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Dopa-responsive dystonia (DRD) is a hereditary dystonia character-
ized by a childhood onset of fixed dystonic posture with a dramatic
and sustained response to relatively low doses of levodopa. DRD is
thought to result from striatal dopamine deficiency due to a reduced
synthesis and activity of tyrosine hydroxylase (TH), the synthetic
enzyme for dopamine. The mechanisms underlying the genesis of
dystonia in DRD present a challenge to models of basal ganglia
movement control, given that striatal dopamine deficiency is the
hallmark of Parkinson’s disease. We report here behavioral and
anatomical observations on a transgenic mouse model for DRD in
which the gene for 6-pyruvoyl-tetrahydropterin synthase is targeted
to render selective dysfunction of TH synthesis in the striatum.
Mutant mice exhibited motor deficits phenotypically resembling
symptoms of human DRD and manifested a major depletion of TH
labeling in the striatum, with a marked posterior-to-anterior gradient
resulting in near total loss caudally. Strikingly, within the regions of
remaining TH staining in the striatum, there was a greater loss of TH
labeling in striosomes than in the surrounding matrix. The predom-
inant loss of TH expression in striosomes occurred during the early
postnatal period, when motor symptoms first appeared. We suggest
that the differential striosome-matrix pattern of dopamine loss could
be a key to identifying the mechanisms underlying the genesis of
dystonia in DRD.

basal ganglia � movement disorders � Parkinson’s disease � striatum

Parkinson’s disease (PD), Huntington’s disease, and the dys-
tonias represent the three main classes of basal ganglia

disorders producing severe motor disturbances. Dystonias, the
most common of these, are characterized by the occurrence of
sustained muscle contractions and cocontractions leading to
repetitive patterned movements (hyperkinetic dystonias) or
fixed abnormal postures (hypokinetic dystonias). Many forms of
dystonia now are recognized as genetic disorders, classified as
DYT-1 to DYT-16 (1–4).

Dopa-responsive dystonia (DRD), a hypokinetic dystonia, was
the first dystonic syndrome for which a causative gene was
identified (GCH1) (5). DRD is remarkable among dystonias,
because it is highly responsive to treatment with levodopa, the
signature treatment for PD. Autosomal dominant DRD mani-
fested by fixed dystonic postures can result from all of the
inherited metabolic disorders involving synthesis of BH4 (L-
erythro-5,6,7,8-tetrahydrobiopterin), because this enzyme is the
essential cofactor for tyrosine hydroxylase (TH: EC1.14.16.3),
itself the critical enzyme for synthesizing dopamine and other
monoamines [supporting information (SI) Fig. S1] (5–8). Loss of
dopamine in the striatum, together with reduced striatal TH
activity and TH protein, are the key features that have been
observed in the rare autopsied cases of autosomal dominant

DRD (9). Some parkinsonian symptoms are present in DRD,
especially with increasing age, but dystonia is predominant.
DRD thus presents critical questions about how striatal dopa-
mine affects motor behavior: why a striatal dopamine deficiency
leads mainly to dystonia rather than to parkinsonism in DRD,
and why levodopa treatment so effectively treats the dystonia
(6, 7, 10, 11).

To address these issues, Sumi-Ichinose et al. (12) generated a
mouse model of autosomal dominant DRD (the Pts�/� mouse)
by disrupting the synthesis of BH4 through disabling of the PTS
gene, necessary for BH4 synthesis (12). Because Pts�/� mice died
shortly after birth, a rescue DRD model was generated by
transgenic introduction of human PTS cDNA under the control
of the 5�-promoter region of the human dopamine �-hydroxylase
(DBH: EC1.14.17.1) gene (13). In these DPS-rescued Pts�/�

mice (DPS mice), BH4 and TH concentrations are severely
reduced in the striatum (to �20% and 15%, respectively, of
wild-type Pts�/� levels), but noradrenaline and adrenaline are
largely spared (13).

In the experiments reported here, we show that DPS mice
develop abnormal postures and movements, and that the devel-
opment of such symptoms is correlated temporally with highly
patterned loss of TH in the striatum involving both a loss of TH
in striosomes and a failure of increase of TH in both striosomes
and matrix. We suggest that differential loss of dopamine in
striosomes, together with a more global dopaminergic deficit in
the striatum, may be critical in producing dystonia in DRD.

