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SUMMARY

1. Rapid inward Na current ('Na) was studied in isolated cells from rat ventricular
myocardium by a double-suction-pipette voltage-clamp technique. All experiments
were carried out at 20-22 'C.

2. INa elicited by single depolarizing voltage steps from a holding potential, VH,
of -80 mV had a threshold between -70 and -60 mV and was maximal at -30
to -20 mV. Peak currents in Krebs-Ringer solution containing 145 mm Na were of
the order 09-1-8 mA cm-2, assuming an average cell surface area of 8000 ,um2.

3. The reversal potential for INa was predicted by the Nernst equation for external
Na in the range 1-45-145 mm, with 16 mM-Na solution perfusing the interior of the
cell.

4. Instantaneous I-V plots were linear for potentials of -100 to +10 mV.
Maximum Na conductance (iNa) was calculated to be 25 mS cm-2 in 145 mM-Na
solutions and 9Na was constant for potentials positive to -10 mV.

5. INa activated with a time constant of 07 msec at -55 mV, decreasing to
100 lssec on depolarizations positive to + 10 mV.

6. Two time constants (Th, Th2) were required to describe INa inactivation during
a maintained depolarization, with Th, three to four times as long as Th,. Th, was about
2 msec at -50 mV, decreasing to 0 9 msec at -10 mV.

7. The time course for recovery of INa from inactivation also exhibited two time
constants (rr, Tr2), with the longer Tr2 having a maximum value of the order 100 msec
in the potential range -60 to -80 mV.

8. INa in isolated rat cardiac cells has a low sensitivity to tetrodotoxin, requiring
a concentration of 30 ftM for complete blockade.

INTRODUCTION

In the preceding paper (Brown, Lee & Powell, 1981) a double-suction-pipette
technique was described for recording trans-sarcolemmal currents carried by sodium
ions, during voltage clamp of individual muscle cells isolated enzymically from adult
rat ventricular myocardium. The improved voltage-clamp procedure permits direct
analysis ofNa currents, measured in cells bathed in solutions containing physiological
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concentrations of Na (145 mM) at 20-22 'C. We report here experiments aimed at
characterizing both the magnitude of the Na conductance and its kinetics during step
changes in potential applied to isolated ventricular myocytes. Although the results
can be interpreted in general terms using the Hodgkin-Huxley formulation for squid
giant axon (Hodgkin & Huxley, 1952 a-d), it is shown that the kinetics of Na currents
in heart cells are more complex, with the time course of recovery from and
development of inactivation exhibiting two exponential components. A modification
of the Hodgkin-Huxley scheme which does produce multi-exponential inactivation
is a three-state inactivation model, involving one open and two closed states of the
inactivation gate in linear sequence (Chiu, 1977) and this was used for part of the
data analysis mainly by virtue of its simplicity. Experimental values for the longer
time constant for recovery from inactivation at potentials near the resting membrane
potential are consistent with the slow time course of Na current recovery reported
for multicellular cardiac preparations.
Some of the results on reactivation of the Na conductance have appeared

previously in abstract form (Brown, Lee & Powell, 1980).

METHODS

Methods for cell isolation, voltage clamping of single cells with two suction pipettes and data
acquisition were as described in the preceding paper (Brown et al. 1981). Fast Na current was
isolated by using an external solution containing 145 mM-Na, with K and Cl replaced by Cs and
isethionate (see Table 1 of Brown et al. 1981). Low Na solutions were prepared with isosmotic
sucrose replacement or Tris substitution. Ca was omitted or replaced by Mn in some experiments.
Internally, the cell was perfused with K-free, Cl-free solutions containing equimolar Cs, aspartate
(or fluoride) and 16 mM-Na. For solutions containing tetrodotoxin (TTX), 1 mg of TTX powder
(Sigma) was dissolved in 10 ml. distilled water to make an 8 x 10-4 M stock solution, which was then
added to the test solution to give the final desired concentration. All experiments were carried out
at room temperature (20-22 'C). Currents and voltages were digitized as described previously
(Brown et al. 1981) and linear components of capacitative and leakage currents were removed by
subtraction. Kinetic parameters were measured by hand from semilogarithmic plots or by a
curve-fitting programme on a PDP 11/70 computer, using a Fortran version of the pattern-search
least-squares estimates for non-linear models (Colquhoun, 1971), kindly provided to us by Dr D. C.
Eaton.

RESULTS

Fig. 1A shows current-time records (uncorrected for capacitative and leakage
currents) obtained during voltage clamp of an isolated cell in an essentially Ca-free
solution containing 50% Na (i.e. half the normal Na concentration of 145 mM). The
currents were both time- and voltage-dependent, had a threshold between -70 and
-60 mV and increased in magnitude in the inward direction as the potential became
more positive, reaching peak amplitude at potentials in the range -30 to -20 mV.
Further depolarization reduced the membrane current, until at about + 25 to + 35
mV the current changed sign to become outward at more positive potentials. Fig.
lB shows five currents during their first 1-5 msec, after correction for linear capacity
and leakage currents. All records were sigmoidal in shape, with outward currents
showing less curvature at more positive potentials. Net currents were preceded by
a delay, which was of the order of 100 ,tsec duration. Without the subtraction
procedure, this delay is the period during which capacity current is observed in the
current records (Brown et al. 1981).
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When peak current in 50 0/0 Na is plotted as a function of clamp potential (Fig. 2 A)
the I- V curve is not completely symmetrical about the potential producing maximum
current, but is steeper at potentials negative to this value than for positive potentials,
although in other cells this was not as marked. The maximum peak inward currents
recorded in 500 Na were in the range 35-50 nA, whereas in 1000 Na solutions these

