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Different effects on gating of three myotonia-causing
mutations in the inactivation gate of the human muscle
sodium channel
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and F. Lehmann-Horn t
Departments of Applied and *General Physiology, University of Ulm, D-89069 Germany
and tDepartments of Medicine & Pharmacology, Vanderbilt University Medical Center,
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1. Three mutations at the same site in the inactivation gate of the oc-subunit of the human
muscle Nae channel, G1306E, G1306V and G1306A, cause three phenotypes of K+aggravated myotonia: G1306E as the most severe and G1306A as the most benign form.
2. Recombinant wildtype (WT) and mutant (G1306E, G1306V and G1306A) human Nae
channels were expressed in human embryonic kidney cells (HEK293). G1306E and G1306V
channels showed a distinct increase in the time constants of inactivation (Thl and rh2) and
in the ratios of steady-state to peak currents (IS/Ipeak) (e.g. at 0 mV, G1306E vs. WT; Thl,
1.29 + 0410 vs. 0'52 + 0 01 ms; Iss/Ipea.k 2'90 + 0 40 vs. 0 93 + 0-19%). G1306A channels
showed only an increase in Thl (0 74 + 0 07 ms). For G1306E and G1306V channels, the
steady-state inactivation curves, as well as the voltage dependence of the rate of recovery
from inactivation, were shifted by +15 mV. For G1306A the h. curve was shifted by only
+5 mV.
3. G1306E and G1306V channels showed prolonged current rise times and later first openings
suggesting slowing of activation. For G1306E channels only, the steady-state activation
curve was shifted by -7 mV. For all mutants the deactivation time constants were
increased.
4. We conclude that (i) the combination of alterations in inactivation and activation produces
the slowing of the current decay, (ii) the slowed inactivation is most responsible for
myotonia, and (iii) the shift of the steady-state activation curve, seen only with G1306E
channels, may explain the severity of this phenotype.
5. The results suggest that two of the mutations in the Na+ channel inactivation gate also alter
channel activation and deactivation.

Electrophysiological and genetic studies revealed that the
gene encoding the a-subunit of the adult human muscle Na+
channel (hSkM1) is the site of the defects for three clinically
different syndromes of autosomal dominant inheritance:
hyperkalaemic periodic paralysis (HyperPP), paramyotonia
congenita (PC), and potassium-aggravated myotonia (PAM)
(reviewed by Hoffman, Lehmann-Horn & Riidel, 1995). To
date, sixteen mutations are known to cause these so-called
muscle Na+ channel diseases. PAM was only recently
delineated from other types of myotonia. Its key symptom
is muscle stiffness induced or aggravated by depolarizing
agents such as K+ (Heine, Pika & Lehmann-Horn, 1993;

Ptacek et al. 1994) but not substantially by cold (Ricker,
Moxley, Heine & Lehmann-Horn, 1994). PAM is contrasted
to HyperPP and PC by the absence of muscle weakness
(Lerche et al. 1993; Mitrovic et al. 1994).
Voltage-clamp studies on native or cultured samples of
muscle biopsies from patients with Na+ channel disease
have shown incomplete channel inactivation (LehmannHorn, Kiither, Ricker, Grafe, Ballanyi & Riidel, 1987;
Cannon, Brown & Corey, 1991; Lehmann-Horn, laizzo,
Hatt & Franke, 1991; Lerche et al. 1993). Studies on mutant
Na+ channels expressed in mammalian cells have confirmed
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these results but also revealed additional mechanisms of
Na+ channel dysfunction such as shift in gating modes,
accelerated recovery from inactivation, increase in 'window
current' and uncoupling of activation from inactivation
(Cannon & Strittmatter, 1993; Cummins et al. 1993;
Chahine et al. 1994; Mitrovic et al. 1994; Yang et al. 1994).
The amino acid, G1306, of the Nae channel a-subunit
located in the III-IV interlinker is of special interest since
(i) it is supposed to act as the hinge of the inactivation
particle (West, Patton, Scheuer, Wang, Goldin & Catterall,
1993), and (ii) three mutations at this site have been detected
causing PAM of gradually different severity (Lerche et al.
1993). The study of single-channel currents of biopsied
muscle fibres from patients carrying G1306 substitutions
has revealed incomplete inactivation (Lerche et al. 1993).
We extended these studies using heterologous expression,
and observed that, in addition to channel inactivation,
mutations at this site may alter activation and deactivation.

