective melanin 
pigments that are found in external organs in 
higher organisms (Hearing and Jimenez, 1987). 
However, it is not clear whether the human 
SN contains significant levels of this enzyme 
(Miranda et al., 1984). 

In contrast to tyrosinase, TH is expressed at 
high levels in the SN, but has been believed 
to possess a narrow substrate specificity, not 
including catechols or catecholamines (Kauf- 
man, 1995). Therefore, the participation of TH 
in the oxidation of catechols and formation 
of neuromelanin has generally been excluded 
(Rodgers and Curzon, 1975; Miranda et al., 
1984). However, in recent studies, the substrate 
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Fig. 1. Schematic presentation of the hydroxylation reaction catalyzed by tyrosine hydroxylase (TH), includ- 
ing a possible generation of reactive oxygen species. The cofactor (BH4) product is released from TH as 4a-OH- 
BH4, which dehydrates to the quinonoid dihydrobiopterin (q-BH2), or forms a putative cyclic intermediate 
(4a-Cyc-BH4); AlmSs et al., 1996. BH4 is subsequently regenerated by the NADH-dependent enzyme dihy- 
dropteridine reductase. [X] represents an unknown intermediate. L-DOPA is converted to dopamine by DOPA 
decarboxylase (aromatic amino acid decarboxylase). Alternatively, some of the DOPA may be oxidized by TH to 
form 5-S-cysteinyl DOPA (or other thioether derivatives of DOPA). For further information, see  text and Haavik 
and Flatmark, 1987; AImSs et al., 1996. 

specificity of TH has been investigated in more 
detail (Fitzpatrick, 1989; Hillas and Fitzpatrick, 
1996) and found to be considerably broader 
than originally thought. Thus, it has recently 
been found that L-DOPA is an excellent sub- 
strate for rat, bovine, and human TH, (Haavik, 
1997) and is converted to 5-S-cysteinyl DOPA 
in the presence of cysteine or to analogous 
thiol adducts in the presence of other thiols. 
This finding has raised the possibility that TH 
may also contribute to the formation of neu- 
romelanin (pheomelanin) in vivo (Haavik, 
1997) (Fig.l). A DOPA oxidase activity present 
in the cochleae of adult gerbils has also been 
proposed to be involved in the synthesis of 
neuromelanin (Benedito et al., 1997). This 
enzyme has many properties in common with 
both TH and tyrosinase, but in contrast to TH 

it is inhibited by 2-mercaptoethanol and is not 
stimulated by (6R)-tetrahydrobiopterin (BH4). 

Generation of ROS by Iron 

Many biochemical processes are critically 
dependent on the cytoplasmic levels of iron(II) 
or iron(III), and the brain seems to have effi- 
cient mechanisms for the transport, storage, 
and redox shuttling of this metal (Bradbury, 
1997). The accumulation of iron and possibly 
other transition metals in the SN of PD 
patients has been reported in several studies 
(Dexter et al., 1987, 1989; Sofic et al., 1991), 
whereas other investigators have not found a 
significantly increased iron content (Riederer 
et al., 1989). Iron has a potential pathogenetic 
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role in PD because of its ability to generate 
ROS and Fe(III)-melanin complexes, which 
subsequently can lead to oxidative stress 
(Linert et al., 1996; Gerlach et al., 1994). Intra- 
nigral injections of iron(II) have been shown 
to induce neuronal death and therefore 
have been suggested as a model of progressive 
parkinsonism (Jenner and Olanow, 1996). 
Recently, it has been reported that the SN of 6- 
hydroxydopamine (6-OHDA)-lesioned rats 
accumulates high concentrations of iron (He 
et al., 1996). However, an important question 
that remains unresolved is whether the in- 
creased iron concentration is an early (causal) 
factor or a consequence of the neurodegen- 
erative process. As it has been shown that DA 
reacts spontaneously, without the necessity 
of MAO or metal ion catalysis, to produce 
stoichiometric amounts of H202 and dop- 
aminochrome, the pathogenetic significance of 
both these factors has recently been ques- 
tioned (Linert et al., 1996). 

Biochemical Evidence for Oxidative 
Injury in PD 

Oxidative injury manifests itself as an 
increased oxidation of cellular constituents 
(lipids and proteins) and DNA damage. Lipid 
peroxidation (Dexter et al., 1989) and protein 
damage (see below) have been observed in the 
SN of PD patients, which indicates that oxida- 
tive stress is involved in the pathogenesis of 
this disease. Furthermore, an age-dependent 
accumulation of oxidized nucleotides in mito- 
chondrial DNA (mtDNA) (Mecocci et al., 
1993) and an increased frequency of mtDNA 
deletion mutations in the putamen, caudate, 
or SN, relative to other brain regions such as 
the cerebellum, has been reported (Soong et 
al., 1992). Evidence for the involvement of 
hereditary mtDNA mutations in various neu- 
rological disorders (Schapira and Cooper, 
1992; Egensperger et al, 1997), and an 
increased frequency of mtDNA deletion muta- 
tions, mainly in the genes encoding for com- 
plex I (Ikebe et al., 1990; Schnopp et al., 1996), 

has been found in the brain, as well as in 
peripheral tissues, in some PD patients. How- 
ever, whether the deletion in mtDNA really 
contributes to the pathogenesis of PD or is 
purely age-related (Mann et al., 1992; Kosel et 
al., 1997) is not clear. 

ROS Scavengers 

As described above, many factors may con- 
tribute to the generation of ROS under normal 
as well as pathological conditions. Still, it is of 
equal importance to consider the scavenging 
of these compounds, since the cause of oxida- 
tive stress is postulated to be an imbalance 
between the production and the clearance of 
oxidative species (Kehrer, 1993). Low-molecu- 
lar-weight antioxidants like vitamin E, ascor- 
bic acid (vitamin C), carotene (vitamin A), 
and glutathione, directly interact with ROS, 
whereas enzymes such as SOD, glutathione 
peroxidase, and catalase convert these species 
to less reactive compounds. SOD and vitamin 
E have been found to partially protect 
catecholaminergic neurons against 6-OHDA- 
mediated injury (Albino Teixeira et al., 1991). 
SOD exerts its antioxidizing effect by convert- 
ing superoxide to H202, which is subsequently 
metabolized by glutathione peroxidase or 
catalase (Kehrer, 1993). Still other enzymes are 
involved in repairing the damage on proteins, 
lipids, and nucleic acids. 

