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Chapter 3¢
Dopa-responsive dystonia

MASAYA SEGAWA*
Segawa Neurological Clinic for Children, Tokyo, Japan

INTRODUCTION

In 1976 Segawa et al. reported a dystonia with marked
response ta levedopa as hereditary progressive dystonia
(HFPD) with marked diurnal fluctuation, which is now
termed autosomal-dominant guanosine triphosphate
eyclohydrolase 1 (AD GCH-1} deficiency (Segawa dis-
case), Nygaard et al. (1988) proposed the term dopa-
responsive dystonia (DRD) for this disorder. The
criteria of Calne (1994) for DRD are the same as those
for HPD, and DRD is now used to refer to all dystonias
responding o levodopa. In this chapter the clinical char-
acteristics and pathophysiologies of DRD are discussed
by reviewizg AD GCH-1 deficiency, recessive deficien-
cles of enzymes of pteridine metabolism, recessive tyro-
sine hydroxylase (TH) deficiency, DYT, and juvenile
parkinsonism (JP) caused by PARKIN gene (PARK-2),

AUTOSOMAL-DOMINANT GTP
CYCLORNYDROLASE 1 DEFICIENCY
(SEGAWA DISEASE): DOMINANTY DYT5

AD GCH-1 is caused by mutation of the GCH-7 gene,
located on chromosome 14922.1-g22.2, This disease
was first reported as kereditary progressive basal gang-
lia disease with marked diurnal flustuation in two girls
{counsins) (Segawa et al,, 1971}, Segawa et al. {1976} also
reported a Sl-year-old woman with a movement disor-
der for 43 years (onset at 8 years of age) without treat-
ment and confirmed this disease as dystonia, This is an
autosomal-dominantly inherited generalized postural
dystonia, The hallmarks of this disease inclnde child-
hood onset, diurnal fluctuation of symptoms, and
marked and sustained response to levodopa (Segawa
et al,, 1971, 1976; Segawa, 1981}, Prior to the molecular
identification of HPD, Deopna (1986) terrmed this disor-
der Segawa’s syndrome because of the presence of a
recessively inberited type. The latter, however, was

revealed later to be recessive TH deficiency, which is
now classified as recessive DYTS. After the term
“DRD” was introduced by Nygasrd et al. (1988) and
by Calne (1594), the terms “DRD” or “HPD/DRD” were
adopted instead of HPD in most English-language
journals, .

AD GCH-1 deficiency, or Segawa disease, is classi-
fied as dominant DYTS since the discovery of the caus-
ative gene (Ichinose et al., 1994). The recessive DYTS is
due to TH deficiency. Althongh phenotypical variations
had been shown in HPP (Nomura and Segawe, 1993),
the discovery of the causative gene further clarified
these variations (Bandmann et al,, 1996, 1998). Some
reports continue to use the term “Segawa syndrome”
because of its broad phenotypical iraplications. In this
chapter the clinical characteristics of AD GCH-1 defi-
ciency are reviewed, including the pathophysiclogy,
neuroimaging, nenrophysiological, neuropathological,
neurohistochemical, molecular biological studies,
animal models, and pathophysiclogy.

Clinical signs and sympioms

The clinical features of AD GCH-1 deficiency are
derived from the long-term study of 41 gene-positive
patients from 20 families personally examined
{Segawa, 1981, 2000z; Segawa et al,, 2003).

In these 41 patients, 38 bad onset in childhood (aver-
age age at onset 6.4 % 2.7 years). The other three had
adult onset at 28, 35, and 58 years. Family history sug-
gested 8§ additional cases in the parental generation of
the probands, 2 with onset in childhood (2.6 and 5 years),
znd the rest in adulthood. Probable patients among
grandperents exist with omset from 30 to 65 years,
Axticipation occurs in some DRD families,

In chifdhood onset (38 cases) the initial symptom
was equinovarus of one foot in 23 (60.5%) and gait

*Correspondence to; Masaya Segawa, MD, PhD, Segawa Neurological Clinic for Children, 2-8 Kandz Sucugadai Chiyoda-ku
Tokya 161 0062 Japan. Tel: 81-3-3294-0371, Fax: 81-3-3204-0290, E-mail: segawa@segawa-clinic.jp
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disturbance in 12 (3L5%). Two started with band
tremor and 1 with dystonia of one arm. The initial
symptoms of adult-onset patients were leg tremor at
age 28 vears, writer’s cramp at 35 years, and hand
tremor and rigidity at age 58. Tremor was observed
in 16 (42%) of childhood-onset patients, but appeared
after 10 years of age. If patients received levodopa
before age 10 they did not show tremor throughout
the course of illness. Two childhood-onset patients
had retrocollis, and one developed oculogyric erises.

Diurnal fluctuation of symptoms was observed. in
all with childhood onset, The neurological symptoms
became worse towards evening and recovered mark-
edly in the morning after slesp. However, fluctuations
were not apparent in adult-onset patients.

Some AD GCH-1 deficiency families exhibit pos-
tural dystonia and some dystonia with movements.

In my own 41 patients, the female-to-male ratic was
3318, so it seems that AD GCH-1 deficlency is also char-
acterized by gender preference. The gender difference
reversed in adult-onset patients,

Neurological examination

Childhood-onset patients have rigid hypertonus, which
fluctuates.

Postural tremor (810 Hz} and not a parkinsonian
resting tremor is present. There is no cogwheel rigidity.
Diadochokinesis is slow and clumsy, and pronation/
supination movements of one arm induce rigidity in
the contralateral arm, Tendon reflexes are exaggerated
and ankle clonus may be observed. Plantar response is
not extensor, although some show tonic dorsiflexion of
the big toe {striatal toe sign). Gait is rigid akinetic, sec-
ondary to the rigid hypertonus caused by co-contraction
of agonistic and antagonistic muscles i the lower extre-
mities. Propulsion is observed in advanced disease; how-
ever, locomotion is preserved and freezing phenomenon
or marche & petit pas is not seen. These clinical sigus,
particularly rigidity and tremor, are asymmetric.

