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SUMMARY

1. The activation kinetics of the Na* current was investigated in single ventricular
cells of the guinea-pig heart using an improved oil-gap voltage clamp method. The
inactivation of the current was removed by an intracellular application of N-
bromoacetamide (NBA) for less than 1 min. Although the NBA treatment slightly
decreased the peak amplitudes (81:71134% of control, » = 15), the Na* current
remained stable after the removal of inactivation.

2. On depolarization, the activation of Na* current took an exponential time
course after the capacitive current decreased to 5% of its peak amplitude (40-100 us
after the pulse onset). The time course of deactivation, recorded on repolarization
from 1-2 ms depolarization, was also a single exponential.

3. The time constants of activation and deactivation were almost identical when
compared at a given test potential within a range of —50 to —30 mV. These findings
indicate that the cardiac Na* current activation is determined by m! kinetics, or one
rate-limiting step.

4. At potentials negative to —60 mV, the deactivation was complete, and its time
constant decreased e-fold per 20:3+1:8 mV hyperpolarization (n = 7).

5. The degree of steady-state activation (m(oc0)) was fitted to a Boltzmann
equation with a slope factor of 7:4+0-3 mV and a half-maximum potential of
—333+08mV (n=8).

6. Rate constants for the rate-limiting activation step between a closed state and
an open state (a,,, f,,), were determined from m(c0) and 7,, over a potential range
between — 100 and +50 mV. On a logarithmic scale, £,,”* was a linear function of the
membrane potential over the range —100 and —30 mV.

7. Fitting the newly determined activation kinetics to the rising phase of the
action potential indicated that the activation kinetics in the present study is relevant
to the physiological action potential. The density of the Na* channels thus obtained
was 1075+ 186 pF~! (n = 6).

8. The measurements in the NBA-treated Na* current were compared with those
obtained without treatment.
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INTRODUCTION

The kinetics of cardiac Na* current has been well explained or evaluated in most
excitable tissues based on the classical Hodgkin-Huxley-type model (Hodgkin &
Huxley, 1952), in which at least three state transitions were assumed for the channel
activation. In a previous study of cardiac myocytes, however, Mitsuiye & Noma
(1992) reported that the activation time course of cardiac Na* current is not
sigmoidal, but exponential when recorded with an improved oil-gap voltage clamp
technique. The effective series resistance was successfully reduced to less than
40 KQ, and the maximum amplitude of Na*™ current was limited to less than 30 nA.
When compared at a given potential, the time constant of activation closely
corresponded to that of deactivation. Thus, a single rate-limiting step was suggested
in the activation process. However, the activation kinetics of the Na™ current were
isolated from the inactivation by assuming an h-gate, which was independent from
the activation m-gate (Hodgkin & Huxley, 1952). Although this assumption was
useful in analysing Na* current, it did not allow for a qualitative determination of
the activation kinetics. Furthermore, recent single channel studies have suggested
that the time course of inactivation of the macroscopic Na* current attributes much
to activation kinetics (Berman, Camardo, Robinson & Siegelbaum, 1989; Yue,
Lawrence & Marban, 1989; Scanley. Hanck, Chay & Fozzard, 1990).

The chemical removal of inactivation using protein-specific reagents enabled the
analysis of the Na* channel activation in its purified state in the nerve (Oxford, 1981
Stimers, Bezanilla & Taylor, 1985). In this study, we removed inactivation of the
Na* current by the intracellular perfusion of single myocytes with N-bromoacetamide
(NBA) taking advantage of the oil-gap method. The reduction of the amplitude of
Na* current (Oxford, Wu & Narahashi, 1978; Horn, Vandenberg & Lange, 1984;
Gonoi & Hille, 1987) was minimized by washing out the NBA quickly after a partial
reduction in the inactivation. The adequacy of m! kinetics was confirmed and the
rate constants for the rate-limiting step between a closed state and an open state
were thus determined based on a new activation model. The number of open channels
was determined during the rising phase of the action potential by fitting the model
to the recorded action potential.

METHODS

Preparations

The heart was dissected from a guinea-pig under deep anaesthesia from pentobarbitone
(50 mg kg™!). The method of obtaining single cells from guinea-pig ventricles using collagenase was
essentially the same as that described elsewhere (Powell, Terrar & Twist, 1980; Isenberg &
Klockner, 1982).

Oil-gap voltage clamp and data analysis

The details of the voltage clamp method using an oil gap has been described in a previous paper
(Mitsuiye & Noma, 1992; see also Mitsuiye & Noma. 1987). In brief, the sealing resistance (&,)
higher than 1 GQ within the oil gap facilitated the series resistance compensation. The effective
series resistance left in the recording system was less than 50 kQ. Since amplitudes of Na* currents
were limited to less than 30 nA by reducing the membrane area in the external solution, and by
decreasing the external Na* concentration, deviation of the membrane potential from the
command potential was less than 1-5 mV at the peak of the Na* current.



