NEUROLOGICAL REVIEW

Genotype-Phenotype Correlations in Human
Skeletal Muscle Sodium Channel Diseases
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Background: Over the past 3 years, the genetics of the
myotonic diseases have been substantially elaborated. Three
genetically different groups of myotonic disease can be dis-
cerned: (1) the chloride channel myotonias, (2) the adynamia-
paramyotonia complex, and (3) myotonic dystrophy.

Methods and Results: Electrophysiology has suggested
and molecular biology has proven that the diseases belong-
ing to the adynamia-paramyotonia complex, ie, paramyo-
tonia congenita, hyperkalemic and normokalemic periodic
paralysis, and some rare forms of myotonic disease, are caused
by point mutations in the gene encoding the o subunit of
the sodium channel in adult human skeletal muscle, lo-

cated on chromosome 17q23. Thirteen different mutations
have been described by various groups in the United States
and Germany. The various mutations causing a particular
form of the complex are not located in the gene in a pre-
dictable or easily understandable regular manner.

Conclusions: Further study of the genotype-phenotype
correlations should not only increase our understanding
of the variability of signs in this group of diseases, it could
also provide us with a deeper insight in the function of
the various regions of the sodium channel protein.

(Arch Neurol. 1993;50:1241-1248)
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ORMANY years, the pathomecha-

nism of myotonia was exclu-

sively associated with a defect

of the skeletal muscle chloride

conductance. Since Bryant’s'

first demonstration of the stunning similari-
ties of the properties of muscles from myo-
tonic goats with those of normal goat muscles
bathed in low-chloride saline, it was shown
that, indeed, the sarcolemmal chloride con-
ductance is significantly reduced in skeletal
muscles from myotonic goats® and in rats treated
with the myotonia-inducing drug 20,25-
diazacholesterol.? The finding of a reduced
chloride conductance in muscles from myo-
tonia congenita patients* firmly established
the “low-chloride conductance hypothesis of
myotonia,” proved by molecular genetics for
Thomsen and Becker myotonia congenita.®”
And yet, for another classic human he-
reditary disorder associated with myotonia,
Eulenburg’s® paramyotonia congenita, an elec-
trophysiologic search for a reduced chloride
conductance, did not lead to the expected
finding.® Rather, abnormalities of the sodium
conductance were noted, yielding the first
hints that myotonia is not necessarily con-

nected with a reduced chloride conductance
and that the sodium channels might be af-
fected by genetic abnormalities to a degree
that was not incompatible with life function,
although it led to myotonialike symptoms.

The symptoms of paramyotonia congenita,
cold-aggravated stiffness and weakness of the
voluntary muscles, are sometimes associated
with the symptoms of another rare heredi-
tary muscle disease, hyperkalemic periodic
paralysis. This disease, separated from the more
common hypokalemic periodic paralysis by
Gamstorp,'° was originally given the name ady-
namia episodica hereditaria. For quite some time
it was listed in textbooks as a metabolic dis-
ease,!! although early investigators postulated
that in fact paramyotonia and hyperkalemic
periodic paralysis were a nosologic entity."?

The possibility that the pathomechanism
in hyperkalemic periodic paralysis might in-
deed be related to that of paramyotonia con-
genita, ie, that the defect in this disease is lo-
cated in the skeletal muscle fiber membranes
rather than being associated with one of the
classic metabolic defects, led to the electro-
physiologic investigation of the sarcolemmal
component conductances in this disease.'>!*
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Indeed, even the muscles from hyperkalemic periodic pa-
ralysis patients that showed no signs of myotonia displayed
abnormalities of the sodium currents that closely resembled
those seen in paramyotonia congenita, while abnormalities
of the chloride conductance were not seen.

