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Summary

Mutations within CLCN1, the gene encoding the major
skeletal muscle chloride channel, cause either dominant
Thomsen disease or recessive Becker-type myotonia,
which are sometimes difficult to discriminate, because
of reduced penetrance or lower clinical expressivity in
females. We screened DNA of six unrelated Becker pa-
tients and found four novel CLCN1 mutations (Gln-74-
Stop, Tyr-150-Cys, Tyr-261-Cys, and Ala-415-Val) and
a previously reported 14-bp deletion. Five patients were
homozygous for the changes (Gln-74-Stop, Ala-415-Val,
and 14-bp deletion), four of them due to parental con-
sanguinity. The sixth patient revealed compound hetero-
zygosity for Tyr-150-Cys and Tyr-261-Cys. Heterozy-
gous carriers of the Becker mutations did not display
any clinical symptoms of myotonia. However, all hetero-
zygous males, but none of the heterozygous females,
exhibited myotonic discharges in the electromyogram
suggesting (i) a gene dosage effect of the mutations on
the chloride conductance and (ii) male predominance of
subclinical myotonia. Furthermore, we report a novel
Gly-200-Arg mutation resulting in a dominant pheno-
type in a male and a partially dominant phenotype in
his mother. We discuss potential causes of the gender
preference and the molecular mechanisms that may de-
termine the mode of inheritance.

Introduction

When A. J. Thomsen (1876) first described myotonia
congenita, he stated the dominant mode of inheritance
as one of the characteristic features of the disease. In
the late 1950s, Becker (1957) discovered that in many
of his families the mode of inheritance was recessive.
In general, Becker-type myotonia is more severe than
Thomsen disease and shows 3:1 male predominance in
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propositi (Becker 1977), suggesting reduced penetrance
or milder clinical expressivity in females. Characteristic
repetitive discharges in the electromyogram (EMG)
commonly used to diagnose myotonic disorders have
been detected not only in Becker-type patients but also
in some of their clinically unaffected parents. This sub-
clinical phenomenon was termed latent myotonia
(Becker 1977; Zellweger et al. 1980; Streib and Sun
1982). To date, no information on the genotype-pheno-
type relationship of latent myotonia and its gender dis-
tribution is available.

According to the low chloride conductance theory of
myotonia first developed for an animal model, the domi-
nant myotonic goat (Bryant 1969), a reduction of the
membrane chloride conductance was found in excised
muscle fibers from patients with dominant and recessive
myotonia (Lipicky et al. 1971; Rudel et al. 1988) as well
as for the recessive myotonic ADR mouse (Mehrke et
al. 1988). However, the conductance measurements did
not yield a clear-cut difference between dominant and
recessive phenotypes. Later, when Thomsen disease and
Becker-type myotonia were found to be allelic disorders,
it became obvious that the different inheritance modes
must result from different effects of the mutations on
the muscle chloride channel function (Koch et al. 1992).
To date, 10 missense mutations, 2 nonsense muta-

tions, and 2 deletions in various exons of CLCN1 have
been described. Four point mutations cause Thomsen
disease (for review, see Hoffman et al. 1995), and an
additional mutation was found in a family with myoto-
nia levior, a mild form of Thomsen disease (Lehmann-
Horn et al. 1995). The other point mutations (Koch et
al. 1992; George et al. 1994; Heine et al. 1994; Lorenz
et al. 1994) and the deletions (Heine et al. 1994; Meyer-
Kleine et al. 1994) were detected in Becker-type patients.
Most of these (-60) patients were heterozygous for one
mutation and probably carry a second heterozygous mu-
tation that in combination (a condition termed com-
pound heterozygosity) causes the recessive disease. Of
a total of seven Becker patients, some of whom were
offspring of consanguineous parents, the mutation in
five was homozygous (Koch et al. 1992; Heine et al.
1994; Meyer-Kleine et al. 1994; Lehmann-Horn et al.
1995) and in two was compound heterozygous (George
et al. 1994; Lorenz et al. 1994).
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Insight into the effects of so far four CLCN1 muta-
tions was gained by the study of channel mutants ex-
pressed in heterologous cells (Lorenz et al. 1994;
Steinmeyer et al. 1994; Fahlke et al. 1995). However,
functional expression is so time-consuming that it can-
not compete with the rapidly increasing number of
CLCN1 mutations. For the determination of the func-
tional consequences of five novel mutations on muscle
fiber chloride conductance, we studied clinically unaf-
fected heterozygous carriers.

