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ABsTRACT Tetrodotoxin (TTX) block of cardiac sodium channels was studied
in rabbit Purkinje fibers using a two-microelectrode voltage clamp to measure
sodium current. In. decreases with TTX as if one toxin molecule blocks one
channel with a dissociation constant Kp & 1 pM. Kp remains unchanged when
Ina is partially inactivated by steady depolarization. Thus, TTX binding and
channel inactivation are independent at equilibrium. Interactions between toxin
binding and gating were revealed, however, by kinetic behavior that depends
on rates of equilibration. For example, frequent suprathreshold pulses produce
extra use-dependent block beyond the tonic block seen with widely spaced
stimuli. Such lingering afiereffects of depolarization were characterized by
double-pulse experiments. The extra block decays slowly enough (7 = 5 s) to be
easily separated from normal recovery from inactivation (t < 0.2 s at 18°C).
The amount of extra block increases to a saturating level with conditioning
depolarizations that produce inactivation without detectable activation.
Stronger depolarizations that clearly open channels give the same final level of
extra block, but its development includes a fast phase whose voltage- and time-
dependence resemble channel activation. Thus, TTX block and channel gating
are not independent, as believed for nerve. Kinetically, TTX resembles local
anesthetics, but its affinity remains unchanged during maintained depolariza-
tion. On this last point, comparison of our Ina results and earlier upstroke
velocity (Vmax) measurements illustrates how much these approaches can differ.

INTRODUCTION

Progress toward a molecular understanding of sodium channels has been
greatly aided by agents such as tetrodotoxin (TTX) and local anesthetics,
which directly interfere with ion permeation. In nerve and skeletal muscle
where Ina is most easily studied, block of sodium channels by TTX is strikingly
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different from block by local anesthetics. TTX seems to occlude the ion-
selective outer mouth of the Na pore without interacting with the gating
mechanism (see Hille [1970]; Narahashi [1974]; Ulbricht [1977] for reviews).
The neurotoxin has no effect on the time-course of the sodium ionic current
(Takata et al., 1966; Hille, 1968) or the magnitude or time-course of the
sodium channel gating current (Armstrong and Bezanilla, 1974; Neumcke et
al., 1976). Its affinity for the channel is not altered by depolarizations that
partially or fully inactivate gna (Ulbricht and Wagner, 1975; Almers and
Levinson, 1975; Jaimovich et al., 1976). Local anesthetics also appear to
occlude the pore, but unlike TTX they alter gating currents, and their
effectiveness is modified by channel activation or inactivation (Khodorov and
Belyayev, 1967; Strichartz, 1973; Khodorov et al., 1976; Cahalan, 1978; Yeh
and Armstrong, 1978). Inhibition of gna is promoted by steady or repetitive
depolarizations, which are said to produce “voltage-dependent,” “use-depen-
dent,” or “frequency-dependent” block (Strichartz, 1973; Courtney, 1975;
Hille, 1977). These contrasts between actions of TTX and local anesthetics
are consistent with evidence that the drugs bind at different sites along the
ion path (Strichartz, 1973; Hille, 1978; Cahalan and Almers, 1979), blocking
the channel in a noncompetitive manner (Colquhoun et al., 1972; Staiman
and Seeman, 1975; Wagner and Ulbricht, 1976).

In heart, analysis of sodium currents has been more difficult, and the
distinction between effects of TTX and local anesthetics is not at all clear. For
many years now the sodium conductance has been indirectly assessed by
measurements of the maximal rate of action potential depolarization, Vimax
(Weidmann, 19554; Hoffman and Cranefield, 1960). This approach led to
early indications of voltage-dependent and use-dependent effects of local
anesthetics in cardiac preparations (Weidmann, 19556; Johnson and Mec-
Kinnon, 1957; Heistracher, 1971). Because these results have turned out to be
consistent with later analysis in nerve and skeletal muscle, they fit the
conventional view that sodium channels in the heart are much the same as
those in other excitable cells. However, this concept has been challenged by
recent experiments of Baer et al. (1976) and Reuter et al. (1978). Using Viax
measurements in ventricular muscle, they reported that in heart, unlike nerve,
TTX block of sodium channels is both voltage- and use-dependent.

Possible differences between sodium channels in heart and other excitable
tissues are relevant to questions about the basic structure of these channels
and the mode of action of antiarrhythmic drugs. However, the conclusions of
Reuter and his colleagues remain controversial because of limitations of Vmax
as an index of gna, which could, in principle, produce an artifactual voltage
dependence of drug action (Cohen and Strichartz, 1977; Strichartz and
Cohen, 1978). Defenders of the Vimax approach (Hondeghem, 1978; Walton
and Fozzard, 1979) and critics all agree that voltage-clamp measurements are
needed. We have carried out such experiments, using methods recently
developed in this laboratory for studying /na in rabbit Purkinje fibers under
good voltage control (Colatsky and Tsien, 1979; Colatsky, 1980). The robust-
ness of these preparations (1-2 h “lifespan”) enabled us to examine the kinetics
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of TTX block in some detail. We found no steady-state voltage dependence
of TTX block. However, we did observe prominent kinetic effects, including
use dependence, which has components related to Iy, activation and inacti-
vation, Thus, TTX seems to alter channel gating in the heart, but in a
significantly different way than the local anesthetics.

Preliminary reports of some aspects of this work have already been published
(Cohen et al., 1979; Bean et al., 1980).

METHODS

Sodium currents in rabbit Purkinje fiber preparations were studied using a two-
microelectrode voltage clamp, as described previously (Colatsky and Tsien, 1979;
Colatsky, 1980). In each preparation used for an experiment, the adequacy of voltage
control was confirmed by three criteria: (a) rapidly rising and quickly settling voltage
traces, () short capacitative transients (time constants of 0.2-1.3 ms), and (¢) little or
no change in sodium current time-course when current magnitude is changed by
inactivation or by application of TTX (see Fig. 1). Some preparations had longer
capacitative transients, and these invariably showed changes in sodium current time-
course as the current magnitude was changed. The voltage control in these prepara-
tions was assumed to be poor, probably because of partial uncoupling of the cells in
the preparation, and they were used only for exploratory studies.

To achieve good voltage control, currents were kept small, generally <200 nA, by
using solutions of low sodium concentration. To resolve /ns when large concentrations
of TTX were applied, it was necessary to increase the sodium concentration in the
solution; usually, the increase in sodium concentration was chosen to approximately
offset the block by TTX so that the currents were of similar magnitude with and
without TTX. In some cases, it appeared that when the sodium concentration was
raised, Ina increased more than would be predicted by the independence principle,
especially at low (10-40 mM) sodium concentrations. For this reason, experiments in
which the absolute level of block by TTX was of interest were always done with no
change in the sodium concentration, as in experiments shown in Figs. 1 and 2.
Solutions contained concentrations of NaCl and choline-Cl that totalled 150 mM, 4
mM KCI, 1.8 mM CaClg, 0.5 mM MgClz, 3.6 mM MnCl;, 5.0 mM dextrose, and 10
mM HEPES, and were titrated to pH 7.4 with ~4.5 mM NaOH. TTX was obtained
from Calbiochem-Behring Corp., American Hoechst Corp., San Diego, Calif., and
contained ~7 uM citrate/1 uM TTX. 500 uM citrate had no effect on either the
magnitude of /N, or the rate of recovery from inactivation.