The glial enzyme glutathione peroxidase is 
the major protective enzyme against accumu- 
lation of H202 (Damier et al., 1993), indicating 
a coupling between neurons and glia cells with 
regard to the clearance of toxic species. The 
activity of glutathione peroxidase has been 
reported to increase with the severity of neu- 
ronal degradation in SN (Damier et al., 1993). 
This suggests a protective role of glutathione 
peroxidase against oxidative stress and the 
gliosis found to surround the dopaminergic 
cells in PD could be a way to protect the sur- 
viving neurons. Similarly, glia also contain 
neurotrophic factors that are thought to protect 
neurons against apoptosis. 
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Neurotrophic Factors 

The neurotrophic factors include a large 
group of proteins that are necessary for 
survival and differentiation of neural cells 
(Yoshimoto et al., 1995). Two such factors, 
brain-derived neurotrophic factor (BDNF) and 
glia cell-line-derived neurotrophic factor 
(GDNF), in particular, have been subject to 
much interest because of their positive effect 
on survival and differentiation of dopamin- 
ergic neurons (Hyman et al., 1991). Thus, both 
BDNF and GDNF have been shown to have 
neuroprotective effects in rats treated with 
neurotoxins like MPTP (Yoshimoto et al., 1995; 
Hyman et al., 1991; Tsukahara et al., 1995; Hou 
et al., 1996) and 6-OHDA (Fossom et al., 1992; 
Shults et al., 1995). Such studies have indicated 
that neurotrophic factors may be useful thera- 
peutic tools, most likely in combination with 
other treatments in future management of neu- 
rodegenerative diseases, like PD. 

An insufficient expression of these endoge- 
nous soluble proteins, may result in neuronal 
death or dysfunctional cells, but their direct 
involvement in PD has not been proven. Thus, 
in recent studies, no significant difference in 
the number of TH positive dopaminergic neu- 
rons in the SN were found between mice carry- 
ing a null-mutation for GDNF compared to 
wild-type mice. Also the apparent density of 
dopaminergic projections to the striatum was 
identical (Sanchez et al., 1996; Moore et al., 
1996). These results indicate that GDNF is not 
essential for dopaminergic neurons in embry- 
onic development. However, additional stud- 
ies to determine whether a continued lack of 
neurotrophic factors will have any effects on 
dopaminergic neurons later in life, need to be 
done (Granholm et al., 1997). 

Is Tyrosine Hydroxylase a Source 
of Oxidant Stress? 

The apparent correlation between the extent 
of neuronal damage and the regional distribu- 

tion of catecholamines, neuromelanin, iron, 
and so on, has been presented as evidence 
supporting a causal relationship between these 
findings. Although such arguments must be 
supplemented by more direct evidence, a 
similar correlation can also be found for other 
biochemical markers of catecholaminergic 
neurons, including TH levels. Because it 
employs highly reactive intermediates to intro- 
duce hydroxyl groups into the relatively inert 
CH-bonds in its substrates (Kappock and 
Caradonna, 1996), the TH system has recently 
been suggested to contribute to the formation 
of H202 and other ROS in vitro (Haavik et al., 
1997a). 

The arguments that support a pathogenetic 
role of TH can be summarized as follows: The 
TH cofactor BH4 is subject to autoxidation, in a 
radical-mediated chain reaction generating 
superoxide and H202 (Blair and Pearson, 
1974). TH is capable of generating H202 during 
the uncoupled reaction in vitro. Although a 
small fraction (<10%) of the consumed dioxy- 
gen is converted into H202 under normal con- 
ditions, this fraction is much higher when the 
unnatural isomer 7-BH4 is used as cofactor 
(Haavik et al., 1997). The concentration of 7- 
BH4 is usually low, but significant amounts of 
this isomer is formed from BH4 in patients who 
are deficient in pterin-4a-carbinolamine dehy- 
dratase, an enzyme involved in recycling of 
BH4 (see Fig. 1; Adler et al., 1992). TH contains 
redox-active non-heme iron (Meyer Klaucke et 
al., 1996). Using an indirect liquid chromatog- 
raphy/electrochemical assay, a significant in- 
crease (40%) in "OH formation from H202 and 
Fe(II) was observed in the presence of stoichio- 
metric amounts of TH (Haavik et al., 1997). In 
theory, the enzyme-bound iron can react with 
H202 and possibly superoxide to generate "OH 
in a Fenton type of reaction. 

Like other cellular proteins, TH is also a pos- 
sible target for damaging alterations induced 
by ROS. The pteridine-dependent aromatic 
amino acid hydroxylases (TH, phenylalanine 
hydroxylase [PAH] and tryptophan hydroxy- 
lase [TPH]) are rapidly inactivated in vitro by 
exposure to H202 or high levels of 02 (Kauf- 

Molecular Neurobiology Volume 16, 1998 



TH and Parkinson's Disease 291 

man, 1995; Kappock and Caradonna, 1996). 
This inactivation is probably caused by the 
reversible oxidation of enzyme-bound iron(II) 
and irreversible oxidative damage of essential 
amino acid residues by "OH or other ROS 
(Fink and Elstner, 1984). The extent of amino 
acid oxidation can be estimated by measuring 
the formation of carbonyl groups in the target 
proteins (Poirier et al., 1991). 

In aged rats (24 mo), De La Cruz et al. (1996) 
found a significant increase (59%) of carbonyl 
groups of TH enzyme in SN compared to 
young animals (4-12 mo). This suggests that 
either there is an age-dependent decrease in 
the rate of proteolytic degradation of TH pro- 
tein, or the amount of TH protein damaged by 
ROS is really higher in aged rats. In addition, a 
decrease in specific TH activity was observed, 
which implies the formation of inactive TH 
enzyme. These alterations were mainly seen in 
the SN, whereas the striatum seemed to be rel- 
atively unaffected by this oxidative damage. 
Thus, the SN seems to be more vulnerable to 
oxidative damage than other brain regions. 
Interestingly, TH in intact PC12 cells is also 
inactivated by peroxynitrite, a compound that 
has been implicated as a mediator for the 
oxidative injury in neurodegenerative disor- 
ders (Ischiropoulos et al., 1995). Although it 
has not been proven that oxidative inactivation 
of TH is involved in the pathogenesis of PD in 
humans, it is interesting to note that the TH 
content (and DA biosynthetic capacity) also 
seems to be decreased in the surviving nigral 
neurons (McRitchie et al., 1997). 

