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length, step width, single support time) for gait
disturbance or symmetrical gait. He maintained a
static posture for 30 seconds and gait five times
and the mean values were calculated. All gait data
were normalized by the gait cycle.

RESULTS

1. Posture
1-1) Foot pressure and COM

Skelton models confirmed the external differences
in static posture (Fig. 2). The patient’s model be-
fore DBS inclined to the left side with poor posi-
tion of his neck and trunk. His right foot pressure
was distributed to his toe and heel (forefoot 51%

and hindfoot 49%, average 415 g/cm? and the left

was deviated to his heel (forefoot 19% and hindfoot -

_posture

G/300

81%, average 543 g/cm?. The LNG, which showed
postural instability, was 923.2 mm. After DBS, dis-
tribution of foot pressure was on the right side (fore-
foot 65% and hindfoot 35%, average 361 g/cm? and
on the left (forefoot 18% and hindfoot 82%, average
510 g/cm?®, and the LNG decreased to 502.9 mm.
The balance of weight bearing and right-left ratio
of foot pressure showed no difference between be-
fore and after DBS. LNG revealed clear shortening
of 54.5% and shifted to the middle of his feet after
DBS.
1-2) Neck and spine angle

His spine had extended to the left side, bent and
rotated to the left before, and was slightly bent and
rotated to the left after DBS (Fig. 3). His neck, how-
ever, had extended to the right side, bent and ro-
tated to the right before, and was slightly bent and
rotated to the left after DBS. His postural alignment

after DBSi(16 pod)

feft

foot pressure

Figure 2. Static posture and foot pressure

Skelton models from Polygon 3.1 simulated and visualized the postural alignments in frontal and sagittal planes. The patient stood
on force plates with the eyes open and relaxed. Abnormality before DBS (left) especially showed spinal torsion with left postural de-
viation. The lines of the center of pressure showing postural instability improved on middle of the foot images after DBS.
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Figure 3. Neck and spine angle in static posture

The degree of neck and spine angles with static standing for thirty seconds 1mproved to maintain a stable position after DBS in three
dimensions. Neck movements before DBS were antagonists of those of the spine in. lateral bend and vertical dlrectlons these symp-

toms decreased after DBS.

remained almost straight (offset) from the center
of his body (0 degrees) after DBS (neck offset : flex-
ion 13.5%3.4 degrees, left bending 4.9%0.8 degrees,
right rotation 5.1% 0.7 degrees, spine offset : flexion
13.3£ 2.8 degrees, left bending 4.7+0.3 degrees,
left rotation 1.8+ 0.8 degrees).

2. Gait

2-1) Gait parameters
The changes in gait parameters are shown in

Table 1. The following parameters were also com-
pared with normal data (normal values) (10-12). All
values after DBS were better than before but could
not reach normal values for increasing cadence
(110-120 steps/min), faster walking speed (1.36 m/
sec), longer step length (0.65 m), shorter step width
and single support time.
2-2) Neck and spine angle

The alignments of his spine before, which ex-
tended, bent and rotated to the left, changed to a
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Table 1. Gait parameters

Before DBS : After DBS
( Left Right Left Right
Cadence (steps/min) 93.8+13.0 91.3t183 100.0= 8.79 92.7t5.83
Walking speed (m/sec) 0.65% 0.09 0.62£0.20 0.86+£0.15 0.86%0.05
Step lengths (m) 0.26£0.10 0.54%+0.14 0.45%£0.18 0.58% 0.05
Step width (m) 0.30% 0.04 0.28%0.02 0.20%0.05 0.21£0.03
Single support (sec) 0.56£ 0.11 0.45£ 0.05 0.48%0.07 0.49% 0.08

Values are expressed gait parameters (mean= SD) for five times walking. The parameters became more symmetry after DBS.

lower degree of spinal deviation close to a straight and right rotation) even after DBS. The standard
position on gait after DBS (Fig. 4). His neck angles deviations of each angle stayed in the lower ranges,
after DBS were still abnormal (flexion, left bending showing stability during a gait cycle.
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Figure 4. Neck and spine angles during a gait cycle
Angles (mean= SD, degree) of the patient with five times gait. After DBS, the spine angle became close to the median line of the
body with moderate standard deviation in all planes (sagittal, frontal and coronal planes). Neck position remained inclined to the left.
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shear and vertical forces), except for a progressive
pattern. Each lower limb had a respective role in.
braking force for the left and driving force for the

2-3) Ground reaction force (GRF)
The asymmetry of GRF patterns (Fig. 5) before
DBS became close to symmetrical after DBS (lateral

Ground reaction force

anterior (-)/posterior (+) reaction force anterior (-)/posterior (+) reaction force

0 60 100 0 : 60 100
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Figure 5. Ground reaction force during a gait cycle
GRF (mean= SD, Newton) from force plates with five times gait showed close to symmetrical bilateral gait patterns after DBS, ex-

cept progressive shear forces. Dystonia side (left) reversed normal side (right).
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right in progressive shear force.
2-4) Center of mass (COM)

The ranges (distance) of COM were, before
DBS: 173.4+26.7 mm (lateral : 1), 66.5+22.4 mm
(vertical : V) and after: 70.5+17.2 mm (L), 22.5+
4.8 mm (V). The normal values were 58.0+20.0
mm (L) and 48.0=11.0mm (V) (10). The deviation
of COM revealed stability in both lateral and vertical
directions during a gait cycle (Fig. 6).