EXPONENTIAL Na* CURRENT ACTIVATION 247

The Na* current was defined as a tetrodotoxin (TTX)-sensitive component as far as the
recordings were available within the same cell. After recording the control Na* currents, the same
pulse protocol was repeated in the 40 um TTX-containing solution for computer subtraction.
Records in the TTX solution represent the sum of capacitative (I,,), leak (I,.,,) and gating currents
(I.). When TTX data were not available in the same cell, the linear subtraction method was
adopted. Currents in response to small hyperpolarizing voltage steps (10-20 mV; n = 10-40) from
—100 mV were averaged and scaled for subtraction of both I, and I,,,,. The holding potential was
—100 mV throughout the experiment. The electrical circuit of the home-made amplifier, and data
acquisition to the computer were the same as in the previous study (Mitsuiye & Noma, 1992). The
experimental records obtained with input resistances larger than 1 GQ were used for data analysis.
The curve fitting to current recordings was made using a least-squares algorithm (pattern search
method : Colquhoun, 1971). The data provided are expressed as the means+s.p. (n = number of
observations) wherever possible.

Recording the action potential

The current clamp mode of the tight-seal method (Hamill, Marty, Neher, Sakmann & Sigworth,
1981) was applied to single ventricular cells. The rising phase of the action potential was recorded
at the same room temperature as in the voltage clamp experiment. Compositions of external and
internal solutions were the same as those of the control solutions used in oil-gap voltage clamp
studies except for K*, which was substituted for equimolar Cs*. The bath solution contained
54 mm K* and the pipette solution was filled with the internal solution containing 140 mm K*.
The electrode resistance filled with the internal solution was less than 1-2 MQ.

Solutions

The compositions of internal and external solutions were the same as those used in the previous
study (Table 1 in Mitsuiye & Noma, 1992). The control external solution contained (mm): NaCl,
140; CsCl, 54; MgCl,, 0-5; CaCl,, 1-8; glucose, 11; and pH was adjusted to 7-4 with 5 mm Hepes-
NaOH. The internal solution contained (mm): CsOH, 105; aspartate, 105; MgCl,, 0-5; NaCl, 10-0;
K,ATP, 50; EGTA, 50; and the pH was adjusted to 7-2 with 5 mm Hepes-CsOH. When the
amplitude of Na* current was larger than 25 nA in the control solution, the Na* concentrations of
both the external and internal solutions were reduced by mixing the control external or internal
solution with corresponding Na*-free solutions, so that the Na* reversal potential was kept
constant. Na* was replaced with Tris* in the Na*-free external solution, and with Cs* in the Na*-
free internal solution. Unless otherwise described, control internal and external solutions were
used. TTX (40 uM; Sankyo, Japan) was added to the external solution when necessary. To remove
inactivation of Na* current, 300-500 uMm NBA (Sigma, St Louis, MO, USA) was added to the
internal solutions with a readjustment of pH. The NBA solution was freshly prepared before use.
All experiments were carried out at room temperature (19+1 °C).

Internal perfusion of cardiac myocytes

Because the effects of NBA were progressive, a quick and complete removal of NBA from the
intracellular medium was critical in order to obtain a stable Na* current. Figure 1 shows a
schematic illustration of the improved oil-gap set-up, and representative results of testing
efficiency of intracellular perfusion of different Na* concentrations ([Na*],). Two inlet tubings were
inserted until near the tip of the glass capillary of the internal compartment. Both tubings were
connected to reservoirs containing internal solutions of 10 and 140 mm Na*, respectively, and a
constant hydrostatic pressure of 10-20 cmH,0 was applied to the perfusates. Switching the
perfusate was performed by closing one of the two tubings by a tiny clip. The external pipette was
also perfused continuously with a 140 mm Na*-Tyrode solution. When an exchange of the external
solution was required, two tubings were also introduced to the pipette of the external solution.

Figure 14 and B shows changes in the peak amplitudes of Na* current induced by switching the
internal solution. The corresponding original current records are superimposed on the same vertical
scale as in the graph. In 4, the amplitude of Na* current recorded at +20 mV was gradually
decreased and reversed to an outward current within 15 s after switching [Na*], from 10 to 140 mm.
Figure 1B shows the recovery time course of the Na* current as the 140 mM internal solution was
switched back to the 10 mm Na* internal solution. Although the initial part of the current
overlapped with capacitive current, it is obvious that the peak time of both the inward and
outward Na* currents remained almost constant, and the inactivation time course did not change
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during these processes. It should be noted that these findings are expected only when R,
compensation is adequately done to clamp the actual membrane potential at the same command
level. Essentially the same quick exchange of the internal solution (< 30s) as in Fig. 1 was
obtained in the four experiments which examined the efficiency of the internal perfusion.

