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(Fig. 2A). Decerebrate cats maintain reflex standing pos-
ture due to tonic contractions of postural muscles (decere-
brate rigidity). Stimulation of the MLR first increased
muscle tone and initiated alternating hindlimb stepping
movements. Then the stepping movements developed to
locomotor movements when treadmill was started to move
(Fig. 2B (a)). Moreover, microinjection of N-methyl-D-
aspartic acid (NMDA) into the MLR increased muscle
tone (Fig. 2C (a)), and initiated locomotion on the moving
treadmill belt (Fig. 2C (b)). These findings support pre-
vious notion that signals from cells in the MLR released the
activities of rhythm generating systems in addition to
muscle tone facilitatory systems (Mori et al., 1987). In
the PPN, both cholinergic and non-cholinergic neurons are
present (Spann and Grofova, 1992). Garcia-Rill and co-
workers (Garcia-Rill, 1991; Skinner et al., 1990) describe
that an activation of PPN cholinergic neurons is required to
initiate locomotion. However, most studies including our
study (Takakusaki et al., 2003a) demonstrate that the MLR
is mainly located in the area dorsomedial to the PPN but not
within the PPN (Fig. 2D). The area rather corresponds to
the cuneiform nucleus (CNF) where cholinergic neurons
are rarely distributed (Fig. 2E).

Fig. 3A illustrates our current perception of the locomo-
tion executing system which is based on our results in
addition to previous works (Grillner, 1981; Mori, 1987;
Rossignol, 1996). There at least two major pathways des-
cend from the MLR. One is via the medial medullary
reticulospinal tract and the other is via the pontomedullary
locomotor strip (PMLS). Both pathways activate the central

pattern generators (CPG) in spinal cord, whose output
generates locomotor rhythms. Signals from the MLR may
also activate muscle tone facilitatory systems such as the
raphespinal and coerulospinal tracts (Lai and Siegel, 1990;
Mori, 1987). A cortical input to the MLR is conceivably
mediated via polysynaptic connections through the subtha-
lamic locomotor region (SLR; Rossignol, 1996). A clinical
report shows a patient with a lesion in the dorsolateral
mesopontine tegmentum could not stand and walk (Masdeu
et al., 1994). Thus an MLR is also reality in the mesopontine
tegmentum of the human.

The neural architecture of the muscle tone inhibitory
system is perceived somewhat differently among researchers.
However there is a general agreement that cholinoceptive
pontomedullary reticular formationneurons excite reticulosp-
inal neurons in themedullary inhibitory regionofMagoun and
Rhines (1946), which corresponds to the nucleus reticularis
gigantocellularis, the nucleus reticularis magnocellularis and
the nucleus reticularis paramedianus (Chase et al., 1986; Lai
and Siegel, 1988, 1991; Takakusaki et al., 2001, Habaguchi et
al., 2002). These provide postsynaptic inhibitory effects upon
motoneurons directly or via inhibitory interneurons (Chase
andMorales, 1990; Takakusaki et al., 2001, 2003b). A similar
action is induced from the ventrolateral part of the PPN
(Takakusaki et al., 2003a, 2004c). Either electrical or chemi-
cal stimulation applied to theventrolateral PPN in decerebrate
cats suppressed postural muscle tone (Fig. 2B (b) and C (c)).
Cholinergic neurons were densely distributed in the optimal
stimulus sites (Fig. 2D and E), indicating that the inhibitory
effects are mediated by cholinergic PPN neurons. Fig. 3B

K. Takakusaki et al. / Neuroscience Research 50 (2004) 137–151 139

Fig. 1. Volitional and automatic control of locomotor movements. GABAergic basal ganglia output to the thalamocortical neurons and the brainstem neurons

integrate volitional and automatic control processes of movements. See text for further explanation.
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Next move selection and the striatum  (shogi; Wan 2011 Science)
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Striatal'cell'classes'and'glutamate/DA/ACh'receptor'expression'
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So'how'do'the'gene1cs'fit'in'with'this?
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tremor, we performed linkage analysis and exome
sequencing to identify candidate causal variants. On the
basis of this approach, our top candidate was a missense
variant (c.1480A>T [p.Arg494Trp]) in exon 15 of ANO3.
Further sequencing of this ANO3 exon revealed a second
small family affected by an almost identical phenotype;
ten bases upstream of c.1480A>T, a second missense
variant (c.1470G>C [p.Trp490Cys]) segregating with the
disease was identified in those family members available
for testing. Neither variant in exon 15 was seen in the
publically available data from the NHLBI Exome
Sequencing Project, 1000 Genomes Project, or our own
in-house exomes, and both were predicted to be delete-
rious by SIFT, PolyPhen-2, andMutationTaster. Subsequent
targeted high-throughput sequencing of the entire gene in
188 individuals revealed three further coding variants and
one variant in the 50 UTR in individuals with tremulous
cervical dystonia and/or upper-limb tremor. Although
these variants were not recorded in the above databases,
predictions of their pathogenicity were contradictory,
and further functional work or mutational screening will
be required for firmly establishing their link to dystonia.
However, at least one (c.2053A>G [p.Ser685Gly]) of these
additional variants appeared to segregate with disease in
the family members available for testing.
ANO3 encodes a protein called anoctamin 3, about