Scoliosis is observed in all cases and it is convex to
the side of predominantly involved extremities, Postural
instability is observed, and is marked on the convex side
of the spine. Camptocormia was not observed in my
patients,

Cerebral and cerebellar, dysfunction are not
observed. Sensory disturbances are not detected,

Clinical course

The clinical syraptoms of AD GCH-1 deficiency vary
with age of onset and also show age-dependent varia-
tion. Typically, syraptoms begin around & years of
age with eguinovarus involving one lower extremity,
Around age 10, postural tremor may appear in one

upper extremity. Postural dystonia spreads to all limbs
by 10-15 years, with worsening of dystonic rigidity.
With progression of dystonia, bradykinesia is observed
in all and some have retropulsion, hypomimia, and
dysarthria, but no patients have freezing of gait or
failure of locomotion. Progression tends to be slower
with age, and reaches a platean by the fourth decade,
Postural tremor continues to evolve and, by the fourth
decade, it appears in all extremities and the neck. The
diurnal fluctuation, particularly that associated with
dystonia, declines with age. The fluctuations may not
be apparent by age 20, and almost disappear by the
fourth decade,

The clinical course also depends on age of onset,
Patients developing symptoms in late childhood or early
teens begin with dystonia of the upper limbs with or
without postural tremor. Some have action dystonia of *
an upper exiremity and/or retrocollis with or without
oculogyric crises. During the course of the illmess,
patients with action dystonia may develop torticollis or
writer’s cramp in adulthood. Those with onset in aduti-
hood start with hand tremor, torticollis, or writer’s
cramp, without postural limb dystonia and without diur-
nal fluctuation. Although there is mild rigidity, there
is no progression. In older adults, generalized rigidity
with pestural tremor but without postural dystonia and
diurnal fluctuations Is the rule.

Exaggeration of tendon reflexes is a characteristic
feature of patients with onset in childhood.

Asymmetry of symptoms is commonly observed
throughout the illness without any relation to age of
onset.

Climical variation

Since the discovery of the causative gene, phenotypical
variation of AD GCH-1 deficiency has greatly
expanded (Bandmann et al, 1996, 1998), Phenotypic
variation is further expanded by studies of early-onset
cases (Lopez-Laso et al, 2007; Nagata et zl, 200%
Cheyette et al,, 2008), families with psychiatric disor-
ders {Van Hove et al., 2006), corapound heterozygotes
{Farakawa et al, 1998a), and a case with dopa-responsive
myoclonus-dystonia syndrome (Lenzz et al,, 2002). Con~
siderable attention has heen paid to whether postural or
action dystonia is present, and to patients with postural
hypotonia and psychological disorders.

Action dystonia is characterized by dystonic move-
ments and focal or segmental dystonia in addition fo
postural dystoniz (fixed). Before the GCH-] gene was
discovered, action dystoniz was thought to respond
differently to levodepa than HPD, because of neur¢-
physiological findings suggesting dopamine (DA)
receptor supersensitivity (Nomura and Segawa, 1993)
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Patients with action dystonia also showed paroxysmal
dystonia, dystonic cramps, oeulogyric crises, and focal
or segmental dystonia. Adult onset is observed only
in families with action dystonia and they may have
writer’s cramp or generalized rigidity with tremor but
they do not have generalized postural dystonia.

Early-onset patients have hypotonia, particularly
postuzal or truncal hypotonia, failure in development
of locomotion, delay in motor and mental development
in infancy, and antistic bekavior in infancy and early
childhood. These symptoms might be related to defi-
ciency of S-hydroxytryptamine (SHT) (Segawa, 2001
Segawa and Nomura, 2006,

The heterogeneity of symptoms seen in this disorder
is related to age of onset and different pathophysio-
logic mechanisms at the DA neuron and involvement
of SHT neurons (Segawa et al, 2002).

However, not all phenotypic variability can be
explained by these mechanisms, including levodopa-
responsive myoclonus-dystonia (Leuzzi et al,, 2002),
and a pafient with cerebellar signs (Chaila et al,
2006). In addition, bilateral resting tremor in the legs
with mild leadpipe rigidity, and tremor associated with
birth control pills was reported. This patient had two
knoww polymorphisms fn the PARKIN gene in addition
to & mutation of GCH-I gene Postuma et al,, 2003),

Treatment and prognosis

In most cases, 20 mgfkg/day of levodopa without
decarboxylase inkibitor (plain levodopa) completely
alleviates the symptoms (Segawa et al, 1990, 2003).
If decarboxylase inhibitors are wused, the dose is
4-5 mg/kg/day. Some patients who started treatment
with plain levodopa before 10 years of age develop
decreased responsiveness around 13 years of age
{Segawa et al,, 1990). This is thought to be due to acti-
vation of dopa decarboxylase within the intestine
around this age (Segawa et al, 1990). However, there
are patients in certzin families who continue to
respond to plain levodopa throughout the course of
illness, Adult-onset subjects do not necessarily respond
0 plain levodopa and treatment with a decarboxylase
inhibitor is recommended. In a few cases, choreic
hovements developed after a rapid increase of levo-
dopa dosage (Segawa et al,, 2003). In compound het-
erozygotes aggravation of dystoniz with the initial
levodopa dosage is promiment (Rurukawa et al,
1958a), In these patients, slow titration of levodopa to
optimal doses results in favorable and sustained
effects (Segawa et al, 1986, 1990; Furukaws et al,
1998a). In three of my own young-onset patients, levo-
dopa was administered at the age of 38 years in two,
and 51 years in the other. Levoddpa resulted in marked

and sustained benefits without side-effects for 8 and
37 years, respectively. Levodapa is effective for dysto-
niz in almost all cases, independent of onset age and
duration of disease (Segawa et al, 90). Levodopa
dose can often be reduced after age 30.

However, in patients with action dystonia the levo-
dopa effect may not be complete, and in some cases
retrocollis and oculogyric crises may be aggravated
(Nomura and Segawa, 1993). Furthermore, patients
with action dystonia developed infrequent levodopa-
induced dyskinesia. One patient presented with JP
(omset at 6 years) and later proved fo have an action-
type AD GCH-1 deficiency which responded markedly
to levodopa but showed marked dapa-induced dyskine-
sia (Narabayashi et al,, 1986). One patient, considered
to have an, action dystonia becanse of writer’s cramp,
developed levodopa-induced dyskinesia (Hjermind
et al,, 2006). :

Anticholinergic drugs may have a marked and pro-
longed effect, but do not afford complete relief and
mey not improve tremor (Nomura et al., 1984). How-
gver, anticholinergic drugs with levodopa were hefpful
in patients with cculogyric crises (Segawa et al., 1990).
Amantadine was beneficial for levodopa-related cho-
rea (Furukawa et al., 2004), Bromocriptine was effec-
tive but did not give complete relief (Nomura et al,
1987). Tetrahydrobiopterin (BH;) treatment was
attempted on HPD/DRD patients (LeWitt et al,
1983a, b, 1986; Ishida et al, 1988; Ibi et al, 1991), in
combination with levodopa, No favorable effects were
obtained with BE,, monotherapy (Tbi et al,, 1991). In a
componnd heterozygote, co-administration of BH,
with levedopa was necessary for complete recovery
(Furukawa et al,, 1998a).