When the gene encoding the a subunit of the sodium
channel in adult skeletal muscle (SCN4A) was cloned, a
new road was opened to test the electrophysiologic hints.
The evidence for linkage of hyperkalemic periodic paraly-
sis with SCN4A" was the first proof for the existence of
human sodium channel disease. Not much later, three groups
showed independently that paramyotonia congenita is also
linked to SCN4A.'®'® At the time of completion of this re-
view (May 1993), no less than 13 mutations are known in
SCN4A that lead to the group of diseases that we like to
call the “adynamia-paramyotonia complex.”"”

At a recent workshop on nondystrophic myotonias
and periodic paralyses, the term sodium channel diseases (so-
dium channelopathies) was officially used for the first time
by an internationat consortium.?° On the basis of extensive
clinical studies, we suggest the following classification of
this group: hyperkalemic and normokalemic periodic pa-
ralysis, paramyotonia congenita, and sodium channel myo-
tonia (myotonia fluctuans).

All diseases belonging to this group are inherited as an
autosomal dominant trait. Attacks of muscle weakness are
the key symptom of hyperkalemic periodic paralysis. The key
symptom of paramyotonia is cold- and work-induced muscle
stiffness giving way to muscle weakness. Only with the ad-
vent of molecular biologic methods has it become clear that
there is a third sodium channel disease and that patients hav-
ing this disease had been mistaken for having myotonia con-
genita Thomsen. The feature that most distinguishes sodium

Figure 1. Cytoplasmic view of the sodium channel depicting the open
state. The cytoplasmic loop between repeats 1l and 1V is shown as a ball
and chain. (Modified from Caldwell and Schaller.)

channel myotonia from chloride channel myotonia is a fluc-
tuation of the degree of muscle stiffness. In contrast to hy-
perkalemic periodic paralysis and paramyotonia congenita,
muscle weakness is not a remarkable feature, and there is no
substantial cold-dependence of the symptoms.?'

Although the symptoms overlap considerably in the so-
dium channel diseases, the above differentiation makes sense
from a clinical point of view. Preventive measures are dif-
ferent for muscle stiffness and weakness.” Only hyperkale-
mic periodic paralysis implies a possible prognosis of pro-
gressive permanent weakness. At any rate, the diseases of
this group should be clearly separated from the chloride chan-
nel myotonias (Thomsen- and Becker-type myotonia con-
genita) and from myotonic dystrophy (Steinert’s disease).

In this review, we will first characterize the human
skeletal muscle sodium channel, then differentiate the so-
dium channel diseases. Finally, we describe the mutations
found so far in the sodium channel gene and try to cor-
relate them with their phenotypes.

THE STRUCTURE OF THE ADULT HUMAN
SKELETAL MUSCLE SODIUM CHANNEL

As in all excitable cells, the fast depolarization of the mem-
brane characterizing the upstroke of the action potential in
human skeletal muscle fibers is mediated by the inflow of
sodium from the extracellular to the intracellular space through
special membrane-spanning proteins, the sodium channels.
In tully differentiated human skeletal muscle, the tetrodot-
oxin (TTX)-sensitive adult channel is the only type expressed.
This adult sodium channel consists of two subunits called «
and B. The a subunit is the essential part that contains all
characteristic properties including the ion-conducting pore
(Figure 1). The functions of the B subunit are an increase
of the current amplitude and an influence on the speed of
inactivation, which is markedly increased by its presence.”’

The o subunit is a large, approximately 260 000—dalion
polypeptide containing 1820 to 2020 amino acidsand 25%
to 30% carbohydrate by weight. The sequence shows four
regions of internal homology each encompassing 225 to
325 amino acids. Each of these four so-called repeats (1 to
[V) reveals six hydrophobic segments (S1 to S6), putative
transmembrane helices located within highly conserved re-
gions in each domain. The S4 helix contains a repeating
motif with a positively charged amino acid at every third
position. The high charge density of this helix suggests that
it may function as a voltage sensor. The charges could, eg,
shift in response to depolarization, thus playing an essen-
tial part in voltage-dependent activation of the channel.*