which little is yet known. It belongs to a family of genes
(ANO1–ANO10) that appear to be closely related in
sequence and topology but that have distinct expression

patterns.21,22 Members of the family are found throughout
eukaryotes, including mammals, flies, worms, plants,
protozoa, and yeast, but are best represented in higher
vertebrates that possess the most members.23 Moreover,
many of these genes have been linked to disease, suggest-
ing that they play an important role within their specific
tissue types. For instance, mutations in ANO1 (MIM
610108) have been linked to cancer,24 mutations in
ANO5 (MIM 608662) have been linked to several forms
of muscular dystrophy,25,26 mutations in ANO10 (MIM
613726) have been linked to autosomal-recessive spinocer-
ebellar ataxia,27 and mutations in ANO6 (MIM 608663)
have been linked to Scott syndrome, a rare bleeding
disorder.28

ANO1 and ANO2 (MIM 610109), the best studied
members of the family, encode proteins that function as
Ca2þ-activated chloride channels (CaCCs).29 It remains
an open question as to whether anoctamin 3 functions
in the samemanner. Hydropathy analysis suggests a similar
topology—eight hydrophobic helices have been found to
be likely transmembrane domains and cytosolic N and C
termini (see Figure S2)—but more recent work has sug-
gested that anoctamin 3 might in fact be targeted to the
ER rather than to the cell surface (like anoctamins 1 and
2).20 CaCCs are, nonetheless, known to have a role in
the modulation of neuronal excitability,30,31 and, in view
of our data showing very high expression of ANO3 in the
striatum, it is possible that mutations in this gene lead to
abnormal striatal-neuron excitability, which manifests

Figure 3. Graphical Summary of Expression Data
(A) Box plot of ANO3 mRNA expression levels in 12 CNS regions. The expression levels are based on exon array experiments and are
plotted on a log2 scale (y axis). This plot shows significant variation in ANO3 transcript expression across the 12 CNS regions analyzed:
putamen (PUTM, n ¼ 121), frontal cortex (FCTX, n ¼ 122), temporal cortex (TCTX, n ¼ 114), hippocampus (HIPP, n ¼ 114), cervical
spinal cord (SPCO, n¼ 13), substantia nigra (SNIG, n¼ 96), hypothalamus (HYPO, n¼ 13), medulla (specifically inferior olivary nucleus,
MEDU, n ¼ 109), intralobular white matter (WHMT, n ¼ 120), thalamus (THAL, n ¼ 107), and cerebellar cortex (CRBL, n ¼ 129). ANO3
mRNA expression is significantly higher in the putamen than in all other brain regions. Whiskers extend from the box to 1.53 the
interquartile range.
(B) Graph to show ANO3 mRNA expression levels in six brain regions during the course of human brain development. The expression
levels are based on exon array experiments and are plotted on a log2 scale.18,19 The brain regions analyzed are the striatum (STR), amyg-
dala (AMY), neocortex (NCX), hippocampus (HIP), mediodorsal nucleus of the thalamus (MD), and cerebellar cortex (CBC). This plot
shows increasing expression of ANO3 mRNA during human brain development, particularly in the striatum, from the early midfetal
period to adolescence.

The American Journal of Human Genetics 91, 1041–1050, December 7, 2012 1047
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Dystonia is a movement disorder characterized by repetitive 
twisting muscle contractions and postures1,2. Its molecular 
pathophysiology is poorly understood, in part owing to limited 
knowledge of the genetic basis of the disorder. Only three 
genes for primary torsion dystonia (PTD), TOR1A (DYT1)3, 
THAP1 (DYT6)4 and CIZ1 (ref. 5), have been identified.  
Using exome sequencing in two families with PTD,  
we identified a new causative gene, GNAL, with a nonsense 
mutation encoding p.Ser293* resulting in a premature stop 
codon in one family and a missense mutation encoding 
p.Val137Met in the other. Screening of GNAL in 39 families 
with PTD identified 6 additional new mutations in this gene. 
Impaired function of several of the mutants was shown by 
bioluminescence resonance energy transfer (BRET) assays.