S. Nakao, etal. Gait and posture analysis of dystonia

DISCUSSION

The mechanism of the DBS effect was associated
with the disruption of pathological network activity
in the cortico-basal ganglia-thalamic circuits by af-
fecting the firing rates and bursting patterns of neu-
rons and synchronized oscillatory activity of neuro-
nal networks (13). There is a consensus that idi-
opathic generalized, cervical and segmental dystonia
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Figure 6. COM patterns during a gait cycle
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Displacement of center of mass (mean= SD, mm) with five times gait in lateral and vertical directions for gait instability ; wide
ranges of standard deviations before DBS revealed less stability than after DBS during the gait cycle.
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are good indications of DBS and efficacy is main-
tained long term. Although pallidal DBS has been
shown to be cognitively safe, non-dystonic extremi-
ties have not received much attention (14). We clari-
fied which involuntary mevements were related to
postural instability and gait disturbance by DBS in
a dystonic patient using three-dimensional motion
analysis in this study. His posture and gait were
asymmetrical and unstable before DBS ; therefore,
he quickly became exhausted easily and fell down
frequently (15), but they improved close to symmet-
rical after DBS. Functional body balance was con-
trolled by changes of symptoms (with partial cor-
rections of neck and spinal alignments in a static
posture) and maintained the stability of COM and
COP. His neck angles remained abnormal with spe-
cific motions during gait compared to the spine,
which was not disturbed in walking. Functional im-
provements of gait, such as gait parameters includ-
ing increasing of cadence (step rate) and walking
speed, increased step length, reduction of a wide
base, extension of single support time and sym-
metrical GRF patterns in lateral and vertical shear
force close to normal patterns in consecutive gait
showed dynamic stability simultaneously. Gait needs
the neuromuscular function of the whole body and
involves involuntary as well as voluntary motor ele-
ments (11). DBS facilitated the possible relations
of gait asymmetry to postural instability in dystonia
as well as Parkinson’s disease (16). These improve-
ments of gait parameters also explained that of
neuromuscular function, which well responded to
DBS. Not all symptoms could be treated with DBS
(2-4). Our patient improved 80% by BFMS with
slightly abnormal movement in his posture and gait.
Some dependence on the right side remained for
weight bearing to substitute the symptomatically
dominant side during gait even after DBS. Other
symptoms, including slightly better vocalization,
swallowing and keeping his eyes open could help
the patient to be independent and active during
hospitalization. These remaining symptoms will ne-
cessitate a rehabilitation program, using training to
establish new movement patterns, to preserve an
appropriate activity level, and to treat the specific
disability, which resulted from secondary changes
of the musculoskeletal system during pathological
muscle tension in dystonia (17) after DBS.

The results of this study revealed that three-
dimensional motion analysis could inclusively assess
the level of improvement in a patient with movement
disorders and could assist in diagnosis or effect

measurement. We also need to collect more data
from patients with movement disorders and clarify
their specific characteristics in future studies.
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Abstract—There is a growing body of evidence that strio-
some-matrix dopamine systems are tightly linked with motor
and behavioral brain functions and disorders. In this study,
we used an immunohistochemical method to show differen-
tial expression of the olfactory type G-protein a subunit
(Geolf) that involves in the coupling of dopamine D1 receptor
with adenylyl cyclase in the striatal compartments of adult
mice, and observed heightened density of Gaolf labeling in
the striosomes relative to the matrix compartment. Our find-
ings suggest that Geolf could be one of the key molecules for
controlling differential responses of the striosome and matrix
compartments to dopamine D1 receptor signaling in the stri-
atum of adult mice. © 2010 IBRO. Published by Elsevier Ltd.
All rights reserved.

Key words: striatum, compartmentalization, dopamine D1 re-
ceptor, DARPP-32, c-Fos, G-protein.

The mammalian striatum comprises a unique mosaic or-
ganization composed of two functional subdivisions: the
striosome and matrix compartments (Graybiel and Rags-
dale, 1978). These compartments are defined according to
the intensity of histochemical staining for a wide variety of
neurotransmitter-related substances including the dopam-
ine-signaling molecules (Graybiel, 1990; Gerfen, 1992).
Accumulating evidence has suggested that differential in-
volvement of the striosome-matrix dopamine systems is
associated with movement and behavioral disorders (for
recent reviews, see Graybiel, 2008; Goto et al., 2010), and
psychostimulant addiction (Capper-Loup et al., 2002; Gra-
nado et al., 2008).

