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1 The antiarrhythmic drug mexiletine (Mex) is also used against myotonia. Searching for a more
e�cient drug, a new compound (Me5) was synthesized substituting the methyl group on the chiral
carbon atom of Mex by an isopropyl group. E�ects of Me5 on Na+ channels were compared to
those of Mex in rat skeletal muscle ®bres using the cell-attached patch clamp method.

2 Me5 (10 mM) reduced the maximal sodium current (INa) by 29.7+4.4 % (n=6) at a frequency of
stimulation of 0.3 Hz and 65.7+4.4 % (n=6) at 1 Hz. At same concentration (10 mM), Mex was
incapable of producing any e�ect (n=3). Me5 also shifted the steady-state inactivation curves by
77.9+0.9 mV (n=6) at 0.3 Hz and 712.2+1.0 mV (n=6) at 1 Hz.

3 In the presence of sea anemone toxin II (ATX; 5 mM), INa decayed more slowly and no longer to
zero, providing a model of sodium channel myotonia. The e�ects of Me5 on peak INa were similar
whatever ATX was present or not. Interestingly, Me5 did not modify the INa decay time constant
nor the steady-state INa to peak INa ratio.

4 Analysis of ATX-induced late Na+ channel activity shows that Me5 did not a�ect mean open
times and single-channel conductance, thus excluding open channel block property.

5 These results indicate that increasing hindrance on the chiral atom of Mex increases drug
potency on wild-type and ATX-induced noninactivating INa and that Me5 might improve the
prophylaxis of myotonia.
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Introduction

Molecular interactions of local anaesthetics (LAs) and related

antiarrhythmic and anticonvulsant drugs with voltage-gated
sodium channels are under intensive study. Biophysical
evidences and binding studies ®rst indicated that these drugs

bind to the sodium channel protein on a site within the ion-
conducting pore and accessible from the cytoplasmic side of
the channel (Frazier et al., 1970; Hille, 1977; Postma &
Catterall, 1984). Accordingly, heterologous expression of

sodium channels and site-directed mutagenesis have recently
allowed identi®cation of several amino acids in segment 6 of
domain IV of the sodium channel a-subunit as well as residues
of the selectivity ®lter in domains II and III, which may
compose part of the binding site (Ragsdale et al., 1994; 1996;
Qu et al., 1995; Sunami et al., 1997; Wright et al., 1998). Block

of sodium channels by LAs shows complex voltage- and
frequency-dependent properties that have been explained by
the drug binding dependence on the channel state (Snyders et
al., 1992). Such phenomenon may result from a change in

receptor a�nity according to the modulated receptor
hypothesis (Hille, 1977; Hondeghem & Katzung, 1977) or
access of the drug to a receptor of ®xed a�nity, according to

the guarded receptor hypothesis (Starmer et al., 1984). The
higher the frequency of membrane depolarization, the greater
is the blocking action, which provides a general mechanism for

the selective action of this class of drugs on the arrhythmic

heart (Catterall, 1987; Grant & Wendt, 1992).
In the skeletal muscle, excessive and sustained ®ring of

action potentials results in myotonia, characterized by long-

lasting involuntary muscle contractions. Inherited nondy-
strophic myotonias are due to mutations in the genes encoding
the chloride or the sodium channel, which lead to a loss or a
gain of function, respectively (for review, see Cannon, 1997;

PtaÂ cÏ ek, 1998). On the basis of the frequency-dependent
blocking mechanism of antiarrhythmic drugs, the orally
e�ective lidocaine derivative mexiletine appears as a drug of

choice for treating myotonic syndromes (De Luca et al., 1997b;
PtaÂ cÏ ek, 1998). However, in the particular case of sodium
channel myotonias, mutations impair the channel inactivation

process so important in LAs action. In fact, the drug was
shown to be more potent in blocking wild-type than
inactivation-de®cient channels. (Sah et al., 1998; Fleischhauer
et al., 1998; Desaphy et al., 1999), suggesting that its bene®cial

action is rather symptomatic: blocking wild-type Na+ channels
may counteract sarcolemma hyperexcitability due to mutant
Na+ channel activity. In a previous screening (Tricarico et al.,