Patients and Methods

The patients and their relatives have given informed
consent for a thorough clinical, electromyographic, and
genetic investigation. Six unrelated propositi, all male,
were diagnosed as having recessive Becker-type myoto-
nia (RMC), since (i) onset of the disease was between 4
and 9 years of age, (ii) myotonic stiffness began in the
leg muscles and then ascended to arm and bulbar mus-
cles within several years, (iii) leg muscle hypertrophy
and transient muscle weakness developed, and, most
important, (iv) none of the parents exhibited clinical
signs of myotonia. However, all fathers as far as avail-
able for clinical and EMG examination (i.e., fathers of
patients RMC-32/37/48) and the brother of RMC-62
revealed latent myotonia; that means myotonic dis-
charges in the EMG in at least one of three muscles
examined. In contrast, neither the sister of RMC-62 nor
any of the four mothers available for EMG displayed
latent myotonia. Consanguinity was present in four of
the six families.
Another male propositus (MC-34) was diagnosed as

having dominant Thomsen disease because of (i) mild
myotonia with age at onset at <2 years and (ii) absence
of both muscle hypertrophy and transient weakness, and
(iii) his mother reported myotonic stiffness of leg mus-
cles when pregnant and on several occasions (e.g., when
tired or hungry) showed equivocal myotonic symptoms
and displayed myotonic discharges in the EMG, and (iv)
his father had neither clinical nor latent myotonia.

Molecular Genetics
Genomic DNA was extracted and screened for muta-

tions from anticoagulated blood obtained from 36 index
patients with Thomsen or Becker-type myotonia, with
their informed consent. In addition, DNA from ¢ 100
(-205) German and 50 Turkish controls with no neuro-
muscular disease were screened.

PCR.-Samples of genomic DNA were amplified by
PCR with primers specific for the 23 exons encoding
CIC-1. the major muscle chloride channel protein. The
primer sequences used were given in the study by Leh-
mann-Horn et al. (1995). The experimental conditions
were optimized for each primer. The reaction mixture

with a final volume of 100 pl contained 100 ng DNA,
50 pmol of each PCR primer, 25 gM of each deoxy-
nucleotide triphosphate, 10 mM tris (pH 8.3), 50 mM
KCl, 1.5 mM MgCl2, and 1.5 U of AmpliTaq polymer-
ase. Amplification conditions were denaturation of
probes at 96°C for 10 min and 30 cycles at 94°C for 30
s, at annealing temperature for 45 s, and 72°C for 1
min, followed by a terminal elongation at 720C for
5 min.

SSCP analysis.-PCR products were precipitated
with ethanol and resuspended in 30 gl of distilled water.
Six microliters of the amplified samples were diluted
with 1 ,ul of gel-loading dye (40% sucrose, 0.05% bro-
mophenol blue, 0.05% xylene cyanol), denaturated at
960C, and loaded onto 5% polyacrylamide gels. Gels
were run at 300 V for 4-5 h in a buffer containing
90 mM tris borate (pH 8.3) and 2 mM EDTA. After
electrophoresis, the gels were stained with 0.5 gg/ml
ethidium bromide (Yap and McGee 1992).

Direct PCR sequencing.-Direct PCR sequencing
was performed on both double- and single-stranded
PCR products of DNA of all family members indicated
in the pedigrees. Single bands were cut directly from gels
under UV light and eluted for 15 min in 100 p1 of dis-
tilled water at 800C. A 10-pi aliquot was used for asym-
metric PCR reamplification with the same PCR primers
and conditions except for the primer ratio (5-50 pmol)
and the number of amplification cycles (n = 50). PCR
products were purified with centricon-100 dialysis con-
centrators (Amicon) and 30%-50% of the retentate se-
quenced with the dideoxy termination method using
Taq polymerase, upstream or downstream primers, and
fluorescently tagged dideoxynucleoside triphosphates on
a 373 DNA sequencer (Applied Biosystems).

