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Abstract
Hyperkalemic periodic paralysis (hyperPP), paramyotonia congenita (PC) 
and PC with myotonia permanens are closely related muscle disorders of 
genetic origin due to allelic mutations in the muscle sodium channel gene, 
SCN4A. Seven families of French origin with hyperPP were studied. Five 
of these had the Thr704Met mutation, but 2 families, genetically linked to 
SCN4A, failed to show any of the known mutations of SCN4A. Correla
tions between the phenotype and the genotype were made for patients with 
the Thr704Met mutation. All 12 patients over 30 years old with the 
Thr704Met mutation presented muscle weakness due to degeneration of 
muscle fibers in addition to periodic paralysis. Only approximately 12.5% 
of patients with the Thr704Met mutation presented with clinical myoto
nia and about 50% with hyperkalemia. One family with PC displayed the 
Glyl306Val mutation with a phenotype similar to the one already 
reported for this mutation. Five families with either PC or PC with myo
tonia permanens had the Thr 1313Met mutation indicating that the severi
ty of myotonia and its permanence were variable. Two mutations of 
SCN4A were found to be predominant in these 13 families: the 
Thr704Met and the Thrl313Met mutations. Only 2 families with the 
Thr704Met mutation and 3 families with the Thrl313Met shared the 
same SCN4A haplotype determined with intragenic dinucleotide repeats. 
Recurrent mutations of SCN4A may contribute to the predominance of 
these two mutations in the French population.
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composed of four homologous domains (DI- 
DIV), with six putative transmembrane seg
ments each (S1-S6) [13-19]. Evidence that 
SCN4A was the primary defect in hyperPP 
and PC [reviews in ref. 10, 16, 19-21] in
cluded data from electrophysiological record
ings of sodium currents in patients’ muscle 
fibers [22-26], linkage studies with SCN4A 
[3-5, 27], mutation analysis of SCN4A [28- 
31], and in vitro expression of mutated 
SCN4A [32, 33].

Four different mutations of SCN4A have 
been reported to be associated with hyperPP 
in humans [10, 28, 29]. One mutation in the 
gene homolog to SCN4A in horses was re
ported to be associated with hyperPP [34], 
Nine different mutations of SCN4A have 
been implicated in PC or related disorders 
[10, 30,31,35],

Several variants of hyperPP (hyperPP 
without myotonia, with myotonia and with 
paramyotonia) and of PC (pure paramyotonia 
congenita, myotonia fluctuans, myotonia per
manens) have been described and considered 
to breed true within families [8-11]. Some of 
these variants have already been associated 
with specific mutations of SCN4A [10, 26, 
28-31, 35-37], Clinical variability is however 
present within families (for example the pres
ence or absence of hyperkalemia, the presence 
or absence of a permanent muscle weakness, 
the degree of myotonia and cold sensitivity). 
A strict correlation between the SCN4A mu
tation and the clinical phenotype may, there
fore, be difficult to establish when considering 
small families. One way to circumvent this 
obstacle is to compare different families with 
the same SCN4A mutation. This was the first 
goal of the present study. In addition, the 
issue of a founder effect in hyperPP and in PC 
was addressed.

Introduction

Periodic paralysis and nondystrophic myo
tonias are a group of hereditary diseases 
which implicate abnormal function of muscle 
membrane ion channels. Myotonia congenita, 
a muscle disorder with both autosomal domi
nant and recessive modes of transmission, is a 
chloride channelopathy [1,2]. Hyperkalemic 
periodic paralysis (hyperPP), paramyotonia 
congenita (PC) and PC with myotonia per
manens are sodium channelopathies [3-5], 
The gene defect in hypokalemic periodic pa
ralysis is still unknown but does not affect the 
chloride or the sodium channels [6, 7]. The 
mode of inheritance of hyperPP, PC and PC 
with myotonia permanens is autosomal domi
nant with almost complete penetrance. The 
onset of the disease is usually in early child
hood. HyperPP is characterized by transient 
episodes of muscle weakness lasting from 
minutes to hours. During crises, blood potas
sium levels rise. Patients with hyperPP may 
also develop permanent muscle weakness in 
the fourth decade of life due to myopathic 
degeneration of muscle fibers [8-12], In PC, 
patients present with ‘paradoxical’ myotonic 
symptoms, i.e. myotonic symptoms aggravat
ed by muscle exercise. Sensitivity to exposure 
to the cold, ‘cold-induced stiffness’, is another 
hallmark of PC.