1991; De Luca et al., 1997a,b), we showed that chemical
modi®cation on the chiral carbon atom of mexiletine or the
related drug tocainide could modify their blocking properties

of muscle sodium channels as well as their antimyotonic
e�cacy against skeletal muscle hyperexcitability of adr mice, a
model of chloride channel myotonia. Here we report the e�ect*Author for correspondence; E-mail: conte@farmbiol.uniba.it
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of a newly synthesized compound (Me5), in which an isopropyl
group substitutes for the methyl group on the chiral carbon
atom of mexiletine (Figure 1), on native rat skeletal muscle

sodium channels recorded by means of the cell-attached patch
clamp method. We also investigate the e�ect of Me5 on
sodium currents modi®ed by the sea anemone toxin II (ATX).
This toxin binds to sodium channels and impairs channel

inactivation, providing an in vitro pharmacological model of
sodium channel myotonia (Cannon & Corey, 1993; Cannon et
al., 1993). We found that the chemical modi®cation of

mexiletine greatly enhances sodium channel block. This may
result from a facilitated access of the mexiletine analogue to
the channel from intracellular side and a greater a�nity of

Me5 for its receptor. Moreover, the ®nding that Me5, in
contrast with mexiletine, reduces wild-type and ATX-induced
noninactivating sodium currents to the same extent, suggests

that Me5 might improve the prophylaxis of myotonias.

Methods

Cell preparation

Fibres from ¯exor digitorum brevis muscles of the hind feet
were obtained from adult rats as previously described
(Desaphy et al., 1998a). Brie¯y, animals were killed by an

overdose of urethane (i.p. injection). Muscles were promptly
removed and placed in Ringer solution supplemented with
2.5 mg ml71 collagenase (3.3 iu ml71, type XI-S, Sigma, St

Louis, MO U.S.A.). They were shaken at 70 min71 for 1 ± 2 h
at 328C under a 95% O2/5% CO2 atmosphere. During this
incubation, dissociated cells were sampled, rinsed several times
with bath solution, and transferred to the RC-11 recording

chamber (Warner Instruments, Hamden, CT, U.S.A.).

Cell-attached voltage-clamp recordings

Sodium currents were recorded at room temperature
(21+28C) in the cell-attached con®guration of the patch-

clamp method (Hamill et al., 1981) with an AxoPatch 1D
ampli®er and a CV-4-0.1/100U headstage (Axon Instruments,
Foster City, CA, U.S.A.). Pipettes were formed from Corning

7052 glass (Garner Glass, Claremont, CA, U.S.A.) with a
vertical puller (PP-82, Narishige, Tokyo, Japan). They were
coated with sylgard 184 (Dow Corning) and heat polished on a

microforge (MF-83, Narishige). Pipettes had resistances
ranging from 2 ± 4 MO when ®lled with the recording pipette
solution. Voltage-clamp protocols and data acquisition were
performed with pCLAMP 6.0 software (Axon Instruments)

through a 12-bit A-D/D-A interface (digidata 1200, Axon
Instruments). Currents were low-pass ®ltered at 2 kHz
(73 dB) by the ampli®er four-pole Bessel ®lter and digitized

at 10 ± 20 kHz.
Membrane passive responses were controlled during the

experiments and the patches in which eventual change might

have modi®ed sodium current characteristics were discarded
from analysis. Capacitance currents were almost totally
cancelled by the compensation circuit of the ampli®er. To

further eliminate residual capacitance transient and leak
currents, the scaled passive ensemble average current recorded
on return to the holding potential was subtracted from the
current traces elicited by the depolarizing pulse. Particular care

was taken to avoid contamination of the scaled passive
ensemble average current by late sodium channel activity.
This method usually gives satisfactory results, similar to the P/

4 subtraction procedure of pCLAMP 6.0 (Desaphy et al.,
1998a). The latter was not used in the present study because it
might interfere with the e�ects of mexiletine and its derivative,

which are particularly dependent on voltage protocol. After
about 10 min of incubation in the CsCl bath solution, the
®bres were depolarized to 77.6+1.0 mV (mean+s.e.mean,

n=45 ®bres), as determined by intracellular microelectrode
measurements, and maintained this depolarized membrane
potential (Vm) for a long duration (Desaphy et al., 1998a). The
values of potential given in the manuscript are not corrected

for Vm.

Sodium current analysis

Patches contained a large number of sodium channels, the
activation of which resulted in macroscopic-current-like

sodium currents. Throughout the experiment, the patch
membrane was repetitively depolarized for 30 ms to 720 mV
from a holding potential of 7100 mV, at a frequency of 0.3 or
1.0 Hz. Such frequencies allowed complete recovery from

inactivation between test pulses in the absence of drug. Patches
with run-down of sodium current not greater than 15% in
20 min were considered for analysis, as already described

