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Analysis and Modeling of Na Current in Cardiac Muscles

Hideaki SADA*, Kotaro TANAKA**, Yoshio EBINA** and Takashi BAN*

Abstract

The Na* channel plays essential roles in initiation and conduction of action potential in a variety of
excitable tissues including nerves, hearts and muscles. Na channels undergo activation and inactivation
depending on the membrane voltage and time. Hodgkin & Huxley (H-H), early in 1950s, proposed a
mathematical model to describe Na channel properties of the squid axonal membrane, based on voltage
~clamp (V-C) study. For the next 3 decades since then, direct recording of the Na current by V-C
method and hence the study of Na channel property have been hampered in cardiac tissues largely by the
complicated geometry of the tissue. Recent electrophysiological studies using V-C method with patch
-pipettes on dispersed single heart cells have demonstrated that the gating-kinetics of Na channels is
much more complicated than predicted from the H-H model. To establish a new model which enables
describing Na channel events in heart, we conducted V-C study in embryonic chick heart cells. In this
preparation, we found pronounced differences in the inactivation and re-inactivation mechanisms from
those in the axon, suggesting a presence of one conductive and two inactivated states among which
voltage-dependent transitions were permitted (a cyclic reaction model) . According to the model, we
experimentally determined rate-constants of the reaction. We also found a delay in onset of inactivation
as well as activation in voltage-clamped heart cells, and derived empirical equations for such delays in
onset. Taken above together, we could faithfully reproduce the Na channel currents observed in heart
cells under V-C conditions.
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Fig 1. Current-voltage relation.
Plotted are peak currents against depolarized

step-voltages V,, which are shown in inset.
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Fig.2. Steady-state inactivation curve.
The normalized peak values of current are plot-
ted against the amplitude of pre-pulse (V,).
Currents are elicited upon test-step (V,) preced-
ed by pre-pulse (V,). The smooth curve is drawn
according to Boltzmann Equation:
C=1/Q+exp(Vm - Viarr)/s)
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Fig. 3. Time course of inactivation parameters.

A: Plot of the current in decaying phase. Drawn
is a curve obtained by the non-linear least
square approximation method :

Iva = Avexp(-t/n) + A, exp(-t/z,)

B: Plot of the current Iy, as a function of the first
-pulse duration (D,). Note a delay in onset of
inactivation.
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Fig.4. Time course of the recovery in inactivation
parameter (reinactivation) . Abscissa is the inter-
val of stimulus (ISI).
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Fig.5. Cyclic inactivation model.
Transitions among three inactivation states (C,
I,, I,) are controlled by 6 rate constants (K, -
Ke) .
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Table 1 k parameters

A [mV] B [mV]

k, [1/ms] —18.45 13.51
k. —115.2 —6.887
ki —138.3 —8.210
ks 67.65 31.53
ks 130.8 18.79
ke —132.0 —7.148
(rs)
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Fig.6. Bell-shaped voltage-dependence of the
delay time in onset of inactivation.
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Fig.7. Activation kinetics.
A: Picture illustrating on- and off kinetics of m
gate.

(a): The time course of original current Iy,
elicited under applied depolarized step volt-
age. The curve of m parameter is defined by
a normalized current by smoothly
extrapolated current (Ix.*).

(b): Current trace under inactivated step volt-
age of -80 mV after a depolarized short pulse
voltage (-10 mV) .

B: Time constant of activation parameter m time

against m.

C: Delay time in onset against applied voltages.
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A: Reproduction of the cardiac Na* current elicit-
ed upon step depolarization voltages in the
single-pulse protocol.

B: Other parameters obtained from the Na cur-
rent calculation data in A.

(a): Current-voltage relation.

(b): Conductance (Gyu) vs. voltage (V).
Calculated from
INa = GNa (\fm - ENa)

(c): Delay time to peak current.

(d): Steady state activation parameter (m)
and steady-state inactivation parameter (C
«). These are shown to demonstrate the
relative positions of two parameters.
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