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Over twenty different missense mutations in the a-subunit of the adult skeletal muscle Na*
channel (hSkM1) have been identified as a cause of myotonia or periodic paralysis. We
examined state-dependent mexiletine block for mutations involving the putative binding site
in S6 segments (V445M, S804F, V12931, V1589M and M1592V). Whole-cell Na* currents were
measured from wild-type (WT) and mutant channels transiently expressed in HEK cells.

Use-dependent block (10 ms pulses to —10 mV, at 20 Hz) in 100 gM mexiletine was reduced
modestly by mutations in IVS6 (V1589M, M1592V) and enhanced by the mutation in IS6
(V445M). For mutations in IIS6 (S804F) and IIIS6 (V12931) use-dependent block was not
statistically different from that of wild-type channels.

Resting-state block (10 ms pulses to —10 mV from —150 mV, at 0.1 Hz) of S6 mutants was
comparable to that of WT (dissociation constant for resting channels, Ky =650 + 40 um,
n=9). The 86 mutant with the greatest change in K was V445M (K = 794 + 45 uM, n = 5),
but this difference was only marginally significant (P = 0.047).

A modified technique for estimating local anaesthetic affinity of inactivated channels was
developed to reduce errors due to slow inactivation and to failure of drug binding to reach
equilibrium. Mexiletine affinity for inactivated channels was reduced by mutations in IVS6
(V1589M: dissociation constant for the inactivated state (K;)=44.7 um; M1592V:
K; =40.0 uv) and increased by the mutation in IS6 (V445M: K; = 15.0 uM), compared to
wild-type channels (K; = 28.3 uw).

We conclude that the disease-associated S6 mutations in domains I-IV cause at most a 2-fold
change in inactivated state affinity and have even less of an effect on resting block. Model
simulations show that the reduced use-dependent block of IVS6 mutants derives primarily
from an increased off-rate at hyperpolarized potentials, whereas the enhanced use-dependent
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block of the IS6 mutant was due to a higher affinity for inactivated V445M channels.

Over twenty different missense mutations in the
a-subunit of the adult skeletal muscle Na® channel
(hSkM1) are known to cause several heritable muscle
diseases including hyperkalaemic periodic paralysis
(HyperPP), paramyotonia congenita (PMC) and potassium-
aggravated myotonia (PAM) (see reviews by Cannon,
1998; Lehmann-Horn & Jurkat-Rott, 1999). Functional
studies of mutant channels have been performed using
heterologous expression systems in order to understand
the pathophysiological basis for the enhanced excitability
in myotonia and the inexcitability during attacks of
periodic paralysis. Fast inactivation is partially disrupted
by every mutation (Cannon, 1997) and some mutations
cause a hyperpolarized shift in activation (Cummins et al.
1993; Mitrovic et al. 1995; Green et al. 1998; Plassart-
Schiess et al. 1998; Takahashi & Cannon, 1999). Model
simulations have shown that these functional defects are

sufficient to cause repetitive discharges in myotonia and,
in combination with defects in slow inactivation, may
cause paralysis for mutants with more severely disrupted
fast inactivation by a depolarization-induced loss of
excitability (Cannon et al. 1993; Hayward et al. 1997).

The antiarrhythmic drug mexiletine, a lidocaine
(lignocaine) derivative, is used clinically to reduce or
prevent myotonia (Rudel et al. 1980; Jackson et al. 1994;
Hudson et al. 1995). Class I antiarrhythmic agents and
local anaesthetics, including mexiletine and lidocaine,
exert their therapeutic effects by blocking voltage-gated
sodium channels in a state-dependent manner. Drug
affinity is low for resting channels at hyperpolarized
potentials, as revealed by tonic block measured during
brief infrequent depolarizations. The apparent affinity
increases 20- to 100-fold for depolarized channels.
Use-dependent block occurs at higher frequencies of
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depolarization, primarily due to a slow off-rate, and is the
mechanistic basis for antiarrhythmic, antimyotonic, or
antiepileptic action (Butterworth & Strichartz, 1990;
Hille, 1992).

Ragsdale et al. (1994) have shown in the rat brain Ila Na*
channel that local anaesthetic binding is strongly influenced
by residues lying in the mid-portion of the S6 trans-
membrane segment in domain IV (IVS6). Wang et al.
(1997) reported similar findings for the rat skeletal muscle
sodium channel. Several disease-associated mutations in
hSkM1 lie in S6 segments, which led us to ask whether
anecdotally reported differences in the clinical efficacy of
mexiletine could be due to mutation-dependent alterations
in drug affinity. To date, three studies have investigated
the actions of use-dependent blockers on skeletal muscle
sodium channel mutations associated with human disease.
Fan et al. (1996) observed a reduction in use-dependent
lidocaine block of T1313M in the ITI-IV linker due to a
decreased affinity for inactivated channels. Use-
dependent block was enhanced for R1448C in IVS4, as a
result of mutation-induced alterations in channel gating.
Weckbecker et al. (2000) similarly found an enhanced use-
dependent block by mexiletine with another disease
mutation at the same residue (R1448H), although they
concluded that the enhancement was due solely to the
slowness of recovery from a drug-bound state. Fleischhauer
et al. (1998) observed a reduction in use-dependent block
by mexiletine for G1306E in the ITI-IV linker and for
F1473S in the IVS4—S5 loop. Based on measures of tonic
block and mexiletine-induced shifts in Na® channel
availability, these authors concluded that the alteration
in use dependence was produced by altered gating of
mutant channels rather than a direct effect on mexiletine
affinity. Two disease-associated mutations are near the
proposed local anaesthetic binding site in IVS6: V1589M,
a cause of potassium-aggravated myotonia, and M1592V,
which causes hyperkalaemic periodic paralysis with
myotonia. State-dependent block has not previously been
characterized for either. Moreover, several mutations are
in S6 segments of domains I, I1, or I1T and are, therefore,
potential additional candidates for altering mexiletine
affinity.

In the present study, we examined state-dependent
mexiletine block for mutations involving S6: V445M
(IS6), S804F (11S6), V12931 (I11S6), V1589M (IVS6) and
M1592V (IVS6). We found that use-dependent block by
pulses applied at 20 Hz in the presence of mexiletine was
reduced by IVS6 mutants (V1589M, M1592V), and
enhanced for the IS6 mutant (V445M). Resting state
block was marginally decreased for the IS6 mutant,
whereas block of all other mutants was not different from
that of wild-type. The affinity for inactivated channels,
estimated by measuring the time course of recovery from
mexiletine block, was reduced by ~1.5-fold for V1589M
and M1592V and increased by ~2-fold for V445M, compared
to wild-type. Simulations demonstrate that the enhanced
use-dependent block of V445M was due to the increased
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affinity for block of inactivated channels. Conversely,
the reduced use-dependent block of the IVS6 mutants
resulted from an increased rate of unbinding from
hyperpolarized channels.

