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ABSTRACT The role of inactivation as a central mechanism in blockade of the cardiac Na* channel by antiarrhythmic drugs
remains uncertain. We have used whole-cell and single channel recordings to examine the block of wild-type and inactivation-
deficient mutant cardiac Na™ channels, IFM/QQQ, stably expressed in HEK-293 cells. We studied the open-channel blockers
disopyramide and flecainide, and the lidocaine derivative RAD-243. All three drugs blocked the wild-type Na™ channel in a
use-dependent manner. There was no use-dependent block of IFM/QQQ mutant channels with trains of 20 40-ms pulses at
150-ms interpulse intervals during disopyramide exposure. Flecainide and RAD-243 retained their use-dependent blocking
action and accelerated macroscopic current relaxation. All three drugs reduced the mean open time of single channels and
increased the probability of their failure to open. From the abbreviation of the mean open times, we estimated association
rates of ~10%/M/s for the three drugs. Reducing the burst duration contributed to the acceleration of macroscopic current
relaxation during exposure to flecainide and RAD-243. The qualitative differences in use-dependent block appear to be the
result of differences in drug dissociation rate. The inactivation gate may play a trapping role during exposure to some sodium
channel blocking drugs.

INTRODUCTION

Frequency-dependent block of the cardiacNdnannel is  current assumes a compound waveform, showing an initial
central to antiarrhythmic drug action. Rapid beats duringiransient component followed by a persistent component,
tachycardia are strongly suppressed, whereas the normafter treatment with inactivation modifiers. Frequency-de-
beats are minimally affected. The greater block during rependent block of the persistent component of neurondl Na
petitive excitation indicates the Nachannel conformations current by lidocaine and tetracaine was abolished after
occupied during depolarization have greater drug affinity orchloramine-T modification, whereas block by the open
more accessible binding sites (Hille, 1977; Hondeghem andhannel blockers N-propyl ajmaline and KC 3791 remained
Katzung, 1977; Starmer and Grant, 1985). It is the channglzaborovskaya and Khodorov, 1984). Use-dependent block
conformation, not the membrane potential, that enhancesf neuronal Na channels by ethidocaine and QX314 per-
drug binding to the Na channel (Grant et al., 1993). Drugs sisted after chloramine-T treatment, whereas block is abol-
bind to open and inactivated channels during membranghed after pronase treatment (Wang et al., 1987). Both
depolarization. Evidence from a wide range of studies supmodifying agents exerted similar effects on inactivation.
ports the role of the inactivation process in channel block+or the cardiac sodium channel, enzymatic removal of in-
ade. Many antiarrhythmic drugs, e.g., the class IB drugsctivation shifts activation to more negative voltages (Be-
lidocaine, mexiletine, and amiodarone, produce progressivgitah et al., 1996). This shift in activation could influence
block as the duration of depolarization is increased beyonq]rugl action (Lawrence et al., 1996). The nonspecific nature
the initial transient inward current to times when channels,f chemical modification of inactivation may account for
became inactivated (Sanchez-Chapula et al., 1983; Bean gfe inconclusive results.
al., 1983; Clarkson et al., 1988). The mutation IFM/QQQ in the linker between the third
Attempts to further define the role of the inactivation g3nq fourth domains (IR ) of the Na channel disables
process in block by slowing or disabling inactivation havejnactivation (West et al., 1992; Hartmann et al., 1994). This
produced conflicting results. Superfusion of the cytoplasmig, qyides an attractive alternative model for examining the
surface of the sarcolemma with endopeptidases, such §je in inactivation in channel blockade. Bennett et al.
pronase and chymotrypsin, amino acid-modifying agents(; ggs) showed-80% blockade of the wild-type channel by
suqh as chloramine-T and the pyrethyroid toxins, §Iow N 1M lidocaine at a stimulus frequency of 5 Hz, bu.8%
activation (Armstrong et al., 1973; Cohen and Barchl,}993'block of the IFM/QQQ mutant with 10uM lidocaine.
Wang et al., 1987; Wasserstrom et al., 1993). The' Na Balser et al. (1996) further showed that lidocaine strongly
suppresses the persistent component of current in this mu-
Received for publication 10 April 2000 and in final form 30 August 2000, 2Nt channel, restoring the wild-type phenotype. Based on
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tors of channel inactivation, enhancing inactivation at latenterdomain linker to QQQ using recombinant PCR (Higuchi, 1990).
times during depolarization. However, current reduction at latétEK-293 cells were transfected with the plasmid pcDNA3/hHIQQQ using
times cannot be uniquely attributed to inactivation or to bbck.llpofectamlne. Cells were cultured in DMEM containing 10% FBS, peni-

. S . cillin (100 U/ml), and streptomycin (10g/ml). G-418 (500ug/ml) was
The role of inactivation in channel block was also exam used as the dominant selective marker. Clones were screened for Na

ined by rr_1easure_ment of gating currents in squid g|anj[ aXORhannel expression using whole-cell recordings. All three positive clones
and cardiac sodium channels. Block of the™Naurrent in  isolated showed Nachannel currents with markedly slowed current re-
squid giant axon by QX314 immobilizes the same compo+axation, but peak current amplitudes were usualy00 pA. The resting
nent of gating change subjected to physiologic immobiliza-membrane potential of the cells was-60 to —50 mV, i.e., close to the
tion during inactivation (Armstrong & Bezanilla, 1977). threshold for Na-channel activation. o
However, in cardiac muscle, the gating current data suggest Ve suspected that €aoverload secondary to high intracellular [Na
drua action on channel activation (Hanck et al. 2000). was suppressing channel expression. In native cells, elevation IBT]ﬁCa
9 ; ! . decreases peak Naurrent (Chiamvimonvat et al., 1995). Culture inNa

There are a number of important unanswered questiong; cz+_free medium, high concentrations of TTX, or the membrane-
on the role of inactivation in channel blockade using thepermeable C4 -chelator BAPTA-AM resulted in poor cell survival or no
IFM/QQQ mutant model. It is not clear whether other increase in channel expression. In developing neurons, sodium channel
antiarrhythmic drugs, e.g., typical open channel blockersxpression is down-regulated by the sodium channel activators veratridine

like disopyramide, also require intact inactivation to effectand a-scorpion toxin (Giraud et al., 1998). The process is calcium-inde-
B ndent, and mimicked by membrane depolarization. We examined
use-dependent block. Courtney (1975) has suggested th\%v%ether an intervention that could increase membrane potential would

the inactivation gate may trap open channel blOCke_rS '_n thec‘lffectcurrr-)nt amplitude. We co-transfected HEK-293 cells with the inward
channel pore. If the enhancement of current relaxation in thesctifier k* channel IRK1 and IFM/QQQ using G-418 and hygromycin as
IFM/QQQ mutant results from the enhancement of inacti-dominant selective markers. Positive clones expressed duarents of
vation, it should not be evident with “open-state blockers.”~0.5 to several nA.