TH's ability to generate ROS, together with 
the fact that some of these species are very 
short lived and therefore mainly exert a local 
effect, suggest that some of the oxidative dam- 
age to TH could be generated by the TH sys- 
tem itself. However, as it is very difficult to 
separate the possible pathogenetic effects of the 
TH system from the effects of catecholamines 
and other components of catecholaminergic 
neurons, this hypothesis is difficult to test. It 
has been suspected that treatment with high 
doses of L-DOPA can accelerate the progression 
of PD, because of the cytotoxic effects of this 

amino acid (Youdim and Riederer, 1997). If the 
intracellular levels of DOPA are equal to or 
higher than the tyrosine concentration, the 
DOPA oxidase activity of TH could be signifi- 
cant and theoretically contribute to the cytotox- 
icity of DOPA (Haavik, 1997). 

Genetic Factors 

The genetic contribution to the etiology of 
PD has been controversial. Although most PD 
cases seem to be sporadic, many theories sug- 
gesting both environmental and genetic fac- 
tors, or a combination of these, have been put 
forward. Early searches for a genetic contribu- 
tion to PD using twin studies did not reveal 
significantly higher rates of concordance in 
monozygotic than dizygotic pairs. However, 
more recent studies have concluded that in cer- 
tain populations genetic factors play a substan- 
tial etiological role (for a review, see Vieregge, 
1994), and indications for an autosomal domi- 
nant inheritance of PD in some large multi case 
families have been reported (Degl'Innocenti et 
al., 1989; Golbe et al., 1990). Recently, genetic 
markers on chromosome 4q21-q23 were found 
to be linked to PD phenotype in a large Italian 
kindred with autosomal dominant PD (Poly- 
meropoulos et al., 1996) and the patients were 
shown to have a single nucleotide change at 
position 209 in the R-synuclein gene (Poly- 
meropoulos et al., 1997). This corresponds to a 
missense mutation (Ala53Thr) in this presy- 
naptic protein, which is thought to be involved 
in synaptic plasticity. Interestingly, rats and 
zebra finches normally have this amino acid 
change in their homologs to the human 0~- 
synuclein gene, apparently without any harm- 
ful effects. As the mutation was found in all 
except one of the patients, and was not present 
in more than 300 human control chromosomes, 
it was suggested that ~-synuclein is involved 
in the pathogenesis of PD in this family. One 
possible dominant negative disease mecha- 
nism would involve the formation of insoluble 
aggregates of the mutant protein (Polymero- 
poulos et al., 1997). 
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Although mutations in the {x-synuclein gene 
probably accounts for a small proportion of PD 
cases, this finding illustrates the similarities 
between PD and familial forms of other mam- 
malian neurodegenerative disorders, where at 
least a dozen different mutant proteins have 
been assigned a role in the pathogenesis 
(Heintz and Zoghbi, 1997; Warner, 1994). In 
most cases in which the biological roles of the 
proteins have been identified, they normally 
function as receptors, ion channels, or en- 
zymes. A particularly instructive example of 
the latter involves the SOD1 gene which is 
mutated in some cases of familial amyotrophic 
lateral sclerosis (Nutr. Rev. 51, 243-245). 

In theory, different alterations in the proper- 
ties of SOD can have various detrimental 
effects on neurons. Thus, mutations leading to 
an elevated activity of SOD1 will increase the 
metabolism of superoxide and the formation of 
H202. On the other hand, if the SOD activity is 
decreased, superoxide will accumulate, also 
having potential neurotoxic effects. Gain of 
function mutants with an altered spectrum of 
substrates and reaction products can also be 
imagined. However, apart from these special 
cases, the best established mechanism of cellu- 
lar injury in neurodegenerative disorders 
seems to be the abnormal accumulation of 
insoluble aggregates of the mutant proteins, as 
observed for familial Alzheimers disease, 
prion-related diseases, and, more recently, trin- 
ucleotide repeat diseases such as Huntington's 
chorea (Davies et al., 1997; Scherzinger et al., 
1997). 

Dystonia and Atypical PD 

Dystonia refers to a heterogenous group of 
movement disorders of unknown etiology, 
where some forms have many clinical similari- 
ties to PD. The primary dystonias can be 
divided into various clinical subtypes that 
have been mapped to several chromosomal 
loci, including 9q34 (Orelius et al., 1989), 
14q22.1-22.2 (Ichinose et al., 1994), 17q21 
(Wijker et al., 1996), and Xq21 (Kupke et al., 

1992). Segawa's syndrome (hereditary progres- 
sive dystonia with marked diurnal fluctuation) 
or DOPA-responsive dystonia (DRD), which 
accounts for 5-10% of primary dystonia of 
childhood and adolescence, is characterized by 
a dramatic response to low doses of L-DOPA 
(Nygaard et al., 1988). As some DRD patients 
have reduced levels of biopterin and respond 
to treatment with BH4 (Fink et al., 1989), it has 
been proposed that DRD is caused by a distur- 
bance in the synthesis of DA, possibly sec- 
ondary to an impaired synthesis of BH4 (Fink 
et al., 1988) (Fig.l). A neurochemical and neu- 
ropathological study of an autopsied case of 
DRD revealed a remarkable reduction in DA 
levels and TH activity in the striatum, leading 
the investigators to suggest that DRD may 
be caused by a disturbed DA synthesis or 
arborization of striatal DA terminals (Rajput et 
al., 1994). Consistent with this, Ichinose et al. 
(1994) reported that several patients with auto- 
somal dominant DRD were heterozygous for 
mutations in the gene for GTP cyclohydrolase I 
(GTP-CH), the enzyme that catalyses the first 
and rate-limiting step in the biosynthesis of 
BH4. They also showed that the chromosomal 
location of GTP-CH corresponded to the DRD 
locus (14.q.22.1-14.22.2). Later, several addi- 
tional GTP-CH mutations have been detected 
in patients with autosomal dominant DRD in 
different populations (Bandmann et al., 1996a). 
However, recent studies on sporadic cases of 
DRD have indicated that mutations in the 
GTP-CH gene are not likely to be responsible 
for the development of parkinsonism or dysto- 
nia in patients without a positive family his- 
tory of DRD (Bandmann et al., 1996b). 

As the DRD patients were heterozygous for 
the GTP-CH mutations, and affected females 
more frequently than males, it has been specu- 
lated that the mutations could have a dominant 
negative effect, and that the clinical outcome is 
also determined by other unknown factors. The 
apparently selective loss of dopaminergic neu- 
ronal function has been explained by relative 
low levels of GTP-CH expression in dopamin- 
ergic neurons (Kapatos et al., 1997), the high 
rate of DA production in the SN pars compacta, 
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and the high Km value of BH4 for TH, relative to 
other pteridine dependent enzymes, such as 
PAH and TPH (Segawa, 1996). However, the 
last explanation is not completely satisfactor~ 
considering the wide and overlapping ranges 
of Km values for these enzymes reported in the 
literature. In contrast to the relatively mild phe- 
notype associated with the dominant form of 
GTP-CH mutations, patients who are homozy- 
gous for GTP-CH deficiency have a severe clin- 
ical picture, dominated by atypical malignant 
phenylketonuria (PKU) (Ichinose et al., 1994; 
Th6ny and Blau, 1997). 