METHODS
Mutagenesis and transfection
A recombinant human skeletal muscle Na+ channel a-subunit
cDNA was heterologously expressed in HEK293 cells as previously
described (Mitrovic et al. 1994). Site-directed mutagenesis was
performed using the Altered Sites system employing the Plasmid
vector pSELECT (Promega Corporation, Madison, WI, USA) as
described (Yang et al. 1994). Mutagenic oligonucleotides (sense
strand) were as follows: G1306V, 5'-AGAAGAAGTTAGTGGGGA
AAGACA-3'; G1306A, 5'-AGAAGAAGTTAGCGGGGAAAG
ACA-3'; G1306E, 5'-AGAAGAAGTTAGAGGGGAAAGACA-3'.
All mutations were verified by dideoxynucleotide sequencing.
Following mutagenesis, full-length mutant hSkMl constructs were
assembled in the mammalian expression vector pRc/CMV
(Invitrogen, San Diego, CA, USA) and transfected permanently
into HEK293 cells (ATCC CRL 1573) as described in Mitrovic et
al. (1 994).

Electrophysiology
Standard whole-cell recording (Hamill, Marty, Neher, Sakmann &
Sigworth, 1981) was performed. Leakage and capacitive currents
were automatically subtracted by means of a prepulse protocol
(-P14). Currents were filtered at 3 kHz and digitized at 20 kHz
sampling rate using pCLAMP (Axon Instruments, Foster City,
CA, USA). The tail currents were filtered at 10 kHz and digitized
at 50 kHz. Data were analysed by a combination of pCLAMP,
home-made and SigmaPlot software (Jandel Scientific, San Rafael,
CA, USA). To avoid large series resistance errors but also to
minimize a possible contribution of endogenous Nae channels (peak
current (Ipeak; mean+ S.E.M.), 112 + 12 pA; n= 20), we only
analysed currents with Ipeak ranging between 2 and 5 nA
(3-1 + 04, 3.3 + 04, 3-2 + 0-4 and 3.5 + 0-5 nA for WT,
G1306E, G1306V and G1306A channels, respectively; n = 8-12).
Some of the tail currents were up to 7 nA for WT and mutant
channels. The residual series resistance ranged from 0'7 to 1 2 MQ
(after 70% compensation). The voltage error due to series
resistance was < 5 mV. The time constant of voltage settling in the
cell membrane (residual series resistance x cell capacitance) was
generally < 25 #ss (< 15 #ss for tail currents).
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The pipette solution contained (mM): 130 CsCl, 2 MgCl2, 5 EGTA
and 10 Hepes (pH 7 4). The bathing solution contained (mM): 140
NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 4 dextrose and 5 Hepes (pH 7 4).
All ingredients were obtained from Merck (Darmstadt, Germany).
Single-channel currents were recorded from cell-attached patches
with the solutions in bath and pipette reversed. The leakage and
capacity transients were eliminated by subtracting averaged and
scaled records without channel activity. The number of channels
present in the patch was estimated by inspecting traces and
counting the maximum number of the channels that open
simultaneously (Horn, 1991). The resting membrane potential of
cells bathed for at least 15 min in CsCl solution was determined in
the whole-cell current-clamp mode to be -9 + 1 mV (n = 10) for
WT and -7 + 1 mV (n = 6) for G1 306V channels (pipette solution
containing (mM): 150 KCI, 5 NaCl, 1 EGTA, 5 Hepes). Additionally,
activation curves were determined for patches in cell-attached
and subsequently inside-out mode (currents ranging from 30 to
100 pA) yielding differences in the membrane potential at halfmaximal activation ( V0.5) of -12 + 1 (n = 6) and -11 + 2 mV
(n = 7), for WT and G1306V channels, respectively. The absolute
values of V0.5 (cell-attached) were -24 + 1 (n = 12) and
-25 + 2 mV (n = 7), respectively. These findings indicate a stable
resting membrane potential of transfected HEK293 cells in CsCl
bathing solution of about -10 mV.
For statistical evaluation Student's t test was applied; P < 0 05
was considered significant. All data are shown as means + S.E.M.

