FAST SODIUM CURRENT IN CARDIAC MUSCLE
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ABSTRACT The voltage and time-dependence of the tetrodotoxin sensitive, fast sodium
current in cardiac muscle is described with the Hodgkin-Huxley formalism using two-
microelectrode, voltage-clamp data obtained by Ebihara et al. (1980, J. Gen. Physiol.,
75:437) from small spherical clusters of tissue-cultured 11-d-old embryonic heart cells. The
data chosen from that study for quantitative analysis was obtained at 37°C and in standard
tissue-culture medium,; it was not smoothed, and the capacitive transient was sufficiently brief
to make its removal unnecessary. The sodium current, Iy,, is considered to be given by the
following equation: Iy, = gnaA(V — Vy,), where gy, is a constant (23 mS), V4, is the sodium
equilibrium potential (29 mV), and m and h are independent, first order, dimensionless
variables, which can vary between 0 and 1, as defined by the following differential equations.
dm/dt = a,(1 — m) — B,.m and dh/dt = ay(1 — h) — B,h, where the rate coefficients,
o, =[0.32 x (V+ 47.13)}/[1 — exp(V + 47.13)] and B, - 0.08 x exp (—V/11). For
potentials more positive than —40 mV, &, = 0 and 8, = 1/0.13 {exp [(V + 10.66)/—11.1] +
1}, and for potentials more negative than —40 mV, a, = 0.135 x exp [(-80 — V) /6.8] and
By = 3.56 x exp (0.079V) + 3.1 x 10° exp (0.35V). These functions of potential are similar to
those of the squid at 15°C, except that their magnitudes are larger (faster). Using these model
equations the membrane current in a membrane patch with and without a series resistance was
simulated. For the value of series resistance estimated for the preparation from which the
anaylzed data were obtained, the effects of series resistance on the shape and magnitude of the
inward transient current were found to be minimal. It was concluded that there should be no
large errors in the data, even in the absence of complete series resistance compensation.

INTRODUCTION

Voltage-clamp studies of the ionic currents in cardiac muscle have been greatly hampered by
the complex morphology of most naturally occurring preparations of cardiac muscle and by
limitations in available voltage-clamp techniques (Johnson and Lieberman, 1971; Reuter,
1979). This is especially true for the early fast sodium current. There is no detailed
information about its kinetic behavior under physiological conditions. The one existing
voltage-clamp study of the activation and inactivation kinetics of the sodium current suggests
that the voltage and time dependence of the rate coefficients of activation and inactivation in
sheep Purkinje fibers at 8°C is similar in form but about an order of magnitude slower than
that in the squid giant axon at 15°C. On the basis of comparison of this data with data
obtained at 20°C, Dudel and Rudel (1970) predicted that the sodium current should
inactivate in less than a millisecond at body temperature. This prediction has since been
confirmed by the more recent studies of Ebihara et al. (1980).

Some information about the inactivation process has also been gained by using the
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maximum rate of depolarization of the action potential, ¥,,,, as an index of the sodium
current. Using a modified voltage-clamp technique, Weidman (1955) showed that the
steady-state inactivation curve for V,,, has a sigmoidal dependence on membrane potential,
similar to the squid giant axon, except that it is steeper by a factor of 1.4. Furthermore, he
showed that the time-course of reactivation had a time constant at 37°C varying from 1.4 ms
at —106 mV to 10.5 ms at —80 mV.

The aim of our paper is to provide a quantitative description of the kinetics of the sodium
carrying mechanism using voltage-clamp data obtained from small spherical clusters of
tissue-cultured heart cells. Using the two-microelectrode voltage-clamp technique at 37°C in
standard tissue culture medium, Ebihara et al. (1980) demonstrated that in such preparations
the kinetics of the fast sodium current could be accounted for equally well by either a coupled
or uncoupled kinetic model. We therefore fit our kinetic data to the model of Hodgkin and
Huxley (1952) to facilitate the comparison of our kinetics with those of other studies.