TH Mutations in Humans 

Based on observations suggesting an 
impaired DA synthesis and beneficial effects of 
BH4 therapy in DRD, it was suggested that TH 
is a likely candidate gene in this disease 
(Bartholome, 1983). Indeed, shortly after the 
discovery of GTP-CH mutations in patients 
with DRD, Liidecke et al. reported a homozy- 
gous missense mutation (Q381K) in the 
conserved exon 11 (catalytic domain) of TH in 
two siblings with autosomal recessive DRD 
(Lfidecke et al., 1995). Subsequent expression 
of the mutant protein and activity measure- 
ments in vitro showed a reduced Vmax and an 
increased Km for tyrosine, indicating a causal 
relationship between the TH mutation and the 
metabolic defect of the patients (Ltidecke et al., 
1995; Knappskog et al., 1995). Furthermore, 
examination of the X-ray structure of trun- 
cated rat TH (see below), has shown that this 
mutation may lead to local movement in an cz- 
helix close to the active site (Goodwill et al., 
1997). Subsequently, two other mutations in 
exon 5 (L205P and R202H) have been shown to 
be associated with a severe form of DRD. Pre- 
liminary studies of the L205P mutant protein, 
expressed in eukaryotic and prokaryotic cells, 
showed a reduced stability and Vmax in vitro 
(Liidecke et al., 1996). This was expected from 
the structural modeling, as this mutation prob- 
ably disrupts an R-helical structure (Goodwill 
et al., 1997). 

In contrast to the documented role of TH in 
the etiology of familial DRD, studies in patients 
with sporadic or familial PD have suggested 
that the TH locus is not a major genetic deter- 
minant (Plante Bordeneuve et al., 1994; Gasser 
et al., 1994). Although PD is different from 
DRD in that no signs of dopaminergic neuro- 
degeneration appears in the latter (Rajput et al., 
1994), the clinical features of the two syn- 
dromes are overlapping. Thus, DRD typically 
presents with dystonia in the lower limbs in 
childhood, but may produce an akinetic-rigid 
syndrome in middle and old age (Bandmann et 
al., 1996b), and the patients with mutations in 
exon 5 of TH had a clinical picture consistent 
with severe DRD or juvenile PD. Still, it is 
presently not clear how suitable the DRD 
model is for the study of all aspects of PD etiol- 
ogy and comparisons between the two syn- 
dromes must obviously be done with caution. 

In contrast to the small number of disease- 
related mutations that have been detected in 
the TH gene, the PAH locus mutation database 
has registered more than 300 different muta- 
tions and polymorphisms, making it one of 
the best-characterized human genes (Scriver et 
al., 1996). As TH and PAH are functionally and 
structurally homologous proteins (Erlandsen 
et al., 1997a), and have a similar DNA compo- 
sition (Dahland Mercer, 1986), the mutation 
rates of the two genes are likely to be similar. 
The frequency of heterozygous carriers or 
homozygous patients with mutant genes 
should therefore be comparable. Thus, it has 
long been suspected that the main reasons for 
this large difference in observed mutation fre- 
quencies is the existence of efficient biochemi- 
cal screening programs for PKU and that many 
mutations in the TH gene are incompatible 
with life in the homozygous form. In accor- 
dance with this notion, it has been found that 
all the DRD associated TH mutants char- 
acterized so far have some residual activity, 
i.e., corresponding to the mild forms of hyper- 
phenylalaninemia associated with PAH muta- 
tions (Ltidecke et al., 1996; Goodwill et al., 
1997). In analogy with TH, very few PAH 
mutations have been found among non PKU 
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hyperphenylalaninemia patients. Furthermore, 
inactivation of both TH alleles in mice results 
in >90% lethality caused by cardiovascular fail- 
ure between embryonic days 11.5 and 15.5 
(Kobayashi et al., 1995; Zhou et al., 1995). 

From studies on other diseases, it is clear that 
mutations in a single gene may be associated 
with several different clinical phenotypes. As 
discussed above, different mutations in 
enzymes such as SOD or TH may either lead to 
loss of function, or to the gain of new functions 
with various consequences for the host cells. In 
particular, active site mutations in TH could 
either lead to loss of activity or affect the re- 
action coupling, increasing ROS formation 
and causing oxidative damage. In addition to 
its importance in extrapyramidal motor dis- 
orders, the TH gene has particularly been 
implied in the pathogenesis of psychiatric dis- 
orders, such as manic depressive illness and 
schizophrenia. Whereas several studies have 
concluded that the TH gene is not a major locus 
in these diseases, a recent two-locus admixture 
analysis of patients with affective disorder 
showed that a locus at or near TH influenced 
disease susceptibility in some pedigrees (Smyth 
et al., 1997). Furthermore, a DNA polymor- 
phism in the first intron of the TH gene 
appears to be associated with disturbances of 
the catecholaminergic system in schizophrenia 
(Thibaut et al., 1997). These recent findings 
illustrate that it is premature to exclude the 
involvement of TH in the pathogenesis of psy- 
chiatric disorders (Mallet, 1996). 

The Tyrosine Hydroxylase Reaction 

TH is a non-heme iron protein that uses 
one molecule of dioxygen to hydroxylate its 
amino acid and tetrahydropterin substrates 
to hydroxy-amino acids and 4a-hydroxy- 
tetrahydropterins, respectively (Kappock and 
Caradonna, 1996; Nagatsu, 1995). As the 
4a-hydroxy-tetrahydropterin subsequently de- 
hydrates and is regenerated by the NADH- 
dependent enzyme dihydropteridine reductase 
(Hearing and Jimenez, 1987; Haavik and Flat- 

mark, 1987), it is frequently termed a co- 
factor for the pteridine-dependent hydroxylases 
(Fig.l). BH4 is the most abundant of the uncon- 
jugated tetrahydropterins in mammalian tissues 
and is considered to be the natural tetrahy- 
dropterin substrate for these enzymes, although 
many different tetrahydropteridines and py- 
rimidine analogs will function as substrates 
(Kappock and Caradonna, 1996). 