Peak Ins was measured as (peak inward current) — (steady-state current). Test-
pulse potentials were usually chosen to be near the peak of the current-voltage (7-V)
relation (—40 to —20 mV with 10-80 mM [Na],) to minimize the effect of any errors
from series resistance or spatial nonuniformity. At these potentials, peak Ina was
generally well-separated from the capacitative transient, but linear capacity currents
were digitally subtracted when necessary. Calcium current and calcium-activated
outward current were inhibited by the Mn in the solution. Leakage current was
always very small relative to /na. Experiments in which large concentrations of TTX
were applied to block Ina confirmed the absence of significant steady-state /na,
justifying the subtraction of steady-state current as a correction for leakage current.

Currents were digitized, recorded, and analyzed on a PDP-8 minicomputer (Digital
Equipment Corp., Maynard, Mass.). The Patternsearch algorithm (see Colquhoun
[1971]) was used to obtain least-squares fits to the dose-response curve and to the
inactivation curves.
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RESULTS

TTX Block in Steady-State

Voltage-clamp experiments allow a direct analysis of TTX block of sodium
channels that can be compared with earlier inferences using maximal upstroke
velocity, Vimax. Fig. 1 illustrates voltage and current records from a short rabbit
Purkinje fiber preparation under a two-microelectrode voltage clamp (Colat-
sky and Tsien, 1979; Colatsky, 1980). The superimposed traces show net
membrane current records evoked by a depolarizing clamp step in the absence
of drug and in the presence of 1 uM and 4 uM TTX. Taking the drug-free
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Ficure 1. Effect of TTX on membrane current. Traces were taken in drug-
free solution, and after >5-min exposure to 1 and 4 uM TTX. Before the
depolarizing step that evoked Ina, the membrane was held for 45 s at =95 mV
where £ = 0.9. During a depolarizing step to — 55 mV, the capacity current
transient had completely decayed at 3.4 ms, the time-to-peak /na at —44 mV.
Preparation C42-1, 10 mM Na,, 18°C.

record as 1, the peak sodium current was reduced to 0.55 by 1 uM TTX and
to 0.17 by 4 pM TTX. These effects were fully reversible: In, recovered to
0.98 of control after a 3-min washout in drug-free solution (trace not shown).
The records are representative of our other experiments in showing that TTX
reduces the amplitude of Ina without significantly affecting its time-course.
This holds true even at TTX concentrations as high as 20 uM (see Fig. 13).
The reversibility of the TTX block, and the stability of the rabbit Purkinje
fiber preparation, made it possible to study effects over a wide range of drug
concentrations during the course of a single experiment. Fig. 2 shows TTX
dose-response curves and is concerned with the possible influence of steady
membrane potential on TTX binding. The upper set of symbols (@) represents
sodium currents evoked from a holding potential (—104 mV) negative enough
to completely remove resting inactivation. The symbols are numbered to
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indicate the sequence of drug concentrations; the point labeled 5 was taken in
the absence of TTX as a check against progressive rundown. The lower set of
symbols () shows peak Ina during the same series of bathing solutions, as
obtained with a less negative holding potential (—89 mV), at which only 0.44
of the channels were available in the absence of drug. Both sets of points are
well-fitted by one-to-one binding curves. This is similar to TTX block of
sodium channels in other excitable membranes, and it is consistent with the
view that a single toxin molecule occludes a single channel (see reviews by

100
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0 0. | 10
[TTX], uM

Ficure 2. Concentration dependence of TTX block at membrane potentials
giving different degrees of sodium channel inactivation. Ins was evoked by a test
puise to —44 mV after 45 s at —104 mV (@) or —89 mV (M). Numbers indi-
cate sequence of solutions. Upper curve is a least-squares fit using the expres-
sion Ina = I na/(1 + [TTX]/KD) where T ny = 98.7 nA, Kp = 0.82 uM. Lower
curve is the same expression, scaled by 0.44 to allow for Ina inactivation.

Preparation C44-1, 10 mM Na,, 18°C.

Hille [1970]; Narahashi [1974]; Ulbricht [1977]; Ritchie and Rogart [1977]).
The point of half-inhibition corresponds to the dissociation constant, Kp, of
the toxin-receptor complex. A value of 0.82 uM was used in the least-squares
fit to the data in this experiment; the results in Fig. 1 correspond to a Kp of
1.16 uM. These results are typical of a total of 12 preparations where single or
multiple toxin concentrations were studied at constant external sodium (values
for Kp averaged 0.76 uM). Our estimates of TTX binding from voltage- clamp
measurements of Iy, are in qualltatlvc agreement with earlier results using
Vmax, which suggested that, in comparison with sodium channels of most
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nerve and skeletal muscle membranes, sodium channels of mammalian heart
are several orders of magnitude less sensitive to TTX (Dudel et al., 1967; Sano
et al.,, 1968; Yanaga and Holland, 1970; Carmeliet and Vereecke, 1969;
Scholz, 1969; Baer et al., 1976; Coraboeuf et al., 1979).

Perhaps the most interesting aspect of Fig. 2 is the issue of possible
interaction between TTX block and sodium channel inactivation. This was
prompted by the work of Baer et al. (1976), who measured Vpax in guinea pig
ventricular muscle. They found that an 18-mV depolarization, which reduced
Vmax by 35% in the absence of TTX, lowered the concentration needed for
half-maximal inhibition from 14 to 1.2 uM. By way of contrast, both sets of
symbols in Fig. 2 are well-fit by smooth curves drawn for the same value of
Kp. In our voltage-clamp experiments, the binding of TTX seems to be more
or less unaffected by steady membrane potential or maintained sodium
inactivation. Put in a different way, the degree of inactivation at =89 mV—
given by the percentage reduction between upper and lower symbols—seems
to be the same regardless of the TTX concentration.

This conclusion was supported by experiments studying steady-state inac-
tivation over a range of potentials in the absence and presence of TTX. In
these experiments, resolution of Ina. was maintained by offsetting the effects of
toxin with a compensatory increase in Na, (see Methods). Fig. 3 shows results
from runs in O mM TTX, 10 mM Na,, and 2 uM TTX, 20 mM Na,. After
the membrane had been held for >15 s at various potentials between —110
and —70 mV (abscissa), Ina was evoked by a step to a test potential at the
peak of the I-V curve in each solution. In the absence of toxin (O), the sodium
current magnitude (ordinate) shows the usual sigmoid dependence on prepo-
tential level (abscissa). This relationship seems to be unaffected by TTX: least-
squares fits (smooth curves) give practically identical values for the midpoint
voltage Vh with and without toxin (arrows). The voltage parameter k, which
determines the steepness of the sigmoid curve, was also virtually unchanged.

