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A pathological condition in humans, generalized ep-
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The syndrome of generalized epilepsy with febrile
eizures plus type 1 (GEFS1) has been associated to
he gene SCN1B coding for the sodium channel b1
ubunit (Wallace, R. H. et al. (1998) Nature Genetics 19,
66–370). In patients, a mutation of the cysteine 121 to
rpyptophane (C121W) would cause a lack of modula-
ory activity of the b1 subunit on sodium channels
xpressed in the brain, rendering neurons hyperexcit-
ble. We have confirmed that the normal b1-
odulation of type-IIA adult brain a subunits (BIIA)

xpressed in frog oocytes is defective in C121W. We
bserved that the mixture of wild-type and mutant b1
ubunits is less effective than wild-type alone, suggest-
ng that the mutant b1 subunit does bind the a sub-
nit. However, we also observed a similar lack of mod-
lation by C121W of the in adult skeletal muscle a
ubunit (SkM1). This finding is in contrast with the
imple idea that the mutational effect observed in the
ocyte expression system is the principal physio-
athological correlate of GEFS1, because no skeletal
uscle symptoms have been reported in GEFS1 pa-

ients. We conclude that the manifestation of the
athological phenotype is conditioned by the presence
f susceptibility genes and/or that the frog oocyte ex-
ression system is inadequate for the study of the
utant b1 subunit physiopathology. © 2001 Academic Press

Key Words: sodium channel; b1 subunit; GEFS1; ep-
lepsy; frog oocytes.

The sodium channel b1 subunit is a membrane inte-
ral protein that copurifies with the pore-forming a
ubunit. From its molecular identification (1), the so-
ium channel b1 subunit has been proposed to modu-
ate the sodium channel inactivation when it is heter-
logously expressed with the adult skeletal muscle
SkM1) or brain (BIA, BIIA, and BIIIA) a subunits in
enopus oocytes (for review see (2–4)).

1 To whom correspondence should be addressed. Fax: (39)-
105636532). E-mail: moran@barolo.icb.ge.cnr.it.
55
lepsy with febrile seizures plus type 1 (GEFS1; OMIM
604236), an autosomal dominant hereditary disorder,

s directly associated with a b1 subunit (5). The defect
onsists to a C-to-G transversion of nucleotide 387 of
he SCN1B gene, predicted to resulting in a Cys to Trp
ubstitution in residue 120. The change of the con-
erved Cys 121 most likely disrupts a putative disulfide
ridge that normally maintains an extracellular
mmunoglobulin-like fold of hr b1 polypeptide (6). Co-
xpression of the C121W with the BIIA channel a
ubunit in Xenopus laevis oocytes demonstrated that a
ack of the normal ability of the b1 subunit to modulate
hannel-gating kinetics, consistent with a loss-of-
unction allele (5). From these results, it has been
oncluded that the observed functional changes asso-
iated with the C121W mutation may cause persistent
nward sodium currents in neurons resulting in a more
epolarized membrane potential and hyperexcitability
for review see (7–10)).

GEFS1 patients do not exhibit cardiac or skeletal
uscle symptoms (5). Since the same gene is known to

ode for b1 subunit that is also assembling heart and
keletal muscle sodium channels (11), we expected the
issue-specificity of GEFS1 pathology to be correlated
ith a differential effect of C121W b1-mutation on the
1 interaction with the brain or the skeletal muscle a

soforms. Therefore, we have analyzed the effect of the
121W mutation on the b1-modification of the inacti-
ation of adult skeletal muscle sodium channels ex-
ressed in frog oocytes. Surprisingly, we demonstrate
hat, in this preparation, the negative effect of the
121W mutation is similar in brain and skeletal mus-
le channels.

ETHODS

Mutagenesis sodium channel expression. Site-directed mutagen-
sis of the cDNA of rat sodium channel b1 subunit (psPNa-beta,
enerous gift from K. Imoto) was accomplished using the Pfu DNA
olymerase using the QuikChange kit (Stratagene). The mutation
as verified by sequencing 400 bp’s in the flanking region near the
utagenic point (M-Medical, Florence).
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



Plasmids containing the full-length cDNA coding for the adult rat
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keletal muscle (rSkM1) (12) and the rat brain type-II (rBIIA) (13)
odium channel a-subunits were linearised with NheI and SalI,
espectively. Plasmids containing the cDNA coding for the wild-type
WT) and mutant (C121W) b1 were linearised with EcoRI. Lin-
arised plasmids were transcribed in vitro with T7 polymerase using
he capped mMessage mMachine kit (Ambion).