(Desaphy et al., 1998a). When steady current levels were
reached, both before and after drug application, a speci®c
voltage ± clamp protocol was applied to the patch membrane

for the measure of the current ± voltage relationship and the
voltage dependence of activation and steady-state inactivation:
the holding potential was 7110 mV; a ®rst pulse of 450 ms in

duration was applied to potentials ranging from 7140 to
+80 mV in 10 mV increments and allowed the construction of
the current ± voltage relationship; a second pulse of 30 ms in
duration was applied to 720 mV and allowed the measure of

steady-state inactivation as a function of the ®rst-pulse
potential. The interpulse duration was set at 1 or 3 s to respect
1 or 0.3 Hz frequencies, respectively. This protocol was

repeated 5 times and peak current amplitude values were
reported as means+s.e.mean. The activation curve was
constructed from the current ± voltage relationship by convert-

ing current to conductance: the current amplitude was divided
by the driving force (V7VNa), where V was the potential
applied to the patch and VNa was the equilibrium electro-
chemical potential for sodium ions. VNa was estimated to be

Figure 1 Chemical structure of mexiletine and its newly synthesized
analogue Me5.
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+70 mV from linear extrapolation of single-channel current/
voltage curves. Activation curves were ®tted to the Boltzmann
equation: G/Gmax=1/{1+exp[(V7Vx)/K]} where G is con-

ductance, Gmax is the maximal conductance, K is the slope
factor, and Vx is the potential for having half of the channels
activated. The steady-state inactivation curves were ®tted to the
Boltzmann equation: I/Imax=1/{1+exp[(V7Vh)/K]} where I is

current, Imax is the maximal current, K is the slope factor, and
Vh is the potential for having half of the channels inactivated.
Single-channel analysis was performed on late sodium channel

openings recorded in the presence of ATX during depolarizing
pulses of 150 ms in duration applied to various potentials from
a holding potential of 770 mV at 1 Hz frequency. Such a

depolarized holding potential was used to reduce the number of
overlapping events. Single-channel currents were estimated
from all-points amplitude histograms ®tted with multi-

Gaussian functions by the Levenberg-Marquardt least-squares
®tting routine of pSTAT software (pCLAMP 6.0 package). The
single-channel conductance was determined as the slope of the
single-channel current-voltage linear relationship. Open-time

histograms were constructed using the half-amplitude thresh-
old criterion (Colquhoun & Sigworth, 1983), discarding
overlapping events as well as closed times shorter than 0.4 ms,

considered as burst activity. In a previous study, open-time
histograms were well ®tted with a mono-exponential function
(Desaphy et al., 1998b). Here, in the presence of ATX, the ®ts

of histograms by the Levenberg-Marquardt least-squares
®tting routine of pSTAT were signi®cantly improved with a
two-terms exponential, as evaluated by the F value (P50.05),

which compares the sum of squared errors of the di�erent
®tting models. This resulted in the determination of two mean
open times, corresponding to the two exponential time
constants of the function. The proportion of the two terms in

the ®t was not taken into consideration because excluding
overlapping events might have introduced a bias, the
probability of observing an overlap being greater for the longer

mean open time. Open probability (NPo) was calculated for
each depolarization as the sum of the open times (at each single-
channel current level) occurring during the interval 10 ± 145 ms

divided by the total interval duration (135 ms). The mean NPo

was further calculated as the mean+s.e.mean ofNPo measured
on at least 100 consecutive depolarizations. Averaged results
are reported as means+s.e.mean for n patches. Statistical

analysis was performed with Student's t-test for paired or
grouped data, considering P50.05 as signi®cant.

Solutions and chemicals

Ringer solution contained (mM): NaCl 145, KCl 5, MgCl2 1,

CaCl2 1, MOPS 10 and Glucose 5. Bath solution contained
(mM): CsCl 145, EGTA 5, MgCl2 1, HEPES 10 and Glucose 5.
Pipette solution contained (mM): NaCl 150, MgCl2 1, CaCl2 1

and HEPES 10. All solutions were bu�ered at pH 7.3.
Mexiletine [1-(2,6-dimethylphenoxy)-2-propanamine] and its
analogue Me5 [1-(2,6-dimethylphenoxy)-2-isopropyl-ethana-
mine] were synthesized in our laboratories directly in the

R(7)-enantiomeric form as hydrochloride salt according to
procedures previously described (Figure 1) (Franchini et al.,
1994). The compounds were analysed by spectroscopy to

control that the proportions of C, N and H atoms range within
+0.4% of the theorical values. They were ®rst dissolved in
bath solution and then added to the recording chamber at the

®nal desired concentration. The sea anemone toxin II isolated
from Anemonia sulcata was purchased from Alomone Labs
(Jerusalem, Israel). ATX was dissolved in the pipette solution
at the concentration of 5 mM.