By using increases in Na, to compensate for TTX block, we were able to
determine /na availability curves in the presence of very high toxin concentra-
tions. As Table I indicates, very little change in ¥}, was observed even with 20
uM TTX; the average change in V}, in three experiments of this type was only
—2.3 mV. It made little difference whether the effect of the toxin on the
absolute size of Ina was left uncompensated (Fig. 2) or overcompensated with
Na,, as in Fig. 3.

These results are consistent in failing to show significant interaction between
TTX block and sodium inactivation under steady-state conditions. A slight
interaction cannot be excluded, but there was no sign of a prominent decrease
in Kp with depolarization (Baer et al., 1976) or a pronounced hyperpolarizing
shift in PV, with toxin (Reuter et al., 1978). A similar conclusion was reached
in a study of TTX-sensitive background currents in dog Purkinje fibers by
Colatsky and Gadsby (1980). In their voltage-clamp experiments, the response
to toxin was fitted by one-to-one binding curves with Kp = 1.2 uyM TTX; the
sensitivity to TTX was, if anything, slightly decreased by depolarization.

The discrepancy between our results and those of Baer et al. (1976) is
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interesting because it would be expected if Vimax were a nonlinear index of
cardiac sodium conductance (see Introduction). Direct comparisons between
measurements of Vinax and Ins are obvxously desirable. Under the experimental
conditions of Baer et al.——guinea pig papillary muscle near 37°C—reliable
voltage-clamp recordings of Ina are not yet possible. On the other hand, action
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Ficure 3. Voltage-dependence of Ina availability with and without 2 yM
TTX. Ina availability was measured with a constant test pulse after a 15-18-s
period during which the holding potential, Vu, was set to the value indicated.
The test pulse was chosen to be at the peak of the I-V relation in each case, at
—40 mV in the absence of drug (Na, = 10 mM) and at =30 mV in TTX (Na,
= 20 mM). Note that the changes in Na, and test potential overcompensate for
the block by TTX. Smooth curves are least-squares fits to the data using the
expression and parameters given in Table I. Arows indicate the midpoints of
the theoretical curves. Preparation C33-1, 18°C.

potential upstrokes can be recorded in rabbit Purkinje fibers over a wide range
of temperature, so it is rclatively straightforward to ask whether Vmax is
proportional to available gn, in our preparations. Taking this approach, we
have found that Vpay is much less sensitive than Ina to block by TTX (C. J.
Cohen et al., 1981), or to inactivation by steady depolarization (C. J. Cohen,
B. P. Bean, and R. W. Tsien, unpublished data). Thus, Ve is a nonlmear
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measure of available sodium conductance in rabbit Purkinje fibers, much the
same as in nerve (Ulbricht and Wagner, 1975) or skeletal muscle (Colquhoun
et al., 1974; Pappone, 1980), as might be expected from theoretical arguments
(Hunter et al., 1975; Khodorov and Timin, 1975; Cohen and Strichartz, 1977;
Strichartz and Cohen, 1978; I. S. Cohen et al., 1981). Questions about the
relationship between Viax and available sodium conductance in other cardiac
preparations must await suitable voltage-clamp experiments.

Use-dependent Block

Use-dependent or frequency-dependent block is another aspect of TTX action
that was first suggested by V. measurements (Robinson and Sleator, 1977;
Reuter et al., 1978; Mary-Rabine et al., 1979). In this case, we were able to

TABLE 1

VOLTAGE DEPENDENCE OF In, AVAILABILITY WITH AND
WITHOUT TTX

Experiment [TTX] [Na]o Tmax 3 Vi AV,

(uM) (mAM) (nd) (mV) (mV) (mV)

C33-1 0 10 86.6 €32 844 _

2 20 142.5 459  —846 -

C49-1 0 10 53.9 478 -820
20 60 122.6 481 —87.1 >

C50-2 0 10 58.0 479  -848 -
20 40 149 562  —865 ‘

The dependence of test-pulse /na on holding potential was fit by Zmax/(1 + exp[Fu
= Val/k) using a least-squares method which allowed Imax, Vi, and & to all vary.
Holding potentials were established long enough (>2 s without TTX; >15 s with
TTX) to reach a steady state.

confirm the earlier results under voltage-clamp conditions. Fig. 4 illustrates
how TTX block can be dramatically enhanced by repeated depolarizations.
Trains of 50-ms pulses to —40 mV were applied at 2.5 Hz after a long rest
period. In the absence of drug, /na changes very little from pulse to pulse (Fig.
4C). The 1st and 10th sodium currents are almost exactly superimposable
(Fig. 4 4), as expected if repriming of sodium channels reaches completion
during the 350-ms intervals between successive pulses (see Colatsky [1980];
and below). In the presence of 2 uM TTX (with Na, raised to maintain /Ina),
the same pattern of depolarizations results in a prominent decline in the
amplitude of /n, from one pulse to the next (Fig. 48 and C). After 10-15
pulses, the decline levels off with Ins at 0.55 of its amplitude during the first
pulse after the long rest period. Similar effects of repetitive depolarizations
were observed in other experiments.

Use-dependent block of sodium channels in the heart is not new. It has
been known for some time that local anesthetics such as quinidine or lidocaine
show such behavior (see, for example, Johnson and McKinnon [1957}; Heis-



CoHeN eT AL. Tetrodotoxin Block of Na Channels in Rabbit Purkinje Fibers 391

tracher [1971]; Chen et al. [1975]), but the use dependence is generally
thought to be accompanied by substantial shifts in the voltage dependence of
channel availability (see Weidmann [19556]; Hondeghem and Katzung
[1977]; Hille, [1978]). Previous studies have relied on Vpax, but recent voltage-
clamp experiments also show shifts with quinidine or lidocaine (Brown et al.,
1980; Bean et al., 1981). The action of TTX on rabbit Purkinje fibers is
particularly intriguing because use-dependent effects (Fig. 4) appear divorced
from steady-state effects (Figs. 2 and 3). As a phenomenon, TTX block of

A no drug B TTX 2uM
o] —— —

nA l:

-850

-46
mv 9| [ ___[ __/_

—
10 ms

no drug
o 0B F
~
06 F TTX
04 L L 1 1 A 1 1 A 1 J
] 2 4 3] 8

t(s)
Ficure 4. Use-dependent effect of TTX. Membrane currents during trains of
50-ms pulses from —91 to —46 mV at 2.5 Hz afier a rest period of 11 s. (A)
Records taken with no TTX, 20 mM Na,, during pulses 1 and 10 of the train.
(B) Records in 2 uM TTX, 35 mM Na,, during pulses 1, 2, 4, 8, and 16. (C)
sodium current amplitudes from the same runs, plotted as a fraction of the first
Ing of each train. Preparation T92-1, 18°C.

these cardiac sodium channels seems to be an intermediate case between TTX
block in nerve (neither use dependence nor steady voltage dependence) and
local anesthetic block in both nerve and heart (both use dependence and
steady voltage dependence).