Oocytes were surgically extracted from anaesthetized Xenopus
aevis frogs, and isolated enzymatically by treatment with
ollagenase-A (Sigma). Stage IV and V oocytes were injected with 50
l cRNA solutions in DEPC-treated water. a-cRNA (rSkM1 or rBIIA)
ontained 125 ng/ml of cRNA. b1-cRNA (WT or C121W) contained
50 mg/ml of cRNA, or two to fourfold dilutions of the later for b1
ose-response measurements. For WT-C121W competition measure-
ents, both WT and C121W b1-cRNA were coinjected to the highest

oncentration (150 ng/ml). Injected oocytes were incubated for 5 to 7
ays in Barth’s solution at 18°C.

Electrophysiological recording. Sodium currents were measured
rom the whole oocyte using a two-electrode voltage clamp designed
nd constructed in our laboratory. Borosilicate glass micropipettes
Hilgemberg) were filled with 3 M KCl and had a resistance of 0.2 to
.6 MV. The oocyte bathing solution (normal frog Ringer) had the
ollowing composition (in mM): NaCl 115, KCl 2.5, CaCl2 1.8, HEPES
0, pH 5 7.4. In some cases, when the expression of sodium currents
as too high (.20 mA), compromising the accuracy of the voltage-

lamp, despite a large percentage of series resistance compensation,
he currents were reduced by substituting part of the extracellular
a1 by K1, to a final NaCl concentration of 30 mM. No differences in

he inactivation properties were detected in low Na1 solutions. The
utput of the voltage-clamp amplifier was filtered by a low-pass
-pole Bessel filter with a cut-off frequency of 5 kHz and sampled at
0 kHz. The oocytes were normally kept at a holding membrane
otential of 2100 mV, Pulse stimulation and data acquisition used
6 bit D-A and A-D converters (ITC-16, Instrutech), and were con-
rolled by a Macintosh microcomputer with the Pulse software (Heka
lectronik). Linear responses were estimated from sub-threshold
timulations, partially compensated analogically and digitally sub-
racted with a standard P/4 protocol. All measurements were done at
controlled temperature of 15 6 0.5°C.

Data analysis. Data were analyzed with a Macintosh microcom-
uter using custom software developed in the IgorPro program
Wavemetrics). Statistical comparisons were done with a Student’s
-test, and statistical significance was defined by P , 0.05. The
esults were expressed as mean 6 sem (number of measures). A
implex method was used for curve fitting. Data for each a and b1
ubunit combination were obtained from 3 to 6 different batches of
ocytes.

ESULTS

Following a step depolarization from a holding po-
ential, Vh 5 2100 mV, the sodium current mediated
y the expression of a-rSkM1 or a-rBIIA alone shows a
ast activation and a biphasic inactivation, as illus-
rated in Figs. 1A and 2A. The falling phase of the
urrent is well fitted by a double-exponential function
s I(t) 5 a1exp(2t/t1) 1 a2exp(2t/t2), with fast and slow
ime constants, t1 and t2, differing by about one order
agnitude, and with a ratio of the two amplitudes a1

nd a2 fairly independent of the depolarizing voltage
14, 15). It has been proposed that the two components
re due to the separate contribution of a mixed popu-
ation of channels that at the time of the stimulus are
ither in a fast or in a slower mode of inactivation.
56
ingle channel recordings have shown that in the fast
nactivating mode, which we shall call M1, the chan-
els open once and briefly during the depolarizing
timulus, while in the slower mode, called M2, chan-
els have late reopenings during the sweep (16–19).
To quantify the propensity of the channels to gate in

ither mode, we defined the parameter PM2 5 [a 2/(a 1 1
2)] 3 100, as a measure of the probability of finding
channel in mode M2 during any test stimulus. PM2

