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Summary

Paroxysmal dystonic choreoathetosis (PDC) is charac-
terized by attacks of involuntary movements that last
up to several hours and occur at rest both spontaneously
and following caffeine or alcohol consumption. We ana-
lyzed a Polish-American kindred with autosomal domi-
nant PDC and identified tight linkage between the disor-
der and microsatellite markers on chromosome 2q
(maximum two-point LOD score 4.77; recombination
fraction 0). Our results clearly establish the existence of
a locus for autosomal dominant PDC on distal chromo-
some 2q. The fact that three other paroxysmal neurolog-
ical disorders (periodic ataxia with myokymia and hypo-
and hyperkalemic periodic paralysis) are due to muta-
tion in ion-channel genes raises the possibility that PDC
is also due to an ion-channel gene mutation. It is note-
worthy that a cluster of sodium-channel genes is located
on distal chromosome 2q, near the PDC locus. Identi-
fying the PDC locus on chromosome 2q will facilitate
discovery of the PDC gene and enable investigators to
determine whether PDC is genetically homogeneous and
whether other paroxysmal movement disorders are also
genetically linked to the PDC locus.

Introduction

Paroxysmal dystonic choreoathetosis (PDC) (MIM
11880; also known as "paroxysmal nonkinesiogenic
dyskinesia") is characterized by attacks of involuntary
movements (dystonia, chorea, and athetosis) occurring
at rest (Mount and Reback 1940; Richards and Barnett
1968; Lance 1977; Nakano et al. 1982; Fahn 1987;
Demirkiran and Jankovic 1995). In contrast to paroxys-
mal kinesiogenic, exertional, and hypnogenic choreoath-
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etosis, PDC is not precipitated by sudden movements,
exertion, or sleep. Beginning with early childhood
through early adulthood, PDC subjects experience par-
oxysms of involuntary movements affecting the extremi-
ties, trunk, and face and often associated with dysarthria
and dysphagia. Although mild episodes consist of tight-
ening of muscles in the extremities, followed by choreo-
athetosis and involuntary postures (dystonia), involun-
tary movements may be severe and prevent walking or
functional use of the arms and hands. Involuntary move-
ments affecting oral and facial muscles may cause facial
grimacing and difficulty speaking, chewing, and swal-
lowing. Episodes last from minutes to hours and may
occur several times each day. Although episodes occur
spontaneously at rest, they typically are precipitated by
caffeine and alcohol and, to a lesser extent, by fatigue,
hunger, and emotional stress.
The cause of PDC is unknown, and treatment is often

unsatisfactory. Neurological examination between at-
tacks is normal. Neuroimaging of the brain is normal, as
are two published postmortem brain analyses. Genetic
linkage analysis and positional cloning are important
approaches to finding the molecular basis of PDC, since
the disease has no known biochemical markers that can
be monitored. We report the results of a genomewide
search for the PDC locus in one kindred and the observa-
tion of tight linkage of PDC to a locus on chromo-
some 2q.

Subjects and Methods
Subjects
We evaluated 28 members of a nonconsanguineous,

North American kindred of Polish descent (fig. 1). Symp-
tom onset occurred by age 2 years and continued
throughout life. Paroxysmal dyskinesia began as a sense
of muscle tightening, typically in an extremity, followed
by dystonic postures and choreoathetoid movements of
that extremity. Symptoms either began in many regions
simultaneously or appeared to spread from one region
to another. Involuntary movements also affected the
face, jaw, and tongue. Spells varied in duration (<30
min to more than several hours) and occurred up to
several times each week, at rest, both spontaneously and
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Figure 1 Paroxysmal dystonic choreoathetosis: genotypes for linked and flanking markers. Genotypes are shown for the following markers
(in descending order): D2S164, D2S173, D2S434, D2S163, D2S339, D2S130, and D2S159. Disease alleles are enclosed by boxes. [1
= Unaffected male >5 years of age; 0 = unaffected female >5 years of age; * = affected male; and 0 = affected female. An asterisk (*)
denotes the subject examined; and a smaller, horizontal arrow (-I) denotes an obligate recombinant.