RESULTS AND DISCUSSION
The Na+ currents were studied after permanent transfection
of HEK293 cells with either WT, G1306E, G1306V or
G1306A hSkM1. As the most obvious result, the currents
of mutant cells decayed more slowly than those of WT cells
(Fig. lA; see also Inactivation parameters).
Activation parameters
The normalized I-V plots (Fig. 1B) for G1306V and
G1306A channels were identical to that of WT, but for
G1306E the relationship was shifted to more negative
potentials. The normalized conductance-voltage plots
(Fig. 2C), fitted with the Boltzmann equation:

I/Imax = (1 + exp[( V- VO5)/ikv)

,

in which Imax is the maximum current, V0.5 is the midpoint of the curve and kv is the slope factor, revealed that
the -7 mV shift of the steady-state activation curve for
G1306E (with respect to those of G1306V, G1306A and
WT) was significant (P < 0-01). For G1306E, G1306V,
G1306A and WT, respectively, V0.5 was -20 + 1 -14 + 1,
-13 + 1 and -12 + 1 mV, and kv was 6-9 + 04,
7*4 + 0 4, 7X4 + 0 4 and 7.3 + 0 3 mV (n = 8-12).
Since steady-state activation curves are normalized to the
maximum peak current, the shift for G1306E could be due
to the rate and/or the voltage dependence of inactivation of
this mutant being different from those of the other mutants
and WT. We cannot exclude this possibility, but the
explanation is rather unlikely since both G1306E and
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G1306V show similar alterations of all examined
inactivation parameters (see below) and only G1306E shows
the shift of the activation curve. On the other hand G1306E
is the only mutant introducing a charge into the III-IV
interlinker which could interfere with the voltage sensor
and produce a change in the voltage dependence of steadystate activation.
The 10-90% peak current rise times were determined for
various test potentials (Fig. 1C). For G1306E and G1306V
channels, rise times were prolonged compared with those
for WT suggesting slowing of the activation process. For
G1306A channels the rise time was unchanged. The small
difference in the peak rise time between G1306E and
G1306V can be explained by the -7 mV shift of the

activation curve of G1306E. However, it is important to
note that slowed inactivation can mimic 'slowed activation',
i.e. produce prolonged current rise times. To get more
information about activation, the latencies to first openings
were determined in the single-channel mode (see Singlechannel studies).
Channel inactivation
Inactivation was analysed by fitting the decay of the
current traces, I(t), with two exponentials:
I(t) = Alexp(-t/rhl) + A2eXp( t/rh2) + I88
where Thl and 'h2 are the time constants of inactivation, A1
and A2 are amplitude factors, and I.,, is the steady-state
current amplitude. Between -30 and 0 mV, the Thl values
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Figure 1. The effects of PAM mutations on macroscopic Nae currents and channel activation
A, Na+ currents elicited by a family of depolarizing steps (potentials correspond to those in B) from a
prepulse potential of -120 mV (holding potential, -85 mV). The capacitance of the cells was 28, 28, 25
and 22 pF for WT (0), G1306E (A), G1306V (-) and G1306A (V), respectively. The respective series
resistence values (after compensation) were 0*9, 0 8, 1P0 and 0 9 MQl. B, normalized I-V relationships for
WT and mutants. C, rise time between 10 and 90 % of the peak current amplitude vs. membrane potential.
(n= 8-12.)
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for G1306E and G1306V channels were twofold larger and
at positive potentials threefold larger than those for WT
(Fig. 2A) indicating a decreased voltage dependence of
inactivation. Also the 7rh2 values were increased
approximately twofold. In contrast, for G1306A channels,
only Thl was slightly larger than WT. From previous studies
on mutant channels it is known that an increased I8S