Results

Comparison of the e�ects of mexiletine and Me5 on
sodium currents

Cell-attached patches of freshly dissociated rat skeletal muscle
®bres contained a large number of sodium channels. Thus
macroscopic-current-like sodium currents were elicited by

depolarizing the patch membrane from a holding potential of
7100 mV to 720 mV (Figure 2). Control peak current
amplitude remained quite stable during the experiment,

indicating complete recovery from inactivation at stimulation
frequencies of 0.3 Hz or 1 Hz (Figure 2). Bath application of
10 mM Me5 reduced current amplitude by about 30% at the

frequency of 0.3 Hz. Increasing the frequency to 1 Hz further
reduced peak current to about 30% of control (Figure 2). In the
same experimental conditions, 10 mM mexiletine did not a�ect
signi®cantly the peak sodium current at 0.3 Hz (Figure 2).

Indeed, the small reduction of current amplitude observed in the
presence of mexiletine (about 5% of control current in 15 min,
Table 1) well superimposed the spontaneous run-down usually

observed in these conditions (Desaphy et al., 1998a). At 1 Hz,
the e�ect of mexiletine was evident in only one out of three
patches, in which the peak sodium current was reduced by 30%.

In the two other patches, the reduction of current was not
distinguishable from run-down. Thus Me5 appeared signi®-
cantly more potent than its parent compound in reducing
sodium currents in skeletal muscle ®bres (Table 1).

Sodium currents were observed between780 and +60 mV,
and peaked between 740 and 710 mV (722.2+2.2 mV,
n=9) (Figure 3A). Me5 did not modify the pattern of the

current ± voltage curve, reducing current amplitude at all
voltages (Figure 3A). The voltage dependence of the activation
curve was not modi®ed by Me5 (Figure 3B). The half-

activation potential Vx was 740.3+1.9 (n=9) in control, and
the negative shift recorded in the presence of Me5 was similar
to that recorded in the presence of mexiletine (Table 1) and to

that we systematically observed during long cell-attached
recordings (Desaphy et al., 1998a), suggesting that it is an
artifact introduced by the methodology we use rather than an
e�ect of drugs.

In control conditions, the half-inactivation potential Vh

measured on steady-state inactivation curves was
784.7+2.5 mV in average (n=9) (Figure 4). In a previous

study, we reported a shift of Vh of about 74 mV occurring
spontaneously within 20 min of cell-attached recording
(Desaphy et al., 1998a). The negative shift of steady-state

inactivation curves recorded in the presence of 10 mM
mexiletine was quite similar to this spontaneous shift (Table
1). In contrast, the Vh shift recorded in the presence of Me5
was signi®cantly greater (Figure 4; Table 1). The slope factor

of steady-state curves was 5.4+0.2 mV (n=9) in control and
5.6+0.3 mV (n=6) with Me5 at 1 Hz (P=0.84 between
paired data). The maximal sodium current Imax, measured on

nonnormalized steady-state inactivation curves, was signi®-
cantly reduced by 10 mM Me5 as compared with the same
concentration of mexiletine (Table 1). The e�ects of Me5 on

Vh and Imax were both dependent on stimulation frequency.

E�ect of Me5 on sodium currents in the presence of
ATX

We investigated the e�ect of Me5 on sodium channels in the
presence of 5 mM sea anemone toxin II (ATX), which binds to

and impairs the inactivation process of the channels (Rogers et
al., 1996). We took two advantages of the sodium current

Enhanced Na+ channel block by mexiletine analogue 1167J.-F. Desaphy et al



changes induced by the sea anemone toxin II (ATX). First, this
provides a model of sodium channel myotonia (Cannon &

Corey, 1993; Cannon et al., 1993; Desaphy et al., 1999).
Second, this allows the collection of numerous single channel
events to perform accurate single channel analysis.

In the presence of ATX, macroscopic-current-like sodium
currents decayed about ®ve times more slowly than those
recorded in control (compare Figure 5A with Figure 2B). In
both cases, the decay was well ®tted with an exponential

function considering a single inactivation time constant th,
which was 0.27+0.01 ms (n=9) in control and
1.32+0.07 ms (n=4) with ATX (P50.001 between grouped

data). Also, the noninactivating steady-state sodium current
measured at the end of the 30-ms long depolarizing pulse
was signi®cantly increased in the presence of ATX. The

steady-state current to peak current ratio (Iss/Ipk) was, in
percentage, 0.26+0.04 (n=9) in control and 2.72+0.39
(n=4) in the presence of the toxin (P50.01 between

grouped data). In contrast, ATX did not modify the
voltage-dependence of current ± voltage curves, activation
curves, and steady-state inactivation curves of peak sodium
currents (data not shown). Also the presence of the toxin

did not modify signi®cantly the reduction of I, Gmax and Imax

and the shift of Vh induced by 10 mM Me5 at 0.3 and 1 Hz
(Table 1). Interestingly, the mexiletine analogue had no

signi®cant e�ect on th and Iss/Ipk (Figure 5B,C). In the
presence of Me5 (n=4), th was 1.33+0.07 ms at 0.3 Hz and
1.25+0.09 ms at 1 Hz (P=0.88 and P=0.41 with paired

control data, respectively) and Iss/Ipk was 2.91+0.74% at
0.3 Hz and 2.57+0.19% at 1 Hz (P=0.83 and P=0.71 with
paired control data, respectively). Therefore, in contrast to

mexiletine which reduces peak current signi®cantly more
than steady-state current, Me5 has the same blocking
activity on the peak and the steady-state current (Figure
5D).