Prior to the introduection of levodopa as a freatment,
unilateral stereotastic pailidotomy and nucleus ventra-
lis lateralis (VL) thalamotorny were performed in
one patient with the onset of dystonia at age 6 years.
She belonged to a family with postural dystonia and
had the same mutation in GCH-I gene as ofher family
members (Segawa et al, 1998). The pallidotomy per-
formed at age 30 improved postural dystonia. Ipsilat-
gral VL thalamotomy 7 years later in the same patient
was effective for postural tremor, However, the effect
of the pallidotomy on postural dystonia was incom-
plete and the VL thalamotomy showed no further ben-
eficial effects on postural dystonie that remained.
Levedopa started at age 41 showed complete and sus-
tained improvement of the dystonia on the nonoper-
ated side, hut incomplete effects on the operated
side. In a patient with action dystonia who presented
as JP (Narabayashi et al., 1986), unilateral VL thalamot-
omy performed at age 24 improved the dystonic rigid-
ity. Levodopa started at age 30 showed dramatic
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effects but induced severe dyskinesia which ocenrred
1 vear later on the nonoperated side, VL thalamotomy
performed at age 38 was effective and led to pro-
longed and sufficient effects of levodopa,

Tnvestigations
BrocreMIcAL STUDIES

Cerebrospinal fluid (CSF) examination of catechol-
amine metabolites demonstrated low levels of homova-
nillic acid (FIVA) throughout the day, with lower levels
in the afternoon (Ouvrier, 1978; Kumamoto ¢t 21, 1984;
Shimoyamada et al,, 1986; Maekawa et al,, 1988). Both
biopterin and neopterin levels in CSF of pafients with
HPD (mutation of GCH-I gene) were markedly
reduced below 20% of the normal range (LeWitt
et al, 1986; Fink et al, 1988, Fujita and Shintaku,
1990; Farukawa et al, 1993). A 30-50% reduction of
these substances was observed in CSF of asymptomatic
carriess {Takahashi et al, 1995).

Activities of GCH-1 in mononuclear blood cells of
patients were less than 20% of normal, while activity
in asymptomatic carriers reached 30~40% of normal
(ichinose et al, 1994). Phenylalanine loading in both
children and adults suggested decreased liver phenylal~
anine hydroxylase activily due to defective B,
(Hyland et al, 1997).

NEUROWIAGING

Magnetic resonance imaging (MRI) and computed
tornography scans of the brain showed no abnormal-
ities, while posifron emission tomography (FET) demon-
strated normal or low normal [*F] dopa uptake (Sawle
et al,, 1991 Snow et al, 1993; Turjanski et al,, 1995).
Patients with onset at older ages (Okada et al., 1993)
and asymptomatic carriers (Takahashi et al, 1954)
showed normal levels. ['C] Raclopride PET showed
normal activity in symptomatic subjects (Leenders
et al,, 1995), and [M'C] N-spiperone PET revealed mild
increase in receptor binding (Kunig et al., 1988; Kishore
et al,, 1998). However, no increase ir receptor binding
was demonstrated in follow-up PET analysis after
7 months of levodopa therapy (Kishore et al., 1998).
Three patients with action dystonia, two women
with a 30-year clinical course -after onset at 8 years
old, and 2 man aged 59 with onset at 58 years had nor-
mal [®F] dopa uptake and ['C) N-spiperone PET.
‘These results suggest a functional deficit of DA
metabolism, specifically a decrease in the hydroxyi-
ation of tyrosine with preservation of aromatic acid
decarboxylase activity (Snow et al, 1993). Increased
D, receptor binding is not considered a factor in deter-
mining the clinical state of AD GCH-1 deficiency

(Kishore et al,, 1998). Furthermore, {1} 8-CIT single.
photon ernission computed tomography (SFECT) seay.
ning is normal, suggesting that'the DA fransporter
molecule does not seem to play a'role in this disease
{Jeon et al., 1998).

However, Kikuchi et al (2003} demonstrated
decreased [*F) dopa uptake in an older-onset case with
g heterozygous recessive muiation of a gene for reces.
sive type. Hiermind et al. (2006) showed decreased
presynaptic Dy receptor upteke by demonstrating
decreased  [P3I}-N-w-fluorapropyk-2-carbomethoxy-
3-{4-idiophenyl) nortropane (*°I-FP-CIT) binding rates
with SPECT and speculated there was progressive loss
of nigral cells in “early-onset Parkinson disease” with
GCH-I gene mutation.

NEUROPHYSIOLOGICAL STUDIES

Polysomnography in patients with HPD who were later
shown to have a heterozygous muiation of the GCH-7
gene revealed abnormalities of the phasic components
of slesp. These changes included a decrease in the
pumber of gross movements and twitch movements
(TMs). Slesp structure, percentage sleep stages, and
other parameters modulated by brainstem aminergic
neurons were normal (Segawa et al., 1976, 1987, 1988;
Segawa and Nomura, 1993). The number of TMs dur-
ing rapid-sye-movement (REM) sleep (SREM) reflects
neuronal activity of the nigrostriatal (NS) DA neuron
{Segawa et al, 1987, 1988). This derives from results
of selective sleep stage deprivation studies, Selective
SREM deprivation dissolved morning recovery, while
selective stage IV deprivation accentuated sleep effects
with increased TMs in SREM (Segawa et 2L, 1976). In
normal younger children the numbers of TMs in sSREM
are high and show an age-dependent decrement, More-
over, the TMs in SREM show incremental variation
with sleep cycles. In AD GCH-1 deficiency these age
and nocturnal variations of TMs were preserved, buf
with levels approximately 20% of normal (Segawa
et al., 1988; Segawa and Nomura, 1953},

Abnormalities in the patiern of gross movements,
that is, the rate of ocourrence against sleep stages, dif-
fered between postural dystonia and action dystoniz.
In action dystonie, the pattern observed was similar
to patients with D, receptor supersensitivity (Segasv?
et al., 1988). After levodopa treatment, abnormalities
improved in the postural group, but not in the action
group, even though they improved clinically (Segawa
et al,, 1988).

These findings suggest fhat the abnormalities of
motor components of sleep observed in AD GCH-
deficiency are related to a nomprogressive DA defi~
ciency of the NS DA neuron.
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Supracranial magnetic stimulation was normal,
showing preservation of the corticospinal tract (Muller
et al.,, 1989).

Paired pulse transcranizl magnetic stimulation was
veported (Fluang et al, 2006; Hanajima et al, 2007).
One study showed residual abnormalities in motor inhi-
bition in levodopa-treated DRD patients even though
they were clnically asymptomatic (Huang et al,
2006). The other study examined eight gene-positive
and one biochemically confirmed GCH-1 deficiencies
and revealed that dysfunction of GABAa-inhibitory
interneurons of the primary motor cortex does not con-
tribute to the generation of dystonia of AD GCH-1
deficiency (Hanajima et al., 2007).

Studies from our group on gating process with
sensory evoked potentials revealed normal gating in
patients with postural dystonia, while it was abnormal
in patients with action dystonia.