*Correspondence to: S. Goto, Depariment of Clinical Neuroscience,
Institute of Health Biosciences, Graduate School of Medicine, Univer-
sity of Tokushima, Tokushima 770-8503, Japan. Tel: +81-88-633-
7206; fax: +81-88-633-7208.

E-mail address: sgoto@clin.med.tokushima-u.ac.jp (S. Goto).
Abbreviations: DAB, diaminobenzidine; DARPP-32, the dopamine and
cAMP-regulated phosphoprotein of 32 kDa; Gaolf, the olfactory type
G-protein « subunit; Gas, the isoform of stimulatory G-protein « sub-
unit; IgG, immunoglobulin G; MOR, u-opiate receptor; PB, phosphate
buffer; PBS, phosphate buffered saline; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; TH, tyrosine hydroxylase.

Dopamine receptor signaling plays a key role in
motor and behavioral control of brain function. Among
five known subtypes of dopamine receptors, the dopa-
mine D1 receptor (D1R) that stimulates cAMP production
is most abundant and widespread in the brain. It is
known that in the rodent striatum, D1R couples to adenylyl
cyclase via the olfactory type G-protein a subunit (Gaolf),
and not via the isoform of stimulatory G-protein « subunit
(Gas; Zhuang et al., 2000; Corvol et al., 2001). By using an
immunohistochemical technique, we here show a striking
pattern of Geaolf distribution in the striatum of adult mice,
and heightened expression of the protein in the striosomes
relative to the matrix compartment. Our results suggest
that in the adult mouse striatum, striosomal enrichment of
the Gaolf protein is attributable to the predominant respon-
siveness of the striosomes to D1R signaling.

EXPERIMENTAL PROCEDURES

All procedures involving the use of animals and analysis of brain
anatomy were approved by the Institutional Care and Use Com-
mittees of Tokushima University.

Animals and tissue preparation

The adult mice were administered an i.p. injection of a lethal dose
of pentobarbital and were perfused transcardially with 0.9% saline
in 0.01 M phosphate buffered saline (PBS; pH 7.4) and cold 0.1 M
phosphate buffer (PB; pH 7.4) containing 4% paraformaldehyde.
The brains were removed, post-fixed overnight in the same fixa-
tive at 4 °C, and stored in 0.1 M PB containing gradient (10-30%)
sucrose at 4 °C for cryoprotection. Sections with 30 um-thickness
were cut on a cryostat and stored in PBS/0.05% NaN; until use. In’
a c-Fos induction experiment, adult mice were given an i.p. injec-
tion of apomorphine (10 mg/kg) 2 h prior to perfusion.

Western blot analysis

The brains from deeply anesthetized adult mice were homoge-
nized in 0.05 M Tris—HCI (pH 7.2) containing 0.025 M KCI, 0.005
M MgCl,, and 0.32 M sucrose. The protein lysates were subjected
to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and separated proteins were then transferred onto
a polyvinylidene difluoride membrane. The membranes were in-
cubated with an antibody to Gaolf (Santa Cruz Biotechnology,
Santa Cruz, CA, USA; 1:5000) and Can Get Signal (Toyobo Inc.,
Osaka, Japan), and then with horseradish peroxidase-conjugated
anti-rabbit IgG. Bound antibodies were detected by chemilumines-
cence staining (ECL plus kit, GE Healthcare, Buckingham, UK).

Immunohistochemistry and digital imaging

Immunohistochemical staining was performed on free-floating sec-
tions as described in a previous report (Sato et al., 2008). Rabbit
polyclonal antibody to tyrosine hydroxylase (TH; 1:100,000) (Sato
et al., 2008), rat monoclonal antibody to D1R (Sigma-Aldrich, St

0306-4522/10 § - see front matter © 2010 IBRO. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.neuroscience.2010.06.072
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100

Number of cFos-positive nuclei/mm?

Striosome Matrix

Fig. 1. Striosome-predominant expression of c-Fos protein with apomorphine treatment in adult mice. (A) Immunofiuorescence staining for c-Fos in
the striatal section from a mouse with no treatment of apomorphine. (B, B’) Dual antigen immunofluorescence staining for c-Fos (B) and MOR (B’)
in the striatal section from a mouse with apomorphine treatment. Region shown in dashed open boxes in (B, B’) is illustrated at higher magnification
in (C, c-Fos), (C’, MOR) and (C'’, merged). Apomorphine induces patchy striosome-predominant expression of c-Fos in the caudoputamen.
(D) Density measurements of c-Fos-labeled nuclei in the striosome and matrix compartments. Data are represented as the mean (SEM) (bars) values
(n=25). * indicates P=0.01 striosome vs. matrix. MOR, p-opioid receptor. Scale bars: (A, B) 500 um; (C) 100 um.