METHODS

Expression of sodium channels

The adult isoform of the human skeletal muscle sodium channel
a-subunit, hSkM1 (George et al. 1992), and the mutants were
subcloned into the mammalian expression vector pRe/CMV.
Construction of the cDNAs encoding mutant channels was described
previously (Green et al. 1998; Hayward et al. 1999; Takahashi &
Cannon, 1999). The human g,-subunit cDNA (McClatchey et al. 1993)
was subcloned into the EcoRI site of the mammalian expression
vector pcDNAT (Invitrogen, San Diego, CA, USA).

Culture of human embryonic kidney cells (HEK293¢) and their
transient transfection were performed as described previously
(Hayward et al. 1996). In brief, plasmid DNAs encoding WT or
mutant human Na* channel a-subunits (0.8 ug per 35 mm diameter
dish), the human Na* channel f,-subunit (in 4-fold molar excess over
a-subunit DNA), and a CD8 marker (0.15 pg) were co-transfected by
the calcium phosphate method. At 1-3 days after transfection, the
HEK' cells were trypsinized briefly and passaged onto 22 mm
diameter round glass coverslips for electrophysiological recording.
Individual transfection-positive cells were identified by labelling
with anti-CD8 antibody crosslinked to microbeads (Dynal, Great
Neck, NY, USA; Jurman et al. 1994).

Whole-cell recording

Na™ currents were measured using conventional whole-cell recording
techniques as described previously (Hayward et al. 1996). Recordings
were made with an Axopatch 200A amplifier (Axon Instruments,
Foster City, CA, USA). The output was filtered at 5kHz and
digitally sampled at 40 kHz using an LM900 interface (Dagan,
Minneapolis, MN, USA). Data were stored on a Pentium-based
computer under the control of a custom Axobasic (Axon Instruments)
data acquisition program. Greater than 80 % of the series resistance
was compensated for by the analog circuitry of the amplifier and the
leakage conductance was nulled by digital scaling and subtraction of
the passive current elicited by a 20 mV depolarization from the
holding potential. Cells with peak currents of <1nA or > 20 nA
upon step depolarization from —100 mV to —10 mV were excluded.
After initially establishing whole-cell access, we often observed
leftward shifts in the voltage dependence of gating, an increase in
the size of the peak current and a decrease in the amplitude of
persistent Na* current. To minimize these effects, we waited at least
10 min for equilibration after gaining access to the cells.

Patch electrodes were fabricated from borosilicate capillary tubes
with a multi-stage puller (Sutter, Novato, CA, USA). The pipette was
coated with Sylgard, and the tip was heat-polished to a final tip
resistance (in bath solution) of 0.5-2.0 M. The pipette (internal)
solution contained (mM): 105 CsF, 35 NaCl, 10 EGTA, 10 Cs-Hepes
(pH 7.4). Fluoride was used in the pipette to prolong the stability of
the seal. The bath solution contained (mm): 140 NaCl, 4 KCI, 2 CaCl,,
1 MgCl,, 5 glucose, 10 Na-Hepes (pH 7.4). Recordings were made at
room temperature (21-23°C). Mexiletine was provided by
Boehringer-Ingelheim (Ridgefield, CT, USA).

Data analysis

x° minimized curve fits were performed manually off-line using
AxoBasic or Origin (Microcal, Northhampton, MA, USA).
Conductance was calculated as G(V)= L...(V)/(V = V.,), where the

reversal potential, V..., was measured experimentally for each
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Table 1. Estimated voltage-dependent gating parameters for Na™ channels

Activation Inactivation
Vi k Vi k
(mV) (mV) (mV) (mV)
WT (28) —27.6+ 0.7 5.66 +0.2 —73.54+0.6 4.69 + 0.45
V445M (16) —29.54+0.9 6.84 + 0.21 ** —758+0.8 4.66 + 0.39
S804F (16) —30.31+0.9 6.54 + 0.30 —7394+0.6 4.96 + 0.38
V12931 (17) —33.3 + 1.5%* 5.96 + 0.27 —73.74+0.9 452+ 042
V1589M (20) —276+0.8 5.99 + 0.23 —66.8 + 0.7** 4.51 + 0.09
M1592V (14) —29.1+1.0 6.63 +0.21* —755+1.0 5.26 + 0.20*

V.., membrane potential at half-maximal inactivation; k, Boltzmann steepness coefficient; V}, the half-
maximum voltage. ¥* P < 0.001, * P < 0.02.

cell. The voltage dependence of activation was quantified by
fitting the conductance measures to a Boltzmann function
G(V)= G/ + exp[—(V — Vy)/ k] Steady-state fast inactivation
was fitted to a Boltzmann function calculated as I/, =1/{1 +
exp[(V— W)/ kl}, where V is the half-maximum voltage and k is the
slope factor.

Symbols with error bars in the figures indicate means + s.g.M. For
statistical evaluation, Student’s unpaired ¢ test was applied and
values for P<0.02 were considered significant. All statistically
derived values are given as means + S.E.M.

RESULTS
Gating

Mexiletine block of sodium channels is highly state
dependent and alterations in fast gating behaviour have
been reported previously for each mutant (Mitrovic et al.
1994; Hayward et al. 1997; Green et al. 1998; Takahashi
& Cannon, 1999). To assess the potential contribution of
altered gating on mexiletine block, we measured the
voltage dependence of activation and fast inactivation
for WT and mutant Na™ channels.

The voltage dependence of Na® channel gating was
characterized by recording whole-cell sodium currents,
Iy, from HEK cells transiently transfected with ¢cDNAs
encoding WT or mutant hSkM1 and the human isoform
of the pg;-subunit. The voltage dependence of the
steady-state fast inactivation, A, (V), was measured as
the peak current elicited after a 300 ms conditioning
prepulse from a holding potential of —120 mV. The
relative peak currents were fitted with a Boltzmann
function and the estimated parameter values are listed in
Table 1. The most prominent change was a 6.7 mV
rightward (depolarized) shift in the midpoint for V1589M
channels (P < 0.001). The voltage dependence of activation
was measured by applying step depolarizations from a
holding potential of —100 mV. The Na* conductance was
estimated from the peak current and the measured
reversal potential, V.., as G(V)= L..(V)/(V— V). The
conductance data were fitted with a Boltzmann function
and the estimated parameters are listed in Table 1. The
most prominent change was a 5.7 mV leftward (hyper-
polarized) shift in the midpoint for the V12931 mutant

(P < 0.001). The alterations in voltage-dependent gating
of mutant channels, or lack thereof, shown in Table 1 are
in agreement with findings from prior studies (Mitrovic et
al. 1994; Hayward et al. 1997; Green et al 1998;
Takahashi & Cannon, 1999).