Between segments S5 and S6 of each repeat, an inter-
linker is found consisting of an extracellular part and a se-
quence that dipsinto the membrane. As in the model of shaker-
related potassium channels, these four intramembrane loops
are thought to form the lining of the channel pore. The orifice
on the intracellular side of the pore or its surrounding protein
parts may act as acceptor of the inactivation gate.
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The part of the protein most likely responsible for the
inactivation of the channel was determined by enzymatic re-
moval experiments. According to the “ball and chain” model
first developed by Armstrong and Bezanilla®® on the basis of
electrophysiologic experiments, the inactivation gate is com-
parable to a ball attached to the channel by a chain on the
inner side. In the closed state, the ball is away from the pore,
and, on activation of the channel, the ball swings into the
mouth to inactivate the pore. Mutation experiments on neu-
ronal rat sodium channels expressed in Xenopus oocytes pro-
vided evidence for the cytoplasmic region between repeats
111 and IV being critical for inactivation, suggesting that the
essential amino acid that might exert the “ball” function is
phenylalanine,?® which corresponds to phenylalanine 1311
of the human protein.

High conservation of the transmembrane segments and
the intracellular loop between repeats [Tl and IV of the chan-
nel protein suggests that the exact sequence of amino acids
is essential for the proper function of the channel.

The location of the gene for the human a subunit was
accomplished by homology screening.'® The gene contains
24 exons distributed over about 30 kilobases of chromo-
some 17g23. As with many genes, the genomic structure
becomes more condensed toward the 3' end, with at least
30% of the coding sequence appearing in a single exon.?”
Intron-exon boundaries are known; primer sets consisting
of intron sequences for amplification of all 24 exons by use
of polymerase chain reaction are available.*

The expression of the human sodium channel o sub-
unit in Xenopus oocytes has been successful but the expres-
sion system was not satisfactory because of an abnormally
slow inactivation of the normal channel. When transfected
into mammalian cells, eg, human embryonic kidney cells
(HEK), inactivation was normal.?!*

Data on other human sodium channel genes are avail-
able. About 10 different, but closely related, sodium chan-
nel a subunit genes are known, most of them expressed in
the brain, peripheral nerves, and muscle.”-*> While hSkM1,
the TTX-sensitive SCN4A product, is only expressed in adult
human skeletal muscle, another two distantly related o sub-
units, both with low TTX sensitivity, were found in fetal
and denervated skeletal muscle and in adult cardiac muscle
(hH1) as well as in myometrium and in fetal skeletal muscle
(hH2).**3% No diseases have so far been linked to any so-
dium channel gene other than to SCN4A.

CLINICAL FEATURES OF THE
SODIUM CHANNEL DISEASES

Familial hyperkalemic periodic paralysis was the first disease
for which linkage to SCN4A was shown.'>'#63" The disease
clinically resermbles primary hypokalemic periodic paralysis,
although the latter is not linked to the sodium channel & sub-
unit gene.*® In contrast to hypokalemic periodic paralysis,
the serum potassium rises rather than falls during an attack.
The disease is transmitted with complete penetrance in both

sexes, although incomplete penetrance was reported for two
rare mutations.?** Sporadic cases have also been reported, !
and the real existence of a de novo mutation was proven in
a patient whose genetically confirmed father and mother did
not carry the defective gene.*

As described in many reviews, attacks of generalized weak-
ness usually begin to occur in the first decade of life. They
commonly start in the moming and last 15 minutes to an
hour, then disappear spontaneously. Immobility or intake of
potassium, eg, during a provocative test, may provoke an at-
tack of weakness, and prior strenuous work aggravates the
attack. The generalized weakness is usually accompanied by
a significant increase in the serum potassium concentration
(up to 5 to 7 mmol/L). Sometimes, the level of serum po-
tassium remains within the upper range of normal, and only
rarely rises so high that the function of the heart is impaired.
The recovery can be improved by moderate exercise. Slight
weakness may continue for several days. Between attacks, the
serum potassium concentration is normal. Usually the fre-
quency of attacks declines during the second half of life.