Fig. 1. Schematic illustrations of the improved oil-gap set-up for single cardiac myocytes
(above) and experimental records of the Na* current on switching [Na*], from 10 to
140 mm (A4, below) and the recovery (B). The internal compartment (right side) was
composed of an electrode holder equipped with two agar bridges for voltage sensing and
current feeding, respectively, and a glass capillary. Two inlet polyethylene tubes were
introduced into the pipette, and the solutions were drained through an outlet tube. In
the experiment shown in the lower part, one of the inlet tubings was connected to a
reservoir filled with an internal solution of 10 mMm [Na*], and the other with 140 mm [Na*],
internal solution, and these inlet tubings were clipped alternatively. The single ventricular
cell was stretched between the internal (right) and the external compartment (left) in the
oil bath (dotted). The external compartment was connected to earth. Lower part: [Na*],
is indicated at the top, and the corresponding changes in the peak amplitude of Na*
current are plotted against the experimental time. The Na* current was activated by
depolarizing the membrane from —100 to +20 mV every 4 s. The original Na* currents
are superimposed on the same vertical scale as in the graph (right-hand portions of 4 and
B). Note the similar time course of individual Na* currents having different amplitudes
and directions.

RESULTS
Removal of the Na* current inactivation

The removal of Na* inactivation using NBA was accompanied by a decrease in the
current amplitude as described previously in different preparations (Oxford et al.
1978; Horn et al. 1984 ; Gonoi & Hille, 1987). The decrease was progressive as long
as the application of NBA was continued. To minimize this additional effect, we
continuously monitored the Na* current after starting the intracellular NBA
perfusion in order to switch the perfusate back to the control as soon as an initial sign
of modifying Na' inactivation was observed. Thereby, the internal perfusion of
300-500 um NBA was limited to within 1 min using the oil-gap perfusion method.
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Figure 2 shows a typical example of removing Na* inactivation, where the
inactivation during the pulse was progressively slowed down by the NBA treatment.
The incomplete inactivation during the pulse resulted in the inward Na™* tail current
on terminating the depolarizing pulse. The peak time of the Na* current was slightly
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Fig. 2. Effects of internal application of NBA on the Na* current, which was recorded
every 10 s by a depolarizing pulse to — 10 mV from a holding potential of —100 mV. The
duration of applying NBA (500 xM) in the internal compartment is indicated above the
graph. The upper part shows original recordings (a—g) obtained at the experimental times
of corresponding characters in the lower graph. The current amplitudes were measured at
the peak (O) and at 16 ms after the pulse onset (@).

delayed as the inactivation was removed. Amplitudes of the Na* current were
measured both at the peak (O) and at 16 ms into the pulse (@), and were plotted
against the experimental time in the graph of Fig. 2. The gradual increase of the
current amplitude measured at 16 ms indicates the removal of inactivation
accompanied by the decrease in the peak Na* current amplitude. In this experiment,
switching back the perfusate from the NBA solution to the control at 37 s provided
a stable Na* current having a peak amplitude of 71 % of the control.
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After terminating the development of the NBA effect, the modified Na* current
remained stable throughout the experiment. Only those cells which showed a peak
amplitude of more than 50 % of control were used for the analysis. In the average of
fifteen cells used, the peak amplitude of the Na*t current at — 10 mV was 81:4+13-7%

- -10

- -20

nA
Fig. 3. Comparison of the activation time courses before and after the NBA treatment in
the same cell. In 4, the inactivation was corrected for by extrapolating the exponential
curve, which was fitted to the late inactivation phase based on the Hodgkin—Huxley type
equations (I, = I,m(t) A(t), Iy, in Mitsuiye & Noma, 1992). In B, the inactivation was
removed by the NBA treatment. Test potentials are shown. The exponential curves start
at time 0 (60 us after the pulse onset in this experiment). Arrows indicate the time
constants of the fitted curves.

of control after the NBA treatment. Exceptionally, two of these cells showed a slight
increase (7 and 12 %) of the peak amplitude after the NBA treatment.