Mexiletine block during pulse trains

The peak current elicited during a train of depolarizing
pulses provides a sensitive measure of both tonic (first-
pulse) and phasic (use-dependent) block by mexiletine. To
emphasize affinity-dependent differences in block of
resting or inactivated channels, as opposed to gating-
dependent effects on the occupancy of these states, we
used holding and pulse potentials that were far from the
midpoint of fast inactivation. Cells were held at
—150 mV, and 10 ms depolarizations to —10 mV were
applied at a frequency of 20 Hz (Fig. 1 inset). Figure 14
shows the amplitude of the peak current, normalized to
the maximal current in the absence of drug. Without
mexiletine, the use-dependent reduction in peak Iy, for
both WT and each mutant was only about 5% (Fig. 14,
cluster of responses at the top). In 100 M mexiletine, the
tonic block observed for the first-pulse was slightly
reduced for the IS6 mutant V445M and yet the use-
dependent block after 100 pulses was greater than that
seen in wild-type. In contrast, for the IVS6 mutants
(V1589M and M1592V) the first-pulse block was
comparable to wild-type, whereas the use-dependent
block was reduced. Although there is considerable overlap
in the total block (phasic and tonic together) between
wild-type and mutant channels during pulse trains
(Fig. 14), the disparate effects on first-pulse versus phasic
block suggests the affinity of resting versus inactivated
channels may be differentially affected by missense
mutations in S6 segments.

The phasic component of block is shown more clearly in
Fig. 1B, where the current amplitude of each pulse was
normalized to the peak current recorded during the
first-pulse in mexiletine. This normalization reveals a
significant reduction in use-dependent block after 100
pulses for IVS6 mutants (V1589M: 0.87 4+ 0.01, n =10,
P<107"; M1592V: 0.85 4+ 0.01, n=12, P< 10" and an
increase for the IS6 mutant (V445M: 0.64 + 0.01, n =10,
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Table 2. Estimated mexiletine affinity

Ky K,

(M) (M)
WT 653 +40.3(9)  28.3
V445M 7944+ 452(5) 150
S804F 782+ 63.3()  —
V12931 710+ 97.8(56) —
VI58IM 589 +63.1(5)  44.7
M1592V 631 4+57.7(7)  40.0

Ky, dissociation constant for the resting state; K, dissociation
constant for the inactivated state.

P<107%) compared to wild-type (0.74 + 0.01, n=13).
These data suggest that IS6 and IVS6 mutations might
differentially affect the state-dependent affinity for
mexiletine. To explore this hypothesis further, we
measured mexiletine block of resting and depolarized
channels for WT and mutants and interpreted the data in
the context of the modulated-receptor hypothesis of local
anaesthetic block (Hille, 1977; Bean el al. 1983).

M. P. Takahashi and S. C. Cannon
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Affinity for resting channels

Tonic block of resting channels was measured by holding
cells at a very negative potential and measuring the
mexiletine-induced reduction in peak Iy, during infrequent
pulses. Mexiletine (50 uM to 2 mM) was applied to cells
held at —150 mV and 10 ms test pulses to —10 mV were
applied every 10 s to assess channel availability The peak
Iy, was normalized to the control response without
mexiletine. The relative block by mexiletine is plotted
against mexiletine concentration in Fig. 2. Both WT and
mutant channels showed a dose-dependent blockade of
resting Na® channels. Fitting the WT data to the logistic
function gave a Hill coefficient of 1.04 £+ 0.04 (n = 9). The
response for mutant channels was also well fitted using a
Hill coefficient of approximately 1, implying a 1:1
stoichiometry of drug bound per channel. The response of
each cell was fitted using a single-site binding equation
(Hill coefficient of 1) and the mean value of the estimated
dissociation constant for resting channels, Ky, is listed in
Table 2. Mutants V445M and S804F had slightly higher
Ky values than WT ( V445M: 790 + 45 uM, n = 5; S804F":

10 ms ® WT (13) A V12931 (13)
-10mV O V445M (10) v V1589M (10)
O S804F (10) & M1592V (12)
-150mv /20 Hz
A B
1.00 100 4 @
E no mexiletine i
5 |8 5]
Q o [)]
2 0.75 mexiletine 100uM 2 0.75
s s
&) ,,,,,,,,,, &) 4
1 R SRy ah ek 1
050 47— 0.50 +4—r—v——FF——+——

0 50
Pulse number

0 50
Pulse number

Figure 1. Mexiletine block of WT and mutant channels during pulse trains

Sodium currents were elicited by 10 ms pulses to —10 mV from a holding potential of —150 mV (inset).
Pulses were applied at a rate of 20 Hz with or without mexiletine. In A4, the peak current amplitude
during each pulse was normalized with respect to the amplitude of the first-pulse in the absence of drug
and plotted against the pulse number. Without mexiletine, WT and all mutant channels showed little
use-dependent decrease in current (top cluster of curves). Mexiletine (100 gM) produced first-pulse and
use-dependent block for WT and mutant Na* channels. First-pulse block was reduced for V445M but this
same mutant had the greatest total block at the end of the pulse train. Conversely the IVS6 mutants had
less block after 100 pulses. B, the use-dependent component of block is revealed by normalizing the
mexiletine data from A by the peak of the first pulse recorded in the presence of the drug. The
use-dependent component of block was significantly reduced for IVS6 mutants (P < 10~°) and increased
for the IS6 mutant (P < 107°). For clarity, every other point is shown and the error bars (S.8.M.) are shown

only for the last three points.
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780 + 63 uM, n=>5; WT: 650 + 40 uM, n=9), but this
20% difference was only marginally significant for
V445M (P = 0.047) and not at all significant for S804F
(P=0.094). The slightly lower resting state affinity of
V445M evident in the dose—response curve (Fig. 2) is
consistent with the larger fraction of unblocked channels
observed for the first-pulse of a train in 100 M
mexiletine (Fig. 1). On the other hand, the similarity in
the estimated Ky values is illustrated by the curves in
Fig. 2, which are computed based on the mean value of Ky
for WT (continuous) and for V445M (dotted) channels.
We interpret these data as evidence that there was no
significant difference in mexiletine affinity for the
resting state of these mutant channels.