Evaluation of saccades revealed abnormalities in
both visually guided saccades and memory-guided sac-
cades, and implicates both the direct and the indirect
pathways (Flikosaka et al, 1989, 1993). One study
revealed that in adult-onset patients belonging to
families with action dystonie, abnormalities were
abserved only in memory-guided saccades,

These results implicate AD GCH-1 deficiency in the
thalamaocortical pathways. GABAa inhibitory inter-
neurons are not affecied in postural dystonia but are
affected in action dystonia. The indirect pathways are
iovolved in action dystonia and symptoms observed in
adult-onset cases,

BRAIN PATHOLOGY AND HISTOCHEMISTRY

Neuropathological and neurchistochemical study was
available on a 19-year-old woman with DRD who died
in a traffic accident Rajput ot al,, 1994; Hornykiewicz,
1995), and was later proven to be AD GCH-1-deficient
by DNA analysis (Furnkawa et al, 1996), Gross
inspection failed to demonstrate any changes in the
substantia nigra (SN) beyond decrease in the melanin,
particularly in the ventral tier of the pars compacta of
‘the SN (SNc). Histochemically, DA. content was sub-
normal in the SNe, The magnitnde of the striatal
DA loss was not as severe as in Farkinson’s disease
(PD) but clearly below the lower limit of the control
range, The reduction was greater in the putamen
than in the caudate nucleus and marked in the rostral
caudate and the caudal putamen, similar to PD.
However, in contrast to PD, this case showed a
greater DA loss in the ventral subdivision of the ros-
tral candate than its dorsal counterpart, though in the
putaren, the dorsoventral DA gradiant was similar to
PD. Furthermore, the activity and protein content, of

TH were decreased in the striatum, while they were
within the normal range in the SNe (Hormykiewicz,
1995).

Neuropathology in a patient with -action dystonia
presented as JP (Narabayashi et al,, 1586) showed hypo-
melaninized and round-shaped immature DA neurons
in the SNe. A few Lewy body-like bodies were
observed in the SNc and the locus cerulens. Neurohis-
tachemisty revealed decreased DA in the striatum with
predominance in the putemen but na significant decre-
ment in the SNe,

Furukawa et al. (1999) reported similer neuropatho-~
logical findings in two brains. Although the DA, content
in the striatum was not reported, these investigators
did show marked reduction of total biopterin (84%)
and neopterin (62%) in the putamen, despite normal
concentration of aromatic acid decarboxylase, DA
transporter, and vesicular monoamine transposter, Addi-
tional postmortem study of an asymptomatic carrier by
these investigators revealed modest reduction of TH
protemn (52%) and DA (44%), despite marked reduction
of striatal biopterin (82%), and postulated that the levels
of TH protein were a key for symptomatic or asymp-
tomatic individuals (Furukawa et al., 2002).

WVIOLECULAR BIOLOGICAL STUDIES

Nygaard et al. (1993) mapped the DRD locus to 2 22¢M
region, between DI14847 (I4qil2-g22) and D14863
{14q11-q24.3) on chromosome 14q. Ichinose et al. {1994}
found the gene GCH-1 by examining seven patients
with HPD (Segawa disease) and demonstrated the muta-
tion GCH-] located on 14g22.1-022.2, More than 100
independent mutations bave been identified in the
coding region of GCH-J {{chinose et al,, 1994; Bandmann
et al,, 1996; Nishiyama et al, 2000).

Extensive genetic evaluation, combined with CSF
study of biopterin and neopterin levels and mononu-
cleocyte GCH-1 levels in asymptomatic carriers,
confirmed that HED/DRD is au autosomal-dominantly
inherited GCH-1 deficiency with low penetrance
{Ichinose et al,, 1994; Nygaard et al,, 1894; Takabashi
et al,, 1994),

Molecular analysis remains unable to determine
mutations in the coding region of the gene in approxi-
mately 40% of subjects with GCH-1 deficiency
(Furukawa and Kish, 1999), In some of these subjects
abnormalities in itron genomic deletion (Ichinose
et al., 1995; Nishiyema et al,, 2000), a large gene dele-
tion (Furukawa et al, 2000; Wider et al,, 2008), an
intragenic duplication or inversion of GCH-I or muta-
fion in as yet undefined regulatory gene-modifying
enzyme function (Furukewa and Kish, 1999) may be
present.
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Pathophysiology

Although the pathogenstic mechanisms for dominant
inheritance are unknown, classic dominant negative
{Hirano et al., 1998; Hwa et al,, 2000) and destebilizing
effects (Suzuki et al., 1999) have been considered to
explain presenting symptoms with heterozygous muta-~
tions, The wide variations in clinical expression may
depend on a number of factors, including the Iocus
of the genetic mutation and the ratio of mutant versus
normal gene in the area of active neurological sub-
strate. The rate of mutant GCH-1 messenger ribonu-
cleic acid (mRNA) production against normal RNA
was 28% in a patiept and 8.3% in an asymptomatic
carrier (Hirano et al, 1995, 1996). However, the ratio
varies depending on the locus of the mutation (Hirano
et al, 1996; Suzuki et al, 1999; Uenc and Hirano,
2000). Forthermore, the ratio differed among affected
individuals in some families, depending on the locus of
the poutation (Hirano et al, 1996; Ueno and Hirano,
2000). This suggests that the degree and the pattern
of inactivation of nmormal enzyme by mutant gene
depend on the locus of mutation (Hirano et al,, 1996;
Ueno and Hiraro, 2000) and may cause inter- and
intrafamilial variztion of the phenofype and pene-
trance. Loci of mutation for postural and action dysto-
nia observed in our patients are shown in Figure 39.1,
GCH-1 is the rate-limiting enzyme for the synthesis
of BH,, the co-enzyme for synthesis of TH, and also
tryptophen hydroxylase (TPH). In AD GCH-1 defi-
ciency TH is preferentially aifected when compared
to TPH. This could be explained by the difference in
distribution of GCH-1 mRNA in DA, and SHT neurons
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(Shimojt et al, 1999) or destabilization of the TH mqy.
ecule or impairment of axonal transport (Furukaws
2003). There is also a difference oF Ky, value for Ty
and TPH (Davis ¢t al.,, 1992). In a heterozygous mutage
gene BH, partially decreases in AD GCH-1 deficiency,
TH. with higher affinity to BH, is affected selectively,
However, in moleculsr conditions with markeq
decrease of BH,, TPH is affected as well as TH.

The loss of striatal TH protein with preservation ip
the SNc might be explained by BE, controlling protein
stability rather than expression (Furukawa et al, 1999),
Leff et al. (1998) presented gene transfer data ang
suggested a role for stabilization of TH protein by
co-expression of GCH-1 in vive, Sumi-Ichinose et af,
(2001 showed loss of TH protein but not of TR
mRNA in the brains of BH,-deficient mice.

Complete and sustained response o levodopa with.
out relation to duration of clinical course suggests the
absence of morphological or degenerative changes and
suggests the lesion in AD GCH-1 deficiency is 2 non-
progressive functional lesion restricted to the NS DA
neurons {Segawa, 1981 Segawa et al,, 1986). Onset in
the first decade of life with an agerelated clinical
course which correlates with age variation of the activ-
ity of TH in the synaptic terrninals of the caudate
nuclens of the NS DA neurons was shown by MeGeer
and McGeer (1973).