following caffeine and alcohol consumption. Several pa-
tients reported that diazepam or clonazepam, taken pro-
phylactically each day or at the first signs of an attack,
was moderately effective in preventing PDC episodes
or lessening their severity. Neurological examinations
between attacks were entirely normal, with the excep-
tion of the proband who had childhood polio and one
subject who had facial tics (blinking). PDC in this family
is transmitted as an autosomal dominant trait with in-
complete penetrance (subject IV-3 [fig. 1] was entirely
asymptomatic and did not abstain from caffeine or alco-
hol, which are known to precipitate PDC attacks). Her
daughter (V-1 [fig. 1]) had typical attacks of PDC (in-
cluding one videotaped spell that was reviewed).
We performed genetic linkage analysis using 28 sub-

jects: 9 living affected subjects, 16 living unaffected
subjects, and 3 spouses of descendants. "At-risk" sub-
jects were not included in genetic linkage analysis. Un-
affected subjects were neurologically asymptomatic,
had normal neurological examinations, and were >5
years old. The spouses of descendants were asymptom-
atic and had normal neurological examinations, and
there was no evidence of similar neurological disorders
in their families.

Methods
Patients.-Pedigree information was obtained from

many relatives. Of these 28 subjects, 25 were inter-
viewed, examined, and videotaped. Samples were also
obtained from two subjects who were interviewed but
not examined and from one subject who, according to
his sister, was entirely asymptomatic but who was not
interviewed. Informed consent was obtained from each
subject, as specified by the University of Michigan insti-
tutional review board. Subjects were diagnosed at the
time of blood collection and prior to genotyping. Sub-
jects were diagnosed as follows: (1) unaffected-subject
was neurologically asymptomatic, had a normal neuro-
logical examination, and was >5 years old; (2) af-
fected-subject reported (and family members corrobo-
rated) recurrent episodes of dystonic-choreoathetosis
occurring at rest, without disturbance of consciousness;
interictal examination was normal for all affected sub-
jects, except for the subject who had childhood polio
and the subject who had occasional facial tics; or (3) at-
risk-the subject was <5 years old and a neurologically
asymptomatic first-degree relative of a PDC patient. De-
ceased subjects were diagnosed as "affected" or "unaf-
fected," on the basis of the descriptions by at least two
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relatives. Age at symptom onset was obtained by inter-
viewing nine living affected subjects. Estimated age at

symptom onset in deceased subjects was not used in this
calculation. Electroencephalograms obtained prior to

this study in the proband and in one other affected sub-
ject during paroxysmal dyskinesia were reportedly nor-

mal. Episodes in two subjects were witnessed; a third
subject's videotaped spell was reviewed.
Genotyping.-DNA was extracted from peripheral

blood leukocytes, as described elsewhere (Bell et al
1981). Microsatellite DNA polymorphisms used to ge-

notype subjects were amplified by the PCR, according
to standard procedures Amplifications were performed
in 25-pl volumes in 96-well trays by using Coy ther-
mocyclers for 35 cycles One primer was labeled with
32P-dATP by using T4 polynucleotide kinase Amplified
DNA was electrophoresed on 7% polyacrylamide/6 M
urea-formamide gels, and alleles were scored from auto-
radiographs

Linkage analysis.-Two-point linkage analyses (table
1) were performed with the MLINK subroutine of the
LINKAGE program (Lathrop et al 1985), by using an

autosomal dominant model of disease inheritance with
genetic penetrance of .90 and disease-allele frequency of
.001. The LOD score was calculated with marker-allele
frequencies assumed to be equal

Results

Exclusion Analysis
We analyzed 265 microsatellite polymorphisms, on

chromosomes 1-22 and spaced approximately every

10-15 cM, for linkage with the disorder in our PDC
kindred. Included among these loci were markers near

other inherited neurological disorders, including dopa-
responsive dystonia (Nygaard et al. 1993), paroxysmal
ataxia with myokymia (Litt et al. 1994), and paroxysmal
ataxia without myokymia (Teh et al. 1995; Vahedi et
al. 1995; von Brederlow et al. 1995). Our results (data
not shown) strongly excluded the PDC locus from loci
associated with these potentially related neurological
disorders.

Linkage to Chromosome 2q
After exclusion of candidate regions and a thorough

genomewide search, genetic linkage to a set of contigu-
ous genetic markers on chromosome 2q33-35 was estab-
lished. The maximum pairwise LOD score obtained in
this family, under the assumptions of .90 penetrance
and an autosomal dominant gene, was 4.77 at a recom-
bination fraction of 0, for the marker D2S173
(AFM249wg9). An additional three markers-D2S434
(GATA4G12), D2S377 (AFM319zf9), and D2S339
(AFM277vb9)-also yielded LOD scores >3.0 (table

Table 1

Results of Two-Point Linkage Analysis for Microsatellite Polymorphisms on Chromosome 2q