Extra Block as an Aftereffect of Depolarization

The rest of this paper is aimed at understanding the kinetic basis of the use-
dependent TTX block. In earlier studies of use-dependent block produced by
local anesthetics, most investigators relied on the application of long trains of
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pulses—often as a means of accentuating the relatively small aftereffects left
by individual pulses. This approach is not necessary in the present case
because the aftereffect of even a single pulse can be quite large. For quanti-
tative analysis, we found it more convenient to use a simple two-pulse
procedure (Hodgkin and Huxley, 1952; Khodorov et al., 1976). The idea was
to see how the first depolarization (“conditioning pulse;” level, V.; duration,
tc) influenced the sodium current evoked by a second depolarization (“test
pulse;” level, Vt). The conditioning and test pulses are separated by a variable
interval (level, Vp; duration, tp). To emphasize relative changes in the size of
Ina, results will often be presented as the ratio Ina(test)/Ina (conditioning),
abbreviated I;/I.. Care was taken to leave an ample quiescent period before
each pulse pair to allow aftereffects of earlier pulse pairs to subside completely.

Fig. 5 shows how TTX influences the recovery of sodium current after a 5-
s conditioning pulse. In each run, /n, is normalized to its value after a long
rest interval to emphasize relative recovery instead of tonic block. In the
absence of toxin (Fig. 54, O), the test sodium current recovers more or less
exponentially as the interval between pulses is prolonged. The time constant
of repriming, 7. = 140 ms, fits with earlier analysis of recovery from sodium
inactivation after brief pulses (Colatsky, 1980). Even after the 5-s pulse used
here, there is no indication of slow recovery from inactivation like that found
in nerve (see Meves [1978] for a review) or skeletal muscle (Schwarz et al.,
1977; Harvey et al., 1979). TTX affects the recovery in a dose-dependent
manner. In 1 pM TTX, ~60% of the sodium current reprimes with the same
exponential time-course as in the absence of the drug, but recovery of the
remaining 40% barely begins within a period of 1 s. When the TTX concen-
tration is increased to 10 uM (with a simultaneous increase in Na, to preserve
resolution of Ina), the slowly recovering component grows to ~80%. Fig. 5 B
plots the data in Fig. 54 and additional points from the same experiment to
show the complete time-course of recovery. In both 1 and 10 uM TTX, the
slow-recovery phase shows an exponential time-course with a time constant of
4-5 s. Because this time constant is more than an order of magnitude greater
than 7, there is no difficulty in dividing the sodium channels into two groups:
channels undergoing normal recovery from inactivation, and channels show-
ing slow recovery from the extra block resulting from the conditioning
depolarization. It is the accumulation of this extra block that gives rise to use
dependence during repeated depolarizations.

The extent of extra block is not only dependent on the toxin concentration,
but also on the duration of the conditioning pulse. Fig. 6 shows results from
another experiment in which the dose of TTX was kept at 10 uM. A 5-s
conditioning pulse (A) leaves behind a large amount of extra block; the
magnitude and time-course of this slow component are in good agreement
with the results in Fig. 5 B. Prolonging the conditioning pulse from 5 to 15 s
produces no change in the amount of extra block or its time-course of decay.
Abbreviating the conditioning pulse to 0.3 s reduces the degree of extra block,
but once again, the time-course of recovery remains unchanged. In another
experiment, nearly equal recovery time constants were obtained after condi-
tioning pulses lasting 50 ms and 5 s.
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Figure 5. Effect of TTX on Ina repriming as studied by a two-pulse procedure.
Results plotted on expanded (4) and slow (B) time bases. Sodium currents were
evoked by a test pulse at a varying interval (¢) after a 5-s conditioning pulse.
Sodium current during the test depolarization (/i) was normalized by In. during
the immediately preceding conditioning pulse (Z.). Records taken during con-
secutive runs at 0 TTX, 10 mM Na, (O); 1 uM TTX, 10 mM Na, (l); and 10
puM TTX, 80 mM Na, (A). Preparation C43-1, 18°C.

Voltage Dependence of Extra Block

Figs. 5 and 6 describe how extra block develops as a function of toxin
concentration and time, respectively. In both instances, we found a wide
disparity between the time constants for recovery from normal inactivation
and removal of extra block. An interpulse interval of 0.5 or | s allowed
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removal of normal inactivation to approach steady-state, but produced rela-
tively little recovery from extra block. In Fig. 7 we use this approach to
characterize the voltage-dependent development of extra block. 5-s condition-
ing pulses to various potential levels were imposed from a holding potential of
—97 mV. The aftereffects of these pulses were assessed after a 0.5-s interval by
measuring /n. (A) during a test depolarization to —35 mV. The results show
that substantial persistent block can be produced by long-lasting depolariza-
tions to levels that do not elicit significant Ina (<—50 mV in this experiment).
The voltage-dependence seen with 5-s pulses is rather similar to the voltage-
dependence of steady-state channel availability in the presence of TTX, as
determined in the same experiment (circles). With respect to voltage depen-

10aM TTX

(

c.8
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—
-

—
(2]

0.4

0.2

|4

Figure 6. Slow recovery of In, in 10 pM TTX after conditioning pulses lasting
0.3s (), 5s (&), or 15 s (O). Smooth curves are exponentials fitted by eye. 7
= 4.95 s. Preparation C4-7, 1535 mM Na,, 16°C.

dence, the extra block with TTX resembiles the extra block seen with procaine
or trimecaine in frog node by Khodorov et al. (1976), who refer to the
phenomenon as “slow sodium inactivation.”

Reconciling Steady-State and Time-dependent Aspects of TTX Block

It is important to distinguish between steady-state and kinetic effects in
interpreting the results up to this point. Under the steady-state conditions
studied in Figs. 2 and 3, tonic TTX block seems to be virtually independent
of voltage. However, under conditions that are definitely not steady-state, as
in Fig. 7, there appears an extra component of block that shows a marked
voltage dependence. Because this combination of phenomena is novel for a
channel-blocking molecule, it may be helpful to present a simple kinetic
interpretation which shows how the various findings can be reconciled. In this
scheme (Fig. 8, top), channels undergo transitions between resting (R) and
inactivated (I) states. Opening of channels, although not explicitly considered,
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can be used to assess those channels available in the R state. The rate constants
between R and I are the conventional Hodgkin-Huxley parameters an and
Bn, that determine h, [ho = an/(an + Bn)], the fractional availability of
channels in the absence of toxin. Both R and I can take on toxin (T) with the
same equilibrium dissociation constant, Kp (where T/Kp = k/¢). However,
there is an w-fold ratio between the rates at which the binding reactions
approach equilibrium. k and Zare assumed to be independent of voltage. The
toxin-blocked states RT and IT are connected by rate constants similar in
voltage dependence to an and B, but scaled »-fold.