Activity of the NS DA newrons also shows circadian
oscillation in the terminals (McGeer and MoGeer,
1973). AD GCH-1 deficiency seems to be caused by
nonprogressive loss of TH in the ferminals of the N3
DA neuron and clinical symptoms develop following
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3insGG 2133ms4bp§ ’é I 547insG fet 230 lle *Pi1
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— Ed — E2 pm~E3] ES5 E6 aanns
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Fig. 38.1. Loci of the mutations of the guanosine triphosphate cyclohydrolase 1 (GCH-1) gene of my patients with autosomal-
dominant GCH-1 deficiency, Solid arrows are postural dystonia. Doited arrows are action dystonia. Mutations enclosed bye

rectangle are those with adult-onset patients,
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the age and circadian variation of TH activity of the
jerminals.

Compartmental substructure studies of the human
striatum revealed that within the rostral candate in par-
ticular, the ventral/medial portions, the striosomes/
patches or Dy-direct pathways are more mumerous,
whereas in the dorsallateral portions, the matrix com-
partment is more homogeneous (Graybiel and Ragsdale,
1978; Gibb, 1996). Histochemical examination of a
patient with AD GCH-I deficiency by Homykiewicz
(1995) suggested that the DA deficiency s more promi-
nent in the striosomes/patches compartment.

The most aciive stage of striosomal TH is in the
fetal period and suggests high TH activity in the strfo-
some has an important fuaction for neuronal systems
in the fetus or early infancy, Decreased TH in the stric-
some might relate to morphological disturbances of the
SNc observed in AD GCH-] deficiency {(Narabayashi
et al, 1986; Rajput et al,, 1994). The decrease of -
FP-CIT SPECT, observed in a patient reported by
Hjermind et 2l. (2006), is not observed in PD. Sus-
pected loss of nigral cells might be the result of failure
in morphogenesis caused by hypofunction of the
striosome-SNe pathway early in the developmental
course. Dystonia is perhaps related to the altered phys-
fology induced by these changes.

The striosome also has D receptors, GABA, and
substance P, that is, the striatal direct pathway which
projects to the internal segment of the globus pallidus
{Gibb, 1996},

Therefore, in childhood, a decrease of DA in the ven-
‘tral arez of the siriatum causes dysfucilitation of the
direct pathway, and inhibits the reticulospinal tract
through disichibiting its descending output. This may
induce co-confraction of the agonistic and antagonistic
muscles, which manifests clinically as postural dystonia.

Kreiss et al, (1996) showed that the NS DA neuron
mediates the subthalamic nuclens SIN) via the D1
receptor located on the nucleus. The SIN matures
functionally in early infancy among the structures
comprising the striatal indirect pathways (Xobayashi
et al., 2005). Thus, for these symptoras the DA neuron
innervaiing the STN with the D1 receptor is postulated
to be involved (Segawa and Nomura, 1991 Segawa
&t al,, 2002).

Particular findings of PSG in action type, aggrava-
tion of action dystonia by 1-dopa, and effects of VL
thalamotomy on tremor are explained by the STN
lesion. Recent unpublished studies showing the effect
of D3 agonist rather than r-dopa on parkinsonism
observed in a family of action type, and dominantly
inherited restless-leg syndrome in a family with hetero-
zygons abunormalities of GGCH-1 gene support the
involvement of the STN on action-type Segawa disease.

DYT1 dystonia can also have postural and action
components, depending on the family Momurz et al,,
2000). Based on the effective foci of the stereotactic
operation (Lenz ef al,, 1992; Shima ét al,, 1995), pos-
tural dystonia is considered to be caused by 2 lesion
of the striatal direct pathway and the descending out-
put of the basal ganglia, while the movement compo-
nent or action dystonfa is related to the striatal
indirect pathway and the ascending output of the basal
ganglia. DYT] may have very similar pathophysiology
in the basal ganglia as AD GCH-1 deficiency, with
phenotypical variation depending on the family.

This postulates that the striatal pathways and the
outputs of the basal ganglia have different develop-
mental courses independent of the NS DA neurons,
and the age-related emergence of symptoms in AD
GCH-] deficiency depends on the development of the
striatal pathways.

The pathophysiology of AD GCH-1 dystonia is
shown in Figore 36.2.

There remain inconsistencies in trying fo explain all
the phenotypic variations. For example, an adnlt-onset
DRD patient with parkinsonism was reported to have
a heterozygons mutation of GCH-I. This had only
been reported in a heterozygous mutation of the gene
for recessive GCH-1 deficiency with Kyperphenylalane-
mia (Kikuchi et al.,, 2003), BF-flucrodopa uptake in this
patient was significantly decreased in caudate and
putamen. Borderline to below-normal IQ score
observed in this patient suggests more widespread
involvement of other neuromal structures, Cerebellar
dysfunction (Chaila et al, 2006} is also difficult to
explain from the pathophysiologies discussed.

Gender difference is also. difficult to explain.
Ichinose and colleagues (1994) examined the basic
levels of GCH-1 in monomuelear blood cells and found
dgher levels in males, Furnkawa and colleagues (1998b)
showed a much higher penefrance in females (§7%) than
in roales (38%), and similar zesults have been observed
in my 47 subjects.

Thus, marked female predominance might depend
on a genetically determained gender difference of the
DA peuron (Reisert and Pllgrim, 1991),

Diagnosis

Diagnosis of AD GCH-I deficiency is usually not diffi-
cult when characteristic clinical symptoms are present,
The phenylalanine loading test is helpful, but may
yield false-pegative results. Gene amalysis for the
mutation of GCH-I gene is the most definitive test.
However, 20-40% of these tests were reported to be
negative and therefore biochemical studies are recom-
mended. Determination of GCH-1 activity in peripheral
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Fig. 39.2, Pathophysiology of autosomal-dominant guanosine triphosphate cyclohydrolase 1 (GCH-1) deficiency. eGP, exter-
nal segment of globus pallidvs; iGP, internal segment of globus pallidus; STN, subthalamic auclens; SN, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata; SC, superior collicnlus; PPN, pedunculopontine tegmmental nucleus. Symbols;
Solid, single lines are pathways involved in pathophysiology. The width shows degree of activities. Broken lines are pathways
not involved in pathophysiclogy. Closed triangles are inhibitory neurons. Open triangles are excitatory neurans. Shaded region
with dots is the suggested area of the cirenit for postural tremor. GABAergic neurons of the stiosome-SNe show the state of
fetus period to early infancy, ie, excitatory. Symptoms in an open rectangle are those of excitatory disorders, and in a gray

rectangle are those of inhibitory disorders.

mononucleated cells is the most reliable, but techni-
cally complicated, Because of this, determination of
neopterin and biopterin levels in CSF is most reliable
for diagnosis.