Results

SSCP screening was performed on all 23 CLCN1 ex-
ons from genomic DNA. Data obtained from direct se-
quencing of single-stranded or double-stranded PCR
products of patients' DNA was compared to those from
1:100 control subjects of comparable ethnic origin.
Control DNA showed no abnormalities, if not indicated
otherwise.

Gln-74-Stop
Abnormal electrophoresis mobility of single-stranded

DNA was found in exon 2 for the German family RMC-
62 (fig. 1A). DNA of the patient, his unaffected daugh-
ter, and siblings revealed an aberrant band. In contrast
to them, the patient's DNA displayed loss of a normal
conformer, suggesting homozygosity.
By sequencing the DNA eluted from the aberrant band

in patient RMC-62, a C-to-T transition at position 220
of the CICN1 cDNA sequence was shown to cause a
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Figure 1 A, Pedigree of family RMC-62. The ethidium bro-
mide-stained polyacrylamide gel below shows single-stranded con-

formers of exon 2 of CLCN1 encoding the major skeletal muscle
chloride channel. The DNA of the patient (filled symbol) revealed an

additional band (arrow) and loss of others as compared to healthy
controls. Another abnormal conformer due to a polymorphism was

found for spouse, daughter, and siblings of the patient (for details,
see text). Far left, DNA size standard illustrated by pBR/MspI digest.
Far right, Control DNA revealing the polymorphism. Bottom, Double-
stranded PCR product. B, Comparison of the CLCN1 sequences of a

part of exon 2 from a control and the patient. Note that sequencing
the double-stranded PCR product of the patient's DNA yielded high
fluorescence for base T, confirming homozygosity.

termination codon replacing Gln-74 (fig. 1B) located
in the N-terminus of the chloride channel (fig. 2). By
sequencing the double-stranded PCR product, the pa-

tient was confirmed to be homozygous for this nonsense

mutation, while his daughter and his siblings, a male
with latent myotonia and a female without latent myoto-
nia (table 1), were heterozygous carriers. A silent muta-
tion causing an abnormal SSCP conformer was found
in the same exon for spouse, daughter, and siblings of
the patient, as well as for numerous normal controls,
due to a polymorphism at cDNA position 261 (threo-
nine-87).
Tyr- 150-Cys and Tyr-26 1 -Cys
Abnormal single-stranded DNA conformers were

found for the Turkish patient RMC-48 and his father
in exon 4 as well for the patient and his mother and
brother in exon 7 (for pedigree, see fig. 3A; SSCP not
shown). A-to-G base exchanges were detected at cDNA
positions 449 and 782 in the DNA eluted from the aber-
rant bands, predicting substitutions of cysteine for tyro-
sine-150 (fig. 3B) and tyrosine-261 (not shown). Direct
sequencing of the double-stranded PCR products for
exons 4 and 7 demonstrated that the patient inherited
both mutations. Similar to previously reported muta-
tions (Asp-136-Gly, Phe-167-Leu, Val-327-Ile, Arg-338-
Gln, Phe-413-Cys, and Gln-552-Arg), tyrosine-150 and
tyrosine-261 are highly conserved among CIC-1 of vari-
ous species but poorly conserved among the newly de-
tected members of the CIC family such as ClC-Ka/2/3/
4, which exert different functions (fig. 2, top, left).

Introduction of a BssHII restriction site by the A-449-
G base exchange made it possible to screen genomic
DNA from 54 Turkish controls easily. BssHII (recogni-
tion sequence: G.CGCGC) did not digest the 211-bp
PCR product from control DNA but yielded two addi-
tional fragments of 138 bp and 73 bp because of intro-
duction of a restriction site on the mutated allele for the
patient and his father (fig. 3A). The patient's father had
latent myotonia, whereas his mother, who was heterozy-
gous for the A-782-G base exchange, did not display
myotonic discharges in the EMG (table 1).
Ala-4 15-Va!