Alternatively, if a mechanism of local anesthetic action is to

reduce burst duration by enhancing transition into slow

inactivated state(s), the enhanced current relaxation shoufxperimental setup

be evident with open channel blockers. The need to expanﬂ/hole-cell and single Na-channel currents were measured in HEK-293
the class of sodium channel blocking drugs examined irtelis expressing the wild-type and mutant ‘Nehannels. Cells were
these mutant channels is made more pressing by the recesuperfused with a Na external solution for whole-cell recordings. The
studies by Vedantham and Cannon (1999) suggesting that acropipettes were filled with a 3 internal solution. N& currents were
least for the lidocaine-class local anesthetics, it is activatiorihe only ionic _current recorded uqder these conditions. Ce_IIs were super-
rather than inactivation that is crucial for block. fused with a high-K external solution for the cell-attached single channel

. ecordings. The high [K] external solution reduced the membrane poten-
We have eXpreS_SEd the Wl|d-type and IFM_/QQQ mutan{iall to Ong. Memgbra[nge potentials are reported as absolute valu'z:‘s. The
of the human cardiac Nachannel hH1 stably in HEK-293 major cations in micropipette solution are Nand K. Occasionally we
cells. Using whole-cell and single-channel recordings, Wesbserved outward single channel currents positive-80 mV. These
have examined channel blockade by the open channelirents were kinetically distinct from the Nahannel and we presumed
blockers, disopyramide and flecainide, and the lipid-solublghat these were single ‘channel currents. Trials showing such current
lidocaine derivative RAD-243. All three drugs block Na Were excluded from analysis.
channels with intact inactivation, and disopyramide is also
trapped in the channel. We show that disopyramide bIock§ .
open IFM/QQQ N& channels but produces no use-depen- olutions
dent block. Flecainide blocks open Nahannels from a site  The solutions used in these experiments had the following compositions
accessed from the extracellular space, produces significafihM): Na® external solution: NaCl 130, KCI 4, Cagl, MgCl, 5, HEPES
use-dependent block, and accelerates current relaxation il and glucose 5 (pH adjusted to 7.4 with NaOH);"Osicropipette
“nacivaled:siate blokers' RAD-243 produces use depenu €56 12 ML MaATP £ BA7TS 0 HEPES 10
dent block, abbreviates mean channel open time, and et 140, KCI 10, MgGl 2, CaCh 1, glucose 5, HEPES 5 (pH adjusted to
hances current relaxation by shortenlng burst duration. Th9.4 with KOH); Na'-micropipette solution for single-channel recordings:
role of inactivation in the block of the Nachannel by  nacl 140, KCI5, MgC} 2.5, CaC} 0.5, HEPES 5 (pH adjusted to 7.4 with
antiarrhythmic drugs is dependent on kinetics of drug bindNaOH). All experiments were performed at room temperature (20-22°C).
ing to the channel; it may influence the action of open- and
inactivated-state blockers. Our preliminary results have

been published in abstract form (Grant et al., 1998). Antiarrhythmic drugs
We examined the use-dependent blocking action of three sodium channel
METHODS blockers. We selected disopyramide as an example of an antiarrhythmic
drug that produces discrete block of open sodium channels, has distinct
Construction of stable cell lines structural differences from lidocaine, and has been well studied in native
expressing IFM/QQQ cells (Sunami et al., 1991; Koumi et al., 1992; Zilberter et al., 1994; Grant

et al., 1996). Flecainide has a pkf 9.3 and is 99% protonated at pH 7.4.
The human cardiac Nachannel gene, hH1, was cloned into the mamma- It blocks sodium channels from an extracellular site; no block is observed
lian expression plasmid pcDNA3. We mutated the triplet IFM in the IlI-1V with intracellular application (Nitta et al., 1992). The extent of flecainide
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block does not depend on the duration of depolarization. It is presumed tgome variability between cells in the effect of the mutation
be an open channel blocker. However, we are not aware of any studies gfn the time course of inactivation. Whole-cell currents from
the single channel level demonstrating such block. The third drug w : ; ; ;
studied was the lidocaine derivative RAD-243. A butyl group replaces onzrepres.ematlve CQllS are illustrated in FIgA'I.a'n'd C.' From
of the ethyl substituents on the tertiary amine, increasing lipid solubilitya hOIdmg potentlal of-100 mV, 500-ms Cpndltlomn_g steps
50-fold. It blocks inactivated channels. However, unlike lidocaine, it alsowere performed from-100 to —20 mV in 5-mV incre-
produces discrete open-channel block with intermediate kinetics that caments, each followed by a test depolarization+20 mV.
be readily resolved (Liu et al., 1994). Disopyramide and flecainide werePanels AandC show currents at the end of the conditioning
obtained from Sigma Chemical Co. (St. Louis, MO). RAD-243 was gen—pu|se to—100, —80, —60, —40, —20, and the test pulses.
erously provided by Dr. Rune Sandberg (Astra A Lab, AB, Sodertalije,.rhe whole-cell currents imanel A show essentially no
Sweden). Disopyramide was prepared as a2\ stock solution in dilute . . P . Y .
HCI. Flecainide was prepared as a £®&tock solution in water. RAD-243 relaxation. The normalized maximum current as a function
was prepared as a 18 stock solution in DMSO. of Conditioning potential is pIOttEd irpaHEI B 500-ms
conditioning depolarizations to potentials as low -a80
mV had no effect on maximum current. Clearly, the fast
Recording techniques inactivation process has been removed by the IFM/QQQ
Whole-cell and single-channel recordings were performed with an Axo-r_nUtat'O_n' Currents elicited in anOth?r cell from the same
patch-200 or EPC-7 patch clamp amplifier (Axon Instruments, Inc., FostediN€ Using the above protocols are illustratedpanel C
City, CA, and Adams and List, Great Neck, NY, respectively). Whole-cell Currents elicited from conditioning potentials ef100 to
currents were recorded with 0.5-1.5(Mmicroelectrodes coated with a  —60 mV show some inactivation, with a steady-state cur-
hydrophobic elastomer (Sylgard 184) t(c; their tips. dSer(;es rﬁsistance anﬂem 63% of the peak current for the most negative condi-
capacitive transients were compensated using standard techniques. At { . . e .
beginning of each experiment, adequacy of voltage control was assessed%%sm!ng potentials. Qo_nd|t|on|ng voltages that fall tq open
previously described (Gilliam et al., 1989). As the peak currents in ceIIsSOdIum channels elicit very little Steady'State Inactivation,
expressing the IFM/QQQ mutant were usuafy?2 nA, adequate control Suggesting that closed-state inactivation remains disabled. It
was obtained in all but the rare cell. Whole-cell currents were filtered at 10is only at potentials te-60 mV, i.e., positive to the current
kHz and digitized at 20-40 kHz. threshold, that significant inactivation of the current occurs.
Single Na'-channel currents were recorded with high-resistanceAs shown in Fig. ID, steady-state inactivation is incom-
;ln% ;goﬁ gg{opedfgsosvisr;;;pE‘gﬂ;%’pf;e(; t'i"g?;f;fgg mx plete. The p(_)te_ntial for haIf—in_a_lctivation of the current was
Currents were filtered at 2.5 kHz and digitized at 20 kHz. —56 mV. This is~30 mV positive to that of the wild-type
channel expressed in the same cells (Chandra et al., 1998).
The shift is in part a reflection of impaired closed-state
Data analysis inactivation of the IFM/QQQ mutant channel. We are un-
A . . . .sure of the basis for the difference in the degree of inacti-
nalysis of the whole-cell and single-channel currents are described in ~ . .
prior publications from this laboratory (Grant and Starmer, 1987; Grant etvat'on between cells. A Slgmf'cam endernous current
al., 1989). Peak whole-cell currents were determined from digitized cur-could be contributing to the total current in FigCl How-
rents using custom software written in C programming language. Weever, in nontransfected cells or during the screening process
subtracted leakage current and capacity transients before analysis. Currefts identify the positive clones, a majority of cells showed no