Electromyography reveals the existence of a variant
with myotonia and a variant in which not only clinical but
also electrical myotonia is absent."**# There is also a paramyo-
tonic variant of hyperkalemic periodic paralysis, a condi-
tion also called pardlysis periodica paramyotonica.** In some
patients, a chronic progressive myopathy* may develop
that seems to be genetically determined. It might be spe-
cifically linked to the most common mutation.***

Naturally occurring animal models are the hyperkale-
mic dog™ and quarter horse.”"** As in man, hyperkalemic
periodic paralysis in the horse is caused by a sustained mem-
brane depolarization.”® Genetic and molecular biologic data
suggest an identical pathogenesis.”

The very rare condition of normokalemic periodic paraly-
sis resembles hyperkalemic periodic paralysis in many respects,
but differs from it in that even during serious attacks of pa-
ralysis the serum potassium level is not increased. Its exist-
ence as a nosologic entity of its own was questioned because
some patients with normokalemic periodic paralysis are sen-
sitive to oral potasstum salts.” Large doses of sodium improve
the weakness, but glucose administration has no effect. There
are no consistent changes in serum electrolytes, but increased
sodium excretion and potassium retention occur during the
attacks. The urinary potassium retention, the lack of a ben-
eficial effect of glucose, and failure of the serum potassium
level to increase in attacks distinguish this disease from pri-
mary hyperkalemic periodic paralysis.

The resistance to potassium loading distinguishes another
kinship® from the first one investigated by Poskanzer and Kerr.”®
Thus heterogeneity may exist for this condition.

Paramyotonia congenita is transmitted with complete
penetrance. Linkage to SCN4A has been established.'*'® The
hallmarks of the disease, as first described by Eulenburg® and
independently by Rich,”” and later specified in a large num-
ber of families by Becker,”® are (1) paradoxical myotonia, ie,
a muscle stiffness that appears during muscle exercise and
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increases with continued exercise; (2) severe aggravation of
this exercise-induced stiffness by cold; (3) a predilection of
the myotonia for face, neck, and the long muscles of the hands;
and (4) in most cases, weakness after protracted exercise and
exposure to cold. Some paramyotonia patients also show at-
tacks of hyperkalemic muscle weakness (paramyotonic pe-
riodic paralysis). This condition does not seem specifically
related to a particular mutation,; as in large paramyotonia fami-
lies it is always encountered in one or the other patient.

Paramyotonic symptoms are present at birth and re-
main basically unchanged for the entire lifetime, though the
attacks of weakness and hyperkalemia begin to appear in
adolescence, if at all. In the cold, the face may appear mask-
like, and the eyes cannot be opened for several seconds. Work-
ing in the cold makes the fingers so stiff that the patient is
unable to move them within a few minutes. The stiffness
quickly gives way to weakness. After warming, the hands
may not regain strength for several hours. As a rule, the legs
are less affected. Under warm conditions many patients have
no complaints. Muscle pain as well as muscle atrophy or hy-
pertrophy are not typical for the disease.

Sodium channel myotonia, as mentioned in the intro-
ductory section, is a relatively new classification.” Becker™
had investigated many families with nondystrophic dominant
myotonia and proposed many subtypes for what he thought
was myotonia congenita. Reinvestigation of a number of these
families revealed that these “subtypes” were, in fact, paramyo-
tonia, but not the classic type characterized by cold-induced
weakness, but by cold- and exercise-induced stiffness (M. C.
Koch, MD, and K.R., unpublished observation, 1993). Other
families supposed to having myotonia congenita had an un-
usual degree of fluctuation in the tendency to experience muscle
stiffness. Afflicted persons never experienced muscle weak-
ness. Detailed testing revealed that they were also not sub-
stantially sensitive to cold in regard to muscle stiffniess.