METHODS

The experimental apparatus and protocol, as well as the tissue-cultured spherical cluster of heart cells
from which the experimental data used in this paper were obtained, have been described in detail
previously (Ebihara et al., 1980). Briefly, the protocol was to record membrane currents during
depolarizing voltage-clamp steps from a holding potential of —60 mV. A PDP 11/40 computer (Digital
Equipment Corp. Marlboro, Mass.) was used as an on-line data control and data collection system.
700-ms intervals were allowed between depolarizing voltage-clamp steps; all experimental data
presented in this paper were obtained at 37°C in standard culture medium. D600-hydrochloride (Knoll,
Ludwigshafen an Rhein) (1.25 ug/ml) was used to block time-dependent late currents and to linearize
the leakage current in the physiological range (—80 to +20 mV). The data chosen from the study of
Ebihara et al. (1980) for quantitative analysis in this paper was not smoothed, nor (because of its
brevity) was the initial capacitive transient removed. To take account of the outward rectification of the
leakage current at potentials more positive than —20 mV, the traces were fitted to a flat baseline by
linear regression analysis and the curves redrawn relative to the fitted baseline. To avoid contamination
of the activation phase of the current by the capacitive transient, only points occurring at times later
than three time constants of the capacitive transient after its peak were used in the fitting of activation
parameters. The data were then fitted to the expression

lNa = ENamlh(V - VNa), (l)

where
mV,t) = m, (V) — [m.(V) — mo(V)] exp [- (¢t — At)/7,,) 2)

and
h(V. 1) = b, (V) — [h.(V) = ho(V)] exp [—(t — At)/74) (3)
X

"t B “
I 4b
h- a, + B (4b)
_ _1_ (52)
™ e + B 2
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* ay + B,
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The value of m at the beginning of the test pulse was set equal to zero and k was assumed to inactivate
fully to zero in the steady state. The initial value for /& was taken from the experimentally determined A,
curve. A delay time, Az, of 125 us was included in Eqgs. 2 and 3 to account for the finite rise time of the
voltage-clamp pulse and to provide a better fit to the experimental data.'

A nonlinear curve fitting routine, PRAXIS (Brent, 1978), selected values of 7,, 7,, and m, to
minimize the sum of the squared error of datum minus theory. From these values, the corresponding
values for a,,, 8, and 8, were then determined.

Computer Simulations

Membrane currents in response to step changes in command potential for a membrane patch with and
without a series resistance were computed using Eqs. 6-14 to describe the membrane current. The
computer program was similar to that published by Palti (1971) for reconstruction of membrane action
potentials, except that the membrane current computed at each integration step was applied as a
controlling current which caused the recorded membrane potential (sum of the true transmembrane
potential and the IR drop across the series resistance) to follow the command potential.

RESULTS

Noise analysis of the input impedance of preparations similar to those employed in the present
studies show the preparation to behave electrically as a lumped, parallel resistance capaci-
tance; none of the membrane capacitance appears to be in series with a resistance or in
distributed form, at least in the range of frequencies in our voltage-clamp analyses (Mathias
et al., 1980). An effective resistance in series with all the membrane capacitance does appear,
however, if the voltage electrode is inserted close to the current electrode, that is, within the
three-dimensional electric field about its tip (for discussion of this point, see Ebihara et al.,
1980). As was pointed out in that paper, the stability of the voltage-control system was
improved when a series resistance of this kind was introduced by approximating the current
and voltage electrodes, and such resistance then compensated for by the use of positive current
feedback. Analysis of the kinetics of the sodium current was ultimately limited by the speed
with which the input capacitance of the preparation could be charged to a new potential. Too
much positive current feedback or too little series resistance (the voltage electrode too far
from the current electrode) resulted in a ringing (oscillatory) response which partially, if not
totally, obscured the activation phase of the sodium current. However, in a few preparations
we could reduce the series resistance to small values (<50 k) without ringing. Kinetic data
from the most completely analyzed preparation are presented here. Similar values for the
activation and inactivation time constants were obtained in three other preparations.