Affinity for inactivated channels

Local anaesthetics bind preferentially to depolarized
sodium channels. The high-affinity conformation probably
encompasses several kinetically defined states of the
channel, e.g. open, closed pre-open and fast-inactivated.
For simplicity, and in keeping with the original
nomenclature of modulated receptor hypothesis, we will
refer to the high-affinity conformation as ‘inactivated’.

Affinity for inactivated channels was estimated by
measuring recovery from mexiletine block. Cells were
held at =150 mV and conditioning pulses of 300—1500 ms
duration were applied at a potential at which
approximately half the channels were fast inactivated
(the measured V, for each channel type). The conditioning
pulse was followed by a recovery interval at =150 mV for
0.05-10000 ms (Fig. 3 inset). Peak Na® current was
measured in response to a subsequent test depolarization
to —10 mV. Channel availability was measured as the
ratio of the peak current during the test depolarization to
that during a reference pulse from —150 mV to —10 mV
in the absence of mexiletine . The time course of recovery
for WT channels in the absence of mexiletine and in the
presence of 100 uM mexiletine are shown in Fig. 3.

Figure 2. Mexiletine block of resting channels

Mexiletine (50 gM to 2 mM) was applied to cells that were
held at =150 mV and pulsed to —10 mV for 10 ms at a
frequency of 0.1 Hz. Traces (inset) show examples of
currents for WT channels without (control) and with
mexiletine at concentrations of 100—2000 uM. The peak Iy,
was normalized by the response without mexiletine and
the fractional current blocked is plotted against
mexiletine concentration. Mutant V445M channels showed
less block by mexiletine. The smooth curve shows a fit to
the WT data with a Hill coefficient of 1 and dissociation
constant Ky = 650 uM; the dotted curve shows the fit for
V445M, K =790 pM. Symbols show means + S.E.M. for
n=5-9 cells.
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We employed a conditioning voltage near V) (about
—75mV) to minimize the development of slow
inactivation, which is difficult to distinguish kinetically
from mexiletine block. Indeed, the fractions of WT
channels which were slow-inactivated (defined as the
component not recovered at —150 mV within 20 ms) were
6% and 10 % with 800 and 1500 ms conditioning pulses,
respectively (Fig. 34). Of V445M channels, which have
enhanced slow inactivation (Takahashi & Cannon, 1999),
only 13% were slow inactivated, even with a 1500 ms
conditioning pulse (data not shown). For all other S6
mutants the fraction of channels slow inactivated by a
1500 ms conditioning pulse was less than or equal to that
of WT channels.

In the absence of mexiletine, about 60 % of channels were
fast-inactivated by all of the conditioning pulse durations
tested, as evidenced by an initial relative peak Iy, of 0.4
and nearly full recovery within 20 ms (Fig. 34). Thus, the
conditioning voltages employed were, on average,
~2.5mV more depolarized than V,. The time course of
recovery was fitted to a single exponential for each cell,
with the constraint that a common time constant was
used to fit the recovery from the entire range of
conditioning pulse durations. The smooth curves in
Fig. 34 were generated with mean parameter values
obtained from fitting the data for each cell individually.
This single-exponential approximation for recovery was
suboptimal, especially for longer conditioning pulse
durations, because of slow inactivation and a two- or
three-exponential approximation was more accurate. We
employed a single-exponential approximation, however,
because it is representative of the majority of the current
recovery.

In the presence of 100 uM mexiletine (Fig. 3B), the time
course of recovery showed two distinct components and
reached maximum recovery of around 80 %, due to tonic
block (see Fig. 2). The time course of the fast component
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was similar to that observed without mexiletine and we
interpret this component to be the fraction of unblocked
channels. Conversely, the slow component corresponds to
recovery from the use-dependent mexiletine block that
occurred during the conditioning pulse. The time course of
recovery was fitted to a two-exponential function for
each cell. The time constant for the fast component was
fixed to the value obtained without mexiletine and the
slow time constant was constrained to fit the combined
recovery data for all conditioning pulse durations. The
relative amplitude of the slow component was allowed to
vary for each conditioning pulse duration. The smooth
curves in Fig. 3B were generated with mean parameter
values obtained from fitting the data from each cell to a
two-exponential function. The amplitude of the slowly

M. P. Takahashi and S. C. Cannon
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recovering component increased with increasing duration
of the conditioning pulse; it approached a steady-state
level after a conditioning pulse of 1500 ms duration (note
that the series of conditioning pulse durations shown in
Fig. 3 increases exponentially). The fraction of mexiletine-
blocked channels (4;;,) was estimated as the sum of the
slowly recovering component (use-dependent block) plus
the residual fraction that remained unavailable even after
a 10s recovery period (tonic block). This computation
assumes that slow inactivation during the conditioning
pulse was negligible. The development of block as a result
of progressively longer conditioning pulse durations is
shown in Fig. 3C, with greater block plotted in the
downward direction to facilitate a direct comparison to
the raw data in Fig. 3B. The time course of block was

A
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§ 0.8 hTcond
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Figure 3. Recovery from inactivation and mexiletine block of WT channels

A two-pulse protocol (inset) was used to measure recovery from inactivation and from mexiletine block
enhanced by depolarization. Relative availability was normalized to the peak current during the test
depolarization to —10 mV without a conditioning pulse in the absence of mexiletine. Symbols denote the
duration of the conditioning pulse (300—-1500 ms). 4, without mexiletine, most of the channels recovered
within 20 ms, even after the 1500 ms conditioning pulse. The smooth curves were generated with mean
parameter values from fitting the data set of each cell to a single exponential. B, in the presence of 100 uM
mexiletine, a slowly recovering component became more prominent with progressively longer
conditioning pulses. This slowly recovering component corresponded to recovery from mexiletine block.
The extent of maximum recovery was about 80 % of the control due to the block of resting channels by
mexiletine. The recovery data were fitted to a two-exponential function, using the time constant of
recovery obtained without mexiletine for the fast component. Smooth curves were generated using mean
parameter values for each cell. C, the estimated amplitude of the slow component for each cell was plotted
against conditioning pulse duration and fitted by a single exponential to estimate the time constant for
the onset of block (7y),4). The smooth curve was generated with 7y, = 533 ms. Means + S.EM. for n=5

cells are shown.
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estimated by fitting the data in Fig. 3C to a single
exponential. For WT channels the time constant for
development of block, Ty, was 530 + 50 ms and the
maximal block (use-dependent and tonic) was 0.75 +

0.018 (n=5).