Louis, MO, USA), rabbit polyclonal antibody to u-opiate receptor
(MOR,; Millipore, Billerica, MA, USA; 1:10,000), rabbit polyclonal
antibody to the dopamine and cAMP-regulated phosphoprotein of
32 kDa (the dopamine and cAMP-regulated phosphoprotein of 32
kDa (DARPP-32); Cell Signaling, Danver, MA, USA; 1:1000),
rabbit polyclonal antibody to phospho-[Thr34]-DARPP-32 (Cell
Signaling; 1:1000), rabbit polyclonal antibody to phospho-[Thr75]-
DARPP-32 (Cell Signaling; 1:1000), rabbit polyclonal antibody to
c-Fos (Oncogene Science, Cambridge, MA, USA; 1:2000), and
rabbit polyclonal antibody to Geaolf (Santa Cruz Biotechnology;
1:500) were used as primary antibodies. For detection of the
bound antibodies, we used the Histofine Simple Stain kit (Nichirei
Company, Tokyo, Japan) with diaminobenzidine (DAB) as a chro-
mogen. Dual antigen immunofluorescence staining for c-Fos and
MOR was performed as previously described (Sato et al., 2008).
The digital microscopic images from the immunostained sections
were acquired with Meta-Morph software (Molecular Devices, To-
kyo, Japan), imported into Adobe Photoshop CS4, and processed
digitally.

Densitometry and statistics

To estimate the density of Gaolf labeling, we immunostained the
striatal sections in parallel at the same time with the same proto-
cols. The optical densities of DAB products were measured as
gray levels. For each animal, measurements were made in five
striatal fields from five sections. Measurements of the density of
c-Fos-labeled nuclei in the striatal compartments were made on
the sections doubly-stained for c-Fos and MOR. We counted the
number of c-Fos-positive nuclei within the striosomes (n=25) and
in the matrix areas (n=25) from five striatal fields of each rat
(n=5), and calculated the density of c-Fos-positive nuclei/mm? in
each compartment. For statistical analysis we used Student’s two

tailed t-test and P-values less than 0.05 were considered as
statistically significant.

RESULTS

To test whether the striosome and matrix compartments
differentially respond to dopaminergic stimulation in the
adult mice used in the present study, we performed an
assay for c-Fos expression after treatment with apomor-
phine (Fig. 1). Because the induction of immediate early
gene reflects acute elevation of cAMP-dependent signal-
ing caused by the activation of postsynaptic D1Rs within
striatal neurons, c-Fos induction can be considered as an
indicator of D1R-mediated signal transduction in the stria-
tum (Moratalla et al., 1996; Kim et al., 2002). With the
dual-antigen detection for c-Fos and MOR, a marker for
striosomes (Canales and Graybiel, 2000; Sato et al.,,
2008), we confirmed preferential localization of the nuclei
labeled for c-Fos in the striosomes relative to the matrix
compartment in adult mice that were administered a high
dose (10 mg/kg) of apomorphine (Fig. 1).

Next, to identify a molecular candidate responsible for
the differential responses of the two striatal compartments
to the D1R signaling, we reappraised the distributional
profile of TH and D1R (Fig. 2) in the striatum of adult mice.
Immunohistochemistry for TH, a marker for striatal dopa-
minergic afferent fibers, showed a nearly homogeneous
staining (Fig. 2A). No obvious compartmentalization of
D1R-labeling (Fig. 2B) was also found. On the other hand,



W. Sako et al. / Neuroscience 170 (2010) 497-502 499

Fig. 2. Striatal localization of D1 dopamine signal-related molecules in adult mice. Striatal sections stained for TH (A), D1R (B), MOR (C), DARPP-32
(D), phospho-[Thr34]-DARPP-32 (E), and phospho-[Thr75]-DARPP-32 (F). TH, tyrosine hydroxylase; D1R, dopamine D1 receptor; MOR, u-opioid
receptor, DARPP-32, the dopamine and cAMP-regulated phosphoprotein of 32 kDa. Scale bars=500 um.

the striosome and matrix compartments were clearly iden-
tified on staining for MOR (Fig. 2C). Hence, it is likely that
dopaminergic afferents and D1Rs are almost homoge-
neously distributed in the striosome-matrix system. In ad-
dition, DARPP-32, a major component of the D1R-signal-
ing cascade (Greengard, 2001), also showed no obvious
compartmentalized distribution in the striatum (Fig. 2D), as
did its site-specific phosphorylated forms such as phos-
pho-[Thr34]-DARPP-32 (Fig. 2E) and phospho-[Thr75}-
DARPP-32 (Fig. 2F).

Lastly, we examined the localization pattern of Gaolf in
the striosome-matrix systems of adult mice (Fig. 3). For
this purpose, we used a rabbit polyclonal antibody to the
Geolf protein. On immunoblots of rat brain extracts, a
protein band with an approximate molecular mass of 42
kDa, corresponding to the predicted size of the native
Geolf protein, was selectively detected with the antibody
(Fig. 3A). From the anterior to posterior levels of the stri-
atum (Fig. 3B-D), immunoreactivity for Geolf was highly
concentrated in the striatum that consists of the caudopu-
tamen, nucleus accumbens, and olfactory tubercle. Under
high-power magnifications, Gaolf labeling was strongly ex-
pressed in numerous neuronal fibers but less intensely in
neuronal perikarya in the striatum (Fig. 3E). Of particular

interest was the finding that within the caudoputamen,
there were focal zones of particularly high Geolf immuno-
staining. These zones of heightened Geolf labeling corre-
sponded to the striosomes identified in the adjacent sec-
tions stained for MOR (Fig. 3F, G). Serial section analysis
on negative images (Fig. 3H, I) also illustrates this higher
expression of Gaolf in the striosomes relative to the nearby
matrix area. Densitometric measurements confirmed this
visual impression (Fig. 3J). A quantitative study revealed a
significant difference in the Gaolf staining density between
the striosome and matrix compartments (P=0.001). Hence,
we inferred that the striosome compartment is enriched
with the Gaolf protein in adult mice.