contributes to the genesis of myotonia. I,, was determined
(i) from the fit, and (ii) measuring the mean currents
between 34 and 35 ms after the onset of depolarization and
normalized to Ipeak. As Is/'peak data were similar using
these two methods, only fitted results are presented
(Fig. 2B). I4s/speak was larger for G1306E and G1306V than
WT channels (e.g. at 0 mV, 2-9 + 04 and 3-2 + 0 7% for
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Figure 2. Inactivation and recovery from inactivation in PAM mutants
A, time constants of inactivation (open symbols, Thl; closed symbols, Th2) fitted with a double exponential
vs. test potential. Symbols: WT (O,@), G1306V (0,m), G1306E (A,A) and G1306A (V,V). B, steady-state
current normalized to peak current vs. test potential. C, steady-state inactivation at 0 mV induced by a
35 ms pulse to the indicated test potentials. The curves were fitted with a standard Boltzmann fit. The
slopes and half-inactivation potentials are given in the text. Normalized conductance-voltage curves are
also shown, and were obtained using gNa = I/( V- Vrev), where gNa is a fraction of conductance, I is the
peak current measured, V is the test potential and Vrev is a reversal potential. (For A-C, n = 6-12.)
D, the extent of recovery from inactivation vs. recovery time at -100 mV. The time course of recovery
was best fitted by I/Imax = (a
b)exp(-t/rri) + (b a)exp(-t/Tr2), where Trl and rr2 are recovery time
constants. Single lines are double exponential fits (n = 6-12). E, recovery from inactivation at -180 mV was
typically faster for mutant channels compared with WT (frr for WT vs. G1306E, G1306V and G1306A was
0-40 + 0-04 vs. 0-25 + 0-02, 0-26 + 0-02 and 0-28 + 0-02 ms, respectively). The first point was not included
in the fit (n = 5-9). F, the rate of recovery vs. recovery potential (Vr). The values present the reciprocal of
the fast recovery time constants. Lines present Boltzmann fits. Boltzmann parameters are given in the text
(n = 4-12). B-E, open circles represent WT, whereas closed symbols represent mutant channels.
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G1306E and G1306V, respectively, vs. 0 9 + 0 2% for WT)
but was not significantly increased (1P2 + 0 3%) for
G1306A channels. The values for G1306E and G1306V are
in agreement with the results obtained for another mutation
leading to PAM (3% for V1589M; Mitrovic et al. 1994). In
contrast, the increase in the Is/'peak values reported for
the HyperPP-generating mutations T704M and M1592V
was larger (6 and 8 %, respectively; Cannon & Strittmatter,
1993). These differences could explain the different clinical
phenotypes, i.e. stiffness in PAM vs. paralysis in HyperPP;
for a small persistent Na+ influx associated with a slight
and sustained membrane depolarization may cause
membrane hyperexcitability and stiffness, whereas a larger
persistent Na+ current may cause marked depolarization
leading to inexcitability and paralysis (Cannon, Brown &
Corey, 1993). Indeed, sustained membrane depolarization
to -60 mV was noted for PAM (Lerche et at. 1993) and
depolarizations to -40 mV were found for HyperPP and PC
(Lehmann-Horn et al. 1987).
The inactivation curves for G1306E and G1306V channels
were markedly shifted to the depolarizing direction
(Fig. 2C). For G1306E, G1306V, G1306A and WT channels,
respectively, V.5 was -41 + 1, -39 + 2, -51 + 2 and
-56 + 1 mV, and kv was 8-2 + 0-6, 8-1 + 0-2, 8-0 + 0 4
and 8-8 + 0-2 mV (n = 8-12). The +15 mV shift for
G1306E and G1306V, and the 5 mV shift for G1306A
mutations, produced larger window currents.
To test whether the 15 mV shift for G1306E and G1306V
mutations was due to prepulses of 35 ms being too short,
we used also prepulses of 500 ms. For all channel types the
inactivation curves were then shifted to the left (by
approximately 15 mV) but the +15 mV shift for G1306E and
G1306V channels (with respect to WT) was still observed.
A

Since the activation curve for G1306E channels was shifted
7 mV to the left (Fig. 2C), the electric threshold of the
muscle fibre is closer to the resting membrane potential.
This shift may explain why G1306E causes the most severe
phenotype.
The fl-subunit has significant effects on the inactivation of
the Na+ channel (Isom et al. 1991). The observed slowed
inactivation could therefore be due to the mutations
disturbing the interaction of the ,- and a-subunits. In this
case one would expect that the mutants also slow the
recovery from inactivation (Yang et al. 1994). This, however,
was not observed (see below). Furthermore, hSkMl
expressed in HEK293 cells exhibits gating behaviour similar
to that observed in native muscle cells. Therefore, it is
unlikely that a disrupted a- and fl-subunit interaction
contributes to the inactivation defect observed with the
mutant channels.