Differential diagnosis

All children with a gait disturbance and limb dystonia
should be evaluated for AD GCH-1deficiency, The dif-
ferential diagnosis includes Wilson’s disease, brain
degeneration with iron accurnulation, hereditary spas-
tic paraplegia, and cerebral palsy. AD GCH-1 defi-
ciency is often misdiagnosed as hereditary spastic
paraplegia. Initial diagnosis in some patients included
Duchenne muscular dystrophy, psychological reaction,
or bysteria. The differentiation of AD GCH-l defi-
ciency from these disorders is usnally not difficult with
clinical examination.

Childhood-onset patients can often be differentiated
from dopa-nonresponsive dystonia by the absence of
axial torsion. Segawa sugpgests that predominant
involvernent of the sternecleidomastoid nuscle (SCM)
contralateral to limb involvement is indicative of AD
GCH-1 deficiency, while ipsilateral SCM involvement
is seen in dystonias with axial torsion (Segawa et al.,
1998, 2002; Segawa, 2000a, b, 2002).

In adult-onset AD GCH-1 deficiency, torticollis ipsi-
Iateral to the side of the predominanily affected extre-
mities is seen. Thus, forticolis and writer’s cramp
without generalized dystonia in adult-onset AD GCH-1
deficiency are difficult to differentiate from dope-
nonresponsive dystonia by clinical exarnination. Exag-
geration of deep tendon reflexes, ankle clonus, and
striatal toe may lead to the misdiagnosis of spastic para-
plegia, Careful family histary and the levodopa challenge
test are recommended, Definite diagnosis is dependent
on gene analysis and/or biochernical studies.

DRDs other than AD GCH-l deficiency include
recessive disorders of the enzymes of pteridine metab-
olism and recessive TH geficiency (recessive DYT5)
All of the inherited disorders of pteridine metabolism
develop levodopa-responsive dystonia caused by
decrease of BE or TH in infancy and early childhood
as in AD GCH-1 deficiency (Nomura et al, 1998).
Although these patients have marked postural hypoto-
nia, failore of development, and disturbance of
psychomental function secondary to SHT or norepl
nephrine deficiency, these phenotypes can lezd 10
misdiagnosis of AD GCH-1 deficiency.

All JP patients have features of DRD. All have
parkinsonism, including rigidity and/or resting tremor.
However, if symptoms begin in childhood or early
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teens, dystonia is seen. Dystonia of JP responds mark-
edly to levodopa, but dyskinesia develops soon after
levodopa is started. JPs, particularly those caused by
the PARKIN gene (PARX 2), are particularly important
to differentiate from AD GCH-1 deficiency.

Some patients with AD GCH-1 deficiency may
develop parkinsonian symptoms in late adulthood. In
these patients tremor and gait disturbance are the
primary signs, and dystonia is absent or not prominent
and divrnal fluctuation is not observed (Nomura and
Segawa, 1993; Segawa, 2000b). These patients are
often misdiagnosed as JP or PD (Nomura and Segawa,
1993; Segawa et al., 1986, 2002), However, the tremor
in these cases is mainly postural, their clinical features
are milder, and there is no progression after levodopa
is started, There is no cogwheel rigidity and [®F] dopa
PET and ['C] spiperone PET scan in these late-onset
adult cases reveal normal uptake, as seen in child-
hood-onset AD GCH-1 deficiency (Segawa et al,
2003).

RECESSIVE DEFICIENCY OF THE
ENZYMES OF PTERIDINE METABOLISM

Metabolic maps of pteridine metabolism and the pro-
cesses for synthesis of DA are shown in Figure 39.3.
The enzymes, deficiency of which causes DRD, are

Guanosine friphosphate (GTP}

GTP cyclohydrofase § (GCH-l) | pj
Dihyﬂrone;;terintﬁphosphate {NH=P3)

Dihydroneepterin (NH)—>

shown in the wide rectangles in this figure. The basic
pathophysiologies are considered the same as those of
AD GCH-1 deficiency.

Recessive GTP cyclohydrolase 1 deficiency

Recessive GCH- deficiency is rare among BH, defi-
ciencies (Blau et al, 1996). This disease was initially
reported in infants with severe motor and mental retar-
dation, hypotonia of the trunk and the extremities, con-
valsions and frequent episodes of hyperthermia without
infection Niederwieser et al,, 1984). Diagnosis is con-
firmed by marked decrease of neopterin, biopterin,
pterin, isoxanthine, DA, and SHT in the urine, and
decreased HVA, S-hydroxyindole acetic acid (S-HIAA),
neopterin, and biopterin in CSF (Niederwieser et al,
1984). Treatment with r-erythro BHL. is effective, but
the p-erythro tetrahydropterin form does not produce
clinical benefit (Niederwieser et al., 1984),

Recessive pyruvoyl-tetrahydropterin
synthase deficiency

&-pyruvoyl-tetrahydropterin synthase (PTPS) deficiencyis
one cause of hyperphenylalaninernia (HPA) (Dudesek
et al, 2001). According to the international database of
BH, deficiencies, PTPS deficiency is the most common
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8-Pyruvoyl-tetrahydropterin (PTP)
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g-Lactoyl-fetrahydropterin (dihydrosepiapterin)

NADP*
NAD* Dikidrofolate reductase (DHFR}
\Q NAD#H* NADPH+H* S

Tetrahydrobigp?erin {BHsg Quinonoid dihydrobiopterin (4BH:)— Dihydrebiopterin (BHzl-» &
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Fig, 39,3, Tewrahydrobiopterin (B¥4) and aromatic amino acid hydroxylase metabolism system. Enzymes involved in dopa-
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form, representing approximately 60% of cases. This
disorder is frequently observed in Taiwanese Chinese
(Lin et al, 2001), and the prevalence is higher in Taiwa-
nese (/132 000) (Chien et al, 2001 than in white indivi-
duals (/1000 000) (Curtius et al., 1991),

Syriptoms appear in infancy with delay in motor
and mental development, hypotonia, hypersalivation,
dysphasia, abnormal involuntary movements, and sei-
zures, Limb dystonia with increase in muscle tone
becomes apparent later in childhood and choreic move-
ments appear in late childhood or adolescence. Diur-
nally flactuating dystonia is observed in the eyelids,
oromandibular region, and trunk {Roze et al,, 2006).
In contrast t6 AD GCH-1 deficiency, this fiuctuation
is observed even in adults over 30 (Hanikara et al,
1897). Diagnosis is by urine high-performance liquid
chromatography analysis to demonstrate increased
neopterin and decreased biopterin,

Levodope with BH, (Hanihara et al,, 1997; Roze et al.,
2006) and levodopa with BH and Shydroxytryptophan
(SHTP) (Demos ¢t al., 2005) produced dramatic and sus-
tained effects. However, Tanaka et al. (1985) observed
on-off phenomenon in a2 10-year-old Japanese gixl after
oral levodopa (2wmg/kg/day). The motor fluctuations
fmproved after continuous intravenous mfusion of
levodopa at plasma concentrations in 120-150 mg/dL.
BH, supplementation with resiriction of high-protein
foods reduced HPA, but does not fmprove motor syrap-
toms, including chorecathetoid movements and failure
of interlimb coordination (Roze et al, 2008).