PTD is a subgroup of dystonia that was originally considered 
 idiopathic. It is defined by the presence of dystonia (with or with-
out tremor) as the only neurological sign, as well as the absence of 
 historical, imaging or laboratory findings, suggesting an acquired 
cause or non-primary form of dystonia (for example, Wilson  
disease)6. PTD is clinically and causally heterogeneous, with a sub-
stantial genetic component7. Analyses of clinical subgroups, for 
example, focal adult and early-onset generalized, are consistent with 
autosomal dominant inheritance8–10 but with reduced penetrance, 
which ranges from 15% for focal PTD to 30–60% for generalized 
PTD10–12. Incomplete penetrance, together with genetic and clinical 
heterogeneity, complicates the identification of genes involved in PTD 
by traditional linkage analysis. As an alternative, we employed exome 
sequencing to systematically search for causative genes for PTD.

We performed exome sequencing in individuals from two families 
with PTD (Supplementary Fig. 1, asterisks). The clinical features of 
the affected individuals in these families are summarized in Table 1  
and Supplementary Table 1 (families D1 and P)13–15. Exome sequencing  

produced approximately 50 million paired reads per sample, more 
than 97% of which were mapped to the genome. The average coverage 
was 52×, with more than 80% of targeted bases covered at 20×. Reads 
were mapped to the human reference genome sequence (assembly 
GRCh37/hg19), and allelic variants were detected. About 60,000 vari-
ants were called per individual (Supplementary Table 2). Because 
dystonia is rare and inherited in an autosomal dominant manner in 
these pedigrees, the causative mutation is expected to be an extremely 
rare heterozygous variant shared by all affected family members. 
Comparing sequenced family members, we found 11,124 hetero-
zygous shared variants in family P and 4,578 in family D1. These 
variants were further compared to dbSNP release 132, with 458 and 
208 previously unknown variants identified in each family, respec-
tively. After annotation by both the SIFT16 and SeattleSeq Annotation 
servers, 68 missense and 1 nonsense variants remained in family P, 
and 20 missense variants were defined in family D1 (Supplementary 
Table 2). Identification of insertion and/or deletion (indel) variants 
was performed in a similar fashion for family P only (Online Methods 
and Supplementary Table 3).

Family P was previously subjected to a whole-genome scan that 
identified 3 regions of potential linkage, with logarithm of odds 
(LOD) scores ranging from 1.5 to 2.1 (data not shown). Within these 
regions, we found seven new coding variants: four single-nucleotide 
substitutions and three indels that were shared by all three affected 
individuals in family P.

Among these variants, the mutation encoding a p.Ser293* alteration 
in the GNAL gene cosegregated with dystonia in the remaining mem-
bers of family P (Supplementary Fig. 1). Furthermore, an additional 
variant in this gene, encoding a p.Val137Met alteration, was found 
among the 20 missense variants shared by all 4 members in family D1; 
it segregated with the disease in this family (Supplementary Fig. 1)  
and was not observed in the 572 control chromosomes we tested.  
In addition, neither the p.Ser293* nor p.Val137Met alteration was 

Mutations in GNAL cause primary torsion dystonia
Tania Fuchs1, Rachel Saunders-Pullman2,3, Ikuo Masuho4, Marta San Luciano5, Deborah Raymond2,  
Stewart Factor6, Anthony E Lang7, Tsao-Wei Liang8, Richard M Trosch9, Sierra White1, Edmond Ainehsazan1, 
Denis Hervé10–12, Nutan Sharma13, Michelle E Ehrlich14,15, Kirill A Martemyanov4, Susan B Bressman2,3 & 
Laurie J Ozelius1,14

1Department of Genetics and Genomic Sciences, Mount Sinai School of Medicine, New York, New York, USA. 2Department of Neurology, Beth Israel Medical 
Center, New York, New York, USA. 3Department of Neurology, Albert Einstein College of Medicine, Bronx, New York, USA. 4Department of Neuroscience, The 
Scripps Research Institute, Jupiter, Florida, USA. 5Department of Neurology, University of California, San Francisco, San Francisco, California, USA. 6Department 
of Neurology, Emory University School of Medicine, Atlanta, Georgia, USA. 7Division of Neurology, Toronto Western Hospital, Toronto, Ontario, Canada. 8Department 
of Neurology, Jefferson Hospital for Neuroscience, Philadelphia, Pennsylvania, USA. 9Parkinson’s and Movement Disorders Center, Southfield, Michigan, USA. 
10Institute National de la Santé et de la Recherche Médicale (INSERM) Unité Mixte de Recherche (UMR) S839, Paris, France. 11Institut du Fer à Moulin, Paris, 
France. 12Université Pierre et Marie Curie, Paris, France. 13Department of Neurology, Massachusetts General Hospital, Boston, Massachusetts, USA. 14Department 
of Neurology, Mount Sinai School of Medicine, New York, New York, USA. 15Department of Pediatrics, Mount Sinai School of Medicine, New York, New York, USA. 
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speech involvement. Brachial onset was not observed, and eventual 
arm involvement was seen in only 32% of carriers, distinguishing the 
phenotypic consequences of GNAL mutations from those of THAP1 
mutation (Supplementary Table 4)14,18. All carriers were Caucasian 
of mixed European ancestry. Because it has been suggested that GNAL 
may be imprinted19, we examined the parental origin of the muta-
tions. Dystonia was inherited from the maternal and paternal sides 
equally, and there were no apparent phenotypic differences between 
maternally and paternally inherited cases. However, further study is 
required to fully determine whether the parental origin of the muta-
tion affects penetrance or expression. In addition, no genotype-
 phenotype correlation could be discerned with regard to mutation 
type, and phenotypes varied within families with the same mutation 
(Table 1 and Supplementary Table 1).