Results
Motor Dysfunction in DPS Mice. To determine whether the DPS
mice had motor impairments, we evaluated mutants along with
sibling controls in a series of behavior tests. At rest, adult DPS
mice demonstrated no overt signs of movement disorder. How-
ever, when hung by their tails, the DPS mice exhibited dystonic
posture of the hindlimbs with self-clasping (Fig. 1, also see Movie
S1). The fixed clasping posture was first detected in young DPS
mice at 2 weeks of age (Fig. 1C). We tested mature DPS mice and
sibling controls with beam-walking protocols including three
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beams of different shapes and diameters. The DPS mice were
impaired relative to wild-type controls on all tests. DPS mice
were slower (Fig. 1E, latency to complete crossing; P � 0.001,
ANOVA) and made more foot slips (Fig. 1F; P � 0.001,
ANOVA) (see Movie S2). These results suggest that DPS mice
manifest a phenotype of hypokinetic hindlimb dystonia that
resembles the hindlimb dystonia observed in DRD, including in
a patient with a PTS deficiency (8), specifically modeled genet-
ically in the DPS mice.

Patterns of Loss of TH Immunostaining in the Striatum of Adult DPS
Mice. Immunohistochemistry for TH demonstrated striking ab-
normalities in the striatum of the adult DPS mice (Fig. 2). In
contrast to the intense, nearly homogeneous TH staining in the
striatum of wild-type controls, striatal TH immunostaining in
the DPS mice was markedly reduced in the caudoputamen and
in the lateral part of the olfactory tubercle, but not in the nucleus
accumbens (Fig. 2B). Within the caudoputamen of the DPS
mice, there were focal zones of particularly severe loss of TH
staining (Fig. 2B). These zones of lowered TH labeling corre-
sponded to striosomes identified in adjacent sections stained for
a marker of striosomes, the �-opiate receptor (MOR) (14) (Fig.
2 C and D). Fig. 2 E–G illustrate this marked depletion of
TH-positive fibers in the striosomes relative to the nearby matrix.

There was also a strong posterior-to-anterior gradient in the
loss of TH staining in the caudoputamen (Fig. 3). Caudally, TH
was severely depleted in all but the most medial part of the
striatum, so that the difference in labeling between striosomes
and matrix was mostly or fully obscured (Fig. 3F). Densitometric
measurements confirmed this visual impression (Fig. 3G). Thus,
DPS mice exhibit both differential loss of TH in striosomes
rostrally and differential loss of TH in both compartments at
caudal levels of the caudoputamen, with sparing of TH in the
nucleus accumbens and medial olfactory tubercle.

Striatal fos Expression After Dopaminergic Stimulation in the Striatum
of Adult DPS Mice. To obtain an estimate of the excitability of
striatal neurons in response to dopamine agonist stimulation
(14), we treated adult wild-type and DPS mice with either saline
or the D1/D2 dopamine receptor agonist apomorphine (5 mg/kg
i.p.; n � 2 for each phenotype) and examined the patterns of
FosB immunoreactivity in the striatum. Induction of FosB
labeling was not observed in the saline-treated controls (data not

shown). Apomorphine induced a marked increase in FosB
expression in the striatum of both wild-type and DPS mice (Fig.
S2 and Fig. S3). However, the induction of FosB was stronger in
the DPS mice, particularly in the dorsolateral striatum (Fig. S2).
Double immunofluorescence staining for FosB and TH showed
that, in both DPS and wild-type mice, FosB-labeled nuclei were
frequently found in the zones of lowered TH labeling (Figs. S2
C–H and S3 A–F). Initial counts of FosB-positive nuclei (Fig.
S3G) suggested that the relatively augmented FosB induction in
the DPS mouse occurred especially in striosomes at the mid-
striatal levels analyzed. Thus, it is likely there is dopaminergic
hypersensitivity in the striatum of DPS mice, particularly in
striosomes. Behaviorally, the apomorphine-treated DPS mice
exhibited hyperactivity in open field conditions relative to con-
trols, but variability was high, given the small number of animals
available for testing.