Passive Parameters

The initial capacitive current transient after a step in command potential reached its peak in a
time determined by the rise time of the voltage clamp system. As shown in Fig. 1, the fall of
the current could be fitted by a single exponential with a time constant of 65 us. The total
input resistance, determined by measuring the current associated with a small (—10 mV)

'Kootsey, J. M., and E. A. Johnson. 1980. Manuscript submitted for publication.
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FIGURE 1 Response to a hyperpolarizing potential step to —95 mV. +, experimental results; solid line,
exponential fit of the declining phase of the current. Holding potential, —60 mV.

hyperpolarizing step in command potential from a holding potential of —60 mV, was 2.9 MQ.
The input capacitance, estimated by integrating the capacitive transient (extrapolated to zero
time), was 1.2 nF. The input capacitance was again measured by estimating the membrane
area from the diameter and general morphology of the preparation. Electron microscopic
studies have shown that ~15% of the preparation consists of extracellular space and that the
average value of the surface area of membrane per unit volume of preparation is 8,000 cm ™!
(footnote 2). Using these values, the observed diameter of 75 um, and a specific membrane
capacitance of 1.3 uF/cm® (Mathias et al., 1980), and neglecting the contribution of
nonmuscle cells, we computed, for the preparation from which the chosen data were obtained,
a total membrane area of 1.47 x 10~°cm™2 and a corresponding input capacitance of 1.9 nF.
The series resistance giving the capacitive time constant of 65 us for this value of input
capacitance is 34 k(.

Sodium Conductance

The form of the functional dependence of the peak value of gy, on the membrane potential at
which it is measured can be determined by plotting the ratio of peak Iy,/(V — Vy,) against
membrane potential, as shown in Fig. 2. These peak values of gy, are relative to the maximum
value obtained at the holding potential of —60 mV. The conductance displays a voltage
dependence similar to that observed in other excitable tissues. For small depolarizing steps, it
increases e-fold for a 4.3 mV change in potential, leveling off at potentials positive to —15
mV.

A quantitative description of the voltage and time dependency of the current was obtained
in the manner first described by Hodgkin and Huxley (1952). The sodium current, I,, was

*Licberman, M., and W. Adam. Unpublished data.
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FiGURE 2 Peak sodium conductance normalized with respect to the maximum value obtained. Holding
potential, ~60 mV.

considered to be given by the following equation:
lNa = §Nam3h(V_ VNa)s (6)

where gy, is a constant (millisiemens), V), is the sodium equilibrium potential, and 7 and A
are independent, first order, dimensionless variables, which can vary between 0 and 1 as
defined by the following differential equations:

dm

E = am(l - m) - ﬁmm . (7)
dh
'a = a,,(l — h) —_ th, (8)

in which «,,, a;, 8., and B, are instantaneous functions of membrane potential such that
solutions of Eqs. 6-38 fit the time-gourse of the sodium current at a variety of potentials.

The maximum sodium condyetance, gn,, was determined in the following way. The
steady-state value of m, m.,, was set equal to unity over the range of potentials where the peak
current was a linear function of potential, i.e., where gy, was at its maximum and independent
of potential. The exponential decay of current at these pofentials was extrapolated back to the
beginning of the step to give gn, Ay, Where hy is the initia] yaJue of h. h, values were computed
from Eqs. 13 and 14 derived below. The value of gy,, determined in this fashion for the
preparation chosen for analysis here, was 23.0 mS ¢m~2, Pata from two other preparations
gave values of 19.5 and 23 mS ¢cm~2,

A value of +29 mV was arrived at for V), by detgrmining the potential at which the
current transient changed in sign. Fig. 3 shows the data used in curve fitting. The dots are
data points, whereas the solid lines are solutions of Eqs. 1-3. Table I gives the values of the
parameters used in the fitting of the data.

The dependence of m,, and of r,, on membrane potential are shown in Figs. 4 4 and B,
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FIGURE 3 Current response to depolarizing steps in command potential. -, experimental points; solid
lines, computed from I = gy m*h(V — Vy,). Data points occurring earlier than three time constants of the
initial capacitive transient after its peak were omitted. Holding potential, —60 mV. Reference bars to left
of each trace, zero current and zero time.
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TABLE 1
CONSTANTS USED IN
COMPUTER SIMULATIONS

C, 1.3 uF/cm?
e 23.0 mS/cm’
Vha +29.0 mV

my 0.0

hy 0.18

respectively. Fig. 4 C shows the extrapolated rate coefficients, «,, and 8,,. The solid curves in
Fig. 4 C were determined from the following equations:

0.32 x (V + 47.13)
A, =
" 1 —exp(V + 47.13)

B, = 0.08 x exp (—V/11), (10)