HyperPP and PC are genetically homoge
neous disorders due to allelic mutations of the 
muscle sodium channel gene, SCN4A. As in 
other excitable cells, muscle sodium channels 
play a key role in the generation of action 
potentials in myofibers. The muscle sodium 
channel is composed of two subunits: a large a 
subunit (approximately 260 kD) and a small ß 
subunit (approximately 30 kD). The a sub
unit (SCN4A) is a voltage-dependent regula
tor of sodium ion exchange through the sarco- 
lemmal membrane [13-16]. SCN4A encodes 
an approximately 1,800-amino-acid protein
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Table 1. Clinical phenotypes displayed in seven families with dyskalemic periodic paralysis

Sex Age of Duration Clinical Para- Permanent Seram EMG
onset years myotonia myotonia* 1 muscle potassium
years

Muscle
biopsy

Indi
vidual

weakness

TA, VAC, MP40 NL NLAl M 1
A2 F 1
A3 M 1
A4 F 1
A5 M 1
A6 F
A7 F

yesno no
36 NL NL MPyesno no

NL ND ND36 no no yes
ND NDND51 yesno no

3 ND ND NDno nono
NL1-2 18

1-2 10
NL NDnono no
ND ND NDno nono

NL NL VAC, TA30Bl M 1 yesno no

I NL VAC, MPCl M 1-2 36 yesno no

DI F 3-4 56
D2 M 2-3 43
D3 F

I MT NDyesno no
ND ND NDno no yes

ND ND10 ND<1 no no no

I MT VAC, MP 
VAC, MP 
VAC, TA, MP

F 67El <1 yes no yes
MTE2 M 2

E3 M <1
40 Iyesyes no
60 I NDno no yes

E4 60 I MT MPF 1 ± yesno

ND ND ND67FI F 1 yes noyes
F2 45 ND ND NDM 1 noyes yes

44 ND ND NDF3 F 1 yes yes no
NL MT VAC, MPF4 41M 1 ±yes no

2 6 ND ND NDF5 F noyes yes
ND ND NDF6 M 1

M 1
40 yes yes no
38 ND ND NDF7 yes yes no

61 I MT NLGl F 3 
G2 M 2 
G3 F 3

yes yes no
ND ND35 NDyes yes no

34 ND ND NDyes yes no

Individuals who could be examined are listed in the first column. All patients presented episodes of transient 
muscle weakness. The letter indicates the family, and the number, the studied individual. Clinical myotonia 
indicates that myotonia was present either on clinical examination or when the muscle was struck. The levels of 
blood potassium were measured during acute episodes of muscle weakness. NL = Normal; ND = not determined;
I = increased over the normal range of the laboratory where the determination was performed; MT = myotonia 
revealed by electromyographic (EMG) examination; TA = tubular aggregates; VAC = vacuoles; MP = myopathic 
changes.

Paramyotonia cold-induced weakness.l

French Families with Mutations in
SCN4A
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Table 2. Clinical phenotypes displayed in 6 families with PC or PC with myotonia permanens

Duration
years

Myotonia
permanens

Muscle 
pain and 
cramps

Indi- Sex 
vidual

Age of
onset
years

Cold-
induced
weakness

EMG Muscle
biopsy

MTF 18 54 TAHl no no yes
H2 F <1 62 MT NDno yesno

26M 1-2 MT VACII yes yes yes
1-2 58 ND12 F NDno yes yes

38 yes (diaphragmatic no 
myotonia)

F 7-8 MT NLJ1 yes

40 MTK1 F 1 NLno no yes
2-3 10K2 F MT NDno yesno

yes (calf 
hypertrophy)

3-4 38 MTLI M NLyes yes

yes (global muscle 
hypertrophy) 
yes (global muscle 
hypertrophy)

2-3 63Ml M MT NLyes no

M2 M 2-3 27 MT NLno no

Individuals who could be examined are listed in the first column. All patients presented paradoxical myotonia 
and cold-induced stiffness. The letter indicates the family, the number the studied individual. EMG = Electro
myograph; MT = myotonia; VAC = vacuoles; TA = tubular aggregates; NL = normal; ND = not determined.

Blood samples were collected and lymphoblastoid cell 
lines and DNA were prepared using standard proce
dures [38].