Aberrant single-stranded DNA conformers were dis-
covered in exon 11 for three patients (RMC-32/36/38),
corresponding to a C-to-T base exchange at position
1244, which results in a substitution of valine for ala-
nine-415 (fig. 4). The SSCP pattern suggested homozy-
gosity in agreement with the consanguinity of the par-
ents of each patient. This suggestion was confirmed by
sequencing of the double-stranded PCR product. Of the
consanguineous parents of patient RMC-32, the father
presented with latent myotonia, whereas the mother re-
vealed normal EMG. Alanine-415 is conserved among
most members of the ClC channel gene family (fig. 2,
top, right).
14-bp Deletion
The Turkish patient, son of second-grade consanguine-

ous parents (grandparents were cousins; pedigree not
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Figure 2 Schematic drawing of the major skeletal muscle chloride channel modified after the scheme of Middleton et al. (1994). The
novel mutations, as well as the previously reported recessive myotonia congenita mutations and deletions, are included. RMC = recessive
myotonia congenita in homozygous carriers; (RMC) = recessive myotonia congenita in patients with (definite or assumed) compound heterozy-
gosity; MC = myotonia congenita with dominant inheritance as discussed in the text; adr = insertion of an ETn family transposon in the ADR
mouse (Steinmeyer et al. 1991). The insets show alignments of the predicted chloride channel sequences from various species over regions in
which the novel missense mutations are situated: hClC-1 (or CLCN1; GenBank accession number Z25884) and rClC-1 (accession number
X77197) = major human and rat skeletal muscle chloride channel, respectively; CIC-O = Torpedo marmorata electroplax chloride channel
(Thiemann et al. 1992); hClC-Ka = human kidney chloride channel (Kieferle et al. 1994); rClC-2 = ubiquitous rat chloride channel activated
by cell swelling (Thiemann et al. 1992); rCIC-3 = rat chloride channel mainly expressed in cerebrum and cerebellum (Kawasaki et al. 1994);
hClC-4 (or CLCN4) = human chloride channel also expressed in skeletal muscle (Van Slegtenhorst et al. 1994).

shown), was found to be a homozygous carrier of the pre-
viously published 14-bp deletion in exon 13 (Meyer-Kleine
et al. 1994). In addition, the patient is a heterozygous car-

rier of a T-to-G transversion at nucleotide 352 located in
exon 3, predicting a glycine substitution for tryptophan-
118. This base exchange has been recently reported as a

rare polymorphism (Lehmann-Hom et al. 1995). It must
have occurred recently in family RMC-37, since it was

present in the patient's father but not in the consanguineous

mother. As in the other recessive families, of the heteroge-
nous parents only the father showed latent myotonia.

Gly-200-Arg
SSCP analysis of exon 5 revealed an abnormal pattern

for both the Turkish patient (MC-34) and his minimally
affected mother. The detected G-to-A base exchange at
cDNA position 598 predicts a substitution of arginine for
glycine-200 (fig. 3C, D), which is highly conserved among
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Table 1

CLCN1 Mutations and Their Effects

Myotonia in Myotonia in
Base Amino Acid Clinical Heterozygous Heterozygous

Family Code Exchange Substitution Phenotype Patient Males Females

RMC-62 C-220-T Gln-74-Stop Recessive Homozygous Latent Absent
RMC-48 A-499-G Tyr-150-Cys Recessive Compound Latent ?

A-782-G Tyr-261-Cys Heterozygous ? Absent
RMC-32-36-38 C-1244-T Ala-415-Val Recessive Homozygous Latent Absent
RMC-37 1437-50 Deletion Recessive Homozygous Latent Absent
MC-34 G-598-A Gly-200-Arg Dominant Heterozygous ? Borderline
RMC-43 1282-85 Deletion Recessive Homozygous Latent Absent
RMC-07 A-407-G Asp-136-Gly Recessive Homozygous ? Absent

NoTE.-Data are taken from this report (upper part) and study by Heine et al. (1994) (lower part).

all known members of the CIC gene family (fig. 2, top,
middle). Both patient and mother were heterozygous for
this missense mutation as suggested by sequencing of the
double-stranded PCR product. In contrast to the recessive
families, the patient's father revealed no latent myotonia,
and, as stated in the Patients and Methods section, the
patient's mother exhibited not only latent myotonia but
also minimal clinical myotonia and a positive history.
Therefore, we consider Gly-200-Arg as a mutation having
dominant effects with low clinical expressivity in females,
similarly to other CLCN1 mutations.