ATX greatly increased late activity of sodium channels
during the entire depolarization. Figure 6 shows late activity
of sodium channels recorded in the presence of the toxin.

The patch contained more than 50 channels as roughly
determined by dividing the maximal peak current elicited
from 7100 to 720 mV by the single channel current. To

perform single channel analysis, sodium currents were
recorded within the interval 10 ± 145 ms of depolarizing
pulses applied to 720 mV for 150 ms at a frequency of
1 Hz. To reduce the number of overlapping events, the

holding potential was set to 770 mV. From a total of 200
trials recorded in the presence of ATX only, no blank trace
was observed. Numerous single openings and overlapping

events (up to ®ve channels opened simultaneously in this
patch) of sodium channels occurred throughout the entire
depolarization (Figure 6A). The same behaviour was

observed after application of Me5 but the number of
openings was reduced (Figure 6B). Late activity of sodium
channels resulted in persistent ensemble average currents

(Figure 6C, D), which were reduced by 65.7+9.3% (n=4)
after application of 10 mM Me5. The mean NPo was reduced
to a similar extent (Figure 6E).

We looked at possible open channel block by Me5 in the

presence of ATX. Open channel block is expected to reduce
channel open times if block and channel gating operate on a
similar time scale or to reduce single-channel current if block is

very fast compared to the acquisition sampling rate. Single-
channel current amplitude was measured on all-points
amplitude histograms constructed at 720 mV in the presence

of 5 mMATXbefore and after application of 10 mMMe5 (Figure
7). The higher Gaussian bell corresponds to the closed state of
the channels. The lower Gaussian bells correspond to the
opening of one or two channels. Single-channel current was not

Figure 2 Frequency-dependent e�ect of Me5 on macroscopic ±
current-like Na+ currents in a cell-attached patch of rat skeletal
muscle ®bre. (A) Time course of changes in peak Na+ currents
induced by 10 mM Me5 added to the bath solution. Na+ currents
were elicited by depolarizing the patch membrane from a holding
potential of 7100 mV to 720 mV, at a frequency of 0.3 Hz or 1 Hz
as indicated. Peak current amplitudes were measured on each trace,
averaged every ®ve consecutive traces and reported as means
+s.e.mean as a function of the recording time. The blanks in the
time course of Me5 e�ect correspond to the application of voltage
protocols for the measure of I ±V and steady-state inactivation
relationships, maintaining the 1 Hz or the 0.3 Hz stimulation
frequencies. The solid line indicates a typical time course of changes
in peak Na+ currents recorded in the presence of 10 mM mexiletine.
(B) Ensemble average Na+ currents constructed from 30 consecutive
traces elicited as in (A) (same patch) at stimulation frequencies of 0.3
or 1 Hz, before (control) and after application of 10 mM Me5. (C)
Ensemble average Na+ currents constructed as in (B), before and
after application of 10 mM mexiletine. Only currents elicited at 1 Hz
are illustrated.
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signi®cantly modi®ed by the mexiletine analogue. Single-
channel conductance calculated as the slope of single-channel

current ± voltage relationships was 17.4+1.0 pS and
17.3+0.9 pS (n=4, P=0.96 between paired data) before and
after application of Me5, respectively (Figure 7C). To ascertain

the lack of single-channel current reduction, current traces were
directly scanned; we found no evidence of change in current
amplitude within long open channel events. Figure 8 shows
representative open-time histograms constructed at720 mV in

the absence or the presence of 5 mM ATX. Without toxin,
histograms were best ®tted by a mono-exponential function
(Figure 8A), as already described (Desaphy et al., 1998b). In the

four patches investigated with the toxin (Figure 8B,C),
histograms were best ®tted by considering two exponential time
constants tfast and tslow. On average, tfast was 0.253+0.030 ms

and 0.252+0.026 ms (P=0.88 between paired data) and tslow
was 1.206+0.127 ms and 1.163+0.127 ms (P=0.42 between
paired data), before and after application of Me5, respectively.
Thus Me5 did not reduce signi®cantly the mean open times of

sodium channels. Nevertheless, because of the non-negligible
number of overlapping events, we could not determine whether
the drug modi®es the relative proportion of tfast and tslow (see

Methods).