Their muscle stiffness was sometimes provoked by ex-
ercise but more often during rest after heavy exercise. The stiff-
ness would then last 30 minutes to 2 hours. On many days
or even for weeks they experienced no muscle stiffness at all.
Ingestion of potassium sometimes caused severe myotonia but
no weakness. Because of these features, the condition was named
myotonia fluctuans. ' ® Meanwhile, four such families have been
analyzed by us on the molecular biologic level, three of them
showing the same mutation on SCN4A resulting in a substi-
tution of alanine for glycine 1306. The fourth family, with iden-
tical clinical features, had another mutation on SCN4A.

Another substitution for glycine 1306 results in a simi-
lar condition in which the muscle stiffness is permanently much
more severe than in myotonia fluctuans. The electromyogram
reveals continuous myotonic activity. Two such nonrelated
patients were found to have the same mutation on SCN4A.
In one of them, a young boy, the myotonia was so unusually
severe that the diagnosis of Schwartz-Jampel syndrome had
been suggested.®* The other patient had experienced most se-
vere attacks of generalized myotonic stiffness that impaired
her breathing, before treatment with tocainide relieved her

successfully. Because of the persisting myotonia, the disease
was described as “permanent myotonia.”>

A third substitution for glycine 1306 causes paradoxic
myotonia with little cold aggravation. In a German family pre-
senting with this condition, stiffness was aggravated by oral
intake of potassium but not by cooling. Muscle weakness never
occurred.”® Of two American families with similar symptoms,
only one had myotonia aggravated by cold.*” In yet another
condition linked to SCN4A, the mutation awaits detection.®>¢*
Here, muscle stiffness occurs even in a warm environment
and, in addition, muscle pain is induced by exercise. The stiff-
ness is not induced or aggravated by oral potassium, but both
stiffness and pain are reduced by acetazolamide, hence the
name atypical {acetazolamide-responsive) myotonia.®*%

PATHOMECHANISMS

Patch clamp studies of sodium channels in native muscle prepa-
rations, cultured cells, and expression systems revealed an in-
creased number of openings and/or an increase in the time
constant of fast inactivation, no matter whether the patient’s
diagnosis was hyperkalemic periodic paralysis, paramyoto-
nia congenita, or sodium channel myotonia.* **>%%57 The shift
in the inactivation pattern toward a more frequent occurrence
oflate sodium channel openings explained the sustained mem-
brane depolarization and the hyperexcitability of the muscle
fiber membrane discovered in many earlier electrophysiologic
tests,”'*1*% although it should be mentioned that similar al-
terations in the inactivation of the sodium channels have also
been detected in various myotonic diseases where the mu-
tation is clearly not in SCN4A.%

Microelectrode recordings of the membrane potential mirror-
imaged the different clinical features in vitro in that the de-
polarization could be most readily elicited by cooling when
the muscle was from a paramyotonia patient and by increased
extracellular potassium when the muscle was from a patient
having hyperkalemic periodic paralysis. A possible explana-
tion for the long-lasting depolarization in hyperkalemic pe-
riodic paralysis could be the following. Since in the patients
one of the SCN4A alleles is mutated and the other is normal,
two kinds of sodium channels are expressed in their muscle
fiber membranes, one that inactivates (ie, closes) normally,
and one that fails to inactivate properly. The physiologic ef-
fect of hyperkalemia induced by potassium intake or by work
is a slight depolarization of the muscle fiber membrane. In
the defective muscle, this depolarization causes the abnormally
inactivating sodium channels to open.'*%¢’ Sodium ions con-
tinue to enter the muscle fibers through the noninactivating
channels, thus reinforcing and sustaining the depolarization.
This, in turn, causes inactivation of the normally functioning
sodium channels (e, those expressed by the normal gene),
leading to inexcitability of the muscle fibers, which is the im-
mediate reason for the paralysis.'*™ In association with this
influx of sodium, water is shifted into the muscle fibers. This
causes hemoconcentration, and the increase in the serum po-
tassium concentration that occurs will also affect muscle fi-
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*{ to IV indicates number of sodium channel repeats; S1 to S6, number of the transmembrane segment within each repeat; i, intraceflular loop or