during each depolarizing trial were scanned, and the null sweeps COIIECt_eqndOgenOUS sodium current, or peak currents in the 10-20
and averaged. The averaged null sweep was subtracted from each trial.

Single-channel current amplitude was determined from an all-points hispA ra_mge' Another p055|b|I|Fy_ I,S that the cells may produce
togram of the leakage-subtracted currents. Single-channel openings weﬁem”'eu for varying susceptibility FO fast and SlOW modes of
identified using an automatic detection algorithm with the threshold set agating (Bennett, 1999). The variable expression g8,a

0.5 times the single-channel amplitude. Closed times were determinegubunit could account for contribution of fast and slow
froz‘,t?als that h?d no 0vercljapllolngd0rt3_emng& it using & least gating modes to the current time course (Lawrence et al.,

istograms of open and closed times were fit using a least-squar :

procedure. The bin width was set at an integer multiple of the sampling?'gge)' However, We'a_re not aware ?If the e>;1pre35|op of an
interval (Hurwitz et al., 1991). Open times were usually fit by single- endernouSl'SUbun.'t in HEK'293 cells. Forthe remamde.r
exponential functions. The distribution of closed times usually requiredOf the reported studies, we tried to select cells expressing
two exponentials for fitting. Values are quoted as meansSE unless  currents of the waveform shown in Fig Alfor the analysis

otherwise stated. Comparisons were made using unpaired or pdests  of blockade by antiarrhythmic drugs.
as appropriatep < 0.05 was considered significant.

RESULTS Antiarrhythmic drug blockade of wild-type

The properties of the wild-type sodium channels stablySOdIum channels

expressed in HEK-293 cells have been described in prioFig. 2 illustrates block of wild-type sodium channels by
studies from this laboratory (Chandra et al., 1998). We shaltlisopyramide during pulse train stimulation. Forty pulses of
first describe the properties of the IFM/QQQ mutant sodium40-ms duration were applied from100 to —20 mV at a
channel expressed in the same cells. Although the antibioticycle length of 150 ms. During control, there was little
selection should have produced clones of cells, we notedifference between the peak current for pulses 1 and 40.
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FIGURE 1 Variability of macroscopic inactivation in HEK-293 cells expressing the IFM/QQQ mutant cardiac sodium channel. Steady-state mactivatio
was determined by applying 500-ms conditioning pulses from a holding potential@® mV to various potentials followed by a test pulset20 mV.

(A) and C) show currents at the end of the conditioning and test pulse recorded from separat®,ceidicates the overlapping currents during
conditioning potentials of-100, —80, and—60 mV. The maximum (peak) current has been normalized and plotted against the conditioning potential. The
currents in A) show no inactivation. The currents i€)show incomplete inactivation. The potential for half-inactivatidp, was—56 mV; the slope was

factor 5.9 mV.

Exposure to 20QuM disopyramide resulted in 21% use- access, pulse train stimulation was applied. Block with
dependent block. The drug was washed out for 5 min, withintracellular disopyramide averaged 22 0.4%. In six
no activating voltage pulses applied during washout. At theseparate control cells with no drug in the micropipette, no
end of the washout period, 1-mV pulses to check the cause-dependent block was observed. These data are also
pacity compensation were applied, followed by the pulsesummarized in Fig. E.
trains from —100 to —20 mV. A progressive increase in  The same protocols were used to examine block during
current was observed between pulses 1 and 40. This reprexposure to flecainide (Fig. 3). Ten micromolar flecainide
sents use-dependent unblocking. It is not likely to be groduced 55% use-dependent block during pulse stimula-
technical artifact of the methods, as the pulse sequence waien. The onset of block was relatively slow, with an onset
immediately repeated and the current during pulses 1 and 4@te of 0.027/pulse. The drug was then washed out without
were virtually superimposable. Data for all pulses duringinterval-depolarizing pulses. The pulse-train applied 5 min
each of the trains are presented in FigD.2Block and after washout showed similar current during pulses 1 and
recovery were both monoexponential, with rates of 0.09840. In contrast to disopyramide, flecainide displayed no
and 0.1 per pulse, respectively. FigEzsummarizes data use-dependeninblocking Summary data are presented in
from five experiments during control and disopyramide Fig. 3E.
exposure and three experiments in which washout of drug We examined a potential intracellular access to its bind-
was also obtained. ing site by including 1QuM flecainide in the micropipette
Disopyramide can also use an intracellular access route tolution. We saw no use-dependent block during pulse-train
its blocking site. To contrast this access site with that ofstimulation. The tissue bath could act as a large sink for any
flecainide to be reported below, we performed four exper-drug applied intracellularly. However, the high pKf 9.3
iments in which 20QuM disopyramide was included in the would force 99% drug into the charged form that would be
micropipette. After waiting at least 5 min after intracellular retained in the cell. We increased the drug concentration in
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FIGURE 2 Block of the wild-type cardiac Nachannel by disopyramide during pulse-train stimulation. Membrane currents were elicited by 40-ms pulses
from a holding potential of~100 mV to a test potential of 20 mV. The cycle length was 150 ms. Currents during the first and 40th pulses of the train
during control, exposure to disopyramide, and washout of drugs are sho¥Cjmespectively. Peak currents during each pulse of the trains are presented

in (D). Block developed at a rate of 0.098 per pulse during drug exposure and unblocking occurred at a rate of 0.1 per pulse after drug washout. Summary
data during both external and internal application of disopyramide are presentd Tié summary data are presented in a normalized form by dividing

the current during the 40th pulse, P40, by that during the pulse, P1.