GNAL is located on chromosome 18p centromeric to the DYT7 
locus for focal dystonia20 and the DYT15 locus for myoclonus 

 dystonia21,22. Dystonia occurs in individuals 
with 18p deletion23–28, and the absence of 
GNAL may contribute to dystonia in these 
cases. GNAL encodes the stimulatory  
subunit, G olf, first identified as a G protein 
(guanine nucleotide–binding protein) that 

mediates odorant signaling in the olfactory epithelium29. G proteins 
link seven-transmembrane-domain receptors to downstream effec-
tor molecules and function as heterotrimers composed of ,  and 
 subunits30. The predominant stimulatory G protein subunit in the 

brain is G s, but G olf replaces G s in striatal medium spiny neurons  
(MSNs)31,32. In MSNs, G olf couples dopamine type 1 receptors 
(D1Rs) of the direct pathway and adenosine A2A receptors (A2ARs) 
of the indirect pathway to the activation of adenylate cyclase type 5 
(refs. 33–35). Relevant to dystonia, A2AR and G olf are also expressed 
in striatal cholinergic interneurons (reviewed in ref. 36).

G olf shares 80% amino-acid identity with G s (ref. 29), and, on the 
basis of the crystal structure of G s (ref. 37), G olf is predicted to harbor 
a Ras-like domain that mediates GTP binding and hydrolysis and a 
helical domain that interfaces with the Ras-like domain and stabilizes 
nucleotide binding. We thus predicted that early truncating muta-
tions (those encoding p.Arg21*, p.Ser95fs*110 and p.Arg198fs*210)  

a

c.61C>T
p.Arg21*

c.304_312delCCTCCAGTT
p.Pro102_Val104del

1 2 3 4 5 6 7 8 9 10 11 12

c.274–5T>C

c.283_284insT
p.Ser95fs*110

c.409G>A
p.Val137Met

c.463G>A
p.Glu155Lys

16214914413211099

Human NP_001135811

Chimpanzee XP_001172063

Mouse NP_034437

Rat XP_002728601

Dog XP_849960

Cow NP_001096024

Chicken NP_001008746

Zebrafish NP_001007340

c.591_592insA
p.Arg198fs*210

c.878C>A
p.Ser293*

b

Figure 1 Mutations identified in GNAL in 
individuals with PTD. (a) Schematic of the exon-
intron structure of the short isoform of GNAL 
(NM_001142339) with mutations indicated. 
Missense mutations are shown in purple, the 
in-frame deletion is shown in blue, nonsense 
mutations are shown in green, frameshift 
mutations are shown in yellow, and the tentative 
splice-site mutation is shown in gray. (b) Protein 
sequence alignment of G olf in vertebrate species. 
Protein sequences were obtained from the 
RefSeq database and aligned using ClustalW57. 
The regions of alignment corresponding to the 
in-frame deletion and missense mutations are 
shown. Altered residues are colored as in a. 
RefSeq accession numbers are given.