MARKER LOD SCORE AT RECOMBINATION FRACTION OF MAXIMUM MAXIMUM
AND LOD RECOMBINATION
PENETRANCE .0 .001 .01 .05 .10 .20 .30 .40 SCORE FRACTION

D2S173:
.70 4.30 4.29 4.22 3.89 3.46 2.53 1.53 .57 4.30 .001
.80 4.58 4.57 4.50 4.18 3.74 2.78 1.72 .66 4.58 .001
.90 4.77 4.76 4.71 4.42 4.01 3.05 1.93 .76 4.77 .001

D2S434:
.70 3.11 3.11 3.06 2.82 2.52 1.88 1.21 .57 3.11 .001
.80 3.31 3.30 3.25 3.01 2.70 2.03 1.33 .63 3.31 .001
.90 3.49 3.48 3.43 3.20 2.89 2.20 1.46 .70 3.49 .001

D2S163:
.70 2.41 2.41 2.37 2.20 1.98 1.50 1.00 .51 2.41 .001
.80 2.51 2.51 2.47 2.32 2.10 1.62 1.10 .56 2.51 .001
.90 2.50 2.50 2.48 2.38 2.20 1.75 1.21 .63 2.50 .001

D2S377:
.70 3.30 3.29 3.24 3.00 2.67 1.94 1.15 .41 3.30 .001
.80 3.38 3.37 3.33 3.12 2.82 2.11 1.29 .48 3.38 .001
.90 3.23 3.23 3.22 3.13 2.91 2.26 1.43 .55 3.23 .001

D2S339:
.70 3.00 2.99 2.93 2.67 2.32 1.60 .90 .34 3.00 .001
.80 3.17 3.17 3.11 2.85 2.50 1.75 1.00 .38 3.17 .001
.90 3.25 3.25 3.20 2.98 2.65 1.91 1.11 .43 3.25 .001

D2S130:
.70 2.78 2.78 2.73 2.51 2.21 1.59 .92 .29 2.78 .001
.80 2.85 2.84 2.80 2.59 2.30 1.67 .98 .32 2.85 .001
.90 2.82 2.82 2.79 2.63 2.37 1.76 1.05 .35 2.82 .001
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1). Marker D2S434 was placed on the Genethon map
(Gyapay et al. 1994) at the D2S173 locus by using the
CLODSCORE subroutine of the LINKAGE program
(Lathrop et al. 1985). Marker D2S173 is fully informa-
tive in this family. The genotypes for all markers with
no recombination and for D2S164 (AFM234xb8) and
D2S159 (AFM218zg3), the two adjacent flanking mark-
ers showing obligate recombinants, are shown with the
pedigree (fig. 1). Inspection of the genotypes indicated
that unaffected subject IV-2 had the disease haplotype
(allele numbers 1, 2, 5, 3, 6, and 4 for markers D2S173,
D2S434, D2S163, D2S377, D2S339, and D2S130, re-
spectively). This 43-year-old individual was entirely
asymptomatic and did not refrain from consuming alco-
hol or caffeinated substances known to precipitate PDC
attacks. Subject IV-11 is an entirely asymptomatic 41-
year-old male. Analysis of his genotypes indicates that
he has disease-allele genotypes distal to D2S173 (geno-
types 2, 5, 4, 6, and 4 for markers D2S434, D2S163,
D2S377, D2S339, and D2S130, respectively) and nor-
mal allele genotypes for the proximal linked marker
D2S173. In view of his clinically unaffected status, he
represents either genetic nonpenetrance (in which case
the disease locus is between D2S434 and D2S159) or a
nonobligate recombinant (in which case the disease lo-
cus is between D2S173 and D2S164). Recognizing that
subject IV-2 and possibly IV-11 represent additional,
asymptomatic carriers, we repeated pairwise LOD-score
analyses using varying estimates of penetrance from
.70-.90. Even at a lowered penetrance of .7, all four
markers with LOD scores >3.0 remained statistically
significant. The most informative marker, D2S173, gave
a calculated LOD score of 4.30 when penetrance of .7
was assumed.