TH Structure 

The active site structure and catalytic mech- 
anism of the aromatic amino acid hydroxy- 
lases have been investigated by kinetic and 
spectroscopic techniques, as well as by site- 
directed mutagenesis. In particular, the metal- 
binding sites in TH and PAH have been 
studied by UV-visible, electron-paramagnetic 
resonance, resonance Raman, M6ssbauer, 1H- 
nuclear magnetic resonance, and extended X- 
ray-absorption fine-structure spectroscopy 
(Meyer Klaucke et al., 1996; Ramsey et al., 
1996). These studies indicate that the active 
site iron(II) in TH is solvent exposed and is 
hexa-coordinated to two histidine residues 
and several oxygen ligands, such as water or 
carboxylate residues. The histidines were ten- 
tatively identified as His331 and His336 (num- 
bering corresponding to the rat TH sequence), 
based on experiments using site-directed 
mutagenesis (Ramsey et al., 1995). The iron is 
necessary for catalytic turnover, and the 
tetrahydropterin and amino acid substrates 
bind close to the iron(II) center, but probably 
without a direct coordination to the metal 
(Martinez et al., 1993). 

Recently, the three-dimensional structure of 
the homotetrameric C-terminal domain of rat 
TH (including the active site) has been studied 
by X-ray crystallography (Goodwill et al., 
1997), providing a structural basis for many of 
the observed properties of this enzyme. As the 
truncated form of the enzyme has full catalytic 
activity, it was assumed that the active site 
structure was identical to that of the full-length 
enzyme. Each monomer contains 14 s-helices 
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(49%) and 8 ~5-strands (9%) and can be sub- 
divided into an active site domain (resi- 
dues  155-456) and a tetramerization domain 
(residues 457-498). The active site is formed by 
a 17-A deep crevice in the center of the C-ter- 
minal domain. This study showed that the 
iron is placed 10 A below the enzyme surface, 
in a flexible, solvent exposed position, coordi- 
nated to His331, His336, Glu376, and at least 
two water molecules. The iron-coordination 
geometry has many similarities to that of other 
non-heme iron proteins, such as the extradiol- 
cleaving dioxygenase 2,3-dihydroxybiphenyl 
1,2-dioxygenase (Han et al., 1995). In addition, 
a truncated form of human PAH has recently 
been crystallized (Erlandsen et al., 1997b) and 
X-ray studies have shown a similar active-site 
structure as reported for TH, although differ- 
ent amino acid residues may be involved in 
substrate binding (Erlandsen et al., 1997a). 
While the crystal structure and spectroscopic 
studies indicated the presence of 5- and 6-coor- 
dinate iron in TH, respectively, recent M6ss- 
bauer spectroscopic studies (Meyer Klaucke et 
al., 1996) have indicated that the iron environ- 
ment probably is flexible, as the sixth iron lig- 
and probably is a loosely associated water 
molecule (Schiinemann et al., manuscript in 
preparation). The X-ray structure has also 
identified the position of a number of the 
known substitution mutants in human TH and 
PAH (see above). Hopefully, it will be possible 
to crystallize at least some of the disease- 
related mutants and subject them to X-ray 
crystallographic analysis, in order to verify 
their effects on the tertiary and quaternary 
structure of the enzymes. Similarly, structural 
studies on the intact enzymes, including their 
N-terminal regulatory domains, should pro- 
vide further insight into their function. 

Iron Dependency of TH 

The cellular concentration of iron is critical 
for the function of a number of iron-dependent 
biochemical processes, including the biosyn- 
thesis of catecholamines (Bradbury, 1997). 

Recently, the four isoforms of human TH and 
rat TH have been expressed in E. coli and puri- 
fied in large quantities (Kaufman, 1995; Haavik 
et al., 1991). From these studies, it has been 
concluded that the enzyme activity is depen- 
dent on iron(II), which binds to the protein in 
stoichiometric amounts with a KD in the micro- 
molar range (Kaufman, 1995; Haavik et al., 
1991; Haavik et al., 1992). As TH is completely 
dependent on Fe(II), and it appears to be a 
direct relationship between the iron concentra- 
tion and the enzyme activity, activation of 
TH by Fe(II) has even been suggested as a 
biochemical assay for measuring free iron con- 
centrations in cellular extracts (Tangeras, un- 
published observations). If the enzyme really 
is dependent on micromolar levels of free 
intracellular Fe(II), such high iron levels may 
also constitute a risk factor for oxidative stress 
in the catecholaminergic neurons by other 
mechanisms (see above; Haavik et al., 1997). 

Regulation of TH 

The regulation of tyrosine hydroxylase activ- 
ity has been most thoroughly studied in the 
peripheral nervous system, e.g., in sympa- 
thetic ganglia and adrenal medulla. These 
studies have shown that TH is regulated by 
different mechanisms in response to changes 
in the environment and to neuronal and hor- 
monal stimuli. The short-term regulation 
includes posttranslational modifications, such 
as enzyme phosphorylation and inhibition by 
catecholamines, whereas long-term regulation 
is executed via transcriptional modifications 
and possibly alterations in enzyme stability 
(Hearing and Jimenez, 1987; Kappock and 
Caradonna, 1996; Gahn and Roskoski, 1995; 
Kumer and Vrana, 1996; Goldstein, 1995). 

The feed-back inhibition of TH by cate- 
cholamines was reported more than 30 yr ago 
(Nagatsu et al., 1964). More recently, this inhi- 
bition has been shown to be related to the high 
affinity of catechols and catecholamines for 
the active-site iron in TH and other aromatic 
amino acid hydroxylases (Andersson et al., 
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1988; Almas et al., 1992; Michaud Soret et al., 
1995). The catecholamines trap the active-site 
iron in the Fe(III) state, inhibiting the enzyme, 
but also seems to protect TH from inactivation 
(Kumer and Vrana, 1996; Okuno and Fujisawa, 
1991), possibly by preventing its interaction 
with dioxygen, H202, or other oxidants. Al- 
though catecholamines bind to the active site, 
the N-terminal domain of TH is involved in 
regulation of TH activity by feedback inhibi- 
tion. Thus, truncated forms of rat and human 
TH, lacking 52-157 of the N-terminal amino 
acids are reported to be less susceptible to cate- 
cholamine inhibition and to have similar or 
higher specific activities than the intact 
enzymes (Ota et al., 1996; Moffat et al., 1997; 
Ribeiro et al., 1993; Daubner et al., 1993). 
Although some of the truncated enzyme forms 
prepared so far have suffered from a decreased 
stability in vitro, such mutants may be consid- 
ered candidates for developing "improved" 
TH forms more suitable for gene therapy (see 
below). The pronounced inhibition of TH in the 
presence of an excess of DA has lead to the 
suggestion that intermittent inhibition of DA 
synthesis may contribute to the "on-off effects" 
observed on treatment of PD patients with L- 
DOPA (Haavik et al., 1990). 