Activation time course of the NBA-treated Na* current

When the time zero for current fitting was set at the time when the capacitive
current decayed to 5% of its peak amplitude (Mitsuiye & Noma, 1992), the
activation phase was well fitted with a single exponential curve in all records after
the NBA treatment (Fig. 3B). This single exponential time course was not a result
of the NBA treatment. In the experiment shown in Fig. 3, the activation time course
was analysed in both the control and the NBA-treated Na* currents in the same cell.
In the control (4), the inactivation time course was first fitted with a sum of two
exponentials and the current record was corrected for this inactivation time course
based on the Hodgkin—Huxley equations (see Iy, in Mitsuiye & Noma, 1992). At
every potential, both the rising phase of Iy, (4) and that of the Na* current recorded
after the NBA treatment (B) were well fitted with a single exponential as was the
original current. Although the value of the exponential time constant (indicated by
the arrow) is clearly larger in the NBA-treated current at potentials negative to
0 mV, this finding rules out the possibility that the NBA treatment modified a
sigmoidal Na* activation to the exponential time course.

Activation and deactivation at a given membrane potential

Although the activation time course of Na* current recorded after the NBA
treatment was satisfactory fitted by exponential functions in Fig. 3B, slight and



EXPONENTIAL Nat CURRENT ACTIVATION 251

irregular deviations were observed at the very beginning of the current. This was due
to a failure in subtracting the capacitive current. Furthermore, current changes
are obscured during the capacitive transient. Experimental evidence for the one
rate-limiting step, free from these minor difficulties, was obtained by comparing the
time constants of activation and deactivation at a given membrane potential.

In Fig. 4, the Na™ activations on depolarization to —51, —41 and —31 mV were
compared with the time course of tail currents at comparable potentials. The tail
currents were induced by repolarization from a 1-2 ms depolarizing pulse of —10 mV.
All currents were obtained as a TTX (40 uMm)-sensitive current in a 140 mm Na™-
Tyrode solution. The amplitude of the Na* current near the end of the test pulse of
18 ms was almost equal in each pair of recordings, and a common steady-state level
was assumed in fitting theoretical curves. For both currents, fitting of single
exponentials was almost perfect, and the time constants of activation and
deactivation were similar at a given membrane potential. Essentially similar results
were obtained in six other experiments and all the data are listed in Table 1. Thus,
both activation and deactivation of the original Na* currents recorded after NBA
treatment can be described by m! kinetics using the same values for m(o0) and 7,,:

INa,(t) = gNa(V_ENa) {m(oo) - (m(OO) _m(O)) exp ( —t/Tm)}- (1)

Although the measurements in Table 1 support the m' kinetics, the time constants
measured from activation seem to be slightly greater than deactivation at —50 mV
but not at —30 mV. The ratios of the time constant of activation to that of
deactivation at —50, —40 and —30 mV were 1:20+0-04 (n = 3), 1:07+£0-05 (n = 7)
and 0-80+0-10 (n = 5), respectively. At present we cannot decide whether this is
within an experimental error of measurements or due to unknown mechanisms.

TaBLE 1. Time constants (ms) of activation and deactivation

V. (mV) Activation Deactivation V., (mV) Activation Deactivation
Cell 1 —50 2:05 1-76 Cell 5 —51 2-11 1-72
—40 2:33 2-24 —41 2-31 2:27
-30 1-80 2:36 Cell 6 —46 2-29 2:01
Cell 2 —51 1-89 1-58 —41 2-44 2:43
—41 241 2:17 —31 1-97 2-29
—31 1-90 261 Cell 7 —50 2:04 1-89
Cell 3 —40 2-32 2:16 —46 2-10 1-94
—-30 1-81 2:41 —40 245 2:31
Cell 4 —46 2-23 1-86 —-30 1-95 2:38
—41 2:26 194
—35 1-86 2-12

Voltage dependence of time constants for activation and deactivation of Na™ current

The exponential time constants measured by fitting the activation time course are
plotted over the potential range from —50 to +50 mV in Fig. 5 (O). The data points
at more negative potentials were obtained from the tail current (@). Representative
records of Na* tail currents on repolarization to —71, —81, —91 and —100 mYV are
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Fig. 4. Comparison of activation and deactivation of the TTX-sensitive Na* current at a
given membrane potential. The pulse protocol is shown at the top, where the holding
potential is —100 mV and the test pulse (V) is indicated at the left of each pair of
recordings. The currents obtained with single pulse protocol are marked with open circles,
while the filled circles indicate the results of the double pulse protocol. Vertical dashed
lines indicate the pulse onset, and the dotted lines indicate the current zero level and the
window current level. The superimposed single exponential curves start at time 0 (70 us
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shown in Fig. 54, superimposed with single exponential curves. The time
constant-voltage relation showed a peak value at —30 to —40 mV and the time
constant declined on both sides of the peak, which is expected for a system having
one rate-limiting step.