Discussion

Genotype-phenotype correlations in six typical Becker
families led to the unexpected finding that all clinically
unaffected heterozygous males, but no females, revealed
latent myotonia, although some of them had the same
mutation. The cause of this apparent sex predominance
of subclinical myotonic signs is unclear. Sex hormones
or the product of another muscle chloride channel gene,
CLCN4 (Kawasaki et al. 1994, 1995), encoded on the
X-chromosome, could contribute to this preference. Al-
though probably not of importance in normal muscle
fibers (i.e., in the presence of abundant CIC-1 channels),
chloride channels encoded by CLCN4 expressed on
both X-chromosomes could have a compensatory effect
when the number of functional ClC-1 channels is re-
duced. A copy of CLCN4 on the Y-chromosome has
been excluded (Van Slegtenhorst et al. 1994), and its
location on distal Xp may allow it to escape X-chromo-
somal inactivation (Disteche 1995).
The effects of the four novel Becker mutations on the

membrane chloride conductance seem to be similar (i.e.,
they led to latent myotonia in heterozygous males),
although three of them are missense mutations and
one (Gln-74-Stop) is a nonsense mutation. Gln-74-
Stop destroys the coding potential of the gene for

all membrane-spanning domains and is therefore the
human equivalent of the recessive adrmto mouse muta-
tion (Gronemeier et al. 1994; see fig. 2). If one as-
sumes a tetrameric structure of the functional chlo-
ride channel complexes (Steinmeyer et al. 1994), the
CLCN1 chloride channels of the individuals heterozy-
gous for Gln-74-Stop must be exclusively composed of
nonmutated channel proteins that are encoded by the
second (normal) allele. Assuming unchanged expression
rate of the normal gene, apparently half the number
of channel complexes is sufficient to generate a normal
clinical phenotype. This is in agreement with the effects
of chloride channel blockers, which induce myotonic
stiffness only when they reduce the membrane chloride
conductance to -30% of its normal value (Palade and
Barchi 1977). According to the EMG recordings that
revealed latent myotonia in the relatives heterozygous
for the Gln-74-Stop mutation, a chloride conductance
reduced to 50% of the normal amount by blocking
agents is able to reduce the stability of the resting mem-
brane potential (Kwiecinski et al. 1988).

Since latent myotonia was also detected in male individu-
als heterozygous for Becker missense mutations (see table
1), the resulting reduction of chloride conductance may be
similar to that in Gln-74-Stop. A reduction of 50% has
been shown for the Arg-496-Ser mutation when coex-
pressed with normal CIC-1 proteins in an 1:1 ratio (Lorenz
et al. 1994). Missense mutations, which allow the mutant
protein to interact with normal CIC-1, may destroy the
function of the complex. If three monomers of the tetra-
meric complex, proposed by Steinmeyer et al. (1994), need
to be mutants for a loss of function, a heterozygous muta-
tion leaves 68% ([1 + 4 + 6]/16), of the complexes func-
tional and exerts recessive effects. A reduction of the chlo-
ride conductance to this value might be yielded by some
Becker missense mutations and also result in slight hyperex-
citability of the muscle fiber membrane, meaning latent
myotonia.
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Figure 3 A, Pedigree of family RMC-48 with corresponding polyacrylamide gel displaying PCR-amplified genomic DNA fragments
following digestion with BssHII and staining with ethidium bromide. The BssHII restriction site was introduced by the base exchange shown
in B. The patient (filled symbol) and his unaffected father revealed additional fragments (arrows). Far right, DNA size standard illustrated by
pBR/MspI digest. B, Comparison of the CLCN1 sequence of a part of exon 4 from a control and the patient. Note the A-to-G base exchange
in the abnormal single-stranded conformer predicting a substitution of cysteine for tyrosine-150. C, Pedigree of the dominant myotonia family
MC-34. The index patient and his minimally affected mother revealed an aberrant band (top), suggesting a mutation in CLCN1 exon S. The
pattern was slightly different from that resulting from the previously published G689A base exchange (George et al. 1993) in the same exon
(second lane from right). For technical details, see fig. 1 and Patients and Methods. D, Comparison of the CLCN1 sequence of a part of exon
S from a control and the patient. Note the G-to-A base exchange predicting a substitution of arginine for glycine-200.
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Figure 4 A, Pedigrees of families RMC-32/36/38. Individuals
shown above oblique slashes were not tested. Aberrant single-stranded
DNA conformers (bands 2 and 4) were discovered in exon 11 for
patients and some family members. Conformer 3, which was regularly
present in normal controls and unaffected family members, was absent
in the three patients with consanguineous parents, suggesting homozy-
gosity. All four conformers appeared in the consanguineous parents
of patient RMC-32 and in the brother of patient RMC-36, suggesting
heterozygosity. For details, see fig. 1 legend, Patients and Methods,
and Results. B, Comparison of the sequence of a PCR product of exon
11 from a control and the patients.