Table 1 Comparison of the e�ects of 10 mM of drug on peak sodium current parameters in rat skeletal muscle ®bres

Frequency
(Hz)

I
(% of control)

Gmax

(% of control)
Shift in Vx

(mV)
Imax

(% of control)
Shift in Vh

(mV)

Mexiletine
(n=3)
Me5
(n=6)
ATX+Me5
(n=4)

0.3
1
0.3
1
0.3
1

74.6+2.0
716.5+7.0
729.7+4.4***
765.7+4.4**
734.5+7.4*
771.0+8.2***

75.2+2.1
717.1+6.9
730.6+4.7***
766.7+4.7***
734.8+5.2**
768.7+7.1***

72.3+2.0
74.1+1.2
73.0+1.2
74.6+1.5
72.5+1.1
73.3+2.4

73.7+1.7
715.3+4.0
720.6+3.9**
742.5+5.0***
721.8+5.2*
751.9+6.9**

73.7+1.2
76.0+1.7
77.9+0.9*
712.2+1.0*
78.2+0.7*
714.0+1.7*

I is the maximal sodium current measured on current ± voltage curves as in Figure 3A. Gmax is the maximal conductance and Vx is the
half-activation potential, both measured on activation curves as in Figure 3B. Imax is the maximal available current and Vh is the half-
inactivation potential, both measured on steady-state inactivation curves as in Figure 4. Data are expressed as mean+s.e.mean.
Statistical di�erences were found between Me5 and mexiletine and between ATX+Me5 and mexiletine (*P50.05; **P50.01;
***P50.005). No signi®cant di�erence was found between Me5 and ATX-Me5.

Figure 3 E�ect of Me5 on current ± voltage relationship and
activation curve of peak sodium currents in a cell-attached patch of
rat skeletal muscle ®bre. (A) Current ± voltage relationships were
constructed before (control, 1 Hz) and after application of 10 mM
Me5 from protocol shown in inset. Same patch as in Figure 2. (B)
Normalized activation curves were constructed from current ± voltage
relationships shown in (A) by converting current to conductance
considering a reversal potential of +70 mV for sodium ions (see
Methods). Data were ®tted to the Boltzmann equation with the
following parameters: Vx=744.0 mV and K=5.5 mV for control;
Vx=744.1 mV and K=5.0 mV for Me5 at 0.3 Hz; Vx=743.9 mV
and K=6.8 mV for Me5 at 1 Hz.

Figure 4 E�ect of Me5 on steady-state inactivation curve of peak
sodium currents in a cell-attached patch of rat skeletal muscle ®bre.
Normalized steady-state inactivation curves were constructed from
the currents elicited in the same patch as in Figure 2 by the protocol
shown in inset, before (control, 1 Hz) and after application of 10 mM
Me5. Data were ®tted to the Boltzmann equation with the following
parameters: Vh=789.9 mV and K=4.4 mV for control;
Vh=796.1 mV and K=4.8 mV for Me5 at 0.3 Hz; Vh=7101.1 mV
and K=5.1 mV for Me5 at 1 Hz.
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Discussion

Enhanced sodium channel block by Me5 compared to
mexiletine

In a recent study (Desaphy et al., 1999), we reported that
50 mM mexiletine reduces by about 75% the sodium currents
elicited from 7100 to 720 mV every 3 s (0.3 Hz) in rat

skeletal muscle ®bres. Here, we show that 10 mM mexiletine has
no e�ect on sodium currents in the same recording conditions.
In contrast, signi®cant reduction of sodium currents is

obtained in response to 10 mM Me5 exposure. Therefore,
isopropyl substitution on the chiral atom of mexiletine
increases the apparent a�nity between the LA and the rat

skeletal muscle sodium channels. This is comparable to
previous results (Tricarico et al., 1991; De Luca et al., 1997a)
demonstrating that substitutions on the chiral centre of

tocainide favour sodium channel block in frog muscle ®bres
or human myoballs. Altogether, these ®ndings argue for a
general law about tertiary amine LAs: sodium channel block is
enhanced by increased steric hindrance on the chiral centre.