inactivation-gate acceptor at the intracellular pore fining; e, extracetlular loop; PC, paramyotonia congenita; HyperPP, hyperkalemic periodic paralysis;
mHyperPP, myotonic HyperPP; nmHyperPP, nonmyotonic HyperPP; SCM, sodium channel myotonia; Thr, threonine; Met, methionine; Ser, serine; Phe, pheny-
lalanine; Ala, alamine; Gly, glycine; Val, valine; Glu, glutamine, Leu, leucine; Arg, arginine, Cys, cysteine; His, histidine; Asp, aspartic acid; and Asn, asparagine.

bers that had had high resting potential. This, then, may re-
sult in paralysis of the whole muscle. It is most likely ended
by increased excretion of potassium by the kidneys. Further-
more, the sodium-potassium pump may be maximally acti-
vated by the increased concentration of intracellular sodium
and extracellular potassium. When serum potassium returns
to normal values, the defective sodium channels are likely to
close allowing the membrane to repolarize and become ex-
citable again.

In paramyotonia and in sodium channel myotonia, the
mechanism must be rather similar. The opposite clinical signs
of muscle stiffness and/or paralysis are determined by a rela-
tively small difference in the membrane potential, as a small
permanent sarcolemmal depolarization may cause hyperex-
citability, and a moderate depolarization may cause inexcit-
ability. Obviously, the variability of signs between family mem-
bers is not only determined by the altered channel function
but also by a number of accidental physiologic conditions.

MUTATIONS OF THE SCN4A GENE
AND THEIR CLINICAL PHENOTYPES

The number of different mutations detected in SCN4A has
increased to 13 (Table) since 1991, and more detections
can be expected to follow. In addition, six polymorphisms
of SCN4A were found as a by-product of the search for
mutations in affected families (Table). Four of the 13 mu-
tations comprise families with hyperkalemic periodic pa-
ralysis, four of the mutations lead to paramyotonia con-
genita, and five other ones to sodium channel myotonias.

The various mutations causing a particular disease are not
distributed over the gene in a predictable or easily under-
standable regular manner (Figure 2). Obviously, not only
the site of replacement but also the properties of the re-
placed and the replacing amino acids play a very impor-
tant role. This is best seen in amino acid 1306, where three
known replacements lead to three different clinical pictures.

The mentioned first detected mutation* is second in fre-
quency of all hyperkalemic periodic paralysis families.” ™ It causes
an A4774G transversion predicting replacement of a neutral
hydrophobic amino acid by another neutral hydrophobic amino
acid (Met1592Val) in the membrane-spanning segment S6 of
repeat IV. As a consistent finding, it results in the form of hy-
perkalemic periodic paralysis that is associated with myoto-
nia and does not lead to permanent weakness. The site of the
change of the amino acids is close to the intracellular part of
the S5/56 interlinker, a region hypothesized to act as acceptor
of the inactivation gate. It is therefore conceivable that the struc-
tural change alters the inactivation of the channel, in agree-
ment with the electrophysiologic findings.

The most frequent mutation leading to hyperkale-
mic periodic paralysis was found in three families pre-
senting myotonic signs and chronically progressing my-
opathy*® and in all four investigated families with the
nonmyotonic form that also disposes to permanent weak-
ness.* It leads to replacement of the polar amino acid
threonine 704 by the hydrophobic amino acid methion-
ine in segment S5 of repeat 11

Again, the changed amino acids are close to the intra-
cellular part of another S5/56 interlinker, also belonging to
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the hypothesized acceptor region of the inactivation gate. Both
the A4774G and the C2188T mutations are situated in re-
gions of the gene that are highly conserved in evolution, and
the relatively mild clinical consequences may be explained
by the fact that the properties of the replacing amino acids are
very similar to those of the amino acids they replace.