Set up in this way, the scheme conforms to the observation that toxin-
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Ficure 7. The voltage dependence of extra block compared with the voltage
dependence of channel availability. A, peak test currents after 5-s conditioning
pulses to V. and a 0.5-s return to =97 mV. O, availability curve, with holding
potentials established for at least 15 s before the test pulse. All currents are
normalized with respect to peak test current with Vg = —97 mV. Both protocols
performed with 10 uM TTX, 20 mM Na,. Preparation C55-3, 17°C.

binding and steady-state inactivation appear independent, and also satisfies
the presumption of microscopic reversibility. It is similar (and different) from
the modulated receptor hypothesis for local anesthetics (Hille, 1977; Hon-
deghem and Katzung, 1977) in that the state of the channel affects the speed
of toxin binding (but not the affinity), and that block by toxin influences
speed of inactivation and repriming (but not the degree of inactivation and
repriming).

Kinetic aspects of TTX block can be qualitatively explained within this
framework. The existence of a slowly repriming fraction indicates that TTX-
blocked channels reprime much more slowly than unblocked channels (that
is, ¥ < 1). The role of extra block can be assigned to the state IT: this takes
into account observations that the extra block is increased by raising toxin
concentration or by depolarizations that inactivate the channels.
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Ficure 8. A simple scheme for reconciling steady-state and kinetic aspects of
TTX biock. Extra block is accounted for as a long-lasting perturbation away
from the equilibrium distribution among channel states. In the upper panel, £
and ¢ are forward and backward rate coefficients in units of s™*, and w and » are
dimensionless coefficients which determine the relative speed of reactions. The
model assumes that toxin binding and inactivation are independent at equilib-
rium because no such interaction could be detected experimentally (cf. Reuter
et al. [1978], p. 138 and Hille [1978], Fig. 11). In the lower panels, the fractional
occupancy is indicated at the beginning and end of a long depolarization (4
and B, respectively), and at the end of a brief repolarization (C). The relative
speed of reactions is indicated schematically by the thickness of the arrows. The
corresponding two-pulse voltage-clamp protocol and the relative Ins elicited by
these pulses are schematically indicated at the bottom. The time at which panels
A, B, or C occur is indicated on the voltage trace. For further details, see text.
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The lower panels of Fig. 8 give a specific example of how extra block could
occur during a two-pulse experment. For numerical simplicity, we treat a
limiting case where » = 0, w > 1, and T/Kp = 9. Fig. 84 shows the
equilibrium distribution of channels at a potential where inactivation is
completely removed: 0.1 of the channels are in R and 0.9 are in RT. Fig. 8 B
shows the expected distribution after a long depolarization to a potential
where inactivation is complete: channels reach equilibrium with 0.1 in I and
0.9 in IT. There is no net binding or unbinding of toxin by the end of the
depolarization, because 0.9 of the channels are toxin bound at A or B, but
channels originally in state RT must sequentially unbind and then rebind
toxin to reach IT. Fig. 8 C illustrates the effect of following the depolarization
with a 1-s repolarization. This is long enough for toxin-free channels to
completely recover from inactivation and, with w > 1, it is long enough for
the R to RT transition to nearly reach equilibrium while allowing only
negligible conversion of IT to I. Thus, to a first approximation, channels that
are in I at the beginning of the repolarization distribute to equilibrium
between R and RT, whereas channels in IT do not reprime at all. This
approximation therefore predicts that at the end of the 1-s repolarization,
there will be 0.01 channels in R, 0.09 in RT, and 0.9 in IT. The extra block
induced by the conditioning pulse has reduced the test pulse current to 10%
of the conditioning pulse current, which already was only 10% of the current
with no toxin present.

The kinetic scheme shown in Fig. 8 is intended to serve only as a framework
for understanding the basic results of the experiments showing extra block.
Although it is too simple to account for all aspects of the results (see
Discussion), the scheme makes several testable predictions about the kinetics
of development and removal of extra block. First, the model predicts that the
rate of recovery from extra block will be rather insensitive to toxin concentra-
tion, because the slowest step in the recovery pathway is IT — I, and this will
not change with toxin concentration. Second, the model likewise predicts that
the rate of recovery will not depend strongly on the membrane potential,
because IT — 1 is postulated to be voltage independent. Third, the rate of
development of extra block will be strongly dependent on the free toxin
concentration, because the rate-limiting step is postulated to be the binding
of toxin to I to form IT.

We performed experiments designed to test each of these predictions.
Evidence has already been presented showing that the rate of recovery from
extra block is more or less independent of toxin concentration: the experiment
in Fig. 5 was performed specifically to test this prediction and, as already
noted, the time-course of recovery from extra block was very similar in 1 and

10 uM TTX.
Recovery at Different Membrane Potentials

Fig. 9 shows the results of an experiment that tested whether the rate of
recovery from extra block is dependent on membrane potential. With 10 uM
0TTX, asaturating degree of extra block was produced with a 5-s conditioning
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pulse and the time-course of recovery was followed by varying the interval
between pulses, as in Figs. 5 and 6. The procedure was repeated using three
different membrane potentials during the interpulse interval: —84, —94, and
—104 mV. Over this 20-mV range, the rate of recovery from inactivation in
the absence of TTX usually increased more than fivefold. In contrast, the
time-course of recovery from extra block does not show a similar pattern of
voltage dependence over these potentials. This result is consistent with the
idea that dissociation of toxin could be the slowest step in the recovery from
extra block.
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Ficure 9. Recovery from extra block at three membrane potentials over the
range where steady-state inactivation is steeply voltage dependent. Relative
peak test pulse current is plotted as a function of the recovery interval. Test
pulse currents are normalized with respect to the largest currents obtained at
each recovery potential (¢, = 30 s for ¥, = —84 and —104 mV; t, = 25 s for V,
= —~94 mV). Preparation C34-3, 10 pM TTX, 80 mM Na,, 17°C.