Subjects, Materials and Methods

Patients
Thirty-seven patients with either hyperPP or PC 

(tables 1,2) were diagnosed according to classical crite
ria [8-11]. Families A, B, C, F, G, and J originated in 
the Paris area, family D in northern France (Lille), 
family E in eastern France (Thionville), families H and 
I in western France (Caen, Brest), family K in southern 
France (Marseille), family L in southeastern France 
(Grenoble) and family M in central France (Limoges). 
According to the families, there had been no recent 
migrations for at least the last three generations, except 
for an unaffected grandparent of family H who came 
from Spain and an unaffected grandparent of family K 
who came from Italy. Informed consent, according to 
French law, was obtained from family members who 
agreed to collaborate in our study (130 individuals).

Typing of the Dinucleotide Repeat Polymorphisms 
at the SCN4A Locus
We used the recently reported SCN4A(GA)n and 

SCN4A(GT)„ polymorphisms [39]. Polymerase chain 
reaction (PCR) amplifications were performed with 
primers as described [39], with the following modifica
tions. Polyacrylamide gels were transferred onto a 
nylon membrane (Hybond N+, Amersham) and hy
bridized with one of the radioactive primers according 
to the recommendations of the membrane manufac
turer and standard procedures [40], To better distin
guish SCN4A alleles, PCR products were resolved 
on 8 and 4% denaturing polyacrylamide gels, for 
SCN4A(GA)n and SCN4A(GT)n, respectively. Alleles
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of SCN4A estimated in our study, and those already 
reported [39]. The results were similar. Lod scores 
were calculated using the MLINK program of the 
LINKAGE package [41], assuming a penetrance of 
100%. Genetic homogeneity in our families was tested 
with the program HOMOG [41], taking into account 
lod scores for families already reported [39]. Linkage 
disequilibrium between the two SCN4A dinucleotide 
polymorphisms was demonstrated using a x2 test [42] 
between the expected and the observed population.

Table 3. Frequency of SCN4A alleles and haplo
types in the population studied

Number of Fre- 
chromosomes quency

SCN4A
alleles

0.38SCN4A(GA)„ 1 31
0.092 7
0.193 15
0.344 28

Single Strand Conformational Polymorphism
(SSCP) analysis
According to the genomic structure of SCN4A [43, 

44], the coding sequence of SCN4A was divided into 
segments of approximately 300 bp. Primers were de
signed to amplify these segments from genomic DNA 
(sequence available on request). SSCP analysis of the 
exons covering the four domains, and interdomains II- 
III and III-IV of SCN4A were performed for at least 
one affected individual per family. The chosen do
mains and interdomains were those in which muta
tions have already been described and those suggested 
by functional studies of the sodium channel [14-17], 
PCR reactions were performed using standard proce
dures in a final volume of 50 pi [40], The Taq poly
merase was from ATGC. The following conditions 
were used: 200 ng of genomic DNA, 100 ng of each 
primer, 40 cycles with a dénaturation step (94 °C, 
45 s), an annealing step (61 ° C, 45 s) and an extension 
step (72 ° C, 45 s) preceded by a hot start (96 ° C, 5 min) 
(thermal cycler PHC-3 from Techne). SSCP analysis 
was done as previously described [45] with the follow
ing modifications. After heat dénaturation in 10 mM 
EDTA and 0.1 % SDS, PCR products were separated 
by electrophoresis (14 h at 8 W) on a Hydrolink MDE 
gel (Bioprobe systems) and transferred onto a nylon 
membrane (Hybond N+, Amersham). Membranes 
were hybridized with both radioactive primers which 
were used to perform the PCR. SSCP conformers were 
revealed by autoradiography using MP films (Amers
ham). When an aberrant conformer was revealed, 
segregation of the abnormal conformer with the dis
ease was verified in the family.

0.04SCN4A(GT)n 1 3
0.062 5
0.093 8

2 0.024
0.0545

32 0.376
0 07
0 08

0.369 31
0.0110 1

0.28GA1/GT6
GA4/GT9
GA3/GT3
GA3/GT6
GA1/GT5
GA1/GT4
GA2/GT6
GA3/GT1
GA2/GT9
GA1/GT0
GA1/GT1

16SCN4A
haplotype 16 0.28

0.16
0.085
0.074
0.032
0.085
0.021
0.021
0.021
0.021

The frequency of SCN4A alleles and haplotypes 
was estimated by characterizing and counting the 
alleles and haplotypes for the spouses in the families 
and in unrelated individuals (total number of chromo
somes studied in the table).

were visualized by autoradiography using MP films 
(Amersham).