A third mutation concerns an interlinker directly. The
mutation G3466A, found so far in only one family, causes
hyperkalemic periodic paralysis with incomplete pen-
etrance. The mutation results in the replacement Alal 156 Thr
in the $S4/S5 interlinker of repeat I11.%

In contrast to the first three mutations, a fourth mu-
tation, A4078G, is not closely related to the interlinker re-
gions. It results in the replacement Met1360Val in segment
S1 of repeat 1V. In the affected family, clinical manifesta-
tion occurred only in one male subject. Females carrying
the mutation never experienced attacks of weakness, al-
though the finding of electrical myotonia in the electromyo-
gram supported the presence of defective sodium channels.”

An interesting, as yet not explained, finding is that
a family that was convincingly diagnosed as having hy-
perkalemic periodic paralysis did not show linkage to
SCN4A, and sequencing of the cDNA encoding the o sub-
unit of the sodium channel revealed no mutation. A pos-
sible explanation is genetic heterogeneity.”

Only one family with the clinical diagnosis of normokale-
mic periodic paralysis was subject to molecular biologic stud-
ies so far. Interestingly, the common Thr704Met substi-
tution that was found* lead to hyperkalemic periodic pa-
ralysis in other families. This finding suggests that the disease
is not a nosologic entity but a variant of the hyperkalemic
form caused by additional factors not yet understood. A
molecular biologic study of the original family described
by Poskanzer and Kerr® should clarify this case.

It seems worth mentioning that the peculiar disease of

periodic paralysis in quarter horses is caused by yet another
mutation located in the homologous horse gene.>* The mu-
tation causes the replacement Phe142 11eu in segment S2 of
repeat 1V, not very far from the Leul433Arg replacement
that causes paramyotonia congenita in man. The horse dis-
ease is associated with myotonia, and the persisting muscle
activity gives rise to a desirable muscle hypertrophy. For this
reason, the mutated gene was inadvertently disseminated by
breeders so that up to 5% of this popular breed (3 000 000
currently registered in the United States) are affected.

In all families having paramyotonia congenita that were
studied, point mutations were detected in fairly different parts
of SCN4A: (1) a C3938T transit causing a substitution of
threonine 1313 by methionine was discovered in the gene
region encoding the cytoplasmic loop between repeats 111
and 1V that is supposed to act as the inactivation gate.***
In the five families with this mutation, affected persons suf-
fer from muscle stiffness aggravated by cold.®*"? (2) Two mu-
tations at the adjacent nucleotide sites 4342/4343 were de-
tected in a gene region encoding the transmembrane seg-
ment S4 of repeat IV. The segments S4 are supposed to act
as voltage sensors for the mechanism of channel activation.*
One of the mutations causes a CGT—TGT transversion that
predicts a substitution of arginine 1448 by cysteine.” This
mutation, in which a positive charge is replaced by a neutral
polar amino acid, was found in a family in which affected
members suffer from cold-induced stiffness {without weak-
ness) and spontaneous episodic attacks of weakness. At the
same codon, a CGT—CAT exchange predicting a replace-
ment of arginine 1448 by the weakly positive histidine was
found in two families having cold-induced and potassium-
induced stiffness combined with spontaneous episodic at-
tacks of weakness.””™ Since electrophysiology has shown
that inactivation is altered in paramyotonia congenita, it is
likely that this S4 segment is not only involved in channel
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Figure 2. Scheme of the primary structure of the o subunit of the aduit skeletal muscle sodium channel consisting of four repeats that contain six
transmembrane segments each. Amino acids are shown for which substitutes were deduced from point mutations found in hyperkalemic periodic paralysis,
paramyotonia congentia, and in sodium channel myotonia (T indicates threonine 704; S, serine 804, A, alanine 1156; G, glycine 1306; T, threonine 1313; M,