Recovery from inactivation
The time course of recovery from inactivation was measured
at various 'recovery potentials' in the range -60 to
-240 mV. Cells were held at -100 mV, prepulsed to 0 mV
for 30 ms to inactivate the Nae channels and repolarized to
the recovery potential for increasing durations prior to the
test pulse to 0 mV. At -100 mV, the time course of
recovery for G1306E, G1306V and G1306A channels was
best fitted with a double exponential; it was not significantly
different from WT (Fig. 2D). At more negative potentials
(e.g. -180 mV, Fig. 2E) it was faster than WT. The
difference in recovery rates between G1306V and VVT
increased with hyperpolarizing potentials (Fig. 2F). Since it
has been shown that the voltage dependence of the rates of
recovery from inactivation is sigmoidal (Kuo & Bean, 1994),
the plots were fitted with the standard Boltzmann equation.
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Figure 3. Deactivation time constants for WT and mutant channels vs. postpulse potentials at
22 (A) and 10 °C (B)
Insets show tail currents at -64 mV (A; current amplitudes, 4-1, 5.5, 4-5 and 4-1 nA for WT (0),
G1306E (A), G 1306V (E) and G1306A (v), respectively) and at -106 mV (B; current amplitudes, 6 7 and
6t1 nA for WT and G1306V, respectively). Channels were activated by brief pulses (250 uss at 22 °C;
500 jus at 10 °C) to +50 mV and brought back by a postpulse to indicated potentials. The tail currents
were well-fitted by a single exponential. (A, n = 4-8; B, n = 4.)
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For G1306V this curve was shifted by +16 mV with
respect to WT (V'0.5, -183 vs. -198 mV). The respective
slope factors were 32 and 35 mV.

B

G1 306V

_I_f-w
A.L-AA

3 pA
20 ms

C

D

30

40

r

.o 30

F

,, 25

c
0

2 20

2

a)

I

a,

Un

D
.0

o 20

o 15

.0

0

ID

10

E
z

5

E 10
z

I LI
4
Latency time (ms)

1.s

0

2

Latency time (ms)

E

6

8

10r
08

0-6
-0

D

0

L-

0-4
0-2

0

2

Physiol. 487.1

the case of the G1306E, G1306V and G1306A mutations,
this is unlikely since recovery from inactivation was faster
only at physiologically irrelevant membrane potentials.
Channel deactivation
To study deactivation, the channels were activated by brief
(250,s) pulses to +50 mV and deactivated by postpulses to
potentials at which significant inactivation does not occur,
i.e. potentials negative to -60 mV (for G1306E and

Since the recovery from inactivation determines the
refractory period after the action potential, it could
contribute to the pathophysiology of myotonia as already
shown for another PAM mutant, V1589M (Mitrovic et al.
1994), and all PC mutants (Yang et at. 1994). However, in
AWT

J
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6

8

Latency time (ms)