Sequencing SCN4A Mutations 
Sequences were determined by direct sequencing of 

PCR-amplified genomic DNA products. PCR prod
ucts were purified on Centricon 100 columns (Ami- 
con). Sequencing was performed in the sense and the 
antisense DNA strands with the primers used for the 
PCR and fluorescent base analogs as recommended by 
the supplier (Taq DyeDeoxy terminator Cycle Se-

Genetic Analysis
As each of our families was of French origin, the 

frequencies of SCN4A alleles were estimated by typing 
the unaffected spouses in our pedigrees and a number 
of unrelated controls (table 3). The frequencies of the 
sodium channel haplotypes were also determined (ta
ble 3). To calculate lod scores, we used the frequencies

French Families with Mutations in
SCN4A
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Table 4. SCN4A haplotypes and mutations in 11 families

Exon Nucleotide MutationSCN4A haplotypeFamily Diagnosis

C2188T
C2188T
C2188T
C2188T
C2188T
C3917T
C3938T
C3938T
C3938T
C3938T
C3938T

Thr704Met
Thr704Met
Thr704Met
Thr704Met
Thr704Met
Glyl306Val
Thrl313Met
Thrl313Met
Thrl313Met
Thrl313Met
Thrl313Met

GA4/GT10 
GA2/GT6 
GA1/GT5 
GA3/GT3 
GA3/GT3 
GA1/GT5 
GA4/GT9 
GA1/GT5 
GA4/GT9 
GA 1 /GT2 or GA2/GT2 22 
GA4/GT9

13A NormoPP
HyperPP
HyperPP
HyperPP
HyperPP

13B
13C
13D
13E
22PCH
22PCI
22PC with MPJ
22PCK

PC with MP 
PC with MP

L
22M

The letter in the first column refers to the family studied. The clinical diagnosis is indi
cated in the second column. The SCN4A haplotype segregating with the disease is indicated in 
the third column. Mutations in the coding sequence of SCN4A were screened as indicated in 
Subjects, Materials and Methods. The exons where mutations were found, the nucleotide and 
the resulting amino acid changes are given in the fourth, fifth, and sixth columns, respectively. 
NormoPP = Normokalemic periodic paralysis; MP = myotonia permanens.

transient muscle weakness. The mean age of 
onset was 1.5 ± 0.8 (SD) years (n = 26). There 
were 13 females and 13 males. Loading with 
potassium salts in family A had no effect (in
dividuals Al-A3). Clinical and electromyo
graphic examination of the asymptomatic 
mother, brother and sister of patient B1 lead 
to the unexpected finding of rare myotonic 
discharges on the EMG of his 60-year-old 
mother. Although asymptomatic, she was 
found to have a deleterious mutation in 
SCN4A. Complete clinical description of 
family E (table 1) has already been published 
[46, 47], Final diagnoses are given in table 4.

None of the index cases of the PC families 
showed permanent muscle weakness. The 
mean age of onset was 4.1 ± 4 years (n = 10). 
There were 6 females and 4 males. According 
to classical criteria, they all presented with 
paradoxical myotonia and cold-induced stiff
ness (table 2) [8-11], Clinical details are listed 
in table 2 and will be discussed in relation to

quencing Kit, Applied Biosystems). Products of the 
sequencing reaction were purified on Bio Spin Chro
matography Columns (Biorad). DNA sequences were 
read on an automat sequencer (Applied Biosystems). 
Sequencing was also performed with the Sequenase kit, 
version 2.0 (United States Biochemicals) with [a-35S]- 
dATP (1,000 Ci/mmol, Amersham). Segregation of 
the mutation with the disease was verified in the fami
ly. Primers used were for the Thr704Met mutation: 
13A1 (5-TGGGTGGTGGTCCCTGGGCC-3') and 
13A2 (5'GCCACCCAGCCAGCCTCACT-3') and for 
the Gly 1306Val and the Thr 1313Met mutations: 22A1 
(5'-TGGAGGCAGGAAGGGGAACT-3') and 22A2 
(5'-GGCAGCACACACAGGACAGG-3’) [30]. Each 
of 14 known SCN4A mutations was screened for in at 
least one individual per family [10, 28-31, 34-36] 
(primer sequences available on request).