In contrast, if one or two mutant monomers are suffi-
cient to cause loss of function, only 1/16 or 5/16 of
complexes will be functional. Such mutations exert ei-
ther strong (chloride conductance reduced to 6%) or
mild dominant effects (reduction to 30%/; Steinmeyer et

al. 1994). Because of the low clinical expressivity in
the patient's mother, the reported novel Gly-200-Arg
mutation seems to have mild dominant effects. In an-
other family with a mild dominant mutation (myotonia
levior; Lehmann-Horn et al. 1995), reexamination re-
vealed a similar partially dominant effect in female carri-
ers of the Glu-552-Arg mutation. We hypothesize that
the same sex pattern may be present in the families car-
rying the "Canadian" mutations (Gly-230-Glu; George
et al. 1993).

Acknowledgments
We are grateful to Dr. T. Ozcelik for providing DNA control

samples obtained from Turkish population; Dr. A.L. George
for providing a positive DNA sample; Drs. H. Lerche, C. Ozde-
mir, R. Rudel, and W. Vogel for helpful discussions; and Mrs.
U. Richter for technical assistance. We thank the families
whose participation made this study possible. The work was
supported by the Deutsche Forschungsgemeinschaft (Le 481/
3-2), the Muscular Dystrophy Association, and the Deutsche
Gesellschaft fur Muskelkranke.

References
Becker PE (1957) Zur Frage der Heterogenie der erblichen

Myotonien. Nervenarzt 28:455-460
(1977) Myotonia congenita and syndromes associated

with myotonia. Thieme, Stuttgart
Bryant SH (1969) Cable properties of external intercostal mus-

cle fibres from myotonic and non-myotonic goats. J Physiol
204:539-550

Disteche CM (1995) Escape from X inactivation in human
and mouse. Trends Genet 11:17-22

Fahlke Ch, Rudel R, Mitrovic N, Zhou M, George AL (1995)
An aspartic acid residue important for voltage-dependent
gating of human muscle chloride channels. Neuron 15:1 -
20

George AL, Crackover MA, Abdalla JA, Hudson AJ, Ebers GC
(1993) Molecular basis of Thomsen's disease (autosomal
dominant myotonia congenita). Nat Genet 3:305-310

George AL, Sloan-Brown K, Fenichel GM, Mitchell GA, Spie-
gel R, Pascuzzi RM (1994) Nonsense and missense muta-
tions of the muscle chloride channel gene in patients with
myotonia congenita. Hum Mol Genet 3:2071-2072

Gronemeier M, Condie A, Prosser J, Steinmeyer K, Jentsch TJ,
Jockusch H (1994) Nonsense and missense mutations in the
muscular chloride channel gene Clc-1 of myotonic mice. J
Biol Chem 269:5963-5967

Heine R, George AL Jr, Pika U, Deymeer F, Rudel R, Leh-
mann-Horn F (1994) Proof of a non-functional muscle chlo-
ride channel in recessive myotonia congenita (Becker) by
detection of a 4 base pair deletion. Hum Mol Genet 3:1123-
1128

Hoffman EP, Lehmann-Horn F, Rudel R (1995) Overexcited
or inactive: ion channels in muscle disease. Cell 80:681-
686

Kawasaki M, Suzuki M, Uchida S, Sasaki S, Marumo F (1995)



324 Am. J. Hum. Genet. 58:317-324, 1996

Stable and functional expression of the ClC-3 chloride chan-
nel in somatic cell lines. Neuron 14:1285-1291