DISCUSSION

Given that c-Fos induction by apomorphine is significantly
high in the striosomes relative to the matrix compartment,
our results indicate that there exists a predominant respon-
siveness of the striosome compartment to D1R signaling in
the adult mouse striatum. However, according to our data,
no apparent compartmentalization was found in adult mice
with respect to the distribution of D1R or TH. This finding is
consistent with the known expression pattern of D1R and
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Optical density of Goolf-labeling

Striosome  Matrix

Fig. 3. Striatal localization of Gaolf in adult mice. (A) Western-blot assay. Rat brain extracts (50 ug of protein) were loaded onto 10% SDS-PAGE
and then processed for the transimmunoblot technique using anti-Gaolf antibody. Note that a protein band (arrowhead) with an approximate
molecular mass of 42 kDa, corresponding to the predicted size of the native Gaolf protein was selectively detected. PS, protein staining; IB,
immunacblot. (B-D) Gaolf-immunostaining at the anterior (B), middle (C), and posterior (D) levels of the striatum. (E) High-power photomicrograph of
the striatal area stained for Gaolf. (F, G) Serial sections stained for Gaolf (F) and MOR (G). Asterisks indicate a corresponding striosome. MOR,
u~opioid receptor. (H, 1} Negative prints of serial sections stained for Geolf (H) and MOR (l). Arrows indicate a corresponding striosome. (J) Density
measurements of Geolf-labeling in the striosome and matrix compartments. Data are represented as the mean (SEM) (bars) values (n=25). * indicates
P=0.01 striosome vs. matrix. Scale bars: (B-D), (F-I), 500 um; (E) 50 um.

TH in the mouse striatum (Kim et al., 2002; Granado etal., . and TH-staining intensity in the matrix compartment is
2008; Sato et al., 2008). Immunostaining of D1R and TH increased to the level found in striosomes, and hence their
first appears in discrete “dopamine islands” that corre- compartmentalization becomes obscure during adulthood
spond to developing striosomes (Graybiel, 1984) at the (Kim et al., 2002). Therefore, it is likely that in adult mice,
early postnatal period. With development, the level of D1R- the striosome and matrix compartments differentially re-
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spond to D1R signaling, despite no obvious difference in
the distribution of D1Rs and dopaminergic inputs as deter-
mined by TH-staining between the two striatal compart-
ments. This notion could raise the possibility that certain
molecules that play a role in the intracellular dopamine D1
signaling cascade are differentially expressed in the strio-
some-matrix systems in adult mice. Although a previous
study showed a homogeneous pattern of Golf mRNA ex-
pression throughout striatal development in rats (Sak-
agami et al., 1995), in the present study, we have shown
that the Gaolf protein is differentially expressed in the
striatal compartments of adult mice. The present study first
showed compartmentalized distribution of the Gaolf pro-
tein in the adult mouse striatum, with a heightened density
of Gaolf-staining in the striosomes relative to the matrix
compartment. Because activation of D1R increases cAMP
production via Gaolf-mediated stimulation of adenyly! cy-
clase in rodents (Zhuang et al., 2000; Corvol et al., 2001),
we suggest that Geolf could be one of the key molecules
for controlling differential response of striosome-matrix
systems to D1R signaling in adult mice.

~ Accumulating evidence has shown that differential in-
volvement of the striosome-matrix dopamine systems
could be critical to identifying mechanisms underlying the
genesis of movement disorders such as Parkinson’s dis-
ease (Wilson et al., 1987; Moratalla et al., 1992; Graybiel
et al., 2000; Iravani et al., 2005; Crittenden et al., 2009)
and dystonias (Sato et al., 2008). It has also been sug-
gested that a significant change in striatal Gaolf expres-
sion is strongly linked with the induction of the hypokinetic
or hyperkinetic state in models of striatal dopamine defi-
ciency in both animals (Herve et al., 1993, 2001; Marcotte
et al., 2001; Cai et al., 2002) and humans (Corvol et al.,
2004). Moreover, an important finding indicates that the
striatal level of Gaolf serves as a key regulator for acute
responses to psychomotor stimulants (Corvol et al., 2007).
Taken together, we suggest that striosomal enrichment of
the Gaolf protein may give new insights in the compart-
ment pathology of striatal dopamine systems in movement
and behavioral disorders.
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Although there are some newly developed options to treat dystonia, its medical treat-
ment is not always satisfactory. Zolpidem, an imidazopyridine agonist with a high affinity
on benzodiazepine subtype receptor BZ1 (w1), was found to improve clinical symptoms
of dystonia in a limited number of case reports. To investigate what subtype of dystonia
is responsive to the therapy, we conducted an open label study to assess the efficacy
of zolpidem (5-20 mg) in 34 patients suffering from miscellaneous types of dystonia using
the Burke-Fahn—Marsden Dystonia Rating Scale (BFMDRS). Patients were entered into the
study if they had been refractory to other medications as evaluated by BFMDRS (no change
in the previous two successive visits). After zolpidem therapy, the scores in the patients
as a whole were decreased from 7.2 £79 to 5.54+5.0 (P =0.042). Patients with general-
ized dystonia, Meige syndrome/blepharospasm, and hand dystonia improved in the scale by
27.8,17.8, and 31.0%, respectively, whereas no improvement was found in cervical dystonia
patients. Overall response rate among patients were comparable to that of trihexyphenidyl.
Zolpidem may be a therapeutic option for generalized dystonia, Meige syndrome, and hand