Results

Families
Seven families with hyperPP were ana

lyzed and the clinical characteristics are listed 
in table 1. All patients presented episodes of
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Fig. 1. Analysis of the Gly 1306Val mutation in a 
family with PC. a Segregation of an abnormal con
former of SCN4A exon 22 with the disease. SSCP anal
ysis was performed with the primers 22Al and 22A2 as 
described in the text, b A G->T transversion at 
nucleotide 3917 (exon 22) resulting in a Glyl306Val 
mutation. Sequencing of both sense and antisense 
strands of amplified genomic DNA was performed as 
indicated in the text with the primers 22A1 and 22A2. 
Both alleles were sequenced: at position 3917, both a 
normal G and an abnormal T are present (arrow). The 
figure shows the sequence of the antisense DNA 
strand. Segregation of the mutation with the disease 
was verified.

Ó
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SCN4A mutations. Patient J1 had very mild 
symptoms of myotonia with features of both 
PC and PC with myotonia permanens. She 
presented with severe episodes of diaphrag
matic myotonia provoked by exposure to the 
cold or forced respiration. Diaphragmatic 
myotonic discharges were documented by 
electromyography (EMG). One of these dia
phragmatic episodes was so severe that she 
was hospitalized in an intensive-care unit. 
Myotonia permanens was also found in fami
lies L and M (table 4).

ample from family H is shown in figure 1. 
None of the mutations were found in normal 
controls, as already reported [28, 31]. All the 
mutations were traced to previous genera
tions and there was no evidence of a neomuta
tion. One asymptomatic case was docu
mented: the mother of patient B1 carried the 
same Thr704Met mutation as her son (ta
ble 4). In the course of this study, polymor
phic conformers were also demonstrated. An 
example, shown in figure 3a, is the A-»G 
transversion at nucleotide 4817 resulting in a 
conservative change at the amino acid level, 
Thrl623Thr (fig. 3b) [10]. Another polymor
phism, a G-»A transversion at nucleotide 
4126, resulting in a conservative change at the 
amino acid level, Asnl376Asp [10], was also 
found.

Genetic and Molecular Analysis of SCN4A 
Three mutations of SCN4A were found: 

Thr704Met, Glyl306Val, and Thrl313Met 
(fig. 1,2) [28, 31]. Aberrant conformers and 
mutations segregated with the disease. An ex

116 Plassart et al. French Families with Mutations in
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Fig. 2. The Thr704Met and Thrl313Met muta
tions in SCN4A. Sequencing of both sense and anti- 
sense amplified genomic DNA was performed as indi
cated in te text. The figures show the sequence of the 
sense DNA strand. Segregation of the mutation with 
the disease was verified, a With primers 13A1 and 
13A2, C—>T transversion at nucleotide 2188 (exon 
13; normal C and abnormal T arrowed) results in a 
Thr704Met mutation, b With primers 22A1 and 
22A2, a C->T transversion at nucleotide 3938 (exon 
22; normal C and abnormal T arrowed) results in a 
Thrl 313Met mutation.

It

1V W b

1 2 3 4 5 6 7 8

£

»

Fig. 3. A frequent polymorphic A—> G transversion at nucleotide 4869. 
a Conformers revealed by SSCP corresponding to an A-> G transversion 
at nucleotide 4869 in 8 unrelated individuals. SSCP analysis was per
formed as described in the text (primer sequences available on request), 
b Sequence of an A -» G transversion at nucleotide 4869. Sequencing of 
both sense and antisense amplified genomic DNA was performed as de
scribed in the text. The arrowhead indicates an individual heterozygous 
for an A—>G transversion at nucleotide 4869. The figure shows the 
sequence of the sense DNA strand. The A—>G transversion at position 
4869 was present in affected and unaffected individuals and did not segre
gate with the disease. The A -> G transversion at nucleotide 4869 results in 
a conservative Thrl 313Met amino acid change in SCN4A.
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Table 5. Linkage studies with the SCN4A microsatellite polymorphisms in 2 families with 
hyperPP with PC

Family Diagnosis Lod scores, 0 SCN4A
haplotype0.00 0.10 0.20 0.30 0.40

hyperPP with PC 2.10 1.73 1.32 0.87 0.38
hyperPP with PC 4.04 3.22 2.55 1.71 0.84

F GA1/GT4
GA4/GT9G

The letter in the first column refers to the family studied. The clinical diagnosis is indi
cated in the second column. Lod scores are given in the third column. The SCN4A haplotype 
segregating with the disease is indicated in the fourth column.