Structural Preservation of the Nigrostriatal Pathway in Adult DPS
Mice. Despite the evident loss of TH staining in the striatum of the
DPS mice, there was no obvious difference between the distribution
of TH-labeled neurons in the midbrains of the DPS mice and their
wild-type controls (Fig. 3 H and I); both the ventral tegmental area
and substantia nigra pars compacta were densely stained in mice of
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Fig. 1. Behavioral phenotype of DPS mice. (A–D) Hindlimb clasping dystonic
phenotype in DPS mice (A and C) compared with behavior in wild-type sibling
controls (B and D), at adulthood (A and B), and at 2 wk of age (C and D). Note
normal splaying of hindlimbs in wild type. (E and F) Hypokinetic motor deficits
in adult DPS mice. On the beam-walking tests with a 6-mm-wide square beam
(6Sq) and with 14 mm (14R)- or 8 mm (8R)-wide round beams, DPS mice (black
bars) showed an increase in the latency to complete crossing (E) and in the
number of foot slips (F), relative to controls. *, P � 0.001.
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Fig. 2. Differential loss of TH labeling in striosomes in adult DPS mice. (A and
B) TH-stained cross-sections through the striatum from a wild-type mouse (A)
and a DPS mouse (B). An example of the focal zones of lowered TH-staining
visible in the DPS mouse is indicated by the arrow in B. (C and D) Serially
adjacent striatal sections immunostained for TH (C) and for MOR (D) from a
DPS mouse. * indicates examples of MOR-positive striosomes that correspond
to the TH-poor zones. (E) Photomicrograph illustrating magnified view of
TH-immunostaining in caudoputamen of a DPS mouse. Striosome and matrix
compartments are indicated by S and M, respectively. (F and G) Higher-power
photomicrographs showing a severe loss of TH-immunostained afferent fibers
in a striosome (F), but their relative sparing in the nearby matrix (G) in the
caudoputamen of a DPS mouse. (Scale bars: A–D, 500 �m; E, 200 �m; and F and
G, 50 �m.) CP, caudoputamen; NA, nucleus accumbens; OT, olfactory tubercle.
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both genotypes. Notably, the densocellular zone in the ventral tier
of the nigral pars compacta could be identified in TH stains of both
DPS and control midbrains (Fig. 3 J and K). This region is thought
to be a main source of the nigrostriatal dopaminergic projections to
striosomes (15, 16). Moreover, immunohistochemistry for aromatic
L-amino acid decarboxylase (AADC), a dopaminergic marker for
the nigrostriatal pathway that is normally colocalized with TH (13),
demonstrated abundant staining of the striatum and of nigral
neurons in the DPS mice (Fig. 4 A–F). These results suggest that in
the DPS mice, the nigrostriatal pathway is present but has lost TH
protein at the level of its nerve terminals in the striatum, particularly
in striosomes and in caudal parts of the striatum (Fig. 4G).

Abnormal Developmental Profile of TH Immunostaining in DPS Mice.
In agreement with the known pattern of TH expression in the
mouse striatum (16, 17), in the wild-type control mice (Fig. 5
A–D and I), strong TH immunostaining first appeared in discrete
‘‘dopamine islands’’ corresponding to developing striosomes
(18). With development, the level of TH-staining intensity in the
matrix compartment increased to the levels found in the strio-
somes. The striosomal pattern of TH labeling became faint by
postnatal week 2 and disappeared by postnatal week 4.

In the DPS mice (Fig. 5 E–H and J), TH-positive dopamine
islands were also visible up to postnatal week 1, although their
immunostaining intensity was slightly lower than that of the wild
types. By postnatal week 2, however, the mean intensity of TH
immunostaining in the striosomes had sharply decreased. Strio-
somes with lowered TH labeling were visible through most of the
caudoputamen, along with low levels of TH immunostaining in
the matrix. As shown in Fig. 5G, many striosomes now appeared
as zones of lowered TH staining. By postnatal week 4, striosomes
were severely depleted of TH labeling in the entire neostriatum,
and this pattern remained through adulthood (Fig. 5H). As this
striking decline in striosomal TH occurred, TH staining in the
matrix compartment of the DPS striatum failed to develop. By
week 4, the full posterior-to-anterior pattern of TH deficiency
appeared, with very low levels of TH in both compartments
caudally and with differentially low TH levels in striosomes
rostrally (Fig. 5). Thus, in the DPS mice, the deficiency in TH in

the caudoputamen resulted both from (i) a progressive postnatal
loss of TH immunostaining that was present at birth, particularly
in striosomes; and from (ii) a failure of increased TH immuno-
staining with maturation.