The depolarization-induced block in 100 M mexiletine is
compared in WT and mutant Na® channels in Fig. 4. The
development of use-dependent block is shown in Fig. 44,
where the data are plotted in the same format as those in
Fig. 3C. After a 1500 ms conditioning pulse to V], the
IVS6 mutants displayed less block (V1589M: A =
0.66 + 0.033, n=6, P<0.001; M1592V A, = 0.66 +
0.018, n=6, P < 0.0005) than WT channels (0.75 + 0.018,
n=2>5). In contrast, block was slightly increased for the
IS6 mutant (V445M: 4, = 0.82 £ 0.011, n =5, P < 0.05).
The time constant for the development of block in 100 uM
mexiletine was comparable for WT and mutant channels,
with a value of about 500 ms (Fig. 4B).

To provide a more direct comparison between the use-
dependent components of block in WT and mutant
channels, the recovery data after the 1500 ms conditioning
pulse are superimposed in Fig. 5. The data for each cell
were normalized to the maximal recovery after 10 s at
—150 mV, while in 100 uM mexiletine. This normalization
compensates for small mutation-dependent differences in
tonic block. Figure 54 shows that, compared to WT, IVS6
mutant (V1589M, M1592V) channels had less use-
dependent block (i.e. showed greater recovery within
20 ms) and the IS6 mutant (V445M) had more. Thus,
independently of the quality of the exponential fits

A
® WT
O V445M
0.0 4 O S804F
] A V12931
02 v V1589M
: O M1592v
$ 04+
E:
-‘_El ]
E 06
0.8
1.0 T T T 1
0 500 1000 1500 2000
Tcond (ms)

Mexiletine block of S6 mutants

707

required to estimate A4, the superimposed recovery
data directly show mutation-dependent differences in
mexiletine block of depolarized channels. Figure 54 also
shows that the time course of recovery from block varied
among the different mutants. Unblock was faster for the
IVS6 mutants, as shown by the leftward shift in the
recovery curves (Fig. 54) and this was quantified as the
time constant for the slower component of recovery, 7.,
in Fig. 5B.

Since use-dependent block by 100 gM mexiletine differed
from WT in three mutant channels (V445M, V1589M,
M1592V), we repeated the recovery experiments for this
group of channels at different drug concentrations in an
effort to estimate the dissociation constant of the
inactivated state. The time constant for the development
of block during the conditioning pulse increased as the
[mexiletine] was decreased (data not shown). This placed
a practical limit of 50 uM on the minimal [mexiletine],
because the time constant for block became too long
(~1000 ms) compared to the conditioning pulse duration
(1500 ms). On the other hand, the time constant for
recovery of the drug-bound fraction (~600 ms) was
independent of mexiletine concentration (within the
50—200 pM range). The lack of a concentration effect on
recovery rate is consistent with the notion that unbinding
upon repolarization occurs primarily from the resting
state, for which the dissociation constant is much greater
than 200 gM (see Scheme 1, below). The fractional
amplitude of block at 1500 ms is plotted against mexiletine
concentration in Fig. 6. Both WT and mutant channels
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M1592V

Figure 4. Development of mexiletine block for depolarized channels

For each cell, the data set in the presence of 100 uM mexiletine was simultaneously fitted to a
two-exponential function (one component for fast inactivation obtained without mexiletine and the other
for recovery from mexiletine block; see Fig. 3). 4, for each mutant the estimated amplitude of the slow
component was plotted against the duration of the conditioning pulse. The fraction blocked by mexiletine
with a 1500 ms conditioning pulse (4y,,) was significantly smaller for V1589M and M1592V, and larger
for V445M, than that for WT. The smooth curves were generated with mean parameter values from fits
to a single-exponential curve. B, the estimated time constant of block development (7,),.) is plotted for
each channel type. There was no difference in 7, for each channel type.
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showed dose-dependent block by mexiletine. The apparent
dissociation constant (K,,) at the conditioning pulse
potential was estimated by fitting the data with the
single-site binding relation:

Ao = [Mexiletine] /(K y,, + [Mexiletine]).

The dissociation constant for the inactivated state, K,
was subsequently calculated from K,,, Ky and the
measured value of h, at the conditioning potential (the
asymptote for brief recovery intervals in Fig. 34), using
the modulated receptor model of Bean et al. (1983):
1/Ky,,= ho/ Ky + (1 — h,)/K,. Rearranging terms:

Ky = (1 = h)/(1/ Kayy) = (heo/ Ky)).

Estimated K; values for WT and for each mutant are
listed in Table 2. For WT channels, K; was 28 uM, which is
a 23-fold lower dissociation constant than for resting
channels (Table 2). The estimated dissociation constants
for V1589M and M1592V were increased ~1.5-fold
compared with that for WT whereas, for V445M, K| was
about half that of WT channels. The response from each
cell yielded only a single point on the dose—response curve
(Fig. 6), because the protocol to estimate Ay, required the
measurement of a full recovery time course (30 different
recovery intervals, for a total acquisition time of nearly
15 min). Hence, it was not possible to compute a meaningful
S.E.M. value for Kj because pooling of data from multiple
cells was required for a single estimate. Moreover the
propagation of uncertainties in the estimates of Ky and A,
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further complicates the interpretation of a standard
error.

Simulation of use-dependent block

We performed simulations to test whether the measured
changes in mexiletine affinity were sufficient to produce
the differences in use-dependent block observed for
mutant channels in Fig. 1. Block was simulated with the
modulated receptor model (Scheme 1), in which the affinity
is greater for inactivated channels than for resting closed
channels (Bean et al. 1983).

R

konR[Mex] koffR koffl konl[Mex]
oL *
R-Mex — [-Mex

Scheme 1

In this scheme, R is the fraction of closed resting
channels, R-Mex is the fraction of drug-bound resting
channels, I is the fast-inactivated fraction and I-Mex is
the fraction of fast-inactivated mexiletine-bound channels.
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Figure 5. Recovery from inactivation and mexiletine block in WT and mutant channels

A, the recovery recorded after a 1500 ms conditioning pulse is superimposed for each Na* channel type in
order to provide a direct comparison of the extent and kinetics of the slow component. To compensate for
small differences in tonic block, the current amplitudes have been normalized to maximal available
current after a 30 s recovery at —150 mV in 100 M mexiletine. The recovery curves for mutants V1589M
and M1592V are shifted upward (fewer channels are blocked) and to the left (recovery from mexiletine
block is faster). Smooth curves were generated using mean parameter values obtained by fitting with a
two-exponential function for each cell (see Fig. 3). Symbols show means + S.EM. for n =4-7 cells. B, the
time constant for the slow component of recovery is compared in WT and mutant channels. Recovery was
significantly slower for the IVS6 mutants (* P < 0.02).
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Table 3. Estimated rate constants for the modulated receptor model in Scheme 1

&(—150) ,3 (—150) &(—10) ﬂ (—10) konr koger ki kot

(s7) (s7) (™) ) () =) () (s7)