Toxin Dependence of the Rate of Onset of the Extra Block

Fig. 10 shows the results of an experiment intended to test whether the
development of extra block is faster in higher toxin concentrations. The
development of extra block in 1 and 10 uM TTX was followed by varying the
conditioning pulse duration in a standard two-pulse protocol. Fig. 10 shows
that the development of extra block is faster and more complete in 10 uM
TTX, as predicted by the kinetic scheme in Fig. 8. However, the most striking
feature of Fig. 10 is the unexpected presence of two distinct phases in the
development of extra block: a very fast phase, which produces a significant
amount of extra block in 10 ms (the earliest points in Fig. 10), and a much
slower phase, which is well-described by an exponential decay to an asymptote.
The extra block develops more quickly as the TTX concentration is increased
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because the effect at 10 ms is larger and the subsequent exponential onset is
faster. The time constant of the exponential phase is 3.2 s in 1 pM and 0.81 s
in 10 pM TTX. This change in time constant, and the change seen in two
other similar experiments, is quantitatively consistent with the idea that the
rate-limiting step in the slow phase is the binding of free toxin to the channel,
as in the kinetic scheme in Fig. 8. However, it should be noted that the
asymptotic values of extra block achieved in 1 and 10 uM TTX do not differ
by as much as would be predicted by the simple scheme in Fig. 8. High doses
of TTX do not produce as much extra block as predicted by that model. The
change in [Na], cannot account for this result, because TTX block has little
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Ficure 10. Fast and slow components in the development of extra block in 1
and 10 uM TTX. Peak test pulse currents (/;) are normalized with respect to
the peak conditioning pulse current (/) and plotted as a function of the
conditioning pulse duration. An increase of [Na}, from 20 to 60 mM accompa-
nied the increase in TTX concentration. Preparation C47-1, 19°C.

or no dependence on [Na], (Bean et al., 19814). Similar discrepancies were
seen in two other experiments in which the amount of extra block produced
by high and low doses of TTX was compared. This point is considered in the
Discussion, where more complete kinetic models are considered. A second
feature of Fig. 10 that does not fit with the simple scheme is the existence of
the fast phase. It will be shown in the following sections that this phase
appears to be linked with the activation of channels during the conditioning
pulse, which is not explicitly included in the scheme in Fig. 8.

Time-Course and Voltage Dependence of the Fast Phase

Fig. 11 shows the time-course of development of the extra block in 10 uM
TTX as in Fig. 10, but in a different fiber and with focus now on the first 50
ms. On this expanded time scale, the slow phase of extra block is barely
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evident, but the development of the fast phase can be seen to extend over the
first 10 ms of the conditioning pulse. The main purpose of this experiment is
to show the similarity between the onset of the fast phase (O) and channel
activation during the conditioning pulse (A). The conditioning pulse was
deliberately set at a rather negative potential (~38 mV) to slow In.. Channel
activation— or, more strictly speaking, channel openness—was assessed by
taking the integral of the sodium permeability during the conditioning pulse,
normalizing it, and plotting it on a downward scale (right ordinate). The
integral measures the degree to which channels have dwelt in the open state
during the conditioning procedure. The results show that the fast phase has
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Ficure 11. Development of extra block with short conditioning pulses. Test
currents, I (left ordinate, O), are compared with the time intergrals of sodium
permeability associated with conditioning pulses, (right ordinate, A). The
baseline for integration was the steady holding current at —76 mV; the integra-
tions included the on and off current transients to give cancellation of on and
off capacitative currents and to include tail currents in the integration. No
allowance was made for the different driving force during the tail currents,
which were very brief. Preparation C37-1. 10 uyM TTX, 80 mM Na,, 19°C.

a sigmoid onset, rather similar to that of channel openness. The fast phase
and the build-up of the integral both reach completion at ~10-15 ms. At
intermediate conditioning pulse durations (5 ms), extra block slightly precedes
channel openness. The overall similarity suggests that the rate at which
channels become slowly repriming might be related to the fraction of sodium
channels that are activated. The next experiment tested whether the voltage
dependence of the fast phase was consistent with such a link.

In Fig. 12, the voltage dependence of channel opening during a 20-ms
conditioning pulse and the amount of extra block that is produced by the
pulse are compared. The occupancy of the open state was measured by taking
the time integral of Pna. Activation of channels and the fast phase of extra
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block both depend very steeply on membrane potential in the range from —50
to —30 mV. The two are not correlated perfectly; the voltage dependence of
persistent block is ~5 mV negative to the voltage dependence of the time-
integral of Pna. However, the overall similarity of the curves reinforces the
conclusion that the fast phase is linked in some way with the activation of
channels.

DISCUSSION

These experiments show that TTX block of cardiac sodium channels is
significantly different than expected from previous measurements of Vmax in

-
t_o
O e e e ———————————— 50
o
60+ o ~
o A
as J fPNod'v
N 0.5 Conditioning
CQO N Pulse
40 © (a)
o, & &
»——————-—-——__———_.—-_——_O—CA)_—G__O-_ |
B Ve A
-30
20+  -95— ———//—l
—20mMs —pt—— 1§ — &
0 1 1 1 i 1 1 1 L 1 —J
-100 -80 -60 -40 -20 ¢]
Ve, MV

Figure 12. Voltage dependence of sodium current activation and the fast
phase of extra block. The baseline for integrating the conditioning pulse sodium
current was the value of current at the end of the depolarization, by which time
inactivation was complete. The Goldman-Hodgkin-Katz equation was used to
convert currents to permeabilities (see Colatsky [1980]). Preparation C34-3, 10
M TTX, 80 mM Na,, 17°C.

heart or Ina in nerve or skeletal muscle. In contrast to inferences from Viax
(Baer et al., 1976), our voltage-clamp experiments suggest that TTX and
steady depolarization act independently in reducing the number of available
sodium channels. Unlike nerve (e.g., Courtney [1974]; Gage et al. [1976]),
rabbit Purkinje fibers respond to TTX with striking changes in sodium
channel kinetics: depolarizing pulses leave aftereffects on channel availability
lasting ~100 times longer than normal inactivation (see also Robinson and
Sleator [1977]; Reuter et al. [1978); Mary-Rabine et al. [1979)).

The lack of voltage dependence of steady-state block (Figs. 2 and 3) implies
that resting and inactivated channels bind toxin with virtually the same



402 THE JOURNAL OF GENERAL PHYSIOLOGY :+ VOLUME 78 - 1981

affinity and that the steady-state voltage dependence of inactivation is un-
changed by the binding of toxin. On the other hand, the slow component of
repriming in the presence of toxin (Figs. 5, 6, and 9) indicates that toxin-
blocked channels move between resting and inactivated states at much slower
rates than toxin-free channels. Thus, although channel gating need not alter
the affinity of the channel for TTX, TTX binding influences the kinetics of
channel gating. In this respect, sodium channels in mammalian heart may be
fundamentally different from those in nerve, where toxin block and channel
gating seem independent.