Phosphorylation of TH 

The N-terminal sequence of mammalian TH 
contains several serine residues that are known 
to be phosphorylated by a variety of protein 
kinases, i.e., Ser8, Ser19, Ser31, and Ser40. The 
kinase specificities can be summarized as fol- 
lows: Ser8 is phosphorylated in vitro by a pro- 
tein kinase related to the cyclin-dependent 
protein kinases, Ser19 by calmodulin-depen- 
dent protein kinase-II (CaM kinase II) and by 
a MAP kinase-activated protein kinase-2 (MAP- 
KAPK-2; Sutherland et al., 1993). Ser31 is phos- 
phorylated by mitogen-activated protein kinase 
(MAPK). The four hTH isoforms vary with 
regard to inserts in the N-terminal domain that 
result in different amino acid sequences imme- 
diately after the amino acid Ser31. This means 

that although Ser31 of all the isoforms are phos- 
phorylated by MAPK, the in vitro phosphoryla- 
tion rates differ (Sutherland et al., 1993). Ser40 is 
phosphorylated in vitro by CaM kinase-II, 
cAMP-dependent protein kinase (PKA), protein 
kinase C (PKC), MAPKAPK-1, and MAPKAPK- 
2. Interestingly, the regulation of TH by phos- 
phorylation and catecholamine binding are 
related phenomena, as phosphorylation of 
Ser40 is known to increase the Ki for cate- 
cholamine inhibition (Kumer and Vrana, 1996; 
Alm~s et al., 1992; Daubner et al., 1992). Using 
site-directed mutagenesis, Ser40 has been 
replaced by other amino acids, in order to deter- 
mine to which degree phosphorylation of this 
serine contributes to the activation of TH. 
Replacement of Ser40 with alanine (Daubner et 
al., 1992), leucine, or tyrosine (Wu et al., 1992) 
resulted in a loss of phosphorylation ability by 
PKA, and a constitutively activated enzyme, 
with a decreased Km for BH4 and an increased Ki 
for DA. The same phenomenon was observed 
by deletion of the 40 N-terminal amino acids of 
TH (Walker et al., 1994). This implies that Ser40 
in the intact enzyme inhibits TH activity and 
that the inhibition is reversed by phosphoryla- 
tion with PKA. In cell-culture studies, the phos- 
phorylation of Ser19, Ser31, and Ser40 is 
increased by agonists that stimulate TH activity 
and catecholamine synthesis (Haycock, 1993; 
Thomas et al., 1997; Haavik et al., 1997b). 

In addition to its regulation by catechol- 
amines and phosphorylation, which are likely 
to have a physiological significance, the enzyme 
activity can also be modulated by a variety of 
different compounds in vitro, such as heparin, 
phospholipids, and polyanions (for a review, see 
Kumer and Vrana (1996). Association of the 
effectors with the enzyme are believed to be 
through electrostatic interactions. It remains to 
be established whether these mechanisms are 
involved in the regulation of TH in situ. 

Stress-Activated Protein Kinases 

Neuronal cell death in the neurodegenera- 
tive disorders occurs by apoptosis, and an ini- 
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tial oxidative injury may be considered as a 
trigger for the apoptotic signaling pathway 
(Whittemore et al., 1994). The intracellular sig- 
nals leading to apoptosis involve several pro- 
tein kinases that are activated by physiological 
stimuli or by cellular injury. Recent work has 
defined two cascades activated preferentially 
by inflammatory cytokines, as well as by a 
wide variety of cellular stresses, such as UV 
radiation, hyperosmolarity, heat stress, oxida- 
tive stress, and so on. One pathway converges 
on the extracellular-regulated kinase (ERK) 
subfamily known as the stress-activated pro- 
tein kinases (SAPKs, also termed Jun N termi- 
nal kinases, JNKs; for reviews, see Cano and 
Mahadevan, 1995; Woodgett et al., 1996), 
whereas the second pathway recruits the p38 
kinases. It has been proposed that these cas- 
cades signal cell-cycle delay, cellular repair, or 
apoptosis in many cell types, as well as activa- 
tion of immune and reticuloendothelial cells 
(Kyriakis and Avruch, 1996; Kummer et al., 
1997). However, it has also been argued that 
the SAPK activation and some of these biologi- 
cal responses may represent parallel events 
that are not causally related. 

SAPKs have recently been characterized in 
PC12 cells and chromaffin cells, where they 
seem to be involved in TH regulation. Thus, 
the TH activity is increased by different cellu- 
lar stress-stimuli including sodium arsenite, 
osmotic shock and UV radiation (Thomas et 
al., 1997; Haavik et al., 1997b). The effects of 
such stimuli are transmitted via SAPK-2, 
which activates the MAPKAPK-2, which sub- 
sequently phosphorylates Ser19 in TH, result- 
ing in activation of the enzyme (Fig. 2). 
Interestingly, in intact cells, this kinase specifi- 
cally increases the phosphate content of Ser19, 
whereas the purified enzyme phosphorylates 
both Ser19 and Ser40. This may be because of 
the rapid dephosphorylation of Ser40 in chro- 
maffin cells. It is not known whether these 
kinases are involved in the pathogenesis of PD, 
but it is interesting to note that TH has been 
reported to be in an activated and possibly 
phosphorylated state in the SN of PD patients 
(Mogi et al., 1988). 

Long-Term Regulation 

The long-term regulation of TH can also be 
mediated by phosphorylation mechanisms. 
Hormones (e.g., glucocorticoids), drugs (e.g., 
cocaine), or second messengers such as cAMP 
increase TH transcription (Kumer and Vrana, 
1996). cAMP activates cAMP- dependent pro- 
tein kinase (PKA), which phosphorylates and 
activates cAMP-responsive element binding 
proteins (CREB and/or  c-jun). Binding to 
response elements in the TH-gene promoter 
region then induces transcription of the gene 
(Kim et al., 1993; Stachowiak et al., 1994). Stud- 
ies on PC18 cells, stimulating the TH-gene pro- 
moter activity by carbachol, showed that the 
response was mainly mediated by transcrip- 
tion factors interacting with the CRE site, but 
that the AP1 site, though to a smaller extent, 
also participated in the response to carbachol 
(Chen et al., 1996). 