Since the drug reaches its receptor from the intracellular side of

Figure 5 E�ect of Me5 on macroscopic-current-like sodium currents recorded in the presence of ATX in a cell-attached patch of
rat skeletal muscle ®bre and comparison to the e�ects of mexiletine. (A) Ensemble average sodium currents constructed from 30
consecutive traces elicited by depolarizing the patch membrane from a holding potential of 7100 mV to 720 mV, at stimulation
frequencies of 0.3 Hz or 1 Hz, in the presence of 5 mM ATX in the pipette solution, before and after application of 10 mM Me5. (B,
C) The scaled currents recorded at 0.3 Hz (B) or 1 Hz (C) after e�ect of Me5 (continuous lines) well superimposed their respective
control current (dashed lines). (D) Bar graph showing the reduction of sodium current measured at the peak (open bars) and at the
steady state (®lled bars) induced by 50 mM mexiletine (n=4) and 10 mM Me5 (n=4), both in the presence of ATX and at a frequency
of stimulation of 1 Hz. Me5 reduces peak and steady-state currents to the same extent whereas mexiletine reduces peak current
signi®cantly more than steady-state current.
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the channel and we applied the compounds outside the cell, a
di�erence in apparent a�nity may come from di�erence in
drug lipophilicity or pKa. In fact, the introduction of an

isopropyl group in place of the methyl group on the chiral
carbon atom is expected to increase both lipophilicity and pKa
of Me5 compared to mexiletine, therefore facilitating the

di�usion of Me5 through the membrane and increasing the
amount of drug that has access to its receptor from the
cytoplasmic side (Snyders et al., 1992). It should be noted

however that the pKa of mexiletine is close to nine, so that
mexiletine molecules are essentially permanently charged at
physiological pH and, consequently, increasing pKa of
mexiletine may have only small in¯uence on the partitioning

of the drug between compartments in our experiments. On the
other hand, the chemical modi®cation of mexiletine may
increase the binding capacity of the drug to its receptor. The

aromatic ring of LAs has been proposed to bind to a tyrosine

residue (at position 1586 in the rat skeletal muscle sodium
channel) while the terminal amine group of the drugs may
associate with a neighbouring phenylalanine residue through p
electron interaction (position 1579) (Ragsdale et al., 1994;
Wright et al., 1998). Earlier studies suggested that additional
carbons on the terminal amine group, which increase drug

binding a�nity, may prolong the life time of the blocked state
via interaction between the amino terminal alkyl chains and
the hydrophobic phenylalanine residue (Sheldon et al., 1991;

Zamponi & French, 1994). Recently, site-speci®c mutagenesis
experiments have added other evidence to the importance of
hydrophobicity near or at the LA receptor for drug binding
a�nity (Sunami et al., 1997; Wang et al., 1998). By analogy, we

believe that the presence of an isopropyl group in lieu of the
methyl group on the mexiletine chiral carbon atom, which is
very close to the amine group, may reduce drug unbinding

rate.

Figure 6 E�ect of Me5 on open probability of sodium channels in the presence of ATX in a cell-attached patch of rat skeletal
muscle ®bres. (A, B) Sodium currents elicited during the time interval 10 ± 145 ms of eight consecutive depolarizing pulses of 150 ms
in duration applied to 720 mV from a holding potential of 770 mV, in the presence of 5 mM ATX, before and after application of
10 mM Me5. Stimulation frequency was 1 Hz. (C, D) Ensemble average currents constructed from 200 current traces elicited as in
(A) and (B). (E) Diary of sodium channel open probability (NP0) during 100 consecutive depolarizing pulses used for the ensemble
average currents shown in (C) and (D). The means+s.e.mean of NP0 calculated before and after application of Me5 are reported.
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Figure 7 E�ect of Me5 on single-channel current amplitude and
conductance in the presence of ATX in cell-attached patches of rat
skeletal muscle ®bres. (A,B) All-points amplitude histograms
constructed at 720 mV from current traces elicited as in Figure
6A (same patch), before (A) and after (B) application of 10 mM Me5.
Sampled data (open circles) were ®tted to a three-Gaussian function
in (A) and a two-Gaussian function in (B). (C) Single-channel
current ± voltage relationships constructed from single-channel cur-
rent amplitudes determined either by all-points amplitude histograms
as in (A) and (B) or by direct measure on square-shaped single-
channel events. Each data is the mean+s.e.mean from four patches.
Data collected before and after application of 10 mM Me5 were
linearly correlated (P50.001 for both), indicating single-channel
conductances of 17.4 and 17.3 pS, respectively.