)

where Vis in millivolts, as were the solid curves in Figs. 4 4 and B.
The dependencies of the corresponding parameters for inactivation on membrane potential
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FIGURE 4 (A) Steady-state activation curve. Solid line, computed from Eqs. 9 and 10. (B) Time constant
of activation, 7,(ms), as a function of membrane potential. Solid line, computed from Egs. 9 and 10. (C)
Rate coefficients of activation, «,, (+) and 8,, (O) as functions of membrane potential. Solid lines,
computed from Eq. 9 («,,) and Eq. 10 (8,,).
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FIGURE 5 (A) Time constant of inactivation, 7,, as a ft‘mction of membrane potential. Solid line is
computed from Eqs. 11 and 12. (B) Rate coefficient of inactivation, 8,, as a function of membrane
potential. Solid line, computed from Eq. 12.

are shown in Figs. 5 4 and B. The solid curve in Fig. 5 4, for V= —40 mV, is described by the
equations

a,,=0 (ll)

1
T 0.13exp [(V + 10.66)/—11.1] + 1}

a, was set equal to zero for V= —40 mV, since previous studies of steady-state inactivation
vs. potential (Ebihara et al., 1980) have shown that k., is zero for potentials more positive than
—50 mV. Eq. 12 was also used in the calculation of the solid curves in Fig. S B. At potentials
positive to —10 mV the sodium current activated too rapidly for the peak curreit to be
resolved from the capacitive transient. However, it was still possible to resolve the falling
phase of the sodium current and thereby determine values for 7, for membrane potentials up
to +40.0 mV.

No currents were elicited in response to depolarizing steps negative to —45 mV.
Consequently, values for a, and B, at these potentials were computed from double potential
(conditioning and test) step data over this potential range. Fig. 6 4 shows the steady-state
inactivation curve as a function of membrane potential for the preparation analyzed here. Fig.
6 B shows the corresponding rate coefficients, «, and 8, for potentials equal to and more
negative than —40 mV. The solid lines in Fig. 6 C were computed using the expressions,

B, = 3.56 x exp (0.079 V) + 3.1 x 10° exp (0.35 V) (13)
ay = 0.135 x exp [(—80 — V)/6.8]. (14)

The solid lir€ in Figs. 6 4 and B was also computed from Eqs. 13 and 14. For membrane
potentials rddfe positive than —45 mV, the fate coefficient, 3,, determined from double-pulse
data, tended to converge with the rate coefficient, 8, determined from the single-pulse data.

Bs (12)

Series Resistance

Even though the preparation appears to behave, electrically, as 4 lumped electrical circuit,
indicating that there are no significant variations in transmembrane potential within the
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FIGURE 6 (A) Steady-state inactivation curve. Solid line is computed from Egs. 13 and 14. (8) Time
constant of inactivation, r,, determined from the effects of conditioning prepulses, as a function of
membrane potential. Solid line is computed from Eqs. 13 and 14. (C) Rate coefficients of inactivation, a;
and B,, determined from the effects of conditioning prepulses. Solid lines are computed from Eq. 13 (a;)

and Eq. 14 (8,).

preparation, the presence of an effective resistance in series with the membrane can introduce
serious errors into voltage-clamp measurements (Bezanilla et al., 1970; Taylor et al., 1966).
To better understand and assess the magnitude of the effects of series resistance on our kinetic
analysis, we developed a computer simulation of a membrane patch with and without series
resistance, using the kinetic parameters that we have computed here for our spherical cluster
preparation. These and other parameters of the simulation are given in Table II. Our results
show that increasing series resistance caused marked changes in both the shape and
magnitude of the inward current transient in response to a depolarizing step to —40 mV. At
more positive potentials, the primary effect of series resistance was an initial delay in the onset
of the inward current (Fig. 7). The effect of series resistance on the shape and magnitude of
the inward transient was minimal for values of series resistance <50 kQ. Thus, there should be
no large errors in the data analyzed here, even in the absence of complete series resistance
compensation. .