Discussion

Our data clearly establish the existence of a locus
for autosomal dominant PDC, in the distal region of
chromosome 2q. Previous physical mapping (Spurr et
al. 1994) of microsatellite markers allows us to assign
the PDC locus to chromosome 2q33-35. At present, our
data localize this region to an -15-cM interval lying
between the two flanking markers D2S164 and D2S159
(fig. 2). Analysis of additional telomeric flanking mark-
ers may increase the precision of this localization.
Our patients differ, in two important respects, from

those with autosomal dominant paroxysmal choreoath-
etosis/spasticity (CSE), recently mapped (Auburger et al.
1996) to a 2-cM region on chromosome ip. First, epi-
sodic dyskinesia in our patients occurs spontaneously at
rest; physical exercise was a precipitating factor for CSE
patients. Second, none of our patients had spasticity; 5
of 18 CSE patients had constant spastic paraplegia. We
consider the disorder in our kindred to be "pure PDC,"
insofar as (a) paroxysmal extrapyramidal disturbance is

PDC locus

- D2S128, D2S137, D2S334, D2S143

4

1D2S164- D2S173
2

- D2S163
2
1 D2S377D2S339
2
D2S130

7

1 D2S159D2S401

Figure 2 Paroxysmal dystonic choreoathetosis locus on chromo-
some 2q33-35.

not accompanied by ataxia or other neurological impair-
ments and (b) patients are neurologically normal and
asymptomatic between attacks. Although the descrip-
tion of involuntary movements and dystonic postures in
their CSE patients is similar to those in our PDC kindred
and in those recently reviewed elsewhere (Demirkiran
and Jankovic 1995), Auberger et al. (1996) considered
the disorder in their kindred to be a variant of episodic
ataxia (even though ataxia was not seen in the episodes
observed). In this circumstance, it seems appropriate to
consider autosomal dominant PDC to be a clinically
heterogeneous group of disorders with loci identified for
pure PDC (chromosome 2q33-35) and "PDC/spasticity"
(also known as CSE; chromosome ip) (Auburger et al.
1996). Autosomal dominant episodic ataxia refers to a
similarly heterogeneous group of disorders; a locus for
"pure" episodic ataxia exists (Teh et al. 1995; Vahedi
et al. 1995) on chromosome 19pl3; episodic ataxia/
myokymia is due to potassium-channel KCNA1 gene mu-
tations (Browne et al. 1994; Litt et al. 1994) on chromo-
some 12pl3. This clinico-genetic classification undoubt-
edly will be modified as loci for additional paroxysmal
cerebellar and extrapyramidal syndromes (such as parox-
ysmal kinesiogenic choreoathetosis) are discovered.
There is precedent for other paroxysmal neurological

disorders affecting cerebellum and muscle to be associ-
ated with mutations in the following ion-channel genes:
sodium-channel SCNA4 (hyperkalemic periodic paraly-
sis, paramyotonia congenita, and acetozolamide-respon-
sive myotonia congenita), potassium-channel KCNA1
(periodic ataxia with myokymia), and calcium-channel
CACNLIA3 (hypokalemic periodic paralysis) (Rojas et
al. 1991; McClatchey et al. 1992; Browne et al. 1994;
Fontaine et al. 1994; Jurkat-Rott et al. 1994; Ptacek et
al. 1994a, 1994b). This observation raises the possibility
that PDC is also due to an ion-channel gene mutation.
Unlike PDC, paroxysmal neurological disorders due to
ion-channel gene mutations have significant neuromus-
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cular involvement. Nonetheless, there is one reported
kindred in which some patients had myokymia in addi-
tion to PDC (Byrne et al. 1991). It is noteworthy that the
clinically similar disorder CSE, described above, maps
(Auburger et al. 1996) near a cluster of potassium-chan-
nel genes on chromosome ip. These observations raise
the possibility that PDC is due to mutation in an ion-
channel gene whose expression is limited to the brain.

It is intriguing that a cluster of ion-channel genes ex-
ists on chromosome 2q, near the PDC locus. Sodium-
channel genes (SCN1a, SCN2a, and SCN3a, on chromo-
some 2q24; and SCN6a, on chromosome 2q21-24) and
the potassium-channel gene (KCN3a, on chromosome
2q21) are cytogenetically mapped proximal to the PDC
locus (chromosome 2q33-35) (Litt et al. 1989; Malo et
al. 1994a, 1994b; Stoffel et al. 1994). This makes
SCN1a, SCN2a, SCN3a, SCN6a, and KCN3a unlikely
candidates for PDC. It is possible that PDC is related to
disturbance in a novel ion-channel gene also located in
this region. Following identification of the PDC locus on
chromosome 2q33-35, we can now determine whether
"pure" PDC is genetically hetero- or homogeneous and
the extent to which other paroxysmal movement disor-
ders (such as paroxysmal kinesiogenic dystonia) are ge-
netically related to PDC. In addition to providing insight
into PDC's pathophysiology and treatment, identifica-
tion of the PDC gene will advance our understanding
of the complex neurophysiological effects of alcohol and
caffeine, both of which induce episodes of PDC.
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