At potentials negative to —55 mV, the degree of activation was negligibly small
in the NBA-treated Na* current in agreement with the study on the control current
(Mitsuiye & Noma, 1992). The tail current levelled off to a zero current level in
contrast to the experiment shown in Fig. 4, where the test potentials were less
negative. Therefore, the asymptotic line fitted to the voltage relation of time
constant of deactivation might simply reflect the voltage dependence of the rate
constant of deactivation. In seven experiments, the average of the slope was an e-fold
change per 20:3+1-8 mV, which was similar to the values obtained from the normal
Na™* tail currents (21-6+1-:3 mV, Mitsuiye & Noma, 1992).

Voltage dependence of the steady-state Na™ activation

For a complete description of the Na* current activation, steady-state activation
(m(c0)) was measured as shown in Fig. 6. In this experiment, Na* current was
obtained as a TTX-sensitive current. The peak amplitude-voltage relation was
measured from a family of Na* currents, and the limited conductance (gy,) was
approximated by the regression line over the positive slope region. In B, steady-state
activation (@) was obtained simply by dividing the peak amplitudes by the
extrapolated values of the regression line in A. The curve superimposed on m(c0)-V
plots is the fit of the Boltzmann equation,

m(OO) = {1+(’Xp{(V" Vha.lf)/s}}_l’ (2)

where s=75mV and V,,;=—336 mV. The averages of s and V,,; in eight
experiments in NBA-treated cells were —33-:3+0:8 mV and 7-4+04 mV, respect-
ively. Although the value of s was similar to the previous study (s = 79104 mV,
Mitsuiye & Noma, 1992), V., was about 10 mV more negative in the NBA-treated
cells (Vi =—219+1-7 mV).

The above analysis of m(c0) is correct only when gy, is constant over the potential
range of the measurement of m(00). This assumption was justified by confirming the
linear ‘instantaneous’ I-V relationship over the potential range of the m(c0) curve
as demonstrated in the previous study.

Determination of the rate constants for the m' activation kinetics

According to the above findings, one rate-limiting step was assumed for the
activation of cardiac Na* channel:

Xm
C=0
Bm

Scheme 1

after the onset of the pulse in this experiment). Time constants of each exponential are
indicated. Note the enlarged scales for the activation current compared with the tail
currents.
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where C is the closed and O the open state. The rate constants for this m! activation
kinetics were determined from 7,, in Fig. 5 and m(c0) in Fig. 6.

Tm = 1/(@n+ Bn), (3)
m(00) = oty /(X + ) (4)
A 50 0 50 mV
14 olo} [ N T [ S T I 1
o
0 o
o
-10 o -10
o Peak
o
[ T T T T T T T T -20 nA o
0 1 2 3 4 5 6 7 8 ms °
- -20 nA
B

F‘I-O

ko5

-0

1 T i T T T T T T T T
-70 60 -50 -40 -30 -20 -10 O 0 20 30mV

Fig. 6. Steady-state activation of the Na* current in the NBA-treated cells. Original
current recordings obtained as the TTX-sensitive current are superimposed and their
peak amplitudes are plotted on the right. The limited conductance was approximated by
a line fitted to the positive limb of the I-V curve (4). The current amplitudes obtained
were divided by the values given by the fitted line at corresponding potentials and results
were plotted in the lower graph (B).

The reciprocal values of a,, and g, are plotted on a logarithmic scale against test
potentials in Fig. 74. Values of «,,”* and g,,! obtained from single pulse current
(circles), or from tail current (triangles) are in good agreement as shown by common
dashed regression lines on the plots. The values of a,, ™' deviated from the linear
relation positive to —20 mV and seemed to saturate at about 0-2 ms. The maximum
slope of the «,, '—voltage relation was 9-5 mV for an e-fold change in this experiment
and was 9-3+0-3 mV for the average of eight experiments. The regression line for
B~ 1-voltage relation is the same as that drawn for the 7,,—voltage relation in Fig. 5.
The average values of a,, and 8, (s7!) in seven experiments were described as functions
of membrane potential, V (mV):

o, (V) = {102-Texp (—V/9-3) +250 exp (— V/150)} %, (5)
Bn(V) ={19832exp (V/20:3)} . (6)
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For comparison, the same calculations of «,, and £, were conducted using the
experimental data obtained without using NBA in the previous study (I}, : Mitsuiye
& Noma, 1992). The values of ,,”* and g, ! were obtained from 7,, and m(c0) in Figs
6 and 7 in Mitsuiye & Noma (1992), and were plotted in Fig. 7B. Values of £, ™!
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Fig. 7. A, rate constants of the activation kinetics obtained from a NBA-treated cell.
Open symbols indicate values of a,, ™! (circles from the activation time course and triangles
from the tail currents), and filled symbols 8,,7!. Dashed lines are the visual fit to the plots.
Note the larger a,, ! than the values of regression line at more positive potentials. B, the
same plots as in A except that the values were obtained from the Na* current corrected
for inactivation assuming an independent h-gate in Mitsuiye & Noma (1992).
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deviated from the linear line fitted to those at potentials negative to —60 mV. This
deviation in the f,,"'-voltage relation was different from the present study and may
most probably be due to an error in separating the activation kinetics from
inactivation by assuming independent m- and h-gates in the previous study.