orjp

dystonia including musician’s. Drowsiness was the dose-limiting factor.

Keywords: generalized dystonia, Meige syndrome, hand dystonia, zolpidem

INTRODUCTION

Dystonia is a syndrome of sustained muscle contractions causing
twisting and repetitive movements or abnormal postures (Fahn
et al., 1998). Although there are several options to treat dystonia,
its medical treatment is notoriously difficult and often unsuccess-
ful. Zolpidem, an imidazopyridine agonist with a high affinity to
benzodiazepine subtype receptor BZ1 (»1; Holm and Goa, 2000),
is reported to improve basal ganglia disease including Parkinson’s
disease (Daniele et al., 1997) and various types of dystonia (Evi-
dente, 2002; Garretto et al., 2004; An et al., 2008; Park et al., 2009)
Despite these case reports, zolpidem has not been tested in a large
number of patients with various subtypes of dystonia. Here we
report two dystonia patients who improved remarkably by oral
zolpidem therapy, and assessed treatment outcome of zolpidem
in 34 medically intractable patients suffering from miscellaneous
types of dystonia, in order to determine what subtypes of dystonia
are good candidates for zolpidem trial.

MATERIALS AND METHODS

PATIENTS

Dystonia patients were selected, not in randomized, nor con-
trolled design, from those seen at Tokushima University Hos-
pital and Takeda General Hospital, Japan. The diagnosis of pri-
mary dystonia was made according to standard criteria (Albanese
et al., 2006): Major exclusion criteria were the presence of
brain lesion in basal ganglia detected by 1.5T magnetic reso-
nance image and the past history of antipsychotics administra-
tion. We enrolled 34 patients with dystonia, who were treated

with trihexyphenidyl (4-12 mg/day), clonazepam (0.5-3 mg/day),
baclofen (15-60 mg/day), and others (9 generalized dystonia; 10
Meige syndrome/blepharospasm; 7 cervical dystonia; 8 hand dys-
tonia). All patients were refractory to further dose increases of oral
medications other than zolpidem. Their doses were unchanged if
continued in the zolpidem trial. Of all, 23 patients were resistant
to botulinum toxin type A (OnabotulinumtoxinA: 50-200 IU, 0.5-
8 ml) injections. The refractoriness was evidenced by the lack of
improvement in the Burke~Fahn—-Marsden Dystonia Rating Scale
(BFMDRS) in the last two visits. All focal dystonia patients (Meige
syndrome/blepharospasm, cervical dystonia, and hand dystonia)
did not spread to multiple body parts during 1year follow up.
One patient underwent palidal stimulation before entry. Their
clinical characteristics are summarized in Table 1. Their mean age
was 48.8 £ 15.8 years; mean disease duration was 5.2 £ 5.1 years.
Zolpidem was started at 10 mg/day (once a day in the evening),
later increased or decreased in dosage (5-20 mg/day: once or twice
a day in the morning and evening) depending on the tolerability
and the benefit. The mean dosage of zolpidem was 11.2 £ 5.12 mg.

ASSESSMENTS

All patients were assessed before and 1month after zolpidem
administration using BEMDRS, including the Dystonia Movement
Scale (Part I) and Disability Scale (Part II; Burke et al., 1985).

We defined the global improvement as follows; more than 40%
improvement in BEMDRS as “remarkable improvement,” less than
40% improvement as “mild improvement,” and no change in the
scale as “ no improvement.”
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Table 1| Patients’ summary.

Generalized dystonia Meige/blepharospasm Cervical dystonia Hand dystonia Total

(n=9) {(n=10) (n=7) (n=8) (n=34)
Gender (male/female) 3M/6F 6M/4AF 7M/OF 5M/3F 21M/13F
Age 38.3+£19.4 60.6+9.6 45.7+14.4 48.4 4 10.1 48.8+15.8
Duration (years) 46+6.8 3.6+3.2 6.0+4.9 74152 52+5.1
BFMDRS: before 15.8+10.0 6.2+54 24+11 29+20 72+79
BFMDRS: after 11.4+£5.7 51+£3.0 2.4+11 20+09 *55+5.0
Zolpidem (mg/day) 12.2+£6.2 12.0+4.8 10+0 8.8+5.1 10.944.8
BTX 6 10 6 1 26

*P=0.041 vs before administration (t-test).