Because SHTP is associated with improvement of
cognitive testing, early treatment in combination with
BH,, levodopa, and SHTP is recommended (Chien
et al,, 2001},

A long-term follow-up study of I2 PTPS deficiency
patients revealed the importance of early treatment
{before L month of age) with BE,, SHTP, and levodopa
for preserving normal IQ scores (Lin et al, 2008).
Levodopa administered with decarboxylase inhibitor
{10-15 mg/kg/day) resulted in no dyskinesias,

MOLECULAR GENETICS

Forty-three mutant alleles associated with defictency of
DA and SHT bave been identified on chromosome
11g22,3-g23.3 (Oppliger et al; 1997). A patient with
the homozygous K219E allele had iransient HPA
(Thony and Blau, 1957). Liu et al. (2008) showed
N528/P87S phenotype is benign, Upon co-transfection
of two PIPBS alleles, the N47D allele had 2 dominant
negative effect on both the wild-type PTPS and the
DI16G mutant (Scherer-Oppliger et al, 1999), This
suggests the possibility of the existence of autosomal-
dominant PTPS deficiency.

Pataovravsiorocy

In PTPS deficiency the decrease in activity of Ty
caused by BH, deficiency is thought to be restrigteq
to the terminal of the NS DA neuron, as in AD
GCH-1 deficiency. This is suggestd by an anfma] ode]
of a homozygous defect of the PTPS gene, resuking in
PTPS deficiency in mice (Sato et al, 2008). The
decrease of DA activity in PTPS deficiency may have
no effects on development of mental activity, whils
mental retardation, hypotonia, and failure in lacomo.
tion may be related to SHT deficiency, Early replace.
ment of DA and SHT before 1 month of age may
lessen the poor outcome of this disorder.

Recessive sepiapterin reductase deficiency

Benafe et al. (2001) reported two patients with progres-
sive early-childhood psychomotor retardation and dys-
tonia associated with severe reduction of S-HIAA and
HVA and high Jevels of biopterin and dihydrobiopterin
in the CSE. These children exhibit normal urinary pter-
ins without HPA. Analysis of skin fibroblasts clarified
inactive sepiapterin reductase (SPR), which was con-
firmed by mutations in the SPR gene located on chro-
mesome Zpldpl2,

Neville et al. (2005) presented an additional
seven patients with two pairs of siblings from Malta,
All presented with motor delay in infancy and cogni-
tive impairment with delay in language. Oculogyric cri-
ses were observed in six between 2 months and ! year
of age. Two exhibited retrocollis and dystonia was
observed in five others. In infancy, hypotonia was pre-
dominant in these patients. Even in the two with dysto-
nia in infancy there was truncal hypotonia. Four had
chores, two before levodopa and two after. All had
diurnal variation, with sleep providing a restoration
of some motor skills and a temporary cessation of ocu-
logyric exises.

In all, the motor symptoms showed dramatic
response to levodopa with decarboxylase inhibitor.:
Bulbar function, ocular manifestations, and tremor-
improved completely. Although all became able to
walk, the pattern was not normalized. Usually minor
motor manifestations of chorea and dystonia pexsisted
and in some levodopa tended to aggravate chorea. One
with chorea before levadopa had writer’s cramp after
levodopa. Levodopa mever restored normal develop-
ment or educational progress,

A -year-old girl initially presented at the age of
2 years with hypotonia and mild cognitive delay. She
became wheelchair-bound at the age of 6 and dystonia
became apparent at 14 (Abeling et al, 2006). These
symptoms improved dramatically with levodopa and
SHTP started at age 14.
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MOLECULAR BIOLOGY AND PATHOPHYSIOLOGY

Molecular studies on the Maltese population fonnd
two mutations, the ¢.68G>A in quinoid dihydropteri-
dine reductase (QDPR) (p.G23D), and the new SPR
mutation, [V822A>G, at the splice site consensus
sequence in introm 2 of the SPR gene, as cansative
mutations in all the patients with SPR deficiency
and dihydropteridine reductase (DHPR) deficiency
(Farrugia et al,, 2007). All patients were heterozygotes
for the corresponding mutation and showed no clinical
symptoms. Three polymorphisms, ¢.96C>T (p.A324),
345G>A (p.S1158), and ¢.396G>A (p.LI32L), have
also been identified in the QDPR gene, defining four
wild-type frameworks, useful in molecular epidemiol-
ogy studies. The c.68G>A mutation in QDPR was
found only on framework I, suggesting a founder
effect. Tn contrast no additional sequence diversity
was found in the SPR gene, whether in wild4ype or
mutant alleles, which is also consistent with a founder
effect,

Deficiency of SPR affects the alternative pathways
of the cofactor BHy via-carbonyl, aldose, and dihydro«
folate reductase. As a consequence of the low dihydro-
folate reductase activity in the brain, dihydrobiopterin
intermediate accumulates in the brain and inhibiis TH
gnd TPH and uncouples nitric oxide synthase, leading
to deficiency of DA and 5HT and possibly to nearonal
cell death (Blau et al, 2001), while high dihydrofolate
reductase in peripheral tissues FIPA does not occur.

Very low levels of HVA and S5HIAA and high levels
of biopterin and sepiapterin in the CSF are the diagnos-
tic hallmarks (Abeling et al., 2006).

Althongh reuropathology or neurohistochemistry
has not been clarified, similar pathology to AD GCH-1
deficiency might exist for enzyme deficiencies of
pieridine metabolism. Marked hypotonia in infancy and
Tailure of development of locornotion might be due to
SHT deficiency,

At a molecular level, 2 single gene defect causes
SPR deficiency ({VS-I, 26} and mutation of a second
nucleotide in the second exom—intron junetion’ is
thought to impair transcription processing and dimin-
ish sepiapterin mRNA levels (Blan et 2l,, 2001; Farrugia
et al,, 2007).

Recessive dibydropteridine reductase
deficiency

Although the incidence of recessive DHPR deficiency
among BH, deficiencies is not small (Blan et ai,
1996), case reports of recessive DHPR deficiency are
rare. A Japanese boy reviewed by Nomura et al
(1998) became symptomatic at 2 months of age with
dystonic postures whick worsened towards eveniig or

with long wakening periods. His motor development
was delayed and he weas able to sit at 1 year. Mental
retardation was observed. Muscle tone was hypotonic
at 3 years. Anticholinergic drugs aggravated these
symptoms but the dystonic movements improved tran-
siently with levedopa. At age 14, epilepsy developed.
Marked and sustained improvement was seen with
the co-administration of BH, and levodopa. However,
there have been negative reports of BH, on recessive
DHPR deficiency patients with mutant DHPR mole-
cules (Cotton et al, 1986). Biochemical examination
of blood showed moderate HPA and raarked increase
of plasma biopterin with normal neopterin levels. CSE
examination showed below-normal neopterin and nor-
mal levels of biopterin and marked decrease of HVA
and SHIAA levels,

Deficient acitivity of DHPR is due to mutations in
the QDPR DHPR gene on 4p15.31 (Farrugia et al.,
2007, It vesults in defective recycling of BH. and
homozygotes have a rare form of atypical HPA, and
phenylketonuria.