Discussion
Our findings demonstrate that DPS mice exhibit dystonic motor
deficits potentially related to the phenotypes seen in DRD
patients (6, 8, 19), including those in a patient with the PTS
deficiency engineered in the DPS mice (6, 19). Our experiments
further demonstrate that a loss of TH protein in the terminal
regions of the nigrostriatal tract is a principal pathology of the
basal ganglia in the DPS mice, as has been found in human DRD
patients (9, 20, 21). These observations validate the DPS mouse
as a model of DRD. The critical findings made possible by this
DRD mouse model are that the loss of striatal TH in the model
occurs mostly according to the striosome-matrix architecture of
the striatum, with striosomes differentially affected, and that the
onset of motor symptoms is temporally correlated with the onset
of the striatal decline in TH.

DRD due to BH4 deficiency is considered to be a functional
disorder of nigrostriatal dopaminergic neurons, because of the
lack of evidence for degeneration of nigrostriatal fibers despite
severe depletion of striatal TH and dopamine. Our findings in
the DPS model are similar. Severe loss of TH immunostaining
in the caudoputamen occurred with preservation of the nigro-
striatal innervation as judged by AADC immunohistochemistry.
Such structural preservation could partly underlie the dramatic
and sustained response to relatively low doses of levodopa in
DRD, contrasting with the situation in Parkinson’s disease, in
which a progressive degeneration of the nigral dopaminergic
neurons occurs and high doses of levodopa are required for
therapeutic effect. The mechanism for the selective reduction in
striatal TH protein elicited by BH4 insufficiency in DRD is
unknown. There is no apparent difference in TH mRNA levels
in the brains of Pts�/� and Pts�/� mice (12), suggesting that the
steady-state level of TH protein may be regulated by stabiliza-
tion, transportation or translation of the protein in the striatum,
rather than by transcriptional control by BH4. One possibility is
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that the turnover rate of TH protein and/or BH4 recycling in the
susceptible nerve terminals is faster than that in other regions,
which could account for the tendency for there to be lower
amounts of TH protein in the nerve terminals of the striatonigral
pathway.

The pattern of loss of TH in the DPS mouse striatum is
remarkably similar to that in the weaver mouse, both in the
gradients of loss and in the striosomal predominance of TH loss
at anterior striatal levels (17). In the weaver mouse, however, loss
of nigral neurons accompanies the striatal deficit, whereas we
found no obvious loss of nigral neurons in the DPS mouse,
including in the putative striosome-projecting densocellular
zone (17, 22). This result raises the possibility that striatal factors
contribute in producing these patterns of dysfunction, whether
accompanied by massive nigral cell body loss or not.

In the DPS mouse model of DRD, the loss of TH in the
striatum follows an abnormal developmental pattern resulting in
differential loss of TH in striosomes at rostral levels, where some
TH-positive innervation survives and profound loss of TH in
both compartments caudally. This pattern corresponds in re-
markable detail to the pattern predicted by Hornykiewicz (11).
Based on the patterns of loss of dopamine in dissected postmor-
tem samples from a DRD patient, Hornykiewicz suggested that

preferential loss of striosomes in the rostral striatum could be
critical to producing dystonic symptoms, a prediction fully in
accord with our findings in the DPS mouse model of DRD.

How could this pattern of loss contribute to dystonic symp-
toms? The loss of TH in the caudal striatum removes normal
dopaminergic control over the matrisome-based direct and
indirect pathways that lead toward motor-control circuits of the
cortex and brainstem. TH is also lost in both striosomes and
matrix at these caudal levels. In addition, however, striosomes
are differentially depleted of TH rostrally, producing an imbal-
ance between dopaminergic modulation of striosome and matrix
compartments in the anterior striatum. Such an imbalance could
be important. The regulation of movement by the striatum may
depend not only on the balance of activity between the matrix-
based direct and indirect pathways (23, 24), but also on a balance
in activity between these pathways and the striosomal pathway
(25). For example, an imbalance between compartmentally
organized basal ganglia circuits has been suggested to contribute
to the generation of repetitive behaviors including motor ste-
reotypies and levodopa induced dyskinesias (14, 26). Our find-
ings support the possibility that a differential striosome-matrix
pattern of dopaminergic loss could contribute to the genesis of
dystonia of the DRD type. Our preliminary results with apo-
morphine treatment of the DPS mice suggest that differential
hypersensitivity to dopaminergic stimulation in the two com-
partments does exist at least in this model of DRD. According
to this view, the striosomal compartment exerts critical control
over movement by virtue of its interactions with the matrix
compartment (Fig. 6), thereby providing experience-dependent
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motor or emotional control variables related to evaluative
signaling (26–30).