the micropipette to 5uM and even after delaying pulse- Antiarrhythmic drug blockade of inactivation-
train stimulation for 10 min after intracellular access, sawdeficient sodium channels: whole-cell studies

no use-dependent block with subsequent pulse-train stimu- o )
lation. When 50uM flecainide was then applied externally Fi9- 4 shows whole-cell currents elicited by pulse-train
to each cell (i.e., 5@M flecainide inside and outside), 71% Stimulation in a cell during control, exposure to 2001
use-dependent block was observed. After washout of th@isopyramide, and after washout of the disopyramide. The
external flecainide for 5 min, a residual of 11% use-depenholding potential was-100 mV and 20 (P1-P20) 40-ms
dent block was evident. Summary data are present in Figest pulses te-20 mV were applied at an interpulse interval
3E. They support the results of Nitta et al. (1992) that flecain-0f 150 ms. During control X), there was no significant
ide accesses its binding site through an extracellular route. relaxation of the current during the pulses and the maximum
We examined the use-dependent blocking action ofurrent was the same during the first (P1, 0.81 nA) and the
RAD-243 (extracellular application only) in five experi- last (P20, 0.8 nA) pulse of the train. During exposure to 200
ments. We observed 4% 6% (0 = 6) use-dependent block. 1M disopyramide, peak and plateau current were reduced to
The major difference from disopyramide and flecainide wag0.56 nA and 0.54 nA for the first and the last pulses of the
that block reached a steady state after few pulses. The rapiehin. The reduction in first-pulse current can be attributed to
onset of block is similar to that which we reported for native tonic block, implying block occurring at the resting poten-
cells (Barber et al., 1992). No use-dependent unblockingial or block that equilibrated rapidly during the activation
was observed during washout. process (duratiorc1l ms). After washout, the maximum and
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FIGURE 3 Block of wild-type cardiac Nachannels by flecainide during pulse-train. Membrane currents elicite®?@tmV from a holding potential

of —100 mV are illustrated for the first and 40th pulses of the train during corjolekposure to flecainideB), and after drug washou€j. Peak current

for all 40 pulses of each train are presentedDr). (Summary data for experiments with external, internal (flec in), and combined (flec in and flec out)
exposure to flecainide are presentedEh or the summary data, peak currents during the 40th pulse, P40, are normalized against those in the first pulse, P1.

plateau currents recovere@)( The maximum and plateau current amplitude in the second and subsequent pulses in the
current for all 20 pulses in the train are presentedanels train. The plateau level of P1 was similar to the peak and
D andE. Disopyramide produces no use-dependent block oplateau levels of P20. As shown in Fig(5 the effect is
the IFM/QQQ channel. Clearly, the occurrence first-pulsepartially reversible on washout of flecainide.
block is not dependent on the presence of inactivation at the From the average block at steady statg, the time
holding potential {100 mV). The concentration of diso- constant for the exponential relaxation of the curreg,
pyramide used produces 20-30% use-dependent block aind the drug concentration, the association and dissociation
wild-type cardiac sodium channels (Zilberter et al., 1994).rate constant can be calculateg:= 1/(k,,.D + Ky); bss =
Summary results are presented in Fig. 5. koDI(koD + Koi), Wherek,,, and k¢ are the association
Results of an experiment using the same protocol buéind dissociation rate constants, respectivly € k.q/K,,)-
with 50 uM flecainide are illustrated in Fig. 6. In the From the data in Fig. 5, [D] = 161.7/s, s&,, = 3.2 X
absence of drug, there is a small amount of relaxation of th&0°M/s andk,; = 88.3/s. This dissociation rate is much
current: peak current 0.76 nA, plateau current 0.68 nA forfaster than that observed at normal resting potentials in
P1. Again, there is no change in peak and plateau curremative cells (Campbell and Vaughan Williams, 1983). De-
during the pulse train in the absence of drugs (Fid®@nd  activation of the inactivation deficient channel evidently
E). This is in striking contrast to the effect observed duringmarkedly slows the dissociation of flecainide. Flecainide
exposure to flecainide. Peak current was reduced to 0.57 nhetained its use-dependent blocking action in the IFM/QQQ
and there was a monoexponential relaxation of the currennutant and resulted in substantial relaxation of the current
to a plateau of 0.24 nA. There was little recovery in the pealdespite its lack of inactivated state block.
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FIGURE 4 Block of the whole-cell sodium current by disopyramide during pulse-train stimulation. Trains of 20 40-ms pulses from a holding potential
of —100 mV to—20 mV at intervals of 150 ms were applied during contigl, xposure to 20Q.M disopyramide B), and after washout of the dru@).

The current during the first (P1) and the 20th (P20) pulse are showa@ The peak and plateau current for each pulse of the train have been plotted

in (D) and E). The open circles and C denote data obtained during control; the filled circles and D denote data obtained during disopyramide exposure;
the open triangles and W denote data obtained after washout of disopyramide. Time and current calibrations are shown at the bottom.

Results with 100uM RAD-243 are shown in Fig. 7, channel availability decreased by 20% at conditioning po-
using protocols as described in Fig. 4. During control, therdentials that open the channel (positive-t60 mV). With
was little change of the peak and the plateau currents durinBAD-243, availability declined at a conditioning potential
pulse-train stimulation. Exposure to RAD-243 reduced theof —85 mV and was zero at 55 mV. This experiment does
peak current from 0.3 nA to 0.14 nA, with progressive not distinguish between a shift in availability and voltage-
decline of the current during the first pulse. Peak currendependent block during the conditioning pulse.
during the 20 pulses declined to 0.05 nA. RAD-243 retained
its use-dependent blocking action in the IFM/QQQ mutant
channel. From the rate of relaxation of the currerE and Ieve}\ntiarrhythmic drug blockade of
of block at the end of the pulse, we estimalggD = 83/s . L . . . .
andk,¢ = 17/s. Later, we show that these parameters Canndpactlvatlon-deflclent .SOd'um channels:

f
account for the substantial first pulse block, and we musflngle-channel analysis
assume that RAD-243 produces$0% tonic block. At the We performed single-channel current recordings in cell-
holding potential of—100 mV, the dissociation of RAD- attached patches in cells expressing the IFM/QQQ muta-
243 was sufficiently fast and complete that sodium channelion. To record from patches with single active channels, we
availability could be determined in a time frame whenused high-resistance electrodes for these recordings.
currents are stable. Fig.@ shows sodium channel avail- Patches with a single channel usually were observed in one
ability at a test potential of~20 mV following 500-ms  of 10 seals. The holding potential wa®0 mV, and 200-ms
conditioning pulses to various potentials. Without drug,test pulses were applied t620, —30, —40, and—60 mV.
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A this patch showed repetitive openings and closures through-
PEAK CURRENT out the 200-ms pulse. Some of the channel closures during
the bursts were incompletely resolved at the recording band-
width of 2.5 kHz. The average current shows no significant
relaxation during the 200-ms pulse. The mean open time
Control was 3.8+ 4.9 ms. During exposure to disopyramide, most
IS0 of the bursts still lasted the entire duration of the 200-ms
pulse, and average current showed no relaxation. The open-
ings were interrupted by many rapid closures due to channel
blockade. Mean open time was reduced ta 11 ms, and
Control single-channel current amplitude was unchanged at 1.45
RAD-243 pA. The probability that a channel would fail to open during
a depolarizing trial increased from 0.21 during control to
0.0 0.28 during exposure to disopyramide. Since the recording
B micropipette in this cell-attached recording does not contain
disopyramide, the drug is accessing its binding site through
some intramembrane or cytoplasmic route. As illustrated in
Fig. 8C, the fast block and reduction of the average current