WT 0.000047 400 1800 0.010 2500 1.6 22000 0.63

V445M 0.000064 550 1900 0.011 1900 1.5 33000 0.49

V1589M 0.0000074 760 1800 0.093 4000 24 22000 0.99

M1592V 0.00039 550 1600 0.035 4100 2.9 25000 1.00
o150 and B 5y, rates of entry and recovery from inactivation at —150 mV; et and g, rate constants

at —10 mV; k. and k,,;, second-order rate constants for mexiletine binding to resting and inactivated
channels, respectively; k. and k., drug unbinding rates for resting and inactivated channels.

a and g are the voltage-dependent rates of inactivating
and recovering from inactivation, respectively. This model
does not explicitly show an open state. The peak current
that could be elicited is proportional to the fraction of
channels that reside in R and therefore are available for
opening. For convenience, we have designated the high-
affinity depolarized state as equivalent to fast-inactivated
channels, although recent data from our laboratory
(Vedantham & Cannon, 1999) have shown that the high-
affinity conformation does not require closure of the fast-
inactivation gate (the interdomain III-IV linker). This
study also showed that the off-rate of the fast-inactivation
gate is not slowed by the presence of bound drug. Hence,
we assume that g* = pg. Conservation of microscopic
reversibility requires that a* = a(Ky/Kj). Notice that since
Ky/K: > 1, then a* > «.

The voltage-dependent rates, a and g, were computed
from the steady-state availability, A, in Table 1, and
from the macroscopic time constant for fast inactivation,
T), AS:

a=(1—h)/r, and B=h/7,

7,at —10 mV was measured from the time constant of the
decay in Iy,. Because h, was approximately O at =10 mV,
the estimate for a_,y from 7, is accurate, whereas f§_, is
essentially indistinguishable from 0. At —150 mV, 7, was
determined by the time course of recovery from
inactivation in the absence of mexiletine. Now h, was
approximately 1.0, so f_i5, was well defined by 7,, but
150 was indistinguishable from 0.

The on- and of f-rates for mexiletine were estimated from
the rates of the development of and recovery from block
and the dissociation constants K, and K;. The off-rate
from resting channels was approximated as, kgr = 1/T
(see Appendix). The corresponding on-rate was then
computed as k., = kor/ Kz The on-rate for inactivated
channels was estimated from the rate of block onset at
—75mV (Fig. 4) and K; as:

konl = (1 /Tblock)/(KI + a/(a + ﬂ)[MeX])

(see Appendix for details). Finally, we set kg = Kk
Values for o, B, kor, kosrrs konr and ke are listed for the
WT and for each mutant in Table 3. Using these rate
constants, the time course of use-dependent block was

computed by digital integration with a time step of
0.1 ms.

The simulated responses to a 20 Hz train of 10 ms pulses
to —10 mV in the absence of mexiletine did not show use
dependency for WT or for any of the simulated mutants
(relative Iy, > 99 %; data not shown), in agreement with
the experimental data in Fig. 14. Use dependence was
prominent for simulations in the presence of 100 uM
mexiletine (Fig. 74). The simulated responses of mutant
channels differed from those of the WT. As in the
experimental data in Fig. 1, the simulated IS6 mutant
(V445M) responses had less first-pulse block, but more
use-dependent block with subsequent pulses. The simulated
IVS6 mutant responses had normal first-pulse block but
less use dependence, in agreement with the experimental
observations.

The mechanisms for the enhanced use-dependent block of
V445M, and for the reduced block in the IVS6 mutants,
are suggested by the rate constants in Table 3. The higher
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0.0 - T —

10 100
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Figure 6. Dose—response curve for mexiletine
block at a membrane potential equal to V}

The Ay for the WT and for each mutant is plotted
against the concentration of mexiletine. The
relationship was shifted to the left for mutant V445M
and to the right for mutants V1589M and M1592V.
The smooth curves show fits to the data with a
single-site binding relation using the apparent
dissociation constant (Kj,,). Symbols show

means + S.E.M. for n = 5-6 cells.
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on-rate of mexiletine for inactivated V445M channels,
coupled with a modestly slowed off-rate from the resting
state, is expected to enhance use dependence. In contrast,
the reduced use dependence for IVS6 mutants (V1589M
and M1592V) appears to derive from a nearly 2-fold
increase in the off-rate from the resting state. Parameter
sensitivity studies were performed to test these hypotheses.
Figure 7B shows the simulated use dependence if
mexiletine on- and off-rates for the resting state were
fixed to be identical to those of W'T, whereas the
corresponding rates for the inactivated state assumed
their mutation-specific values. The simulated IVS6
mutants are now comparable to WT, whereas the simulated
IS6 mutant still exhibits enhanced use dependence. This
example shows that the altered use dependence of IVS6
mutants must originate primarily from changes in
binding to the resting state, whereas alterations in block
of the inactive state alone are sufficient to reproduce the
enhanced use dependence of V445M. The converse
parameter simulation is shown in Fig. 7C; on- and off-
rates for block of inactivated channels retain WT values
while the corresponding rates for the resting state keep
their mutation-specific values. Now the enhanced use
dependence of simulated V445M is entirely lost, while the
simulated IVS6 mutants still show reduced block. This
second example shows that, for the model, the altered
block of the resting state alone is sufficient to reduce use-
dependent block of IVS6 mutants, whereas the small
changes in resting state block for V445M have no effect
on use-dependent block during a 20 Hz train of pulses.
Interestingly, the resting state dissociation constants for
IVS6 mutants were nearly identical to those of WT. The
major difference from WT was not in the equilibrium
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behaviour (Fig. 2), but in the slower kinetics of unblock
for mutants (Fig. 5). The simulation for IVS6 mutants in
Fig. 7C1llustrates the danger of the common assumption
that altered use dependence during a pulse train necessarily
implies a change in binding to the high-affinity inactivated
state. Even when equilibrium binding to the resting state
is normal, changes in use-dependent block may occur as a
result of alterations in the kinetics of resting state block
alone.