Figure 2 Effect of mutations on G olf coupling 
to D1R. (a) Schematic of the assay design. 
Stimulation of D1R by dopamine results in the 
dissociation of G olf from the heterotrimer. 
Released G  subunits tagged with Venus 
become available for interaction with RLuc8-
tagged GRK reporter, producing the BRET 
signal, which is determined by the change in 
the emission ratio at 535 nm and 480 nm. 
(b) Time course of changes in BRET signal (R) 
upon stimulation of cells with dopamine and 
subsequent deactivation with haloperidol.  
(c) Basal BRET ratios (R0) calculated before the 
application of dopamine, reflecting the extent of 
G olf-G  heterotrimer formation. (d) Changes 
in the BRET ratio from basal signal to maximal 
response (Rmax) that reflect the amplitude of 
the response. (e) Analysis of the expression of 
G olf and G  (detected by antibody to green 
fluorescent protein (GFP)) subunits by protein 
blotting. Ponceau S staining of total cell lysates 
was used as a loading control. Results represent 
the mean of quadruplicate wells from a typical 
experiment. Similar results were seen in two 
independent experiments. Error bars, s.e.m. One-way ANOVA followed by the Holm-Sidak method was performed to determine statistically significant 
differences relative to wild-type control: ***P < 0.001. The vectors expressing G olf were designed using the transcript NM_001142339.
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Immunoprecipitation of ! Golf Protein. The solubilized, pho-
tolabeled membranes were diluted 1:1 with immunoprecipitation
buffer (10 mM Tris!HCl, pH 7.4, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.5% SDS, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 10 !g/ml
aprotinin, and 0.2 mM phenylmethylsulfonyl fluoride) and centri-
fuged at 12,000g for 10 min at 4°C. The pellet from this centrifuga-
tion was discarded and the supernatant was mixed with 3 !l of
nondiluted, subtype-specific G protein " subunit Golf antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), which does not cross-react
with the G protein " subunit Gs, and was incubated for 1 h at 4°C
under constant rotation. Then 60 !l of protein A-Sepharose (4 mg) in
immunoprecipitation buffer was added to each sample and incubated
overnight at 4°C under constant rotation. Thereafter, the Sepharose
beads were pelleted (1 min at 12,000g, 4°C) and washed twice with 1
ml of washing buffer A (50 mM Tris!HCl, 600 mM NaCl, 0.5% SDS,
and 1% tergitol Nonidet P-40, pH 7.4) and twice with washing buffer
B (100 mM Tris!HCl, 300 mM NaCl, and 10 mM EDTA, pH 7.4). The
washed Protein A-Sepharose was then resuspended in 100 !l of
Laemmli buffer and heated at 80°C for 5 min and then centrifuged as
above. Fifty microliters of the supernatant was then subjected to
SDS/PAGE (12%), as described by Laemmli (1970). The gel was dried
in a gel drier and exposed to X-ray film.

Subcloning of the Rat !Golf cDNA. The rat G " subunit Golf

cDNA was amplified with PCR using a plasmid (Bluescript) contain-
ing the rat Golf cDNA sequence (a gift from Dr. A.G. Gilman, South-
western Medical Center, Dallas, TX). The PCR product was sub-
cloned into the vector pCI-neo (Promega, Scandinavian Diagnostic
Services, Falkenberg, Sweden). To verify the incorporation of the
cDNA into pCI-neo, the subcloned cDNA fragments were sequenced
using an automated DNA sequencer, ABI 373A (Applied Biosystems
Inc.).

Transient Transfection of Golf cDNA into Chinese Hamster
Ovary (CHO) Cells Expressing Human Adenosine A2A Recep-
tors. CHO-K1 cells (American Type Culture Collection, Rockville,
MD) stably expressing human adenosine A2A receptors (Kull et al.,
1999) were grown adherent and maintained in "-minimum essential
medium without nucleosides, containing 10% fetal calf serum, pen-
icillin (50 U/ml), streptomycin (50 !g/ml), L-glutamine (2 mM), and
geneticin (Life Technologies, Täby, Sweden; 500 !g/ml) at 37°C in 5%
CO2/95% air. Transient transfection of Golf cDNA or control plasmid
was performed using FuGENE 6 transfection reagent (Boehringer
Mannheim) according to the instruction manual.

Measurement of cAMP Accumulation. Thirty-six hours after
transfection, both Golf cDNA-transfected cells and control cells were
sown into 12-well plates (200,000 cells per well) and allowed to grow
for 36 h. Cells were then washed twice with HEPES-buffered (20
mM) "-minimal essential medium, pH 7.4. The cells were incubated
at 37° for 10 min in 0.9 ml of HEPES-buffered medium. The adeno-
sine A2A agonist CGS 21680 was added in 0.1 ml of medium and the
cells were incubated for another 10 min. The reactions were termi-
nated by the addition of perchloric acid to a final concentration of 0.4
M. After 1 h at 4°C, the acidified cell suspensions were transferred to
tubes and neutralized with 4 M KOH/1 M Tris!HCl. The cAMP
content in the samples was determined using a competitive radioli-
gand-binding assay (Nordstedt and Fredholm, 1990). Radioactivity
was measured in an LKB/Pharmacia scintillation counter with 3 ml
of ReadySafe (Beckman, Bromma, Sweden) scintillation fluid.

Data Analysis. In the double in situ hybridization experiments
with probes against adenosine A2A receptor mRNA and Golf or Gs

mRNAs in the striatum, three categories of neurons were counted:
those that only exhibited a radioactive signal (i.e., at least two times
the background), those that showed only a nonradioactive signal,
and those that showed both signals. Quantification was made in the
lateral and medial parts of striatum and in the core and shell regions
of nucleus accumbens. All neurons within the examined areas were
counted.