Alternative Splicing 

Alterations in TH expression by alternative 
splicing of TH-mRNA were first discovered in 
humans, resulting in at least four different iso- 
forms of TH (Grima et al., 1987). Using iso- 
form-specific antibodies, it has been possible to 
measure the relative abundance of all these 
forms in the human brain (Lewis et al., 1993). 
Alternative splice forms have recently also 
been found in rat (Laniece et al., 1996) and in 
Drosophila melanogaster TH mRNA (Birman et 
al., 1994). This diversity of TH isoforms and 
their differences in activity and distribution 
have suggested that alternative splicing could 
be an additional mechanism for the regulation 
of TH activity and control of catecholamine 
synthesis. Recently, Dumas et al. discovered 
additional splice variants of human TH (hTH) 
mRNA in postmortem adrenal medulla (AM) 
at a similar level as the previously known 
hTH3 and hTH4 isoforms (Dumas et al., 1996). 
However, the new isoforms were not detected 
in SN. In patients suffering from progressive 
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Fig. 2. Relationship between the activation of tyrosine hydroxylase by cellular stresses and by acetylcholine 
(bovine chromaffin cells or PC12 cells). The figure is showing a situation in which oxidative injury can activate 
TH and increase TH activity, which can further increase oxidative injury. The inhibitors PD 98059 and SB 
203580 bind specifically to MAP kinase kinase 1 (MKK1) and SAPK2, respectively. For abbreviations and further 
details see the text and (Wu et al., 1992). 

supranuclear palsy, an increase from 4-6% of 
total hTH mRNA in controls to 11-34% in 
patients of these alternatively spliced TH 
mRNA species were observed. Whether the 
increase was caused by mRNA degradation 
caused by the stress associated with the dis- 
ease or is causally involved, remains to be 
established. Furthermore, it is not yet known 
how efficiently these novel mRNA species are 
translated and the putative novel TH proteins 
have not been characterized. 

For instance, a limited availability of oxygen 
(hypoxia), has been found to increase both the 
rate of TH gene transcription and TH-mRNA 
stability in carotid bodies (Czyzyk Krzeska et 
al., 1992) and oxygen-sensitive PC12 cells 
(Czyzyk Krzeska et al., 1994). The increased 
stability correlated with an enhanced binding 
of a cytoplasmic protein to a sequence in the 3' 
untranslated region of TH-mRNA which could 
serve as a protection of mRNA, degradation by 
nucleases (Czyzyk Krzeska et al., 1997). 

TH mRNA Stability 

The long-term regulation of TH activity 
also involves posttranscriptional mechanisms 
(Kumer and Vrana, 1996; Tumer et al., 1996). 

The Potential of TH 
in the Treatment of PD 

The common treatment strategies for PD 
usually consist of supplying substances that 
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compensate for the DA and TH deficiency in 
dopaminergic neurons. Such treatments in- 
clude the administration of L-DOPA, DA ago- 
nists, and/or  inhibitors of DA metabolism. 
As L-DOPA is converted to DA, it can, to some 
extent, compensate for the DA deficiency. 
However, it has also been speculated that 
exogenous L-DOPA is a source of ROS for- 
mation (Walkinshaw and Waters, 1995). In the- 
ory, this problem may be avoided by using 
stabile DA agonists instead of, or in addition to 
the L-DOPA therapy. Treatment with L-DOPA 
and agonists is successful in suppressing many 
of the symptoms found in PD, but after a few 
years the effect of the treatment gradually 
becomes ineffective either because of the loss 
of efficacy or the appearance of adverse side 
effects. This may be related to the progressive 
nature of the degeneration of dopaminergic 
neurons or to a possible injury caused by the 
treatment. Currently, much effort is being 
devoted to developing alternative treatment 
strategies that should be able to delay, halt, or 
even reverse the progression of the disease. 
The importance of TH in the formation of DA 
and the problems associated with the conven- 
tional treatment of PD, has led to the sugges- 
tion of restoring the TH activity by cell 
transplantation or gene therapy. 

time, the patient's own cells continue to degen- 
erate. In theory, the transplant could be 
thought to substitute for the affected cells 
because the fetal tissue is able to reinnervate 
the surrounding tissue of the host (Mendez et 
al., 1996). However, the method is not very 
practical in use, it has a very low efficiency, 
corresponding to a 90-95% loss of the 
dopaminergic cells during the transplantation 
procedure (Sofic et al., 1991), and the dopamin- 
ergic neurons constitute only a few percent of 
the cell population. This is a problem because 
it means that a large amount of tissue is 
needed, whereas the supply of material is lim- 
ited. To improve the fraction of surviving cells 
during transplantation, various approaches are 
being followed, such as inhibiting the genera- 
tion of free radicals by addition of lazaroids 
(Nakao et al., 1994), or inhibiting apoptosis. 
Thus, the injection of glial cell-line-derived 
neurotrophic factor (GDNF; Wang et al., 1996) 
or infusion of brain-derived neurotrophic fac- 
tor (BDNF; Yurek et al., 1996) has been success- 
ful in improving both survival, growth, and 
function of fetal graft implanted in rat PD 
models (Rosenblad et al., 1996), but many 
practical and ethical issues must be resolved 
before treatment with fetal tissue can be 
offered as a routine procedure in humans. 

Surgical Treatment 

In the past, several different surgical proce- 
dures have been tried in PD with moderate 
degree of success. More recently, implantation 
of DA-producing tissues such as fetal nigral 
grafts into the striatum of patients with PD, 
has given some promising results (reviewed in 
Olanow et al., 1996). The reason for placing the 
graft in striatum and not in SN, is the apparent 
inability of nigral grafts to grow axons for long 
distances in the adult host (Mendez et al., 
1996). Also, considering the clinical applica- 
tion, severe surgical complications have been 
seen to follow nigral transplantation (Yoshi- 
moto et al., 1995). Although these grafts have 
been found to survive for extended periods of 

Ex Vivo and In Vivo Gene Therapy 

Genes can be transferred into a host cell 
using different vectors, including plasmids or 
recombinant viruses that contain targeting 
sequences and/or  systems for regulated ex- 
pression of the gene (for a review, see Miller 
and Vile, 1995). As TH probably is a rate-limit- 
ing factor for DA biosynthesis both under nor- 
mal conditions and in PD, the introduction of 
the TH gene has been a logical choice for gene 
therapy in PD. Using ex vivo gene therapy of 
PD, one can maintain DA or L-DOPA produc- 
ing cells in vitro for intracerebral grafting. This 
approach makes it possible to characterize and 
optimize the expression and activity of TH and 
the synthesis of DA before transplantation, and 

Molecular Neurobiology Volume 16, 1998 



300 Haavik and Toska 

TH expression can be restricted to a specific 
group of cells. In addition to TH, several other 
genes have the potential of being efficient in 
the treatment of PD, e.g., cells modified to 
express neurotrophic factors have been found 
to partially reverse PD symptoms induced by 
6-OHDA lesions in rats (Levivier et al., 1995; 
Horellou et al., 1990; Wolff et al., 1989). 