as measured from the double exponential fit of the
ecaying phase of the sodium current evoked by 30 to
0 ms depolarization to voltages between 220 and 0
V. We previously reported that the estimates of PM2

re fairly independent of the test voltage (14, 15).
In the series of experiments reported here the ex-

ression of a-rBIIA cRNA yielded sodium currents
ith PM2 5 16.7 6 2.8 (n 5 30) (Fig. 1A). As previously

eported (1, 3, 6, 20, 21), the propensity of the channels

FIG. 1. Adult rat brain sodium channels (rBIIA) expressed in
rog oocytes. The rBIIA a subunit alone (A) has a slow component in
he inactivation phase, which is strongly reduced by the coexpression
f WT b1 subunit (B). Differently, coexpression of C121W b1 subunit
oes not reduce the slow inactivation component (C). Traces were
btained from two-electrode voltage-clamp experiments, and cur-
ents were evoked by a 210 mV pulse from a holding potential of
100 mV.
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or the mode M2 is strongly reduced (P , 0.0002) in
ocytes coinjected with WT b1-cRNA (Fig. 1B), result-
ng in a PM2 5 4.8 6 2.5 (n 5 27). The dependence of

M2 on the amount of coinjected WT b1-cRNA is shown
n Fig. 3A (filled symbols). It is seen that PM2 decreases

FIG. 2. Adult rat skeletal muscle sodium channels (rSkM1) ex-
ressed in frog oocytes. The rSkM1 a subunit alone (A) has a slow
omponent in the inactivation phase, which is strongly reduced by
he coexpression of WT b1 subunit (B). Differently, coexpression of
he C121W b1 subunit does not reduce the slow inactivation compo-
ent (C). The coexpression of the rSkM1 a subunits with a mixture
f WT and C121W b1 subunits produce an intermediate phenotype,
here the slow component is only partially reduced. All traces were
btained from two-electrode voltage-clamp experiments, and cur-
ents were evoked by a 210 mV pulse from a holding potential of
100 mV.
57
roaching a plateau at the maximum concentration of
1-cRNA that have used, corresponding to a molar
atio of b1:a cRNA larger than 10:1.
Similarly, injection of a-rSkM1 cRNA also expresses

odium currents with a relatively high propensity for
ode M2 (PM2 5 11.8 6 1.3; n 5 53), that is signifi-

antly reduced (P , 0.0001) by the coexpression of
50 ng/ml of WT b1-cRNA (20, 22, 23) (Fig. 2B). As
hown in Fig. 3B (filled symbols), the effect of the WT
1 subunit on the modal inactivation of a-rSkM1 also
epends on the cRNA concentration (22), and also in
his case the injection of 50 nl of b1-cRNA 150 ng/ml
ppears to produce a near maximal depression of mode
2 (PM2 5 4.8 6 0.9; n 5 27).
As reported by others (5), we also observed that the
121W mutation of b1 apparently fails to modulate the
odal inactivation of the a-rBIIA channels (Fig. 1C),

ielding a PM2 5 22.5 6 2.5 (n 5 38), that is not
tatistically different (P . 0.12) from control levels
ithout the b1 subunit (Fig. 3A, open symbols). This

FIG. 3. The propensity of the sodium current to inactivate in the
low mode, PM2, is plotted as a function of the cRNA concentration
oding for the b1 subunit injected in the oocyte. It is shown by the
ffect of coexpression of WT (filled symbols) and C121W b1 subunit
empty symbols) on the currents expressed by rBIIA (A) and rSkM1
B) a subunits. The broken lines are empirical interpolations of data
ith PM2 5 A 1 [B/(1 1 [cRNA]/k)], for clarity of the presentation.
he triangle in panel B represents data obtained from the coexpres-
ion of the rSkM1 a subunit with a mixture of WT and C121W b1
ubunit, both injected as 150 ng/ml cRNA. Data represent means and
ars are sem.
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he physiopathological effects of the GEFS1 mutation
s due to lack of inhibition of the M2 mode of the brain
soforms of the sodium channel a subunit. Quite sur-
risingly, however, we discovered that the C121W mu-
ation loses also the ability to inhibit the M2 mode of
he muscle isoform a-rSkM1 (Fig. 2C). The expression
f C121W with the later phenotype shows a high value
f PM2 5 13.8 6 2.5 (n 5 27), that is also not statisti-
ally different (P . 0.45) from controls (see Fig. 3B,
pen symbols).
The lack of modulation of C121W-b1 for both iso-