Autoradiographic data from photolabeling experiments were
quantified using densitometry (MCID system; Imaging Research, St.

Catharines, Canada). Analysis of dose response curves from cAMP
measurements, nonlinear regression analysis, and statistical analy-
sis (t test) were performed using GraphPad Prism (ver. 3.00 for
Windows; GraphPad, San Diego, CA).

Results
Regional Distribution of Golf, Gs, and A2A Receptors

in Rat Forebrain. To study the abundance and distribution
of mRNAs for Golf, Gs, and A2A receptors, we performed in
situ hybridization on coronal sections from the rat brain (Fig.
1). Adenosine A2A receptor mRNA was, as shown previously
(Svenningsson et al., 1997), abundant in the caudate puta-
men, the nucleus accumbens, and the olfactory tubercle (Fig.

Fig. 1. Distribution of adenosine A2A, Golf, and Gs in rat brain. Darkfield
autoradiograms showing the expression of (a) adenosine A2A receptor
mRNA, (b) Golf mRNA, and (c) Gs mRNA in coronal sections of the rat
forebrain. Regions expressing the genes appear white. Scale bars, 1 mm.
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Negative regulation of torsinA expression by THAP1

An intriguing hypothesis linking DYT1 and DYT6 dystonias is that
THAP1 may regulate transcription of torsinA, as supported by two
recent studies. The human TOR1A promoter has been characterized
(Armata et al., 2008) and recently shown to contain two potential
binding sites for THAP1: an inverted bipartite motif (−111 bp to
−101 bp from the putative transcriptional start site) and a more
upstream, nonconserved motif (−259 bp to −252 bp from the start
site; Gavarini et al., 2010; Kaiser et al., 2010). Both studies
demonstrated that wild-type THAP1 binds these sequences, whereas
multiple DYT6 mutant forms of THAP1 do not. Kaiser et al. (2010)
further demonstrated that wild-type THAP1, but not its mutant
counterparts, significantly down-regulated TOR1A-driven luciferase
expression. That observation suggests that THAP1 may negatively
regulate torsinA expression, consistent with the hypothesis that THAP
proteins most likely function as transcriptional repressors.

If THAP1 normally represses transcription of torsinA mRNA, then
DYT6 mutations which decrease its DNA binding could theoretically
lead to abnormally high levels of torsinA protein. This prediction
contrasts sharply with the prevailing model of DYT1 pathogenesis,
which proposes that the ΔE mutation results in a loss of torsinA

Fig. 2. Potential interactions between torsinA, THAP1, and components of dopaminergic neurotransmission. Dopamine (DA) receptors can be classified into 5 subtypes, D1–D5, all of
which signal through heterotrimeric G-proteins that act on adenylate cyclase (AC). Activation of D1 and D5 receptors stimulates AC to increase cAMP production, while D2 receptor
activation inhibits AC and decreases cAMP levels. D3 and D4 are thought to function similarly to D2 receptors. Trafficking of DA receptors to the cell surface begins in the ER and
depends onmolecular chaperones. Given that DYT1 patients andmousemodels both show decreased D2 receptor availability at the cell surface, it is possible that torsinA participates
in the processing of D2 receptors in the ER and that the mutant form, torsinAΔE, loses this ablity, producing a trafficking defect. THAP1 interacts directly with Par-4, which competes
with calmodulin for binding to a cytosolic regulatory site on the D2 receptor. A loss of Par-4 results in increased binding by calmodulin and a decrease in D2 activity. It is not known
whether and how DYT6 mutations in THAP1 affect Par-4 and its interaction with D2. THAP1 has been recently shown to negatively regulate torsinA expression. DYT6 mutations in
THAP1 which lose this activity could potentially result in increased torsinA levels, which in turn could create imbalances in the ER which also perturb chaperone activity. The
predicted net effect of a D2 defect is a loss of inhibitory input to AC which results in aberrant cAMP-related signaling during DA neurotransmission. Antagonists of adenosine A2A
receptors could potentially compensate for decreased D2 activity and normalize transmission.

Fig. 3. DYT6 mutations in DNA binding module of THAP1. NMR solution structure of
THAP1's DNA binding domain as determined by Bessière et al. (2008). Positions are
highlighted to indicate: (a) four zinc coordinating residues (dark blue) with zinc ion
(light blue); (b) residues which, when individually mutated, were shown to
significantly decrease or even abolish DNA binding (yellow); and (c) known DYT6
mutants (red).