Figure 4. Single channel recordings with WT and PAM mutants
Current traces from patches containing at least two WT (A) and two G1306V (B) channels activated by a
pulse to -30 mV (holding potential, -100 mV). Data were digitally filtered at 2 kHz for display. First
latency histograms for WT (C) and G1306V (D) channels, respectively. E, first latency distribution
transformed as if patch contained a single channel (Patlak & Horn, 1982).
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G1306V, Fig. 2C) or -80 mV (for WT and G1306A). The
tail currents flowing during postpulses to -64 mV were
fitted with a single exponential (Fig. 3A). In the potential
range -60 to -100 mV, the deactivation time constants,
Td) were larger for the mutant channels than for WT
(Fig. 3A). The tail currents were also measured at 10 °C, a
temperature at which deactivation was substantially slowed
providing better resolution. At all potentials investigated,
Td of the mutant channels was larger than WT (Fig. 3B,
G 1306V vs. WT, e.g. P < 0 02 at -106 mV, n = 4).
Assuming that significant deactivation occurs even at less
negative membrane potentials (see rate constants at
-20 mV in Chahine et al. 1994), the slowed deactivation
could prolong the channel open times and increase the Na+
influx in the muscle cell. These changes, found for G1306E
and G1306V, could contribute to myotonia.
Effects of high [K+].
Elevated serum [K+]. seriously aggravates myotonia in
PAM patients (Ricker et al. 1994). Nevertheless, we did not
find any effect of high [K+]O (9 mm as compared to normal
4 mm) on G1306E, G1306V, G1306A or WT channels. In
intact muscle fibres excised from PAM patients (or also from
HyperPP patients), high [K+]. led to a substantial increase
of Na+ influx (Lehmann-Horn et al. 1987) and to
spontaneous activity (Lerche et al. 1993). The sustained Na+
influx causes depolarization and thus activation of additional
Na+ channels, some of which do not inactivate properly and
hence increase the Na+ influx. This myotonia-aggravating
effect of high [K+]. cannot be detected under voltage-clamp
conditions.
Single-channel studies
The slowing of the current decay and the increased Is/'peak
observed in whole-cell recordings can arise from (i) an
increase in the number of re-openings, (ii) longer duration
of openings, and (iii) the later occurrence of first openings,
or the combination of these changes. For clarification, we
examined cell-attached patches containing one to five
channels. Na+ channel openings were elicited by depolarizing
steps from -100 mV to potentials ranging from -45 to
-15 mV (Fig. 4A) relative to the resting potential of the cells
(see Methods). At least 300 traces per patch were recorded.
Late Na+ channel openings were observed as single events or
channel bursts (Fig. 4A). The open probability of these late
openings between 15 and 85 ms of depolarization was
quantified for each pulse ('late) and normalized with respect
to the average peak current. Ilate/Ipeak was significantly
larger for G1306E and G1306V channels (e.g. at -30 mV,
1P1 + 0 3 and 1-2 + 0 4% for G1306E and G1306V,
respectively, vs. 0 3 + 01 % for WT; n = 8-10) due to an
increased occurrence of channel re-openings. This is in
agreement with our previous results obtained with V1589M
channels ('late/'peak' 1 %). An increased mean open time
also contributed to the slowing of inactivation and to the
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persistent current observed in the whole-cell mode. The
calculated mean open times were significantly larger for
G1306E and G1306V channels (e.g. at -30 mV, 097 + 0-13,
0-91 + 0-12 and 0 57 + 0-06 ms for G1306E, G1306V and
G1306A, respectively, vs. 056 + 0-06 ms for WT).
First latency histograms and cumulative plots of first
latencies are shown in Fig. 4C-E. The cumulative
distributions, corrected for the number of channels in the
patch (Patlak & Horn, 1982) were significantly different for
these two patches (P < 0 05; Kolmogorov-Smirnov test).
Median-corrected values of the first latency distribution
were significantly larger for G1306E and G1306V (P < 0 01;
Wilcoxon rank sum test) than for WT channels (e.g. at
-30 mV, 126 + 0 11 1P12 + 0-16 vs. 0-65 + 0 05 ms,
respectively, n = 5-6).
In summary, single-channel recordings from the mutant
channels revealed (i) more frequent re-openings, (ii) longer
openings, and (iii) later first openings compared with WT.
Thus, the combination of defects in channel inactivation
and activation produced the slowing of the current decay
observed for the mutant channels.
Genotype-phenotype relationships
The described observations with G1306 mutants can be
well correlated with the severity of myotonia in patients.
Alanine substituted for glycine causes a small but significant
increase in Thl and a mild form of myotonia. Valine, in
comparison with alanine, causes a more severe form of
myotonia and shows larger effects on inactivation of the Na+
channels: increased Thr, rh2' Iss/Ipeak and window current.
Patients carrying the G1306E mutation need constant
medication (mexiletine) to alleviate the severe myotonia.
This mutation revealed all the alterations of inactivation
seen with G1306V. Moreover, the steady-state activation
curve for G1306E channels was shifted closer to the resting
membrane potential so that a decreased electrical threshold
would contribute to the increased muscle excitability. This
could be the reason why myotonia in these patients is
distinctly more severe than with G1306V mutations.
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