methionine 1360 and 1592; L, leucine 1433; R, arginine 1448; and V, valine 1589).
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activation but also inactivation. Comparable mutations that
also neutralize S4 charges have been generated by site-directed
mutagenesis of potassium channel genes, and experiments
with products from such mutated genes expressed in Xe-
nopus oocytes indeed indicate coupling between channel ac-
tivation and inactivation. (3) Another point mutation was
discovered ina typical paramyotonia congenita family char-
acterized by muscle stiffness exacerbated in the cold, the stiff-
ness giving way to flaccid paralysis when the cooled muscles
were exercised. The transversion T4298G predicts an amino
acid substitute arginine for leucine 1433 located in segment
S3 of repeat IV.7?

Asto sodium channel myotonia, investigation of a fam-
ily characterized by cold- and potassium-induced stiffness
as well as by absence of weakness showed a G4765A trans-
version predicting the substitution Val1589Met in segment
S6 of repeat IV.” Interestingly, this substitution is located
right next to the helical position of the vice-versa substi-
tution Met1592Val, the latter causing hyperkalemic peri-
odic paralysis.*

Two different mutation loci, both resulting in amino
acid replacements in intracellular loops, have also been de-
scribed as being responsible for sodium channel myotonia.
One of these loci is closely located to the Thr1313Met sub-
stitution in the cytoplasmic loop between repeats 11T and IV
that leads to paramyotonia congenita. It is particularly re-
markable because three different point mutations were dis-
covered leading to three different replacements for one and
the same nucleotide. These mutations result in different amino
acid substitutes for one (1306) of a pair of glycines 1306/07
that are supposed to render the flexibility of the inactivation
gate because of their lack of side chains. Length, ramifica-
tion, and charge of the side chains in the substitutes cor-
relate well to both the degree of membrane hyperexcitabil-
ity and the clinical phenotype: glutamic acid, ie, an amino
acid with a long side chain, was the substitute in two spo-
radic patients with permanent myotonia, the most severe form
of sodium channel myotonia®®'; valine, an amino acid with
a side chain of intermediate size, was the substitute in pa-
tients with moderate exercise-induced myotonia®**; and ala-
nine, distinguished by a short side chain, resulted in myo-
tonia fluctuans, one of the most moderate forms of sodium
channel disease. The latter substitution was found in three
families. In a family presenting myotonia fluctuans,a C2411T
transversion was found resulting in a substitution of serine
804 by threonine.’ Another family with this same mutation
was diagnosed as having paramyotonia congenita,” but from
the clinical signs reported we would not exclude the diag-
nosis of myotonia fluctuans.

EEE  CONCLUSIONS ey

Molecular biology has contributed much to our understand-
ing of the variability of the clinical signs among the diseases
belonging to the group of myotonias and periodic paralyses.
The existence of defects in the skeletal muscle sodium chan-

nels, predicted by electrophysiology, was proven, and it has
become clear that allelic mutations in SCN4A cause the clini-
cally defined symptoms of hyperkalemic paralysis and paramyo-
tonia. A major breakthrough in our understanding of rare phe-
notypes was generated by molecular biology by evidencing
the existence of sodium channel myotonia. This condition re-
sembles the chloride channel disease of myotonia congenita
so much that previously it was mistaken for it.

Apart from enlarging our understanding of the variations
in these diseases, further detailed correlations of the clinical
symptoms with the naturally occurring mutations may pro-
vide us with a deeper understanding of the function of the
various regions of the sodium channel protein than can ever
be obtained from established biological methods, ie, site-directed
mutagenesis with subsequent study of the gene products in
expression systemns.

Accepted for publication June 4, 1993.
Reprint requests to Abteilung fiir Allgemeine Physiologie
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