141D.C. Bragg et al. / Neurobiology of Disease 42 (2011) 136–147

Dystonia'gene1cs'+'dopamine'signaling

Bragg'2011'Neurobio'Dis
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Back'to'the'clinic:'''

the'importance'of''
measuring'symptoms
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Ra1ng'scales'cri1cal'for:'
• Correct/differen1al'diagnosis'
• epidemiological'data'
• pathophysiology'research'(imaging,'gene1cs,'pathology)'

• Progression'in'natural'history''

• PreX/postXtreatment'(surgical,'BoNT)'

• Clinical'trials

Significance
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• Mul1ple'op1ons'
• No'clear'standard'
• Ogen'NOT'used'
• “I'know'it'when'I'see'it”'

• Most'are'modifica1ons'of'Fahn’s'early'scales'''''''''''
(Fahn'1989'in'Munsat)'

• Concerns'about'interrater'reliability'
(Dystonia'Study'Group'2004'Adv'Neurol)'

Measuring'symptoms'in'dystonia
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•'just'7'
emo1ons?'

•'or'is'it'2N'
muscle'
ac1va1on'
combina1ons?

Cranial'dystonias
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Helping'doctors'evaluate'blepharospasm
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ComputerXbased'video'processing
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Automa1ng'eye'closure'detec1on
Good'match:'

manual'
segmen1ng''

vs.''

automa1c'
CERT'
segmen1ng''

of''
eyes'closed''
periods'
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Automa1cally'ra1ng'severity



The*two*basal*ganglia*output*pathways*&*laryngeal*dystonia

(Fig. 2A). Decerebrate cats maintain reflex standing pos-
ture due to tonic contractions of postural muscles (decere-
brate rigidity). Stimulation of the MLR first increased
muscle tone and initiated alternating hindlimb stepping
movements. Then the stepping movements developed to
locomotor movements when treadmill was started to move
(Fig. 2B (a)). Moreover, microinjection of N-methyl-D-
aspartic acid (NMDA) into the MLR increased muscle
tone (Fig. 2C (a)), and initiated locomotion on the moving
treadmill belt (Fig. 2C (b)). These findings support pre-
vious notion that signals from cells in the MLR released the
activities of rhythm generating systems in addition to
muscle tone facilitatory systems (Mori et al., 1987). In
the PPN, both cholinergic and non-cholinergic neurons are
present (Spann and Grofova, 1992). Garcia-Rill and co-
workers (Garcia-Rill, 1991; Skinner et al., 1990) describe
that an activation of PPN cholinergic neurons is required to
initiate locomotion. However, most studies including our
study (Takakusaki et al., 2003a) demonstrate that the MLR
is mainly located in the area dorsomedial to the PPN but not
within the PPN (Fig. 2D). The area rather corresponds to
the cuneiform nucleus (CNF) where cholinergic neurons
are rarely distributed (Fig. 2E).

Fig. 3A illustrates our current perception of the locomo-
tion executing system which is based on our results in
addition to previous works (Grillner, 1981; Mori, 1987;
Rossignol, 1996). There at least two major pathways des-
cend from the MLR. One is via the medial medullary
reticulospinal tract and the other is via the pontomedullary
locomotor strip (PMLS). Both pathways activate the central

pattern generators (CPG) in spinal cord, whose output
generates locomotor rhythms. Signals from the MLR may
also activate muscle tone facilitatory systems such as the
raphespinal and coerulospinal tracts (Lai and Siegel, 1990;
Mori, 1987). A cortical input to the MLR is conceivably
mediated via polysynaptic connections through the subtha-
lamic locomotor region (SLR; Rossignol, 1996). A clinical
report shows a patient with a lesion in the dorsolateral
mesopontine tegmentum could not stand and walk (Masdeu
et al., 1994). Thus an MLR is also reality in the mesopontine
tegmentum of the human.

The neural architecture of the muscle tone inhibitory
system is perceived somewhat differently among researchers.
However there is a general agreement that cholinoceptive
pontomedullary reticular formationneurons excite reticulosp-
inal neurons in themedullary inhibitory regionofMagoun and
Rhines (1946), which corresponds to the nucleus reticularis
gigantocellularis, the nucleus reticularis magnocellularis and
the nucleus reticularis paramedianus (Chase et al., 1986; Lai
and Siegel, 1988, 1991; Takakusaki et al., 2001, Habaguchi et
al., 2002). These provide postsynaptic inhibitory effects upon
motoneurons directly or via inhibitory interneurons (Chase
andMorales, 1990; Takakusaki et al., 2001, 2003b). A similar
action is induced from the ventrolateral part of the PPN
(Takakusaki et al., 2003a, 2004c). Either electrical or chemi-
cal stimulation applied to theventrolateral PPN in decerebrate
cats suppressed postural muscle tone (Fig. 2B (b) and C (c)).
Cholinergic neurons were densely distributed in the optimal
stimulus sites (Fig. 2D and E), indicating that the inhibitory
effects are mediated by cholinergic PPN neurons. Fig. 3B