It is interesting to compare TTX with local anesthetics such as quinidine or
lidocaine, which are often used clinically as antiarrhythmic drugs. Even
though TTX and tertiary amine anesthetics have very different structures and
presumably act at separate sites within the channel, they can produce similar
effects on the history dependence of Ina. This is seen rather clearly during
repetitive depolarizations that elicit significant Ina as “frequency-dependent”
or “use-dependent” block. We relied on the more general term “extra block”
in most of this paper because it encompasses prolonged aftereffects produced
by a single, weak depolarization that fails to activate significant Ina, as well
as multiple depolarizations that clearly open channels. Indeed, one of the
main conclusions of the paper, obtained by varying the level and duration of
conditioning pulses, is that extra block can develop in two ways: rapidly, in
association with channel activation, or slowly, in association with channel
inactivation. There are reasons for thinking that, whichever way it is produced,
extra block seems to reflect the same slowly decaying state(s) of the channel.
First, the decay of extra block has the same time constant after a brief
depolarization or a long-lasting one (p. 392). Second, a saturating degree of
extra block can be produced by a long pulse to —60 mV; although stronger
depolarizations evoke clear surges of sodium current, and extra block related
to activation, the final degree of block is no greater (Fig. 7).

Is Rapidly Developing Extra Block a Result of TTX Binding to Open Channels?

Fast drug binding to open sodium channels must be considered as a possible
explanation for rapidly developing extra block. This kind of mechanism has
received considerable experimental support in the cases of local anesthetic
block of excitable sodium channels (Strichartz, 1973; Courtney, 1975; Hille,
1977) as well as acetylcholine-activated channels (Adams, 1976; Ruff, 1977;
Neher and Steinbach, 1978). If applicable to TTX and sodium channels in
heart, it could explain why rapidly developing extra block and channel
activation are closely correlated in their time and voltage dependence.

Some of the difficulties with this type of explanation are illustrated in Fig.
13, using a basic kinetic framework proposed by Hille (1977) and Hondeghem
and Katzung (1977) for local anesthetics. The model (Fig. 134) adds two
activated states, A (conducting) and AT (blocked), to the resting and inacti-
vated states of Fig. 8. In our considerations, rate constants are chosen within
the constraints of microscopic reversibility, on the assumption that endless
circulation around loops does not occur (see Hondeghem and Katzung [1977],
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Ficure 13. (A) Kinetic model for explaining the fast component of extra block
in terms of rapid toxin binding to open channels. The model postulates that
resting (R), activated (A), and inactivated (I) channels equilibrate with TTX at
different speeds, and that bound toxin also affects speeds of gating reactions.
Rate constants between R, A, and I were chosen to give a fairly realistic
representation of sodium current in the absence of TTX (B, trace labeled no
drug). Thus, in units of S_l, KRA = 495, KAR = 5, KAl = 199.8, KA = 0.198, KRI =
199.8, and kir = 0.002. The remaining rate constants were adjusted to fit the
family of data in Fig. 6 for 10 uM TTX. Onset and removal of extra block are
governed by xr.ir = k = 1.53 57}, and xrr1 = ¢ = 0.17 s7. Rates of toxin
equilibration with R and A were speeded 60-fold and 200-fold, respectively. The
factor of 200 was chosen to give a realistic amount of rapidly developing extra
block; the factor of 60 was adjusted to give an almost monotonic recovery from
extra block similar to that observed experimentally. Speeds of gating reactions
among toxin-bound states were as follows: Transitions indicated by dashed lines
were slowed 1,000-fold relative to corresponding reactions in the absence of
toxin. The reaction between AT and IT was speeded 10-fold relative to the
reaction between A and 1. (B), calculated time-course of In, in the absence and
presence of 10 pM toxin, using the parameters given in A, Vertical ordinates
give sodium current as fraction of gna. (C) experimental records of total
membrane current in 0 TTX, 10 mM Na, and 20 uM TTX, 40 mM Na, evoked
by a depolarizing step from —92 mV to —28 mV. Same vertical scale for both
traces. There is a small increase in time-to-peak current in 20 uM TTX which
was not consistently seen (cf. Fig. 1). Note that in TTX, /na decays no more
rapidly and no less completely than in the absence of drug. Preparation C50-2,
17°C.
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for a treatment that does not make this assumption). As in the four-state
model, the state IT takes the role of the slowly recovering state, and recovery
from block is attributed to the path IT — I — R. During a strong depolari-
zation from a very negative holding potential, channels must transfer from
the states R and RT to IT, as in Fig. 8. The fast phase of transfer cannot be
RT — AT — IT, because this would not allow a sufficiently large amount of
slowly developing extra block. Consequently, the transitions of toxin-bound
channels from resting (RT) to either activated (AT) or inactivated (IT) states
are taken to occur at extremely slow rates, as if the toxin molecule raised the
activation energy barrier for these transitions. This is indicated by the dashed
arrows in the figure. The two alternative pathways for the development of
block are then

R > A > [ R———A

T and T

v

RT IT RT AT —— IT.

The pathway on the left is slow and associated with inactivation; that on the
right is rapid and associated with activation. The latter pathway requires that
TTX bind much more rapidly to activated channels than to either resting or
inactivated channels, and also that AT — IT be faster than A — 1. The
parameter values indicated in Fig. 134 were chosen to satisfy these require-
ments and to fit the results in Fig. 6.

Set up in this way, the model predicts that TTX should alter the time-
course of Ina, much the same as those local anesthetics or other channel
blockers that change the time-course of currents in other excitable membranes
(Armstrong, 1969; Beam, 1976; Cahalan, 1978; Yeh and Narahashi, 1977).
Fig. 13 B shows calculations of normalized /na in 0 and 10 pM TTX. In the
presence of toxin, the calculated decay is no longer a single exponential, but
shows an initial decay that is faster than normal inactivation and a slower
second component. The fast early decay arises because open channels can
undergo not only inactivation (A — I) but also block (A — AT). The slower
component arises because dissociation of toxin from RT provides a fresh
supply of channels in R that can open and generate sodium current until RT
is exhausted.

Unfortunately, these theoretical predictions are not borne out experimen-
tally. Fig. 1 showed that the time-course of sodium current was not signifi-
cantly changed by | or 4 uM TTX. We tested this point more rigorously by
using very high T'TX concentrations, increasing the external sodium concen-
tration to compensate for tonic block. Fig. 13 C shows that the decay phase is
unaltered even by 20 uM TTX. Both records show the same monoexponential
decay (14 = 4.3 ms). Closer examination of the data in TTX, out to the end
of the 50-ms depolarization (not shown), failed to reveal a second exponential
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component. These experimental results raise the question of how much leeway
there is in the predictions of the model. The speeding of Ina decay would not
be seen if A — AT were negligible, but this would not allow enough rapidly
developing block (25-40% in 20 ms in Figs. 11 and 12). Alternatively, the
speeding of Ina decay would not be evident if A & AT were to reach
equilibrium during the rising phase of Ina. However, this would require a
binding rate coefficient of the order of 10° M™'s™! at least an order of
magnitude faster than found for channel blocking drugs in other systems.
Turning to the matter of the second exponential component, the constraints
are even more severe. The slow component would become small enough to
escape notice if RT — R equilibrated very slowly (e.g., 7 ~100 ms), but this
would restrict the amount of rapidly developing extra block to less than the
fraction initially in R. For 10 pM TTX, this limit would be 10%, far less than
the 25-40% found in Figs. 11 and 12. Alternatively, if RT — R were very fast,
the slow component would be abolished, but there could be little tonic block
because channels in RT would be part of the pool available for activation.