B e E— 00 N oYY
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5ms
-100 mV
B
—~ 1000 1
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m(t)
-------------------- Lo . !
500 us 0 05 1.0

Fig. 8. Activation kinetics during the upstroke of the action potential. 4, a digitized
recording of the rising phase of the action potential (a) dV(t)/dt (b) and calculated m(t)
during the upstroke (c). B, the relation between P,(¢) N/C,, and m(t). Data points between
the two arrows (4a) were included. In the inset, the current injection caused a small
voltage shift possibly due to a series resistance. To avoid this artificial jump, the
amplitude of the current pulse was set to cause the delayed upstroke of the action
potential after the cessation of the current pulse. The liquid junction potential between
the pipette solution and the Tyrode solution was corrected (10 mV). See text for details.

Estimation of the Na* channel activation during the rising phase of the action
potential

The relevance of the activation kinetics, newly determined in the present study,
was tested by fitting it to the rising phase of the action potential (Fig. 8). Before
theoretical treatments of data, experimental results of recording action potentials
are summarized as follows. The action potential was elicited by injecting a 5 ms
current pulse into the cell under the conventional current clamp mode of the whole-
cell patch clamp technique (Hamill ef al. 1981) as shown in the inset of Fig. 8. In the
average of six experiments, the resting potential was —86:1+07 mV and the
overshoot was +44-24+1-2 mV (n = 6). The dV(¢)/dt was obtained by differentiating
the digitized (100 kHz) record of the membrane potential (V(t)) (Fig. 84b). The Vmax
was 280:6+24:1 Vs7! (n = 6) at around 0 mV, which was similar to the value in rat
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ventricular cells (230 V s™!: Brown, Lee & Powell, 1981). Smaller values as previously
reported in the guinea-pig ventricular cells (80-8+17-7 Vs at 25°C, Hume &
Uehara, 1985) were observed only when the resting potential was less negative than
—80 mV, and were not used in the present study. The V,,,, was not different whether
the action potential was initiated immediately or 4 ms after the end of the current
injection (not shown), which suggested a very slow development of inactivation at
potentials negative to that of the Na* current activation. We assume that the
development of inactivation is negligible during the rapid upstroke of the action
potential.

The m' kinetics determined in the present study predicts the time course of
m (m(t)) during the rising phase of the action potential. The calculation starts from
an equilibrium value (m(o0)) at the resting potential, and integrates the following
equation for each interval (100 us) of potential sampling,

dm(t)/dt = (1—m(t)) an(V(t)) —m(t) B.(V()), (7)

where a,,(V(t)) and g,,(V(t)) were obtained from eqns (5) and (6) using the mean of
two sequential samplings of V(¢). The computed values of m(t) were plotted against
the experimental time in Fig. 84c. The value of m(t) at the time of Viax Was
0-26+0-03 (= = 6) and continued to increase as the potential reached the overshoot
potential.

Independent from the above calculation, the channel open probability (F,()) can
be derived by dividing the macroscopic current (Iy,(f)) with the single channel
current amplitude (¢y,(t)):

Fy(t) = Ina(t)/ (Nina(?)), (8)
where, N is the total number of channels, and I, (t) is approximated as,

I, (t) =—C,, dV(t)/d¢, (9)
and ina(t) = Y(V(t) = Exa): (10)

Thus, the values of NP,(t)/C,, during the upstroke of the action potential was
experimentally obtained :

P(t)N/C,, = —dV(t)/dt/{y(V(t) — Exa)}- (11)

y of 20 pS at 20 °C (Kunze, Lacerda, Wilson & Brown, 1985) and an Ey, of +50 mV
were used. NP,(t)/C,, is plotted against m(¢) in Fig. 8B. It is evident that the
experimental measurements of NP,(t)/C,, is in fact proportional to the theoretical
m(t), indicating that the quantification of the m' kinetics in the present study is
valid. If P,(t) equals m(t), the linear slope gives a density of distribution of the Na*
channels (N/C,,), which is 1075+ 186 pF! (n = 6).