As a further test of series resistance, we examined experimentally in the preparation
analyzed here the time-course of the sodium current elicited upon depolarization to —20 mV
when the magnitude of the current was varied by changing the holding potential. Our results
showed that when the peak current magnitude was increased by a factor of 2.4 by changing
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TABLE 11
VALUES USED TO COMPUTE RATE COEFFICIENTS

Potential m, T h., Ty *
(millivolts) (milliseconds) (milliseconds) (milliseconds)
-80 — — 0.96 — 8.65
—~15 — — 0.88 — 11.6
-70 — — 0.70 — 21.4
—65 — — 0.42 — 25.3
—60 — — 0.19 — 21.3
-55 — — 0.07 — 20.0
-50 — — — — 13.8
—45 — — 0.0 — 9.02
—-40 0.46 0.20 0.0 1.64 2.36
-375 0.58 0.19 1.28 1.14
-35.0 0.69 0.2 0.0 0.85 1.14
-30.0 0.83 0.15 0.0 0.66 1.18
-250 0.94 0.13 0.0 0.43 —
—20.0 0.96 0.11 0.0 0.33 —
-150 0.96 0.09 0.0 0.32 —
-10.0 1.0 0.09 0.0 0.23 —

-5.0 1.0 — 0.0 0.26 —

0.0 1.0 — 0.0 0.22 —
5.0 1.0 — 0.0 0.16 —
10.0 1.0 — 0.0 0.16 —
15.0 1.0 — 0.0 0.15 —
40.0 1.0 — 0.0 0.13 —

*Time constant of inactivation determined by a double pulse method.

the holding potential from —60 to —65 mV, no change in time to peak or time constant of
inactivation was observed.

DISCUSSION

Models of the generation of the cardiac action potential (McAllister et al., 1975; Beeler and
Reuter, 1977) have had to include ad hoc assumptions as to the kinetics of the sodium
channel, because until recently there has been no firm experimental evidence on which to base
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FIGURE 7 Effect of series resistance on the time-course of the inward current computed as described in
the text. (4) —40 mV, (B) -20 mV.
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FIGURE 8 Comparison of time constants ,, (4) and 7, (B) as a function of membrane potential for (+)
squid axon at 15°C (Hodgkin and Huxley, 1952) and (O) cardiac muscle (cultured cluster) at 37°C.

such assumptions. Although the starting point of all the models has been the Hodgkin-Huxley
equations, the characteristics of the sodium channel were greatly modified when kinetic
parameters were manipulated to agree with what little experimental evidence was available.
For example, the ratio of inactivation to activation time constants, ,/7,, in the range —40-0
mv, is 3-5 for the squid, whereas it is 32-63 in the model of Beeler and Reuter (1977) for
mammalian ventricular muscle, and 28-104 in the model of McAllister et al. (1975) for
ungulate Purkinje fibers. Moreover, the maximum sodium conductance, gy,, is 120 mS cm 2
in the squid axon, whereas in the model of Beeler and Reuter it is 4 mS cm ™2

In our kinetic description of the fast sodium current presented here, the ratio, 7,/7,, is
similar to that of the squid axon, varying from 8 at —40 mV to 2.6 at — 10 mV. Moreover, the
dependency on potential of the observed and theoretical values of the time constants, 7, and
T4 at 37°C, is similar to that of the squid at 15°C, except that the magnitude of the time
constants for the squid are slower than for the heart, as evident from Fig. 8. As in the model of
Beeler and Reuter (1975), we found gy, to be considerably smaller than that of squid.
Furthermore, our curve for steady-state inactivation as a function of potential is shifted ~12
mYV in the hyperpolarizing direction as compared with that of squid. Consequently, there is
almost no overlap between the m, and h. curves, with the sodium current inactivating
completely at all potentials. Similar findings were reported by Colatsky and Tsien (1979) in
rabbit Purkinje strands and by Dudel and Rudel (1970) for sheep Purkinje strands.
Weidman’s results (1955) also suggest that A, is very small at potentials positive to —40 mV.
This result differs from the findings of Gadsby and Cranefield (1977) and Attwell et al.,
(1979) which predict a steady-state TTX-sensitive (“window”) sodium current in cardiac
Purkinje fibers.

The quantitative analysis presented here is consistent with the statement of Ebihara et al.
(1980) that cardiac muscle and the squid giant axon share the same kind of permeability
mechanism. We should point out, however, that the time resolution of the activation data is
insufficient to show the necessity for m? kinetics.
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