Kawasaki M, Uchida S, Monkawa T, Miyawaki A, Mikoshiba
K, Marumo F, Sasaki S (1994) Cloning and expression of
a protein kinase C-regulated chloride channel abundantly
expressed in rat brain neuronal cells. Neuron 12:597-604

Kieferle S, Fong P, Bens M, Vandewalle A, Jentsch T (1994)
Two highly homologous members of the CIC chloride chan-
nel family in both rat and human kidney. Proc Natl Acad
Sci USA 91:6943-6947

Koch MC, Steinmeyer K, Lorenz C, Ricker K, Wolf F, Otto M,
Zoll B, Lehmann-Horn F, et al (1992) The skeletal muscle
chloride channel in dominant and recessive human myoto-
nia. Science 257:797-800

Kwiecinski H. Lehmann-Horn F, Rudel R (1988) Drug-in-
duced myotonia in human intercostal muscle. Muscle Nerve
11:576-581

Lehmann-Horn F. Mailander V, Heine R, George AL (1995)
Myotonia levior is a chloride channel myotonia. Hum Mol
Genet 4:1397-1402

Lipicky RJ, Bryant SH, Salmon JH (1971) Cable parameters,
sodium, potassium, chloride, and water content and potas-
sium efflux in isolated external intercostal muscle of normal
volunteers and patients with myotonia congenita. J Clin
Invest 50:2091-2103

Lorenz C, Meyer-Kleine Ch, Steinmeyer K, Koch MC, Jentsch
TJ (1994) Genomic organization of the human muscle chlo-
ride channel ClC-1 and analysis of novel mutations leading
to Becker-type myotonia. Hum Mol Genet 3:941-946

Mehrke G, Brinkmeier H, Jockusch H (1988) The myotonic
mouse mutant ADR: electrophysiology of the muscle fiber.
Muscle Nerve 11:440-446

Meyer-Kleine Ch, Ricker K, Otto M, Koch MC (1994) A
recurrent 14 bp deletion in the CLCN1 gene associated with
generalized myotonia (Becker). Hum Mol Genet 3:1015-
1016

Middleton RE, Pheasant DJ, Miller C (1994) Purification, re-
constitution, and subunit composition of a voltage-gated
chloride channel from Torpedo electroplax. Biochemistry
33:13189-13198

Palade PT, Barchi RL (1977) On the inhibition of muscle mem-
brane chloride conductance by aromatic carboxylic acids. J
Gen Physiol 69:879-896

Rudel R, Ricker K, Lehmann-Horn F (1988) Transient weak-
ness and altered membrane characteristic in recessive gener-
alized myotonia (Becker). Muscle Nerve 11:202-211

Steinmeyer K, Klocke R, Ortland C, Gronemeier M, Jockusch
H. Grunder S, Jentsch TJ (1991) Inactivation of muscle chlo-
ride channel by transposon insertion in myotonic mice. Na-
ture 354:304-308

Steinmeyer K, Lorenz C, Pusch M, Koch MC, Jentsch TJ
(1994) Multimeric structure of ClC-1 chloride channel re-
vealed by mutations in dominant myotonia congenita
(Thomsen). EMBO J 13:737-743

Streib EW, Sun SF (1982) EMG in detection of heterozygote
carriers of recessive generalized myotonia. Muscle Nerve
5:179-180

Thiemann A, Grunder S, Pusch M, Jentsch TJ (1992) A chlo-
ride channel widely expressed in epithelial and non-epithe-
lial cells. Nature 356:57-60

Thomsen J (1876) Tonische Krampfe in willkurlich beweg-
lichen Muskeln in Folge von ererbter psychischer Disposi-
tion. Arch Psychiatr Nervenkr 6:702-718

Van Slegtenhorst MA, Bassi MT, Borsani G, Wapenaar MC,
Ferrero GB, DeConcillis L, Rugarli EI, et al (1994) A gene
from the Xp22.3 region shares homology with voltage-gated
chloride channels. Hum Mol Gen 3:547-552

Yap PH, McGee JOD (1992) Non-isotopic SSCP detection in
PCR products by ethidium bromide staining. Trends Genet
8:49

Zellweger H, Pavone L, Biondi A, Cimino V, Gullotta F, Hart
M, Ionasescu V, et al (1980) Autosomal recessive general-
ized myotonia. Muscle Nerve 3:176-180