Standard protocol approvals, registrations, and patient consents
This study was approved by JSPS Grants-in-Aid for Scientific
Research (No. 21390269), and informed consent was obtained
from all patients.

Data analysis
Statistical analyses were made using f-test, results were considered
significant at a level of P < 0.05.

RESULTS

CASE REPORTS

Case 1

A 36-years-old man, who was a clarinet player, had 1-year his-
tory of cramps during the performance. His physical condition
and mental condition was normal, and there were no neurologic
abnormalities. At the age 35, he noticed an abnormal cramp on
the left little finger during clarinet performance. The symptoms
gradually worsened over time, finally he became no longer able to
play the clarinet in the concert. He had been on medications with
trihexyphenidyl up to 12 mg/day and clonazepam (1-3 mg/day)
with no benefits.

At the age of 36-years-old, we tried zolpidem on him, which
improved his symptoms dramatically to the extent that he had
no problems in the performance. He took 10 mg of zolpidem
before playing the clarinet, and found the beneficial effect within
30 min, its durations of action being about 3 h. One year later, he
was still using zolpidem 10 mg once or twice a day for occasional
concert.

Case2

A-20-years-old woman, who was a softball player, had 1-year his-
tory for lower limbs dystonia. Her physical condition and mental
condition was normal, and there were no neurologic abnormalities
except for dystonic symptoms on the bilateral lower limbs. At the
age 19, she noticed an abnormal inversion of the left ankle during
walking. The symptoms gradually worsened, and she developed
difficulty in walking because of her lower limbs muscle hyperactiv-
ity. Her dystonic symptoms did not change with or without shoes.
She was tried medication with trihexyphenidyl (up to 12 mg/day),
baclofen (up to 30 mg/day), and gabapentin, with no effect. At age
20, she became unable to walk, or to bend her knees and ankles.
She was referred to us with a diagnosis of lower limb dystonia

(Figure 1).

We treated her with zolpidem oral monotherapy with a dose
up to 20 mg/day. Three days after the therapy, she found it easy to
bend her right knee and could stand without any help. She could
walk on day 7, and finally she could climb up and down stairs on
day 14. One year later, she was still on zolpidem, with continued
benefit.

Effects of zolpidem in miscellaneous types of dystonia

Table 1 depicts summary of the patients. BEMDRS in total dysto-
nia patients were significantly decreased from 7.2 +7.9t0 5.5 + 5.0
(P =0.041). ;

As for subtypes of dystonia, the scale decreased on the aver-
age in generalized, Meige syndrome/blepharospasm, and hand
dystonia (Table 1). After zolpidem, 3 of 9 generalized dystonia
(33%), 2 of 10 Meige syndrome/blepharospasm (20%), and 3 of
8 hand dystonia patients (38%) improved in the motor subscale
of BEMDRS (generalized dystonia; 29-75% improvement, Meige
syndrome/blepharospasm; 33—-39% improvement, hand dystonia;
33-67% improvement), whereas cervical dystonia patients did not.
Overall, the present study showed that 8 of 34 dystonia patients
(24%) responded to zolpidem.

Adverse effects associated with zolpidem were drowsiness,
amnesia, and abnormal behavior (somnambulism). Moderate or
severe drowsiness occurred in eight patients (three cases of respon-
ders and five non-responders), and transient amnesia occurred in
four patients (two responders and two non-responders).

DISCUSSION

Here we described the outcome of zolpidem trial in patients with
miscellaneous types of dystonia, whose symptoms had been refrac-
tory to other medications. In all dystonia patients, 24% of the
patients responded to zolpidem, and remarkable improvements
were found particularly in generalized and hand dystonias. No
improvement was found in cervical dystonia. Despite the differ-
ent outcome measures and clinical protocols, the present data
are comparable to the efficacy of trihexyphenidyl in a previous
study reporting improvements in 44% for generalized dystonia
patients, 63% for Meige syndrome/blepharospasm, and 28% for
focal dystonia patients (Jabbari et al,, 1989).

Our result has a limitation that the design was not a ran-
domized controlled trial. Indeed this is a pivotal study so that
the conclusion regarding efficacy of zolpidem should be cau-
tious and other studies are needed to replicate our results, It is
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FIGURE 1 | (A) It is before treatment. She could not walk without help
because of left dominant lower limbs dystonic spasm. (B) We started

zolpidem 20 mg/day monotherapy, and at the day 14, she could walk without
any support, despite the persisting inversion of the left ankle.

however unlikely that the beneficial effects are entirely placebo-
based, because the patients had been equally tried on other med-
ications with no benefit before enrollment. Moreover, improve-
ment in the scale of the whole patients was significant. We
therefore consider that zolpidem is a useful option for treating
dystonia.