1.07

0.8

0.61

Control
Flecainide

Bm

0.41

2] =]

0.21

P 20 CURRENT /P 1 CURRENT

PLATEAU CURRENT

1.01 are reversed on washout of disopyramide.
‘a:‘, The distribution of open and closed times is analyzed in
= 0.81 more detail in the histograms shown in Fig. 9. During
o control, the distribution of open times was fit by two expo-
E 0.6 1 nentials, with the slower component,(= 0.21/ms) ac-
€ counting for 30% of the distribution. During exposure to
g 041 disopyramide, the distribution was fit with a single expo-
3 nential with a rate constant of 1.1/ms, intermediate be-
& 021 tween the fast and slow rate constants during control. Com-
a paring the two open-time distributions, open times greater
0.0 than 5 ms were largely eliminated by disopyramide. The

closed-time distributions during control and disopyramide
FIGURE 5 Block of whole-cell sodium current by disopyramide, fle- equsur_e were best fit b_y two expongntlals. However, both
cainide, and RAD-243 during pulse-train stimulation. W) the peak  distributions were dominated by. br_|ef .Closure_s that ac-
currents of the last pulse (P20) of pulse trains have been expressed acaunted for 98 and 92% of the distribution during control
fraction of the current for the first pulse of the train (P1). The ratio is aand drug exposure, respectively. Disopyramide increased
measure of the use-dependent block of the sodium current during the traing, o slow-opening rate constant. Summary data are presented

There is little use-dependent reduction of current during control. Signifi-. . . L .
cant use-dependent block is observed during exposure to flecainide a g Table 1. In two of five experiments, the distribution of

RAD-243 only. The ratio for the plateau to steady-state current is plottedc!0S€d times was fit by a single exponential during disopyr-
in (B). In both panels, the means were obtained from eight experiment@mide exposure. In the remaining experiments, there was a

with disopyramide, four with flecainide, and six with RAD-243; the error trend toward an increase in the slower Opening rate (@_—_71
bars are standard errors of the means. 0.3/ms and 1+ 0.16/msn = 3 during control and disopyr-
amide exposure). The single-channel experiments show that
disopyramide retains its open-channel blocking action in the
At each test potential, 100—400 trials were performed|FM/QQQ mutant channels. The absence of use-dependent
followed by drug, washout, and a repeat of the protocol. Thédlock during the whole-cell recordings indicates that the
long-term stability of cell-attached patches dictated that wenterstimulus interval of 150 ms is long enough to permit
limit the number of potentials examined with each drug. Thedrug dissociation from its blocking site(s) at the holding
majority of the single-channel data reported was obtained gtotential of —100 mV.
—20 and—40 mV. To our knowledge, single-channel analysis of the block-
Single-channel recording during control and exposure tang action of flecainide has not been reported. Since the
disopyramide were obtained during continuous recordingsirug blocks from the external side of the sarcolemma, the
in five cell-attached membrane patches. Currents for fiveoptions for analysis were outside-out patch recordings or
consecutive trials together with the average current frontell-attached recordings with control and drug data obtained
100-200 trials are shown in Fig. 8-C. The test potential in separate patches (Carmeliet et al., 1989). Outside-out
was —20 mV. The single-channel amplitude was 1.45 pApatches invariably contained multiple channels and were not
during control. For most trials, the single channel present irsuitable for analysis. We elected to compare single-channel
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FIGURE 6 Block of the whole-cell sodium current by flecainide during pulse-train stimulation. P1 and P20 are the whole-cell currents during the first
and last pulses of a train of 40-ms pulses from the holding potentiall@0 to a test potential of 20 mV. The interpulse interval was 150 ms. Recordings

were obtained during controf, exposure to flecainideBj, and after washout of flecainid€). The single exponential fit (time constant 3.57 ms) to the
relaxation of the current during flecainide is superimposed as a dashed liBg iPe@k and plateau currents are plottedDy §nd E). The open circles

and C denote data obtained during flecainide exposure, and the open triangles and W denote data obtained after washout of the drug. For the first pulse
during flecainide exposure, the current relaxed to a plateau level. There was little decline in the peak and plateau current amplitude dunimgahé seco
subsequent pulses.

current in separate control and drug-exposed patches. ol and test data were compared with an unpairéett.
similar strategy was used by Carmeliet et al. (1989) toOpen times were significantly less during flecainide expo-
examine the blocking action of penticainide in isolatedsure at test potentials 620 and—30 mV. The briefer open
myocytes. Single-channel currents in separate control antimes at—40 and—60 mV were not significantly affected
test patches are shown in Fig. 10. The holding potential waby flecainide. The drug also increased the probability of
—90 mV and the test potentiat20 mV. Each panel shows failure of the channel to open at20 and—30 mV. The
current during five consecutive trials and the average curdistribution of closed times was fit by two exponentials at
rent from 200 trials. The records are representative of fiveest potentials of-20, —30, and—40 mV. One exponential
experiments in drug-free patches and four test patches iwas required in one of four experiments at a test potential of
which the micropipette solution contained o/ flecain-  —60 mV. The slow opening rateé was significantly pro-
ide. The average current in the control patch showed littldonged at—20, and—30 mV in flecainide-exposed patches.
change in amplitude during the 200-ms depolarization. In From a direct inspection of the current recording in Fig.
contrast, the average current in the flecainide-treated patchO B, it is evident that single-channel current amplitude was
declined progressively. Mean open time was £.4.7 ms  not decreasing as the average current relaxed. The current
in the control patch and 2.3 2.2 ms in the flecainide- relaxation can be explained by a shortening of the total burst
treated patch. Under both recording conditions the distribuduration. Because of hardware limitations, the pulse dura-
tion of closed times was biexponential. The fast and slowtion was limited to 200 ms. Therefore, we can only compare
rate constants were 0.36 and 5.9/ms for the control patctelative total burst duration, as at least during control most
and 0.11 and 1.5/ms in the test patch. Probability of failurebursts would have had longer durations if the duration of the
to open was 0.07 and 0.56 for the control and test patchdepolarizing pulse were increased. We define the relative
respectively. Summary data are presented in Table 1. Corbpurst duration as the time interval between the first opening
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FIGURE 7 Block of the whole-cell o
sodium current by RAD-243 during P20 & 0.1 »
pulse-train stimulation. P1 and P20 15 ,§_’ B ) )
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ited from a holding potential of- 100
mV to a test potential of~20 mV.
Recordings were obtained during
control (A) and exposure to RAD-243
(B). The peak and plateau currents
for each pulse in the train are plotted
in (C) and O). The open symbols
and C denote control; the filled sym-
bols and R denote data obtained dur-
ing exposure to RAD-243. The cur-
rent during RAD-243 exposure
declined throughout the 40-ms pulse.
The current at the end of the pulse is
plotted as the plateau current.
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and the last closure in a trial. The channel may be open at Single-channel conductance for control and test patches
the end of the 200-ms pulse, but the last event withoutire compared in Fig. 11. Both single-chanh&f relation-

channel closure would be ignored. Using this operationakhips were linear with chord conductances of 15.3 and 16 pS
definition, mean burst duration was 170 4 ms during for control and test patches, respectively. The representative
control, and 144= 8 ms during exposure to flecainide. single channel records panels AandB are consistent with