These kinetic considerations, and difficulties of explaining how the saturat-
ing level of extra block varies with toxin concentration (p. 399), led us to
consider a very different kind of model.

Rapidly Developing Extra Block as a Transition between Toxin-bound States

Fig. 14 shows a kinetic medel that can account for all of the experimental
observations. There are two new features. First, the normal sodium channel
has two inactivated states, I1 and 12, as seems to be the case in nerve (Chiu,
1977; Armstrong and Bezanilla, 1977; see also Nonner [1980]). I1 and I2 are
not strictly sequential (cf. Chiu, 1977) but can be reached via alternate
branches from a common fork (see Armstrong and Bezanilla [1977]). Here,
the fork is assumed to occur at state A. Second, the fast phase of extra block
is attributed to interconversion between toxin-bound states, rather than to the
binding of free toxin to open channels, as considered above. However, the
basic principle is still that introduced in Fig. 8: extra block is accounted for by
a toxin-bound inactivated state, I2T. As in the simpler kinetic schemes, TTX
binds to all states of the channel with the same affinity, but not at the same
rate. In this case, we postulate that the toxin equilibrates with 12 much more
slowly (seconds) than with R, A, or Il (within hundreds of milliseconds).
Communication with I2T is further limited by the absence of the transitions
RT & I2T and I2T & IIT, as if bound toxin greatly raised the activation
energy for these reactions. All other transitions between toxin-bound states
are assumed to be unaffected by the presence of bound TTX. Thus, 12T is
assigned the role of the slowly recovering state.

The behavior of the model is illustrated in Fig. 14b-d. In a high TTX
concentration, starting at a strongly negative resting potential, channels are
distributed between R and RT, with most in RT. Fig. 145 shows how extra
block develops for a weak depolarization. Channels in RT lose toxin to form
R, and inactivate to form I2. They can then bind toxin to form 12T, or they
can convert to Il and then bind toxin to form I1T. Thus, the mechanism for
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extra block during weak depolarizations is like that in Fig. 8 or Fig. 13, except
that channels partition between a slowly recovering state (I2T) and a more
rapidly repriming state (I1T). This partitioning can explain the failure of the
saturating level of extra block to follow the simple one-to-one binding curve.
An equilibrium distribution between I2:I1 (and I12T:I1T) of ~9:1 or 8:1
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Ficure 14. Kinetic interpretation of extra block and its inactivation-related
and activation-related components. Rapidly developing extra block is attributed
to transitions among toxin-blocked states. (6-d) The bold =, pathways that are
crucial to determining the degree of extra block; —, other transitions occurring
at the same time. The simple scheme in Fig. 8 corresponds to one facet of this
model, indicated in 4 by =». For further details, see text.

would account for the saturating level of extra block in 1 and 10 uM TTX
(Fig. 10).

Fig. 14¢ illustrates how rapid development of extra block might occur
during a strong depolarization that clearly opens sodium channels. As the
heavy arrows indicate, channels starting in RT first activate (AT), and then
divide between 12T and I1T. The formation of [2T—extra block—shows a
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voltage and time dependence similar to that of channel openness. However,
because all the toxin-binding reactions are assumed to be slow relative to the
rates of transition between toxin-free states, the development of extra block
has little influence on the time-course of In, itself, as found in Fig. 13C. The
scheme also provides an explanation for why the correlation between channel
opening and rapidly developing extra block might be imperfect at moderate
depolarizations where activation of channels is incomplete but where inacti-
vation is complete. Toxin-free channels can inactivate directly, from R to 12,
as well as through A, whereas toxin-bound channels must pass through AT.
Thus, the occupancy of AT is only roughly mirrored by the number of open
channels in state A. The measurement of sodium current would be an
underestimate, particularly at weak depolarizations where the rate of inacti-
vation (R — 12) is most comparable to the rate of activation (R — A). Thus,
the prediction of the model is in qualitative agreement with Fig. 12,

After the first 10 or 20 ms of the depolarization, the fast phase of extra
block gives way to a slower phase. The heavy arrows in Fig. 14d show how the
slow phase can arise. Channels in 11T, which were initially protected from
rapidly developing extra block, undergo a slower equilibrium with I2T by the
pathway I1T — Il — 12 — I2T. Because the last step is postulated to be
much slower than the others, the overall rate will depend rather strongly on
toxin concentration, as found experimentally for the slow phase of extra block
(Fig. 10).

The branched topology of the model is significant: the fork at AT allows a
balance between fast and slow components of extra block at various toxin
concentrations. Fig. 10 shows that at 1 and 10 pM TTX, fast and slow
components contribute roughly equal shares to total extra block if allowance
is made for some recovery from extra block during the 1-s interpulse interval.
This would be consistent with similar rates of transition from A — Il and
from A — I2. In the simpler six-state scheme, a fork between fast and slow
paths to extra block is achieved, but only by invoking rapid toxin-binding to
open channels (A — AT). Using the same kinetic framework, the combination
of rapid and slow components cannot be accounted for by reactions between
the three toxin-bound states because they do not form a “Y”.

In summary, a kinetic model involving two inactivated states can account
for a number of features of extra TTX block that are difficult to explain by
simpler schemes: first, the lack of detectable change in In, time-course; second,
the toxin dependence of extra block during long pulses; third, the relative
apportionment of extra block into rapid and slow components. Quantitative
modeling will be particularly useful as more information becomes available
about the kinetic behavior of cardiac sodium channels in the absence of drug.

The analysis up to this point already raises some interesting issues for future
experiments in heart and other excitable tissues. For example, measurements
of Na channel gating current in the heart are needed to see if the “on” gating
current associated with Ina activation is strongly influenced by TTX, as Fig.
13 requires, or is relatively unaffected, as Fig. 14 predicts and as is found in
nerve axons (Armstrong and Bezanilla, 1974; Neumcke et al., 1976). Previous
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experiments indicate that nerve and skeletal muscle lack fast, activation-linked
extra block, but leave open the question of whether inactivation-related extra
block occurs during long-lasting potential changes on the time scale (minutes)
of TTX binding and dissociation. How different are TTX and antiarrhythmic
drugs such as lidocaine in their actions on cardiac sodium channels? Can the
extra block produced by tertiary amine anesthetics be divided into activation-
and inactivation-related components? Kinetic analysis along the lines of
research presented in this paper may help explain how antiarrhythmic drugs
act on cardiac impulses of different action potential configuration and fre-
quency.

We thank Paul R. Adams and Roger Y. Tsien for helpful comments on the manuscript. This
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