It was reported that some of adult onset primary focal dystonia
patients spread proximally or contralaterally or become general-
ized within several years of symptom onset (Weiss et al., 2006).
For that reason, we assessed all patients using BEMDRS, one of
the major clinical dystonia scales for generalized dystonia, in this
study. It would be desirable to evaluate on the scale suitable for
each types of dystonia in future trials, with divided subtypes, being
randomized, blinded, and placebo-controlled.

For the patients with generalized dystonia, Meige syn-
drome/blepharospasm, and hand dystonia, mild to remark-
able improvements (29-75% improvement in BFMDRS) were

observed, whereas no significant changes were found for cervi-
cal dystonia after zolpidem (Figure 2). Despite the small number
of cases, blepharospasm was also refractory. Even within the same
subtype, responsiveness to zolpidem considerably varied among
patients.

We used zolpidem 5-20 mg/day for the patients with dystonia,
and drowsiness was tolerated for most of the subjects. Eight out
of 34 subjects complained relatively persistent drowsiness (3 cases
of responders and 5 of non-responders). No correlation between
drowsiness and effects to dystonia syndrome was found. It is how-
ever possible that doses used in this study may not be large enough
to obtain the maximal benefit, because the previous studies used
the doses up to 50-70 mg/day (Garretto et al., 2004; Young et al.,
2008).

Focal hand dystonia (writer’s cramp and other occupational
cramps) is a primary dystonia produced by the excessive co-
contraction of antagonistic muscles of the hand and forearm
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FIGURE 2 | Before and 1 month after zolpidem administration,
patients with patients with generalized dystonia, Meige syndrome/
blepharospasm, cervical dystonia, and hand dystonia experienced

improvement in the motor subscale of Burke-Fahn-Marsden
Dystonia Rating Scale (BFMDRS). *Case 1; **Case 2; [9][10],
blepharospasm.

(Sheehy and Marsden, 1982). In our study, 38% of the hand dys-
tonia patients improved after zolpidem. In past study, botulinum
toxin treatment of hand dystonia showed less favorable benefits
than cervical dystonia or blepharospasm (Karp et al., 1994). Musi-
cians’ cramp or dystonia of other highly skilled performance are
even more difficult to obtain the satisfactory outcome. Zolpidem
is worth being tried on such patients as Case 1 in our study.

Zolpidem is an imidazopyridine agonist with a high affinity on
the benzodiazepine site of GABA4 receptors containing a1 subunit
in combination with $2 and y2 subunits (McKernan and Whiting,
1996; Sanna et al.,, 2002), equivalent to w1 subtypes, present in
interneurons in all brain areas including the hippocampus, the
cortex, and the cerebellar Purkinje cells (McKernan and Whiting,
1996). Recently a high density of zolpidem binding sites was found
in the thalamus (Licata et al., 2009) and the subthalamic nucleus
(Chen etal.,2007),and possibly the globus pallidus (Duncan et al.,
1995; Chen et al., 2004). After binding to these sites, zolpidem
could enhance inhibitory pathways in the basal ganglia motor loop,
accounting for the clinical improvement in dystonia.

Lack of responsiveness in cervical dystonia is unexplained in
the present study. Intriguingly, the clinical improvement in cervi-
cal dystonia after globus pallidus internus deep brain stimulation
(GPi-DBS) was reported to be less satisfactory than other sub-
types (Starr et al., 2006; Lee et al., 2007). It might be possible that
GPi-DBS and zolpidem could have similar mechanisms of action.

In conclusion, zolpidem may be a useful option for treating gen-
eralized/hand dystonias, and Meige syndrome who do not respond
to botulinum toxin or oral medications.
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ABSTRACT

When considering a patient with dystonia for deep brain stimulation (DBS) surgery several
factors need to be considered. However, to date the selection criteria for DBS - specifically in
terms of patient features (severity and nature of symptoms, age, time of evolution, or any
other demographic or disease aspects) - have not been assessed in a systematic fashion. In
general, dystonia patients are not considered for DBS unless medical therapies have been
previously and extensively tested, including different groups of drugs, botulinum toxin
injections, and physiotherapy. The vast majority of reported patients have had DBS surgery
when the disease was provoking important disability, with loss of independence and impaired
quality of life. Current evidence suggests that subjects with primary generalized dystonia
(PGD) should undergo DBS at an early age and sooner rather than later after disease onset to
gain the optimal benefit from DBS. There does not appear to be an upper age limit nor a
minimum age limit, although there are no published data regarding the outcome of globus
pallidus internus (GPi) DBS for dystonia in children younger than seven years of age. All
motor features and associated pain in primary dystonia are potentially responsive to GPi
DBS, although response of speech has been less consistent. While dystonic features may
improve, spasticity and other neurological deficits in secondary dystonias do not respond to
DBS. Previous ablative procedures, such as thalamotomy, pallidotomy, and peripheral
denervation, should not prevent consideration of DBS.