Mean burst duration was decreased significantly for thehe data in Fig. 10. Open times are reduced and closed times
group of experiments, 17& 4 ms during controlrf = 5)  increased in the drug-exposed test patches. A qualitative
and 112+ 14 ms during exposure to flecainide € 4). comparison of the data in Figs. 8, 10, and 11 indicates that

CONTROL B DISOPYRAMIDE

3/1pA

50 ms

FIGURE 8 Effects of disopyramide on single sodium channel currents. Single sodium channel currents were recorded from a cell-attached membrane
patch during control4), exposure to disopyramid®), and after washout of the dru@€). The holding potential was-90 mV and the test potentiat20

mV. Each panel shows membrane current during five consecutive trials and the average current of 100 trials. There was evidence for a singye functionin
channel in this patch.
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at —20 mV, the dissociation rate of flecainide is less thanexposure to RAD-243, and after drug washout. The average

that of disopyramide. current in the lowest row show a clear drug-induced reduc-
Single-channel recordings during control and exposure tdion of the peak current, and progressive decline in current

RAD-243 were obtained in five cell-attached membraneamplitude for the duration of the 200-ms pulse. Open times

patches. Stimulus protocol and recording conditions wereluring control and drug exposure were fit with single ex-

the same as those used for the disopyramide recording. Figonentials. The mean open times were8.3.6, 1.9+ 1.9,

12 shows records obtained from a patch during controland 3.8+ 3.5 during control, exposure to RAD-243, and

TABLE 1 Effects of disopyramide, flecainide, and RAD-243 on single sodium channel properties

Vi (MV) i (pA) (to) (ms) Ay (fms) Az (fms) R
Data obtained from the same patch
Control ( = 5) -20 1.5+ 0.03 4.4+ 0.4 — 0.2+ 0.03
Disopyramide 1.5- 0.04 0.96+ 0.05* — 0.4+ 0.15
Control (0 = 5) -20 1.6+ 0.02 3.4+ 0.6 0.61+ 0.16 4.76+ 0.19 0.13+ 0.06
RAD-243 1.6+ 0.02 1.6+ 0.3* 0.55+ 0.14 3.9+ 0.65 0.6+ 0.08*
Control ( = 5) -40 2.0+ 0.02 1.4+ 0.22 0.09* 0.05
RAD-243 1.9+ 0.04 0.8+ 0.13 0.52+ 0.14*
Data obtained from separate patches
Control ( = 5) -20 1.6+ 0.08 4.3+ 0.3 0.53+ 0.1 5.5+ 0.14 0.07+ 0.015
Flecainide ( = 4) 14+0.1 1.9+ 0.54* 0.15=* 0.05* 3.7+ 1.0 0.5+ 0.06*
Control (O = 5) -30 1.82+ 0.1 3.7 0.2 0.62+ 0.1 4.6* 0.25 0.04= 0.02
Flecainide f = 4) 1.75+ 0.18 1.7+ 0.5* 0.21+ 0.1* 3515 0.47+ 0.05*
Control (0 = 5) —40 1.97+ 0.04 2.1+ 0.2 0.63* 0.12 3.9+ 0.16 0.14=+ 0.05
Flecainide (i = 3) 1.75+ 0.18 1.7 04 0.4+ 0.3 3.1+ 0.14 0.46= 0.18
Control (0 = 4) —60 2.26+ 0.04 0.72+ 0.1 — 0.07=* 0.02
Flecainide f = 3) 2.06+ 0.04 0.77+ 0.17 — 0.26=0.1

V.., test potentiali, single channel current amplitudég), mean open timey, andi,, slow and fast rate constants of closed time distributigrprbability
that a channel failed to open.

*p < 0.05.

TOne or two exponentials required to describe the distribution of closed times.
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DRUG-FREE FLECAINIDE
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FIGURE 10 Flecainide action of single
cardiac sodium channel currents. Membrane
current recorded from separate patches dur-
ing the drug-free state and exposure to fle-
cainide. The holding potential was set at
—90 mV and the test potentiat20 mV.
Each panel shows current during five con-
secutive trials and the average current of
200 trials.

3/1,.5pA

50 ms

drug washout, respectively. Two exponentials were requiredeversed on drug washout (pf 0.17). Summary data from
to fit the distribution of closed times, but the distributions all five patches are presented in Table 1.

were dominated by the faster rate constantwas 0.23, Mean burst duration was 186 4 ms during control and
0.66, and 0.4; and, was 5, 4.4, and 4.5. The probability of 94 = 7 ms during exposure to RAD-243. For the five
failure of the channel to open increased from 0.04 duringexperiments, apparent burst duration was significantly
control to 0.59 during drug exposure. This was partiallyshortened, 177 2.7 ms during control and 62 12 ms

Drug Free
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FIGURE 11 Flecainide action of single sodium channel conductance. The mean single channel current from three to five experiments are plotted against
test potential during controfi{led circles) and exposure to flecainiddilled square$ in (A). Exemplar records from drug-free- and flecainide-exposed
patches are shown iBf and C), respectively. Single channel chord conductance was 15.3 pS in the drug-free patches, and 16 pS in the flecainide exposed
patches.

o
(@)
(yd) epnydwy weliny
@)
)
(]

Biophysical Journal 79(6) 3019-3035



Block of Inactivation-Deficient Na* Channels 3031

CONTROL RAD-243

— 6—oC
\‘é” 3.0 ® oD
A—AW
£ 22 o 3/1 pA
1-4 1 1 i )
0 50 100 150 200 50 ms

DURATION (ms)

FIGURE 12 RAD-243 action on single sodium channel currents. Single sodium channel currents were recorded form a cell-attached membrane patch
during control f), exposure to RAD-243Q), and after washout of drug]. The holding potential was 90 and the test potentiat20 mV. Panels\, C,

andD show currents during five consecutive trials and the average current from 200 trials. The average current shows little time variation during control
and washout, but declined progressively during exposure to RAD-243. The 200-ms pulse was divided into five 40-ms segments, and the mean open time
for events falling in each segment determined. These have been plotted for copémokfrclg, exposure to RAD-24Ji(led circle), and after drug washout