Table 6. Linkage disequilibrium between the two SCN4A microsatellite polymorphisms in 
the control population and studied families

GA1/GT6 GA4/GT9 GA3/GT3 GA1/GT9

Haplotypes in the 
control population

Haplotypes in the 
studied families

expected
observed

6.20 6.37 0.64 7.06
16 16 6 1

expected
observed

3.64 3.64 1.30 0.26
0 4 2 0

The difference between the expected frequencies and the observed frequencies of the 4 
indicated haplotypes was tested with the y} test of independence. For the population, in all 4 
cases p < 0.001. The expected haplotypes in the studied families were calculated from the 
frequencies of normal haplotypes. The distribution of the haplotype GA1/GT6 on mutated 
chromosomes was not that expected from normal haplotype frequencies (p < 0.02).

Lod scores for SCN4A versus the disease 
were calculated for the two families (F and G) 
showing none of the already reported SCN4A 
mutations. Peak lod scores were for a recom
bination fraction of 0 = 0.00 (table 5). For 
family G, the lod score at 0 = 0.00 is 4.04. The 
lod score for family F is 2.10 at 0 = 0.00, indi
cating the absence of recombinants and the 
existence of linkage between the disease and 
the markers. The disease segregated with two 
different SCN4A haplotypes: GA1/GT4 and 
GA4/GT9 (table 5) suggesting that these two 
families were probably unrelated. Altogether,

these results indicate that undescribed 
SCN4A mutations are likely to be discovered 
in these two families.

SCN4A haplotypes were determined in the 
French population and in the studied families 
(tables 3, 4, 6). The frequencies of four haplo
types are clearly in disequilibrium (p < 0.001) 
in the population: GA1/GT6, GA4/GT9 and 
GA3/GT3, which are frequent haplotypes in 
the control population, and GA1/GT9, which 
is rare (table 6). Two frequent haplotypes, 
GA3/GT3 and GA4/GT9 (tables 3, 6) were 
found in linkage disequilibrium in 6 families

118 Plassart et al. French Families with Mutations in
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In patients with the Thr704Met mutation, 
only 2/16 had clinical myotonia and 5/9 myo
tonic discharges on EMG examination (ta
bles 1, 4). Visible modifications of blood po
tassium levels during acute episodes of peri
odic paralysis were found in 5/11 patients 
with this mutation (tables 1, 4).

(tables 4, 5). GA3/GT3 was present in two 
apparently unrelated families with the 
Thr704Met mutation (tables 3, 4). GA4/GT9 
was demonstrated in 3 apparently unrelated 
families with the Thrl313Met mutation (ta
bles 3, 4). The other 7 families displayed rare 
haplotypes (tables 3, 4). The haplotype GAI/ 
GT6, in linkage disequilibrium, was not 
found in the families. The distribution of this 
haplotype in the control population and in the 
studied families differed significantly (p < 
0.02; table 6). This difference should be inter
preted with caution however, given the small 
number of families with SCN4A mutations. 
No significant difference between the normal 
and the studied families was observed for the 
other haplotypes.

Genotype to Phenotype Correlations in PC 
Cold-induced weakness was present in 0/2 

patients with the Glyl306Val mutation and 
in 4/8 patients with the Thrl313Met muta
tion (families I, K, L, M). Permanent myoton
ia was present in 0/2 patients with the 
Gly 1306Val mutation and in 6/8 patients 
with the Thrl313Met mutation (tables 2, 4). 
Muscle pain and cramps were present in 2/2 
patients with the Glyl306Val mutation and 
in 5/8 patients with the Thrl313Met muta
tion (tables 2, 4). Muscle hypertrophy was 
present in 0/2 patients with the Gly 1306Val 
mutation and 3/8 in patients with the 
Thrl313Met mutation (tables 2, 4). Clinical 
manifestations of the Thrl313Met mutation 
are therefore variable, particularly regarding 
the severity of myotonia and the permanence 
of myotonic manifestations.

Genotype to Phenotype Correlations in
HyperPP
Six males and seven females displayed per

manent muscle weakness. The mean duration 
of the disease for this group of patients was 46 
±11 years. Permanent muscle weakness was 
due to a myopathic process as shown by mus
cle biopsies (table 1). Therefore, we classified 
our patients presenting the Thr704Met muta
tion into two groups: those under the age of 30 
and those over the age of 30. In the group of 
patients under 30 years old, 0/4 had perma
nent muscle weakness. In the group of pa
tients over the age of 30, every patient had 
permanent muscle weakness (12/13, ta
bles 1, 4), except for the 60-year-old mother of 
patient Bl, who was totally asymptomatic. In 
patients over the age of 30 presenting with 
hyperPP with paramyotonia, only 1 out of 9 
had permanent muscle weakness. Thus, al
though both groups of patients presented with 
periodic paralysis. Thr704Met was the only 
mutation associated with permanent muscle 
weakness in a majority of patients over the 
age of 30.