K. Takakusaki et al. / Neuroscience Research 50 (2004) 137–151 139

Fig. 1. Volitional and automatic control of locomotor movements. GABAergic basal ganglia output to the thalamocortical neurons and the brainstem neurons

integrate volitional and automatic control processes of movements. See text for further explanation.
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Brain'circuits'involved'in'laryngeal'dystonia'(ver.'1)

(Blitzer'2009'fig'3.1)
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Brain'circuits'involved'in'laryngeal'dystonia'(ver.'2)

Brudzynski'2010'ch'8.3'fig'3
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for'other'dystonias
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Measuring'symptoms'in'musician’s'dystonia

Peterson et al. 2013 Neurology
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Measuring'symptoms'in'musician’s'dystonia

Peterson et al. 2013 Neurology
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Table 2.  Studies involving interventions for MD and associated rating scale use  
 
  Subjective Objective 
  Patient Clinician   

Study references Interventions 
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Ackermann 2005 MPPA PT   X       X               
Altenmuller 2011 ISPS PT                         X 
Berque 2010 MPPA PT         X X     X   X     
Buttkus 2010b Mov Disord tDCS     X   X       X         
Buttkus 2010a Mov Disord PT, tDCS                         X 
Buttkus 2011 Restor Neurol Neurosci PT, tDCS                         X 
Byl 1996 J Orthop Sports Phys Ther PT                     X     
Byl 2000 J Hand Ther PT                     X     
Byl 2003 APMR PT                     X     
Byl 2009 J Hand Ther PT                     X     
Candia 1999 Lancet PT   X                   X   
Candia 2002 APMR PT   X                   X   
Candia 2003 PNAS PT   X                   X   
Cole 1991 MPPA BTX                     X     
Cole 1995 Mov Disord BTX X                         
de Lisle 2006 MPPA PT   X               X       
de Lisle 2010 MPPA PT                  X       
Hayes 1996 J Clin Neurosci BTX     X                     
Jabusch 2004 Adv Neurol BTX                       X   
Jabusch 2004b Mov Disord BTX         X               X 
Jabusch 2004a Mov Disord THC                         X 
Jabusch 2005 Mov Disord BTX, PT, Tri     X                     
Jabusch 2011 ISPS BTX, PT, Tri                         X 
Karp 1994 Neurol BTX     X               X     
Kember 1997 Man Ther PT                     X     
Lungu 2011 Mov Disord BTX     X               X     
McKenzie 2009 J Hand Ther PT                     X     
Pesenti 2004 Adv Neurol PT     X                     
Priori 2001 Neurol PT     X   X X         X     
Rosenkranz 2005 Brain vibration       X                   
Rosenkranz 2008 Neurol vibration       X                   
Rosenkranz 2009 J Neurosci vibration X     X   X             X 
Ross 1997 Muscle Nerve BTX     X               X     
Rosset-Llobet 2011 MPPA PT     X                     
Sakai 2006 MPPA PT         X X         X     
Schabrun 2009 Cereb Cortex NAS         X           X X   
Schuele 2004 Adv Neurol BTX, PT, Tri     X                     
Schuele 2004 Mov Disord BTX, PT, Tri     X                     
Schuele 2005 Neurol BTX     X   X                 
Spector 2005 MPPA PT       X X       X         
Stinear 2004 Hum Mov Sci rTMS         X                 
Tamura 2009 Brain PAS         X                 
Tan 1998 Singapore Med J BTX                     X     
Taub 1999 J Rehabil Res Dev PT   X                   X   

...

Treatment'effect'or'measurement'effect?

Peterson et al. 2013 Neurology
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Summary

•'We'should'be'able'to'develop'beEer'treatments'if'we'can'improve'
our'understanding'of'the'underlying'brain'circuit'mechanisms.'

•'If'we'can'improve'our'understanding'of'the'dynamic'pathogenic'
process,'we'could'develop'strategies'to'reverse,'cure,'and'prevent'
dystonia.'

•'The'mechanisms'and'pathogenic'process'are'varied'and'complex.''
Progress'can'be'accelerated'by'integra1ve'approaches.''Theory'and'
computa1onal'tools'are'well'suited'to'this.'

•'Your'help'is'cri1cal'to'realizing'our'vision'!



35

Dystonia*Coali4on*
**

Benign*Essen4al*Blepharospasm**
Research*Founda4on**

Dystonia*Medical*Research*Founda4on*

*NIH*NIMH**
(5T32SMH020002)*

Terry*Sejnowski*
CNL,*Salk*

Chris4na*Zukas,*Ling*Yan,**
MaZ*Hicks,*Joel*PerlmuZer*
WUSTL**

Giovanni*Defazio,**
Antonella*Macerollo*
U*Bari*

Marni*BartleZ*and**
Gwen*LiZlewort*
INC,*UCSD

Thanks