The loss of TH in the dorsal striatum of the DRD model
mouse, with preservation of TH in the nucleus accumbens,
parallels the pattern of dopamine loss in the striatum in PD as
well as in DRD (11). The posterior-to-anterior gradient of loss
in the DRD model also parallels the overall pattern of striatal
dopamine deficiency in PD and the single DRD patient exam-
ined (11, 31). We could not securely compare the gradients of
striatal TH loss in the mouse to those within the anterior
striatum of the human cases, gradients that distinguish the PD
and DRD patterns of depletion (11). However, the differential
loss of striosomes rostrally in the DPS mouse was unequivocal.

It is not known whether there is differential vulnerability of
dopamine in striosome and matrix compartments in PD. How-
ever, in a primate model of parkinsonism generated by exposure
to low-dose 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), the dopamine-containing input to striosomes was
found to be relatively spared in the caudal striatum, whereas
dopaminergic inputs to the matrix were severely diminished (32).
This pattern contrasts with the loss of TH in both compartments
caudally and the accentuated TH loss in striosomes anteriorally
in the DRD mouse.

This contrast raises the possibility that a predominant loss of
dopaminergic activity in the matrix compartment at caudal
(sensorimotor) levels of the striatum might result in paucity of
movement, thereby resulting in hypokinetic parkinsonian symp-
toms in the PD model, whereas a differential loss of dopami-
nergic activity in striosome-based circuits originating at more

rostral striatal levels might produce changes in the selection and
release of behavioral alternatives, thereby promoting fixed dys-
tonic posture in DRD. Differential degeneration of striosomes
has been found in a postmortem analysis of the brains of DYT3
patients (33). Thus an important question to pursue is whether
some dystonias are linked to a disproportionate loss of normal
activity in the striosome compartment, and whether their hypo-
kinetic or hyperkinetic character depends on the associated
dopaminergic activities in the matrix compartment. At relatively
early stages, levodopa therapy in DRD may produce a beneficial
effect by restoring normal dopaminergic activity in striosomes,
promoting reacquisition of a balance between striosome-based
and matrix-based pathways.

An outstanding feature of DRD is that most cases are
characterized by childhood-onset dystonia (34). Our findings on
the DPS mouse model of DRD are of particular interest in this
developmental context. In the DRD model, developing strio-
somes were TH-positive in the typical dopamine-island pattern
at birth, but they lost TH labeling between postnatal weeks 1 and
2, when motor impairments in the mice were first detected.
These findings support the possibility that DRD is a develop-
mentally regulated disorder characterized by a predominant
developmental decrease of TH (and thus of dopamine content)
in the striosome compartment in advance of a severe caudal-to-
rostral failure of the normal developmental increases in dopa-
mine content across both striatal compartments.

Not only the total neural activity of pallidal neurons, but also
their patterns of neural discharges, may be relevant to the genesis
of dystonia (35). The DRD model mouse that we have charac-
terized here is complicated in that gradients of loss in TH from
posterior to anterior accompany the accentuated loss of TH in
striosomes at the more anterior levels. Nevertheless, the model
raises the possibility that a striosomal dopamine deficiency could
alter the functional activities of matrix-based striatal output
systems, contributing to the altered discharge pattern of pallidal
neurons in DRD.

Methods
DPS mice and wild-type controls were examined in behavioral tests (tail
suspension, open field, beam-walking) and in neuroanatomical studies of the
nigrostriatal system as described fully in SI Text. All procedures were approved
by the institutions of the authors (SI Text). For behavior, adult mice were used;
for anatomy, both adult and 0- to 4-wk-old mice were studied. For anatomy,
immunohistochemistry was performed on frozen sections from perfusion-
fixed mice to demonstrate midbrain and striatal staining for TH, AADC, and
MOR, and for MOR and FosB in mice treated with apomorphine 2 h before
perfusion. Sections were analyzed by light microscopy, and quantitative mea-
sures were made by cell counting and densitometry.
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