DISCUSSION
m! kinetics of Na* channel activation

In the present study, inactivation of Na* current was removed by a transient
intracellular application of NBA, and the activation kinetics were analysed free from
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arbitrariness by assuming inactivation mechanisms. The adequacy of m! kinetics for
Na* activation, which was hypothesized in the previous study (Mitsuiye & Noma,
1992). was confirmed in NBA-treated cells, and rate constants for a rate-limiting step
between closed and open states were determined.

Our hypothesis for the m! kinetics of cardiac Na* current activation was not totally
different from the experimental findings described in previous studies. Hanck, Sheets
& Fozzard (1990) measured the relationship between the membrane potential and
the integral of gating charge in single cardiac myocytes using the very fast voltage
clamp technique. The potential of half-saturation in the gating charge—voltage
relationship was not different from that of the conductance—voltage relation
obtained from the peak Na® current. This experimental result is different from an
expectation from the m? kinetics, in which the latter relationship should be observed
in a potential range more positive than the former. In the squid giant axon, the
m(o0)-voltage relation was comparable to the gating charge-voltage relation, when
calculated as a cubic root of the peak Na* conductance (see for example, Keynes &
Rojas, 1976). Hanck et al. (1990) proposed that the first voltage-dependent
activation step is rate limiting in the cardiac Na* channel.

In the squid axon, the activation time course was successfully analysed based on
the m? kinetics of a Hodgkin-Huxley type model under the pharmacological removal
of inactivation (Oxford, 1981). However, the tail currents on repolarization decayed
with a time constant of 7, instead of one third of 7, (Fig. 2 in Oxford, 1981). This
experimental finding is in line with the view that the rate-limiting step is the last
transitional step to channel opening, rather than the m® model.

A comparison of the rate constants between the present study and single channel
analyses is hampered by the negative shift in the voltage dependence of the gating
mechanism in single channel recordings (Cachelin, De Payer, Kokubun & Reuter,
1983 ; Kunze et al. 1985). However, if the shift occurs simply in parallel on the voltage
axis (Kimitsuki, Mitsuiye & Noma, 1990), the slope of the relation between rate
constants and the membrane potential should be comparable to those in the present
study. In a hypothetical Na* channel having no inactivation kinetics, a,,”* and £,,*
are equal to the mean latency to the first opening on depolarization and the mean
open time, respectively. However, the analysis of the single cardiac Na* channels has
so far been carried out without the chemical removal of the inactivation gate.
Therefore, the mean lifetime cannot solely be attributed to a single rate constant.
Yue et al. (1989) obtained an equivalent electron charge of —1:3+0-2 at negative
potentials in guinea-pig ventricular myocytes, which corresponds to an e-fold
decrease of the mean open time per 194 mV hyperpolarization. If the rate constant
for inactivation from an open state was negligibly small at negative potentials, the
slope may reflect the voltage dependence of £,,. This slope closely agrees with the
value of an e-fold decrease of £, per 20:3+ 1-8 mV obtained in the present study.
However, different values have also been reported, most probably depending on a
variety of models used for analysis; an e-fold change per 11 mV in canine ventricular
cells (Berman et al. 1989) using the approach of Aldrich, Corey & Stevens (1983), or
an e-fold change per 30+4 mV by fitting data to five states in the Markovian model
(Scanley et al. 1990).

The rate constant for the last transition to an open state, when measured from the
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major component of the first latency histogram, decreased an e-fold per 10 mV
between —70 and —40 mV in canine ventricular cells (Berman et al. 1989). In canine
Purkinje cells, an e-fold change per 30 + 6 mV was obtained (Scanley et al. 1990). The
former value may be more straightforward than the latter, and coincides well with
an e-fold change of «,, per 93+0-3 mV at potentials negative to —20 mV in the
present study.

The m! kinetics predict a single exponential distribution of the first latency
histogram in the single channel analysis in contrast to the peaked distribution in the
m® kinetics. Experimentally a clear rising phase was described in the first latency
histogram of cardiac Na* channels and was attributed to the presence of multiple
closed states (Grant, Starmer & Strauss, 1983 ; Kunze et al. 1985 ; Scanley et al. 1990).
However, the data in the early time after the changing potential have not been
quantitatively analysed because of the uncertainty due to the duration of the
capacity transient (Grant et al. 1983; Scanley et al. 1990).