Figure 8 E�ect of Me5 on mean open times of sodium channels
recorded in the presence of ATX in a cell-attached patch of rat
skeletal muscle ®bre. (A) Typical open-time histogram constructed
using the half-amplitude criterion from current traces elicited at
720 mV in a cell-attached patch in the absence of toxin. (B,C) Open-
time histograms were constructed from current traces elicited at
720 mV in a cell-attached patch in the presence of ATX as in Figure
6A, before (B) and after (C) application of 10 mM Me5. Overlapping
events and closed-time shorter than 0.4 ms were not included in the
histograms. The sampling frequency of currents was 10 kHz and the
histogram bin width was 100 ms. Excluding initial low-counts bins,
data in (A) were well ®tted with a mono-exponential function
whereas data in (B) and (C) were best ®tted with a two-exponential
function. The exponential time constants (t in A, tfast and tslow in B
and C) give values of mean open times.
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Lack of open-channel block by Me5

Mexiletine is a very poor open-channel blocker and mainly

binds to inactivated channels (Courtney, 1981; Sunami et al.,
1991; Desaphy et al., 1999). Structural requirements for
discriminating between open and inactivated channel blockers
have not been clari®ed yet. Hille (1977) ®rst proposed that LAs

must be charged to block open channels. Molecular modelling
suggested that such property may depend on the size of the
tertiary amine; an open channel blocker might have an X

dimension longer than 5 AÊ and an XY cross-sectional area
larger than 45 AÊ 2 (Courtney, 1988). Zamponi & French (1993)
dissected lidocaine action and proposed that the aromatic ring

causes inactivated channel block while the amine moiety is
responsible for open channel block. In fact, the blocking
property of a LA may result from the melange of all these

characteristics. In the present study, we investigated open-
channel block by Me5 in the presence of ATX. This toxin
binds to the sodium channel a-subunit at the neurotoxin site 3,
which lies on the extracellular side of the channel pore

(Thomsen & Catterall, 1989; Rogers et al., 1996). The
consequence is the impairment of the fast-inactivation process
of the channels. Our results indicate that, compared to the

toxin-free channels characterized by a unique mean open time,
ATX-bound skeletal muscle Na+ channels can undergo a
second, longer mean open time (tslow) and that they recover

more rapidly from inactivation, since numerous reopenings
occur within the entire depolarization duration. Me5 did not
reduce the unitary current nor either of the two mean open

times, providing no evidence of open channel block by Me5.
Thus the increase of pKa, which might have only lightly
increased the proportion of charged Me5 (see above), and the
increase of drug size, both resulting from the isopropyl

substitution, are not su�cient to confer open-channel block
characteristic to the mexiletine analogue.

Potential pharmacological interest of Me5 in the
treatment of myotonia

ATX-modi®ed sodium channels provide a good model for the
inherited myotonic diseases due to mutations in the gene
encoding the skeletal muscle sodium channel (Cannon &
Corey, 1993; Cannon et al., 1993; Desaphy et al., 1999).

Although the use of heterologously expressed recombinant
mutant channels in mammalian cell lines may provide
interesting information on the interaction between mutant

channels and drugs at the molecular level, the use of ATX
allows to test drugs on the native tissue in a situation that
closely mimics the molecular and cellular natural defect. On

this basis, the toxin has been widely used as a model of the
LQT-3 syndrome, an heart disease with elementary biophysical
features similar to those observed in sodium channel-derived
myotonias (Priori et al., 1996; Sicouri et al., 1997; Shimizu &

Antzelevitch, 1997). When applied to skeletal muscle ®bres,
ATX slows the sodium channel entry into the inactivated state,
causing at the same time slower decay and incomplete

inactivation of the macroscopic ± current-like sodium current,
as it is generally observed in patients su�ering from myotonia
(Cannon, 1997). Recently, we have shown that mexiletine,

which is today the drug of choice for treating myotonias
(PtaÂ cÏ ek, 1998), blocks the peak sodium current more than the
ATX-induced steady-state sodium current (Desaphy et al.,

1999). A similar conclusion was raised by other investigators
which studied the e�ects of mexiletine on mutant channels
(Sah et al., 1998; Fleischhauer et al., 1998), suggesting that the
therapeutic e�ect of mexiletine may be rather unspeci®c,

reducing sarcolemma hyperexcitability by blocking wild-type
channels. Although Me5 is still unable to fully restore sodium
current kinetics towards those of wild-type channels,

mexiletine structural modi®cation improves drug action on
inactivation-de®cient Na+ channels since Me5 reduces peak
and steady-state currents to the same extent. This improve-

ment obtained with Me5 is likely to result from a reduced
unbinding rate of this compound compared to mexiletine, as
suggested above. In this situation, the greater stabilization of

the channel in an inactivated state expected from Me5 may
limit the number of channel reopenings, as it has been
proposed to explain the bene®cial e�ect of mexiletine or
lidocaine on the cardiac Na+ channels carrying mutations of

the Long ±QT3 syndrome (Dumaine & Kirsch, 1998). If such
is the case, two ways could be followed to ®nd more speci®c
antimyotonic agents: searching for a drug with either enhanced

open-channel blocking action or reduced unbinding rate.
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