orms does not seem to result from a reduced interac-
ion, since we see no tendency of the reduction of PM2 to
ecrease with in increasing amounts of C121W-cRNA
njection (Figs. 3A and 3B, empty symbols). One possi-
ility for explaining the lack of modulatory effect of the
121W b1 subunit is that this polypeptide is not able

o assemble with the a subunit in general, or in the frog
ocyte expression system in particular. To test this
ossibility, we coinjected oocytes with 150 ng/ml of WT
1-cRNA and 150 ng/ml of C121W b1-cRNA together
ith the a-rSkM1 cRNA. We found that the expressed
ixture of WT and mutant b1 subunits produced an

ntermediate phenotype of sodium currents (Fig. 2D),
ielding a PM2 5 8.2 6 0.9 (n 5 20). This indicates that
he C121W b1 polypeptide is indeed expressed and
ntagonizes the correct assembly of the WT b1 subunit
ith a subunit (6).

ISCUSSION

The association of GEFS1 type 1 syndrome with a
odium channel subunit (5) is very noteworthy because it
epresents the first case of a putative sodium channel
enetic defect affecting the central nervous system
CNS). Several reviews have the GEFS1 mutation as a
rototype of genetic CNS disorders produced by a pri-
ary sodium channel dysfunction (7–10). Several muta-

ions of the sodium channel a subunits in skeletal muscle
nd heart, liked to muscular and cardiac diseases, had
een identified in the last 12 years (24, 25), and all of
hem show an impaired inactivation as a primary func-
ional defect. Even if the issue is still controversial, it is
enerally accepted that the functional role of the b1 sub-
nit in the sodium channel complex is the modulation of

nactivation (1, 2, 4). Therefore, following the original
eport of a lack of modulatory effect of the C121W mutant
f b1 in the frog oocyte preparation, it was natural to
onsider theoretically such defective modulation as the
rimary cause of the neuronal hyperexcitability that is
ikely accompanying the epileptic attacks of GEFS1 pa-
ients (5).

The clinical report of the GEFS1 type 1 syndrome
ndicates that patients do not show any skeletal muscle
r cardiac symptoms (5), despite the fact that the same
1 subunit is expressed also in skeletal and cardiac
58
pecific a subunit isoforms expressed in these tissues
2–4). The simplest explanation for the apparently
ondefective function of heart and skeletal muscle so-
ium channels could be a specificity of the mutated b1
o associate with the brain isoforms of the sodium
hannel a subunits. However, our present data show
hat the C121W mutation has a negative modulatory
ffect also on the a-SkM1 expressed in oocytes, and
hat probably the defective polypeptide competes with
he normal b1 for the association with the a subunit,
nd this is in contradiction with the proposed isoform-
pecificity of the C121W b1 subunit.
There is a contradictory body of information on the

unctional role of the sodium channel b1 subunit in
ammalian cells. It has been demonstrated that the

ransfection of a subunits alone in mammalian cells
oes not express channels with large PM2 values like as
t does in oocytes (26–35), and that the coexpression of
1 subunit does not alter substantially the channels
odal properties (26, 27, 34, 36). This rises the ques-

ion of whether the observations reported from frog
ocyte experiments are indeed useful to understand
he sodium channel physiology or rather an epiphe-
omenon occurring in these particular cells. In the

arge family affected by GEFS1 type 1 the mutation
roduces distinct types of seizure in different members
f the same family (5). These differences probably re-
ult from inheritance of the mutant gene in the context
f other susceptibility genes (8), that may express only
n the CNS, and confer functional role for the b1 sub-
nit. One proposed possibility is that the b1 serves as
ommunication link between intracellular and extra-
ellular environments, as suggested by its interaction
ith extracellular matrix proteins (37) and cytoskele-

on intermediate filaments (38).
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