Involvement of the inactivation kinetics in the tail current recorded without using the
chemical treatment

In the present study, the peak amplitude of the Na™ current was decreased by the
NBA treatment secondarily to the removal of the inactivation as was the case in
various specimens (Oxford et al. 1978; Horn et al. 1984 ; Gonoi & Hille, 1987). The
decrease of the limited conductance (gy,) might be attributed to a transition to a new
non-conductive state (hibernating state: Horn et al. 1984). However, the activation
kinetics of the Na* channels remaining available after the treatment is not presumed
to be largely modified by the NBA treatment. This is because, (1) almost equal
asymptotic slopes at negative potentials were obtained in the ,,—voltage relationship
before (an e-fold change per 21-6+1-3 mV, Mitsuiye & Noma, 1992) and after
(20:3+1:8 mV) the NBA treatment ; (2) quantitative measurements of the activation
kinetics were very consistent, although the data were collected from different cells,
which showed a large variation in the degree of the conductance change after the
NBA treatment in the present study.

If one compares the voltage relations of both time constants (Fig. 5) and the
steady-state degree of activation (Fig. 6) between the NBA-treated (present study)
and the non-treated group (Mitsuiye & Noma, 1992), small differences might be
indicated. Unlike the NBA-treated cells, the time constant of activation obtained
from normal cardiac cells did not show clear voltage dependence over a potential
range of —50 to —20 mV (Fig. 6 in Mitsuiye & Noma, 1992). The voltage relation of
steady-state activation in non-treated cells was observed over a potential range
about 10 mV more positive than in the NBA-treated cells. These results, when
literally interpreted, clearly indicate that NBA changes activation kinetics of Na*
channels. However, the anomalous non-linear voltage dependence of f,, at potentials
of Na* activation when calculated from normal Na* current (Fig. 7B) suggests that
these differences can be better explained by the inadequate correction of the
inactivation kinetics by assuming an h-gate independent from an m-gate of the
Hodgkin-Huxley type.

In the previous study, the time course of the tail current on repolarization was not
corrected for the inactivation gate. We assume that the time course of tail current
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on repolarization to intermediate potentials is determined by the two steps to the
inactivated state (1) and to the deactivated state (C) in the intact cells,

Scheme 2

At potentials near the threshold of Na* activation, the magnitude of a, may be
relatively small compared to 2, and the value of #; might be obtained by subtracting
the reciprocal time constant in the NBA-treated cell from that in the non — treated
cells. For example, at —50 mV at f; of 526 s! is obtained by subtracting the
reciprocal time constant in the NBA-treated cell (592 s7, from Table 1) from that in
non-treated cells (1117 s7*, from Table 2 in Mitsuiye & Noma, 1992). The value of
o, was 44-3 s71.

The above results are also different from the recent single channel current analysis
in cardiac cells. In Purkinje cells, Scanley et al. (1990) obtained very small values of
B (50190 and 130+ 110 st at —57 and —52 mV, respectively) based on a five-states
Markovian kinetic model. A model of cardiac Na* channel with a negligibly small
rate constant of inactivation from the open state but significant from the closed state
was proposed at potentials of small activation from a convolution analysis of cardiac
Na* channels by Yue et al. (1989: see a scheme in Fig. 3 in their paper). These authors
proposed that the inactivation from the open state is steeply voltage dependent (an
e-fold change per 28 mV; calculated from 09+0-2 equivalent electron charge
described). On the contrary, Berman et al. (1989), using the approach of Aldrich et
al. (1983), obtained a rate constant of inactivation from the open state, which was
less voltage dependent (an e-fold change per 43 mV) and well comparable to our data
(about 400 s7!) at —70 mV in canine ventricular cells. Other earlier studies using the
same approach in cardiac cells, however, failed to obtain meaningful results and
yielded negative rate constants (Kunze et al. 1985 ; Grant & Starmer, 1987). It might
be speculated that the separation of activation kinetics from the inactivation
kinetics using a variety of models was not always successful.

Contribution of Na* current to the upstroke of action potential

The m' activation kinetics, newly determined in the present study, is considered
to be pertinent to the physiological action potential, since values of m(t) which were
calculated by integrating eqn (7) showed a linear relationship with Py ({)N/C,,
estimated from dV(t)/dt (Fig. 8 B). It should be noted that the latter parameter is
independent of the assumption of the m! activation model. In this model fitting, the
total number of Na* channels was also estimated. The density of the Na* channel
thus obtained was 1075 pF~!. Assuming 1 uF cm™2, the value gives about eleven
channels per gm?. This value agrees well with ones of ten to fifteen channels per patch
in the same preparation, which were determined from the variance-mean relation for
the patch current of 5-8 MQ patch electrodes (Kimitsuki et al. 1990). Much smaller
values have also been reported in cultured chick myocytes (1-2 per um?: Cachelin et
al. 1983) and neonatal rat ventricular cells (2 per um?: Kunze et al. 1985). The
density of the Na* channel is therefore suggested to be high in adult mammalian
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cardiac ventricular cells. For this reason, recording single Na* channel current may
be difficult except in rare cases.
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