Discussion

Five of 7 families of French origin with 
hyperPP had the Thr704Met mutation [28], 
In the other 2 families, a variant of hyperPP 
with PC was genetically linked to SCN4A but 
showed none of the known SCN4A muta
tions. Although the lod score in family F was 
below the threshold of 3.00, HOMOG analy
sis provided evidence of true linkage to 
SCN4A with only a 1 % chance of a false-posi
tive lod score. Before the identification of the 
SCN4A mutations, we cannot, however, total
ly exclude the possibility of a gene different 
from SCN4A but located in the same chromo
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somal region in families F and G. We found 
no family with the Met 15 92Val mutation 
[29], although it has been demonstrated in 
about 25% of hyperPP families analyzed by 
two different laboratories [36, 37], All the 
families displaying the Met 15 92Val mutation 
were of North American origin of unspecified 
ancestry [36, 37]. The Thr704Met mutation 
has now been detected in families of French, 
Japanese, Polish, German, and Swedish ori
gin as well as in North Americans [10, 36, 37, 
and the present study]. Altogether, the 
Thr704Met mutation has been found in 14 
hyperPP families and the Metl592Val muta
tion in 5 [36, 37, and the present study]. The 
Thr704Met mutation may therefore be the 
most frequent SCN4A mutation in hyperPP, 
and is the only mutation found as yet in the 
European population.

What clinical characteristics are common 
to patients with the Thr704Met mutation? In 
our series, episodes of transient muscle weak
ness were always associated with permanent 
muscle weakness in patients over 30 years old. 
Permanent muscle weakness is due to myo
pathic degeneration of muscle fibers and may 
therefore be considered as a symptom of late 
onset associated with the Thr704Met muta
tion. Expression studies of SCN4A with the 
Thr704Met mutation showed abnormal inac
tivation and a shift in the activation curve of 
the mutated channel [32, 33], How these 
properties can induce degeneration of myofi- 
bers is unknown. A long-term increase in sodi
um flux or in calcium permeability resulting 
in abnormal muscle metabolism or an activa
tion of proteases have been proposed as possi
ble mechanisms [12], Clinical myotonia, al
though always detected in patients suffering 
from hyperPP with paramyotonia but without 
the Thr704Met mutation, was found in only 
12.5% of patients with the Thr704Met muta
tion. Using myotonia as the only diagnostic 
criterion may therefore lead to an observation

bias. For example, myotonia was noted in 
family F and was absent in family E, al
though both families shared the same haplo
type of SCN4A, GA3/GT3, associated with 
the Thr704Met mutation. Increased blood 
potassium levels were demonstrated in only 
50% of patients with the Thr704Met muta
tion. In family A, all patients presented the 
Thr704Met mutation but it was not possible 
to document any increase in blood potas
sium levels during the episodes of transient 
muscle weakness. Moreover, potassium load
ing did not induce attacks. As already sug
gested by clinical observations [8-11] and 
now confirmed by a molecular analysis [48, 
and the present study], hyperkalemia is not a 
constant feature in hyperPP. Therefore, hy
perPP and normokalemic periodic paralysis 
should not be considered as distinct entities. 
In conclusion, our results suggest that myo
tonia and hyperkalemia are not always 
present in patients with the Thr704Met mu
tation, and should be used with caution to 
classify patients with dyskalemic periodic 
paralysis.

In PC, the question of clinical variability 
could not be addressed for the Gly 1306Val 
mutation, since only 1 family had this muta
tion. Specific clinical phenotypes have been 
associated with mutations at amino acid 
1306: PC, myotonia permanens and myo
tonia fluctuans with the Gly 1306Val, 
Glyl306Glu, and Glyl306Ala mutations, re
spectively [10, 26, 31]. The phenotypes dis
played by our family and the three previously 
reported families were similar [10, 26, 31]. 
Myotonia permanens was the feature most 
constantly associated with the Thrl313Met 
mutation. Altogether, 9 families with the 
Thrl313Met mutation have been reported 
[31, 36, and the present study]. Clinical vari
ability might be a distinctive feature of the 
amino acid 1313 mutation, which was ob
served both within families and among

Plassart et al. French Families with Mutations in
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groups of muscles in the same patient, as illus
trated by patient J1 who presented severe dia
phragmatic myotonia and mild myotonia of 
the other muscle groups [10, 26, 31]. How 
might such variability in patients with the 
same mutation be explained? Recently Lerche 
et al. [26] suggested that the degree of myoton
ia is related to parameters of sodium channel 
inactivation. However, the interaction of the 
mutated channel with other muscle ion chan
nels might also be important. Only a small 
fraction of sodium channels in muscle fibers 
of hyperPP patients are abnormally inacti
vated [24, 25], Further electrophysiological 
and expression studies will be needed to re
solve the problem of clinical variability.