The pathophysiclogy may be similar to other
enzyme deficiencies of pteridine metabolism. The DA
and SHT system may be affected. Eerly administration
of levodopa and BH, is essential for treatment.

RECESSIVE TYROSINE HYDROXYLASE
DEFICIENCY

Recessive TH deficiency (Castaigne et al,, 197)) was
demnarcated from DRD or JP by Rondot et al, (1983).
Deonna {1986) described this disorder as a recessive
type of HPD. Knappskog ef al, {1995) demonstrated
the mutation of the TH gene located on chromo-
sorne 15, After the discovery of the gene, Hoffmann
et al. (2003) suggested that the first or leading symp~
tom is not dystonia but a progressive encephalopathy
affecting several cerebral and possibly cerebellar
systems,

Clinical characteristics

According to Hoffmann et al. (2003), the onset of pro-
gressive encephalopathy is much earlier than levodopa-
responsive dystonia, Subtle diwrnal fluctuations are
observed. There may be cersbral and cerebellar atrophy
on MRI.

After the perinatal period, the characteristic combi-
nation of neurological symptoms becomes obvious at
3~6 months of age with hypokinesia, marked truneal
hypotonia, frog-iike posture, and a mask-like face.
However, increased deep tendon reflexes, pyramidal
tract sigas, oculogyric crises, pfosis, and miosis differ-
entiate this syadrome from neuromuscular disorders.
Paroxysmal periods of generalized maleise with
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lethargy, irritability, sweating, and drooling are life-
threatening,

Some patients may not develop pyramidal tract
signs, oculogyric crises, bouts of wvegetative distur-
bances, or progressive extrapyramidal symptoms. In
these patients dystonia and rigidity are obvious. From
2 to 5 years muscle tone increases progressively, and
contractures, failure fo thrive, and immobilization
may develop.

In patients with predominant moter dysfunction,
the first symptoms consist of dystonia and rigidity
in infancy to eaxly childhood. The dystonia begins in
the lower limbs and spreads to generalized dystonia
(Rondot and Ziegler, 1583; Rondot &t al.,, 1992). Tremor
is also observed in infancy (Rondot and Ziegler, 1983),
One patient {Grattan-Smith et al, 2002) developed
shaking movements at 2 months of age that started in
the leg and spread to the head, tongpe, and arms,
and at 6 months of age it appeared as tremor. The fimb
tremor worsened with attempted movements and that
of the tiblalis anterior muscle showed a frequency of
4Hz (Grattan-Smith et zl, 2002), The deep tendon
reflexes were brisk and the patient had a spastic para-
plegia. (Brautigam et al, 1999). However, plantar
responses are flexor, In some cases, the intensity of
the motor disorder is less pronounced in the morning
or after a nap and more marked in the evening, How=~
ever, this feature Is nof constant and cannot be eonsid-
ered an essential diagnostic criterion (Rondot et al,
1992). In these patients academic progress is normal,
One case with a compound heterozygote developed
extrapyramidal sympioms before 13 months of age
and was able to walk independently and appeared to
have spastic paraplegia (Furukawa et al,, 2003).

An alternative presentation includes severe axial
hypotonia, hypokinesia, dystonia, hypomimia, ptosis,
and goulogyric crises (Brautigam et al., 1998). Miosis
and postural hypotension are 2lso observed (Hoffmann
et al, 2003), as well as paroxysmal irritability, sweat-
ing, hypersalivation, pyramidal signs, and intellectual
impairment. Moreover, these infants exhibit progres-
sive encephelopathy with seizures and microcephalus
{Grattan-Smith et al.,, 2002),

Disorders of pteridine metabolism and TH defi-
ciency show a broad spectrum of movement abnormal-
ities and variable clinical course ‘(Givannielio &t al,
200%).

Diagnosis

Decreased CSF levels of HVA and 3-methyoxy-4-
hydroxyphenylglycol, together with normal pterin,
CSF tyrosine, and SHIAA concentrations, are the
diagnostic hallmarks of TH deficiency. Measurements

of HVA, vanillylmandelic acid, or catecholamines iy
urine are not relevant for diagnosing TH deficiency
(Wevers et al,, 1999). The diagnosis should be congjd.
ered in all children with unexplained hypokinesia ang
other exirapyramidal symptoms (Dionisi-Viei et 4],
2000). For definitive diagnosis genetic testing i
recomnmended,

Treatment

Patients with encephalopatly do not respond tg
levodapa.

In patients with predominance of dystonia, levodopa
produces favorable and sustained effects (Rondot and
Ziggler, 1983). Although abnormal movements or dyski.
nesia oceur, they regress when the dosage is decreased
{Rondot &t al,, 1992). However, treatment with levodopa
in dystonic TH deficlency Is often limited by the appear-
ance of intolerable side-effects, mainly hyperkinesia
and ballism (Hoffmann et al., 2003). In one child with
severe axial hypotonia and ballistic movements 2 conbi-
nation of selegiline hydrochloride with low-doss levo-
dopa was effective, though levodopa monotherapy
was unsuccessful (Ludecke et al, 1996).

Molecnlar biology

The severity of recessive TH deficiency depends on the
loci of mutation. Mutation of TH gene was first
detected by Knappskog et al. {(1995) as a point mute-
tion (Q138K) located on chromosome 1Ipl5.5 in two
siblings who had levodopa-responsive dystonia. The
tesidual activity of TH was about 15% of the
corresponding wild-type human TH. One patient with
a severe phenotype had a homozygous point mutation
(L205P), which had even lowsr activity of approxi-
mately 15% of wild-type human TH (Hoffmamn
et al,, 2003), Three other patients (compound heterozy-
gotes) for TH mutations (two brothers) (Furukawa
et al, 2001} and one isolated patient (Brautigam
et al, 1999) showed dystonia &s the main symptom,
which responded well to levodopa, Patients with a
branch site mutation have a severe clinical phenotype
(Janssen et al,, 2000}, Thirteen separate mutations have
been identified, and suggest the percentage decrement
of TH activity may involve the site of the genotype.

Pathophysiology

TH catalyzes the rate-limiting step in the biosynthesis
of DA, norcpmephrine and epinephrine, Deficiency
of TH results in symptums caused by these cafe-
cholamine deficiencies, Grattan-Smith et al (2002)
proposed signs of DA deficlency as tremor, hypér
sensitivity to levodepa, oculogyric crises, akinesia,