For both WT and mutant channels, the magnitude of the
simulated use-dependent block is smaller (Fig. 74) than
that which was observed experimentally (Fig. 1). This
discrepancy is partially due to additional inactivated
states of the channel. For example, even in the absence of
mexiletine, availability is reduced by ~5% experimentally
(Fig. 14), whereas no reduction is predicted for a 20 Hz
train of 10 ms depolarizations in a model that has only
fast inactivation. Despite these shortcomings of the
model, the simulation reproduces the general phenomenon
of use-dependent block fairly well, especially in view of
the fact that none of the model parameter values were
derived from data measured during pulse trains. The rank
order in the degree of simulated use-dependent block
parallels that observed experimentally (simulated: V1589M =~

M1592V < WT < V445M; experimental: V1589M =~
M1592V < WT < V445M).
DISCUSSION

We have examined state-dependent mexiletine block of
WT and mutant human skeletal muscle sodium channels
that contain disease-associated missense substitutions in
S6: V445M (IS6), S804F (11S6), V12931 (I11S6), V1539M
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V1589M
WT
0.6

0 20 40 60 80 100
Pulse number

0 20 40 60 80 100
Pulse number

T T T T T T T T |
0 20 40 60 80 100

Pulse number

Figure 7. Simulation of use-dependent block by mexiletine

Use-dependent block (10 ms pulses to —10 mV, at 20 Hz) was simulated with the modulated receptor
model shown in Scheme 1. 4, the rate constants listed in Table 3 were used. Use-dependent block of
simulated channels was reduced for IVS6 mutants and increased for the IS6 mutant. B, setting the on-
and off-rates to WT values for mexiletine binding to the resting state abolishes the reduced use
dependence of [VS6 mutants but does not remove the enhanced block for the IS6 mutant. C, with on- and
off-rates for block of the inactivated state set to WT values, but rates for block of the resting state set to
measured values, the enhanced use dependence of the IS6 mutant is removed, but not the decreased use

dependence for the IVS6 mutants.
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(IVS6) and M1592V (IVS6). None of these mutants
produced a dramatic change in mexiletine block. On the
other hand, use-dependent block during a train of
depolarizing pulses was unequivocally altered by
missense mutations in IS6 and IVS6. The pulse protocol
employed for the use dependence assay was optimized for
the detection of differences in state-dependent mexiletine
affinity, as opposed to secondary effects arising from
altered gating, because the strongly hyperpolarized
holding potential and depolarized test pulses were far
from the steep voltage-dependent range of fast
inactivation (—100 to —40 mV). Other protocols designed
to specifically measure affinity of resting or of inactivated
channels revealed the mechanism of altered use
dependence. The enhanced use dependence for V445M
was associated with higher affinity block of inactivated
channels (primarily due to increased k). Reduced use
dependence of IVS6 mutants was primarily due to an
increased off-rate at —150 mV (Fig. 5). It was proposed
that this unbinding occurred almost entirely from the
resting state because prior work has shown that the
inactivation gate (ITI-IV linker) recovers within milli-
seconds despite the slow return of channel availability
over hundreds of milliseconds (Vedantham & Cannon,
1999). Interestingly, there was no difference in the
equilibrium binding of mexiletine to resting channels at
—150 mV between IVS6 mutants and WT. For the model,
this implies a balanced increase in on- and off-rates for
the resting state so that the dissociation constant is
unaffected.

Measures of mexiletine affinity

In this study, the affinity of mexiletine for resting channels
was determined by holding cells at a very negative
potential (—150 mV) and measuring the mexiletine-
induced reduction in peak Iy, during infrequent pulses to
—10mV. Several recent studies have emphasized the
importance of using strongly negative holding potentials
to minimize binding to high-affinity inactivated states
(Fan et al. 1996; Wright et al. 1997) which would cause an
apparent increase in the resting state affinity. Our
measured affinity of mexiletine for resting channels
(650 + 40 um for WT) is weaker than reported in prior
studies. Sah et al. (1998) reported an 1C;, of 368 uM for the
rat skeletal muscle sodium channel expressed in Xenopus
oocytes. Using frog semitendinosus muscle fibres, De
Luca et al. (1997) measured an IC;, of 83 uM for resting
channels. Since the holding potential was —100 mV in
both studies, it is likely that these higher apparent
affinities of tonic block derive from a substantial fraction
of inactivated drug-bound channels at the holding
potential. Indeed, if the affinity for inactivated channels
is 30-fold higher than for resting ones, then the modulated
receptor model predicts that as little as 3% of channels
being inactivated at the holding potential (i.e. b, = 0.97)
causes an apparent affinity 2-fold higher than that of the
true resting state. Of course, other possible explanations
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include differences in channel isoform (rat or frog versus
human), preparations, and recording methods.

Several strategies have been used to estimate the affinity
of local anaesthetics for inactivated sodium channels
(Bean et al. 1983). A commonly used measure is the
concentration dependence of the drug-induced negative
shift in steady-state availability (A, curve). Long
conditioning pulses, of the order of seconds, have usually
been used to ensure that steady-state binding is reached
(Bean et al. 1983). While this approach has been used
successfully for cardiac sodium channels, the protocol is
problematic when studying the adult skeletal muscle
isoform due to its greater tendency to slow inactivate
compared to the cardiac isoform (Richmond et al. 1998).
Fan et al. (1996) attempted to minimize the effects of slow
inactivation by using conditioning pulses of 500 ms
duration. With this technique, these authors found a
reduced affinity for inactivated-state lidocaine block in
the paramyotonia congenita mutant T1313M (K
=63 uM) compared to that in WT (K; =11 uM). An
alternative method for estimating K; is based on a two-
pulse recovery protocol in which the slowly recovering
component is interpreted as the fraction of drug-bound
channels (Bean et al. 1983). Of course this method is also
potentially limited by the development of slow inactivation
from which recovery is slow and indistinguishable from
drug-induced changes. Sah et al (1998) attempted to
minimize the effects of slow inactivation by using a
500 ms conditioning pulse to —10 mV. We used an
alternative approach. By using a less depolarized
conditioning voltage near V, (typically =75 mV), we were
able to use durations of up to 1500 ms with much less
contamination by slow inactivation. Note that our estimate
of K; from K,,, is much less sensitive to uncertainties in
hy, than the common practice of estimating Ky from K,
at hyperpolarized potentials where A, = 1. The difference
is due to the very steep dependence of K,,, on h,, as h,
approaches 1 because Ki/K; is typically 20—100. For
example, given Ky/K; = 25, if h, is actually 0.96 at the
holding potential, the measured K,,, underestimates the
resting state dissociation constant (Ky) by 200 %. For our
computation of K;from K,,, when A, ~ 0.5, this same error
of 0.04 in h,, would result in only a 7% underestimate of
K.