(open trianglg. There is no tendency for open times to shorten during the 200 ms, suggesting that the closure mechanism is stationary.

during exposure to RAD-243. The shortening of the apparHowever, drug response varied markedly and voltage con-
ent burst during drug exposure can account for the markettol was very slow. Cell lines offer the convenience of ready
relaxation of the macroscopic current. It also indicates thaavailability and cells of suitable size and geometry for
the channel can close without dissociation of the drug fronwhole-cell voltage clamping. Establishing the stable cell
the channel. If drug dissociation were required for channelines of the IFM/QQQ mutant with robust currents proved
closure, the apparent duration would have increased (Nehefigrmidable. Our initial transfection yielded cells with small
1983). An increase in the rate of channel closure during theurrents of<100 pA. We assumed that sodium overload
200-ms pulse could also contribute to the faster relaxatiofrom spontaneous channel openings inhibited channel ex-
of the current during drug exposure. We divided the 200-mgpression. Drug-induced persistent activation of the sodium
pulse into five 40-ms segments and compared the meachannel or membrane depolarization of developing neurons
open time during each segment. As shown in FigB12 also down-regulated sodium channel expression (Giraud et
mean open time did not decrease during the 200-ms pulsel., 1998). It was only by co-expression with the inward
This indicates that the mechanism(s) of channel closure igectifier K* channel that robust currents were obtained. The
stationary throughout the pulse. gating of the mutant channel was similar to that previously
reported in frog oocytes (West et al., 1992; Hartmann et al.,
DISCUSSION 1994; Bennett_et aI:, 1995). There was a_small and variab_le
component of inactivation that persisted in these cells. This
The aim of these studies was the comparison of the block ofomponent of inactivation appeared to be dependent on
cardiac sodium channels with disabled inactivation by achannel opening. The preparation was adequate to address
group of drugs with different blocking mechanisms. Ourthe major role of inactivation in channel blockade.
studies were performed with the wild-type and IFM/QQQ Although block of the sodium channel by disopyramide,
mutant human cardiac sodium channel stably expressed fitecainide, and RAD-243 has been examined in native so-
HEK-293 cells. In preliminary studies, we found the frog dium channels in prior studies, we have reexamined block
oocyte expression unsuitable for these studies. The wildusing the wild-type sodium channel in the same heterolo-
type and IFM/QQQ mutant channels expressed readilygous system as the IFM/QQQ mutant. Disopyramide block
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of wild-type channels developed slowly with either intra or mann et al., 1994); the channel may then open by the normal
extracellular application. Reversal of the block following activation pathway, and by a reversal of inactivation.
extracellular drug application required repetitive depolariza-
tion. This is an example of use-dependent unblocking. This
phenomenon of use-dependent unblocking was first de-
scribed by Strichartz in nerve (Strichartz, 1973). It has also
been described for potassium and sodium channel blockeghere G is the terminal resting state, O the open state, | the
in nerve and cardiac muscle and heterologously expressddactivated state, ang, 38, vy, ands the rate constants for the
ion channels (Strichartz, 1973; Carmeliet, 1988; Holmgrenindicated transitions. In the schem&js significant com-
et al.,, 1997). The interpretation is that drug is trappedpared with the gating of the wild-type channel.
behind the closed activation- or inactivation-gate and re- The single-channel studies provide direct evidence of
quires cycling of the channel through various states tdlock of the IFM/QQQ sodium channel by disopyramide,
relieve block. The present experiments do not identify thedespite the absence of use-dependent block. The reduction
actual site of trapping. Onset of block by flecainide was alsmf the mean open time during drug exposure provides an
very slow, approaching a steady state only after trains of 4@stimate of the association rate constant of 4NIs. The
pulses. Our data support extracellular access of flecainide tate is similar to that which we previously observed in
its binding site. Both upstroke velocity and whole-cell so-native cardiac sodium channels (Grant et al., 1993). The
dium currents have shown that unlike nerve, cardiac sodiurglosures and blocking events occurred at similar rates.
channels are blocked by external application of quaternarfrherefore, we could not identify a specific closed-time rate
ammonium derivatives of lidocaine. Disopyramide and fle-constant with the blocking events (no prolonged shut peri-
cainide have similar pKvalues. Therefore, differences in ods between bursts were observed).
the state of dissociation are not likely to account for the The lack of use-dependent block during disopyramide
difference of access. The absence of use-dependent uexposure is consistent with the establishment of equilibrium
blocking with flecainide further supports the idea of differ- of the drug-channel reaction during the initial moment of
ence in pathways for dissociation of the two drugs. RAD-the channel activation process. Whether the drug is able to
243 had very rapid onset of block and showed no usedissociate from the channel during the repolarization or the
dependent unblocking. rest potential interval is uncertain. In a prior study of the
Disopyramide produced block during the initial depolar- block of the whole-cell sodium current in cardiac myocytes
izing pulse, but no frequency-dependent block in cells thatve showed that there were components of disopyramide
clearly did not demonstrate any fast inactivation. With theblock that recovered with fast and slow rates at the resting
wild-type channel, there is always the uncertainty that thigpotential (Zilberter et al., 1994). In wild-type channels in
initial block reflects block of a small fraction of channels which both inactivation and deactivation were slowed by
with residual fast inactivation, tonic block, or rapid block exposure to the pyrethyroid toxin deltamethrin, we showed
that attains equilibrium during activation. The experimentsthat disopyramide dissociated rapidly (time frame of milli-
with the IFM/QQQ mutant channel indicate that this initial seconds) from open sodium channels at the normal resting
block can occur independent of channel inactivation. If wepotentials (Grant et al., 1993). Kuo and Bean (1994) have
assume that this initial block reaches equilibrium inthg  shown that sodium channels are open very briefly on repo-
ms (4r) required for activation, we can also estimate assofarization to high membrane potentials. The transient open-
ciation and dissociation rates of 5%10/s and 2950/s for ing on repolarization may provide a pathway for rapid
the first pulse block, as was implemented for flecainide andecovery. The IFM/QQQ mutant may have eliminated the
RAD-243. The lack of use-dependent block of the IFM/slow pathway for recovery, but facilitated complete recov-
QQQ mutant channel by disopyramide differs from theery from block in the 150 ms between pulses by an open
results of Yeh and Ten Eick (1987) who observed enhancedhannel pathway.
use-dependent block with a disopyramide analog in pro- Flecainide retained its use-dependent blocking action in
nase-treated squid giant axons. The most likely explanatiothe IFM/QQQ mutant channel. About 50% block occurs
for the differences in results is that pronase produced otheduring the first pulse, and little additional block occurs
effects on the channel in addition to disabling inactivation.during the subsequent pulses of the train. A difference
The single-channel studies confirm the removal of fastbetween the reduction of the peak and the plateau current
inactivation in the IFM/QQQ mutant. However, there wasmay be taken as evidence for differing sensitivities of the
some complexity to the gating; open times were not alwaypeak and plateau current to be blocked by flecainide (Balser
well-fit by single exponentials. Closed times were always fitet al., 1996). An alternative interpretation is a simpler acti-
by two exponentials, indicating that the kinetic schemevated-state blocking model. The monoexponential decline
contains at least two closed states. A more appropriatef the current during P1 of Fig. 6 is consistent with this
description of the functional consequence of the IFM/QQQinterpretation. The single-channel data presented in Fig. 10
mutant is that inactivation becomes freely reversible (Hartand Table 1 also support this interpretation. A20 and