Direct intra cerebral gene transfer, which 
involves infection and expression of genes in 
neurons of the mature CNS, has given promis- 
ing results using viral vectors in rats. In partic- 
ular, recombinant adenoviruses (Riederer et al., 
1989; Horellou et al., 1994) and adeno-associ- 
ated viruses (Kaplitt et al., 1994) have shown a 
high efficiency and relatively low cytotoxicity 
when using low viral titers (Slack and Miller, 
1996; Fisher et al., 1996). The advantage of 
using the adenovirus-based system for gene 
therapy is not only its high efficiency, but also 
its ease of manufacture. The system has been 
successful in TH transfection experiments, as 
measured by a decrease in apomorphine- 
induced rotational behavior in rats (Horellou et 
al., 1994; Freese et al., 1996). Herpes simplex 
virus type 1 (HSV-1) is another vector that has 
been promising for TH transfection in rats, effi- 
ciently expressing human TH mRNA with a 
subsequent release of L-DOPA (During et al., 
1994). This treatment caused a significant ame- 
lioration of symptoms in 6-OHDA-lesioned 
rats for a period of 6 mo to 1 yr. However, the 
HSV-1 approach has been associated with 
infections of the host tissue that preclude its use 
in humans (reviewed by Glorioso et al. 1995). 

Choice of Cell Type 
for Gene Therapy 

For treatment of PD using gene therapy it is 
desirable to find donor cells that have the abil- 
ity to reconstruct the damaged neural circuits, 
have a long-term survival after transplanta- 
tion, are suitable for genetic manipulations, 
and are readily available and inexpensive. 
Fibroblasts have the advantage of being easily 
obtainable and, easy to culture (Ishida et al., 

1996), and make it possible to use the patient's 
own cells (autografts) avoiding some of the 
immunological problems (e.g., histoincompati- 
bility; Bj6rklund, 1993). Wolff et al. (1989) 
showed that when rats lesioned with 6-OHDA 
received fibroblasts infected with a retroviral 
vector containing the rat TH cDNA, reduction 
of abnormal behavior was obtained. The grafts 
were able to survive for 2 mo and continued to 
express TH, and produce and release L-DOPA 
during this period. However, fibroblasts do not 
seem to synthesize adequate levels of BH4. To 
overcome this deficit, fibroblasts have been 
transfected with the genes for both TH and 
GTP-CH (Bencsics et al., 1996). These cells 
were found to possess a higher TH activity 
than cells without the double transfection. 
However, the survival of the fibroblast trans- 
plants were limited, declining 4-8 wk after 
grafting (Fisher et al., 1991). Also, fibroblasts 
are not capable of restoring synaptic circuits 
and problems with tumor formation are obvi- 
ous because of the tumorigenic nature of these 
cells (Horellou et al., 1990). A way to obviate 
the latter problem could be to isolate the cells 
in a capsule prior to transplantation. This 
would also permit the use of animal cells, and 
the capsule could be removed if problems 
should occur. 

Cells of neural origin like glia cells, astro- 
cytes, or fetal mesencephalic cells are suitable 
for transplantation in the CNS, in that they con- 
tain many of the features needed for successful 
implantation (Lundberg et al., 1996). However, 
because these are nondividing cells that are dif- 
ficult to culture and transfect, approaches such 
as using immortalized neural cells (Anton et al., 
1994) and retrovirus transfection are needed to 
transfect with TH. The use of retroviruses has 
the advantage of allowing easy transfection 
and high expression levels of the transfected 
gene, but as with immortalized cells, the possi- 
bility of tumor formation and virus infection 
makes a direct injection into the human brain 
very risky. In attempts to generate neural stem 
cell lines that have not been modified with 
transforming or immortalizing genes, a num- 
ber of growth factors have been used to stimu- 
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late cell proliferation (for recent reviews, see 
Baetge, 1993; Snyder et al., 1997). 

Primary astrocytes transduced with retro- 
virus containing the human  TH gene have 
been grafted into rat striatum (Lundberg et 
al., 1996). The grafted astrocytes seemed to mi- 
grate into the surrounding striatum, express- 
ing TH and secreting high levels of L-DOPA. In 
this experiment virus-producing cells were 
killed by a mitomycin-C treatment in culture 
for 3-4 wk prior to grafting, but this approach 
can also reduce the viability of the cells. Unfor- 
tunately, the system showed an in vivo down- 
regulation of the TH gene, resulting in a 
transient production of the enzyme (Lundberg 
et al., 1996). 

Future Directions 

Even if gene therapy has given some 
promising results, extensive work still remains 
to be done before a routine clinical application 
in PD is possible. A major problem with this 
strategy appears to be the downregulat ion of 
the TH transgene in the transplant, which 
leads to decreased expression efficiency. The 
TH protein is relatively unstable, in particular 
when expressed in nonneuronal cells (Wu and 
Cepko, 1994). The duration of expression thus 
seems to be dependent  on the cell type. In 
addition, the choice of delivery system (vector) 
and the nature of transgene are also important 
factors. These problems may be solved by 
developing more efficient vectors for transfec- 
tion with improved promoters and using new 
forms of TH with higher specific activity and, 
in particular, increased stability in vivo. The 
aromatic amino acid hydroxylases are pro- 
bably catabolized via ubiquit in-dependent 
pathways (Doskeland and Flatmark, 1996). 
Possibly, the rate of degradation may be modi- 
fied, in order to design new enzyme forms that 
are more suitable for gene therapy. 

It is clear that disturbances in DA synthesis 
and TH function play important roles in the 
pathogenesis of PD. Whether TH is an inno- 
cent bystander, i.e., that the enzyme deficiency 

only is secondary to cell loss, or if TH also has 
a more direct role in promoting neuronal 
injury is not clear. Still, gene therapy and /o r  
transplantation with cells expressing active TH 
continues to be a promising treatment strategy 
for severe PD. Therefore, an increased knowl- 
edge about the TH structure, function, and reg- 
ulation will be important for understanding 
the etiology and pathogenesis, as well as the 
treatment of this important neurodegenerative 
disease. 
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