Our attempt to separate the effects of mexiletine block
from slow inactivation was no panacea. Measurements
made at low drug concentrations were still problematic.
Below 50 uM mexiletine, the kinetics of block were
comparable to those of slow inactivation onset. KEven
worse, the ‘confounding’ slow inactivated component
became a larger fraction of the total current reduction
(block + slow inactivated) and thereby introduced a
greater relative error. Despite these limitations, Fig. 44
shows how much better our protocol (1500 ms) was at
estimating ‘steady-state’ block of depolarized channels,
compared to the frequent practice of using short



712 M. P. Takahashi and S. C. Cannon

conditioning pulses of only 300 or 500 ms. We found an
inactivated-state dissociation constant for mexiletine of
28 uM which is smaller than the value of 44 uM reported
by Sah et al. (1998). The discrepancy is probably due to an
underestimate of the fraction of drug-bound channels by
Sah et al. (1998) when using a 500 ms conditioning pulse.

Structural implications for a mexiletine binding site

Mutational analyses have identified several regions in the
sodium channel a-subunit that affect the aftinity and/or
efficacy of local anaesthetics and anti-arrhythmic drugs.
Ragsdale et al. (1994) identified several residues critical
for local anaesthetic binding by alanine-scanning
mutagenesis throughout IVS6 in rat brain Ila channels.
At sites homologous to the disease mutations studied
here, alanine substitutions caused varied effects on local
anaesthetic binding. V1767A (residue V1589 in hSkMT1)
increased the affinity of resting channels and reduced
use-dependent block. We found V1589M also reduced
use-dependent block, but there was no change in resting
state affinity. M1770A in RBIla channels (residue M1592
in hSkMT1) did not alter resting or use-dependent block. In
hSkM1, we found M1592V did not alter resting block, but
decreased use-dependent block.

Other S6 segments in the primary structure of the
a-subunit have been reported to affect binding of local
anaesthetics. Wang et al. (1998) reported that two
mutations in IS6 of the rat skeletal muscle sodium
channel, N434K and L437K (corresponding to N440K
and L443K in hSkM1) reduced both the resting and the
inactivated state affinity for etidocaine. In this study, we
found increased depolarized state affinity for the IS6
mutant V445M. Mutations in the rat SkM1 IIIS6
segment, S1276 and L1280 (corresponding to 1283 and
1287 in hSkM1), reduced the affinity of the inactivated
state for bupivacaine (Wang et al. 2000). In our study,
however, no change in affinity for either the resting or
the depolarized state was observed for the neighbouring
mutation, V1293I.

A third region important for local anaesthetic block is the
selectivity filter. Sunami et al. (1997) reported that
charge-reversing substitutions in the selectivity filter
segment of domain Il (K1237E in rat SkM1) increased
the resting block by lidocaine, but not for neutral
analogues. Although the structural implication is unclear,
a disease mutant in III-IV linker (T1313M) has been
shown to have reduced affinity for inactivated channel
states (Fan et al. 1996).

Clinical implications

Mexiletine and the related compounds tocainide and
fleccanide have been used to reduce or prevent myotonia
associated with hyperkalaemic periodic paralysis, para-
myotonia congenita and potassium-aggravated myotonia
(Rudel et al. 1980; Jackson et al. 1994). The clinical response
to mexiletine has been published as anecdotal case reports
in which the efficacy of mexiletine has been variable

J. Physiol. 537.3

(Trudell et al. 1987; Rosenfeld et al. 1997). Mutation-specific
changes in use-dependent block are potential sources of
this variability. These differences may, in turn, result from
altered affinity or from altered gating. Heterologous
expression of mutant sodium channels offers the
opportunity to test these hypotheses and may impact on
the choice of therapy in a mutation-specific manner. To
date, the efficacy of local anaesthetic block has been
examined for eleven missense mutations found in
heritable diseases of skeletal muscle. Three mutations have
been found to decrease the affinity of local anaesthetics
for the inactivated state: the III-IV loop mutation T1313M
caused a 5-fold reduction (Fan et al. 1996), whereas the
two IVS6 mutants V1589M and M1592V (this study)
produced only a 50% reduction. Use-dependent block
was also reduced for G1306E and F1473S but there was
no discernible change in drug affinity, from which the
authors conclude that alterations in gating must be the
source of the reduced use-dependent block (Fleischhauer
et al. 1998). An increase in use-dependent block has been
observed for R1448C (Fan et al. 1996), R1448H
(Weckbecker et al. 2000) and V445M (this study). Consistent
with this change in phasic block, the inactivated state
affinity was 2-fold higher for V445M than for WT channels.
However, a difference in the affinity for the inactivated
state was not noted for R1448 mutations. These examples
illustrate the combined importance of both state-
dependent affinity and gating in determining the
efficacy of block by local anaesthetic agents.

Caution should be used in applying the results from our
heterologous expression studies to the clinical management
of patients. First, the therapeutic plasma concentration
of mexiletine (2.8—11 uM) is much lower than the
concentration used in these studies (100 gM) (Monk &
Brogden, 1990). Second, the resting membrane potential
of skeletal muscle is more depolarized than the holding
potentials used in these studies, which will tend to
increase block. Third, temperature will affect mexiletine
block. As discussed above, it is likely that not only the
affinity of mexiletine but also the gating behaviour of
each mutant channel might define clinical effects of
mexiletine.

APPENDIX

The rate constants for the modulated receptor model
shown in Scheme 1 were estimated from the measured
rates of the onset of, and recovery from, block and from
the dissociation constants. The time constant of recovery
at —150 mV (7. in Fig. 5B) provides a good estimate for
the off-rate of mexiletine from resting channels,
kogr = 1/7.. This approximation holds for two reasons.
First, at —150 mV virtually all the drug-bound channels
recover by a pathway through the R-Mex state, i.e. [-Mex
— R-Mex is much faster than I-Mex — I (Vedantham &
Cannon, 1999). Second, when the mexiletine concentration
is much less than Ky, the rate of blocking of resting
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channels is negligible compared to the unblocking rate.
The on-rate for resting channels was then calculated as
ko = kopen/ K. For inactivated channels, the on-rate of
mexiletine was computed from the time course of the
additional block produced by depolarizing the membrane
from —150 to —70 mV. Because the affinity of resting
channels is more than an order of magnitude lower than
that of inactivated ones, Ty, at —70 mV primarily
depends on the on- and off-rates from the inactivated
state. The equilibration rate between R and I is much
faster than drug binding/unbinding and therefore the
effect of protecting channels from high-affinity block in
the resting state can be incorporated by scaling the on-
rate by the fraction of inactivated channels, /(o + f):

Thlock x 1/(kof'ﬂ + k()nT[MeX]d/(a’ + ﬂ))

Solving this equation for k,,;, recalling that K; = k.g1/ ko1,
yields the relation used to estimate the on-rate for
inactivated channels:

konl = (1 /Tl)lock)/( KI + [Mex]a/(a + ﬂ))

Finally, the off-rate was computed as k= Kik,,;. The
estimated values for the rate constants are listed in

Table 3.
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