a Y
Cy=0=I
B 5
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—30 mV, flecainide reduced the mean single-channel opeh(Na) = gNa*m*(1 — b)*(V — VNa), whereb is the fraction
time significantly by >50%. Estimated drug association of blocked channels. We explored a model of blockade
rates at-20 and—30 mV were 5.6 10° and 6x 10°M/s,  based on dynamic control of the channel-binding site. Be-
respectively. The drug also increased the probability that theause inactivation was absent, we limited our exploration to
channel would not open during depolarization. The lattetthat where activation controlled binding site access and is
action would scale the average current, but would not altedescribed by the differential equation:
the current time course. The slow rate constant for the % et N
distribution of closed times is reduced by flecainide-&0 db/dt = Ko,D* (1 — b) — Koib
and—30 mV. The return of channels from the blocked stateyhere k_, is the association rate constai, is the drug
is slowed. This contrasts with the action of disopyramide,concentrationm is the channel activation variabli,; is
which produced no apparent change in the distribution ofhe gissociation rate constant, amdis the fraction of
closed times. blocked channels.

RAD-243 shared some of the blocking actions of flecain-  From the whole-cell recordings, we estimated the rate
ide: rapid relaxation of the current during the first pulse of constants for block at the test potentiale20 mV by fitting
the train and use-dependent block during the subsequegh exponential to the decreasing phase of the sodium current

pulses. The rapid relaxation of the current during the pulseg, order to evaluate the time constant. The results were:
was a result of a shortening of the apparent burst duration.

The reduction of mean open times-a20 and—40 mV are  Disopyramide:

consistent with association rates of 3.3 and 8.30°/M/s.

The similar association rates estimated from the reduction in Kol® = 1:05/Ms ko = 2.95/ms ko, = 5+ 10°M/s

mean open time for all three drugs depends on the assumpyecainide:

tion that they share the same relationship between drug bulk

and receptor-site concentration. In view of the marked dif- k,,D = 0.16/ms k,; = 0.088/ms k,, = 3.2: 1(°/M/s

ferences in drug lipid solubility and pKsuch an assump-

tion may not be warranted. Drug dissociation should notRAD-243:

depend on this assumption; the differqnce in the extent of k,D = 0.083/ms ky = 0.017/ms k,, = 8.3- 10°7/M/s

use-dependent blockade may more directly reflect differ-

ences in dissociation rate of the drug from the channel. In Fig. 13 we show the results of the numerical studies,
We have explored mechanisms of blockade using theshowing good agreement with the observed currents.

Lou-Rudy model, which includes the Ebihara-Johnsofi Na  The simulations suggest association rates that are of

channel model. We disabled inactivation by setting the fassimilar order of magnitude to those observed with the sin-

(h) variables to one. Usinm as the activation variable, we gle-channel recordings. However, the routes of access to the

defined the drug alterations of the sodium current withreceptor may differ between the whole-cell and single-

0.0 M

RAD243: kD =0.083/ms 1=0.017/ms

Flecainide: kD = .16/ms | = .088/ms

FIGURE 13 Simulations of block of the -500.0 I
IFM/QQQ mutant sodium channel by disopyr-
amide (diso), flecainide, and the lidocaine de- <é_
rivative RAD-243. The simulations were im-

plemented using the Ebihara-Johnson sodium @

current model as contained in the Lou-Rudy 5

model. The fast and slow inactivation rates

have been set to zero and the association rates -1000.0 Diso: kD = 1.05/ms | = 2.95/ms

optimized from a fit of the macroscopic
currents.

ﬁ\i

Control (inactivation deficient)

-1500.0 : . ' : '
0.0 10.0 20.0 30.0 40.0 50.0

Clamp Duration (ms)
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channel recordings. The greatest uncertainties are the ratesVedantham and Cannon (1999) report no effect of lido-
for disopyramide, as the reduction of first-pulse currentcaine on the apparent rate of recovery of lidocaine-blocked
amplitude with this drug may truly reflect tonic block. sodium channel from inactivation. This was inferred from
Dissociation rates should be concentration-independent, aritie reactivity of the ICM mutant to modification by MTS-ET.
the simulations suggest almost a 200-fold variation betweehlowever, their estimate of the reaction time constant was
them. The fastest dissociation rate was for disopyramide).027/s. We are concerned that the measurement may not
which showed considerable flicker in the single-channelhave had the requisite precision to follow the inactivation
recordings. The dissociation rate for flecainide wa30-  process, which has a time constantd ms. Furthermore,
fold less, which would result in a decreased number ofthe kinetics of the modifying reaction was of the same order
channel openings (Fig. 9) during the depolarizing trials.Of our blocking rate of 10M/s. We agree with their con-
Little rest-recovery occurred between pulses, suggestinglusion that the ICM mutation may have changed the rela-
that the drug may be trapped by closure of the activatiorfionship between drug blockade and inactivation. Our
gate. RAD-243, however, dissociates roughly four timesresu]ts with disopyramide are consistent with such a con-
slower, but appears not to be trapped in the channel. Thglusion (Grant et al,, 1996). We can clearly demonstrate
results with RAD-243 indicate that there are probably twoOPen block of wild-type and mutant sodium channels, but
binding processes for lidocaine and lidocaine derivativesUSe-dependence is lost with the IFM/QQQ mutant. Prior

one that is associated with a tonic component of block an&tudies of inactivation-deficient mutant sodium channels

a second component of slow block that accounts for relaxSU99€st no change in channel activation (Hartmann et al.,

ation of the current during the depolarizing pulses. Thatt994)- Therefore, we cannot make a compelling case for a
hange in activation as a basis for the change in use-

both t f bindi ist h Iso b ted b
o™ ypes of DInCing €xIs: has aso been suggeste ependent block. Our studies suggest that the local anes

experiments in sodium channels with intact inactivation orth ic-cl q b ded i |
chemically modified channels (Gilliam et al., 1989; Ging- elic-class drugs cannot be regarded as a uniform class.

rich et al., 1993). Confirming these results, Starmer et alAIthough they may share common receptors, there may be

L important differences in their access and mode of block at
(1991) demonstrated that both the channel availability an P )
: : : pelr receptor site(s).
current-voltage curves were shifted in a manner consisten
with binding site access controlled by the inactivation volt-
age sensor and the activation voltage sensor (Starmer et aﬁEFERENCES
1991).
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