Complete penetrance was found for the 
Glyl306Val and the Thrl313Met mutations. 
One case of incomplete penetrance for the 
Thr704Met mutation (mother of patient Bl) 
was observed, however, and incomplete pene
trance has already been reported for the 
Alai 156Thr mutation [35]. The asymptomat
ic case reported here is the first for the 
Thr704Met mutation, the most frequent 
SCN4A mutation causing hyperPP. Factors 
which might explain incomplete penetrance 
have been extensively discussed by McClat- 
chey et al. [35].

The Thr704Met and the Thrl313Met mu
tations were both found in 5 unrelated fami
lies. Pathogenic mutations affecting the same 
amino acids suggest that these particular ami
no acids are important for the normal func
tion of the muscle sodium channel in vivo. 
These two mutations predominate among 
SCN4A mutations in families of French ori
gin. Both a founder effect or recurrent muta
tions in SCN4A-associated muscle disorders 
are possible. We found no evidence, however, 
of a new mutation which would corroborate 
the recurrent-mutation hypothesis, and geno- 
typing with the SCN4A dinucleotide repeat 
polymorphisms in different families with the

same SCN4A mutation did not support a 
founder effect [39, 49], Wang et al. [49] sug
gested, however, that these results should be 
interpreted with caution, since the mutation 
rate of dinucleotide repeats is presumed to be 
high [50-52]. On the other hand, dinucleotide 
repeats have been successfully utilized to 
demonstrate linkage disequilibrium in fragile 
X syndrome [53] and torsion dystonia [54], 
and a founder effect of Friedreich’s ataxia in 
Louisania Acadians [55], SCN4A dinucleo
tide repeat polymorphisms are contained 
within introns of the SCN4A gene [24, 39], a 
small gene spanning about 35 kb of genomic 
DNA on chromosome 17q [43, 44], In our 
study, two families with the GA3/GT3 
SCN4A haplotype and three families with 
GA4/GT9 shared the Thr704Met and the 
Thrl313Met mutation, respectively. GA3/ 
GT3 and GA4/GT9 are frequent haplotypes 
which are in linkage disequilibrium, suggest
ing that these two microsatellites are stable in 
the French population. The other SCN4A ha
plotypes associated with the two predominant 
mutations were rare haplotypes (6 families). 
Given the presumptive high rate of dinucleo
tide mutations, it is possible that the two 
mutations arose before haplotype divergence. 
However, most haplotypes differ in both the 
(GA)n and the (GT)n repeats, whereas neomu
tations in dinucleotide repeats are usually 
simple events consisting of an addition or 
deletion of one repeat unit [51,52]. The muta
tion rate is about 10-3 for each dinucleotide 
repeat [51, 52]. If all SCN4A haplotypes asso
ciated with the two predominant SCN4A mu
tations had a common origin, a very high 
number of generations would be required to 
generate such diversity, rendering it unlikely. 
Taken together, our results may indicate that 
recurrent mutations contribute to the pre
dominance of two SCN4A mutations in the 
French population. However, we cannot ex
clude the possibility of founding chromo
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mutations may contribute to the predomi
nance of two SCN4A mutations in the French 
population.

somes for the families sharing the same 
SCN4A haplotypes. Can the recurrence of 
mutations at the same sites in SCN4A be 
explained? Benign polymorphisms have been 
reported [10, 18, 19, 43, 44], and two were 
found in the families studied here, indicating 
that mutations do occur in the SCN4A gene. 
The selection of patients for either periodic 
paralysis or myotonic symptoms may intro
duce a bias towards a particular mutation, 
since other clinical phenotypes such as late- 
onset myopathy might be linked to other mu
tations. Moreover, the muscle sodium chan
nel gene is so crucial in generating action 
potentials that the existence of lethal muta
tions of SCN4A is possible. If demonstrated, 
they might help us to evaluate the mutation 
rate of SCN4A.

In conclusion, the present study has helped 
to clarify the clinical phenotypes associated 
with two predominant mutations of SCN4A 
in families of French descent: the Thr704Met 
and the Thrl313Met mutations. Recurrent
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