A

B

Fig. 1. A, sodium currents (lower traces) recorded from a single heart cell under voltage
clamp with two suction pipettes. Currents were recorded in Ca-, K-? Cl-free external and
internal solutions with 72-5 mM-Nao (50 Go) and 16 mm-Nai. Holding potential, (V{1) was
-80 mV and voltage traces (top) represent clamped potentials from -60 to + 30 mVN in
10 mV steps. The currents are not corrected for capacitative or leakage currents. B. sodium
currents at early times. Linear components of capacitative and leakage currents have been
subtracted. VH = -80 mV, and currents were produced at clamped potentials of -10, 0,
10, 30, and 40 mV. A zero-current interval (100,asee) precedes the appearance of Na
currents. This interval was obscured by capacitative current transient in non-subtracted
records.

currents increased to 70-140 nA (Fig. 2 B). Peak inward currents ofthese magnitudes
were found in cells which had conventional action potentials, required small steady
inward currents to maintain a -80 mV holding potential, had low leakage currents
and good long-term stability under voltage-clamp conditions. Other cells, which
required large currents to produce a similar resting potential and displayed large
leakage currents on depolarization, had maximum inward currents as low as 15-30 nA
in 1000 Na, but gave 1-V profiles which were qualitatively the same shape as those
shown here.
Asymmetry of the I-V curves might arise from poor voltage control due to

significant series-resistance effects, but the data of Fig. 2 make this possibility
16 PHY 318
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unlikely, since the curves for 50 and 100% Na are similar in shape, although
markedly different in amplitude. Furthermore, when TTX (7 /LM) had been added to
reduce peak currents in both 50 and 100% Na solutions, I-V profiles are again
comparable in shape and consistent with those obtained in the absence of the toxin
(Fig. 2A and B). The similarity of the I-V curves over a tenfold range of maximum
inward current is strong evidence against there being a series resistance present in
these experiments of sufficient magnitude to compromise good clamp control.
The I-V curves and other voltage-dependent state parameters described in

subsequent sections were obtained in Ca-free solutions, containing 2-85 mM-Mg. Cawas
omitted both to suppress Ca currents and also to improve the frequency of successful
attachment of two suction pipettes to a cell (Brown et al. 1981). In a few
experiments, 1 mM-Mn was substituted for Ca and appeared to shift these voltage-
dependent parameters to more positive voltages, but the effects were not studied
systematically.
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Fig. 2. A, current-voltage relationships ofpeak INa in 50 % Na0, *, and a partially-blocking
dose ofTTX, * (7 FM). The similarity of the 1-V curves over a fourfold range of currents
indicates that series resistance does not produce significant errors. B, current-voltage
relationship of peak 'Na in 10% Nao, 0, and a partially-blocking dose (7 /M) of TTX,
*. The I-V curves differ in scale only.
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For cells surviving long enough after suction to permit changes in external solution

Na to be made, it was found that currents were reduced as Na was replaced by either
sucrose or Tris and that the reversal potential (Erev) was also dependent upon
external Na. In solutions containing 100% Na (145 mM), normal Ca (1 - mm), and Ni
(I0 mM) to block slow inward current, Erev was +56 mV, whereas in 75% Na
(1 10 mM) the reversal potential was + 46 mV. When external Na was reduced to 50%

60
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-60

10 100
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Fig. 3. Effects of changes of [Na]o on Erev. The continuous line represents the Nernstian
relationship. Na concentrations are: 100% (0), 75% (A), 50% (0), 25% (A), 10% (6)
and 1 % (C). 1 1 mM-Ca and 1 mM-Ni were present in the external solution; Ni was used
to block slow inward current.

(72-5 mM), 25% (36 mM), 10% (14-5 mM) or 1 % (I 45 mM) of the normal value, Erev
became + 26, + 20, -8 and -45 mV, respectively. The experimental values for Erev
are consistent with the Nernst relationship of Erev with external Na, calculated at
20-22 0C using an internal Na of 16 mm, assuming equal activity coefficients for Na
in both cytoplasm and bathing solution (Fig. 3). The small differences between Erev
and ENa in Fig. 3 probably arose from incomplete exchange of internal Na.
These data are all consistent with the hypothesis that the currents measured in the

present experiments are due to Na ions passing through Na-specific ionic channels,
having voltage- and time-dependent kinetics which are activated during the early
phases of membrane depolarization. It will therefore be assumed that these currents
are Na currents and they will be given the symbol INa throughout the remainder of
this paper. Scaling of INa in terms of cell membrane area would enable comparisons
to be made with measurements Of INa in other preparations, but it is difficult to make
precise determination ofthe relevant area across which INa is flowing. Following Page
& McAllister (1973) and Powell, Terrar & Twist (1980) it is assumed here that a typical
value for cell surface area is ofthe order of8000 Ztm2, which gives values for membrane
electrical constants determined by suction pipettes (Brown et al. 1981) which are
comparable to those determined by conventional glass micropipettes in both isolated

16-2
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cells (Powell et al. 1980) and whole tissue (Weidmann, 1970). Peak INa found here
of 70-140 nA then corresponds to a peak current density of 0-85-P75 mA cm2.

Determination of gNa
Using a classical double-step pulse regime (Hodgkin & Huxley, 1952b) and

extrapolating INa back to the beginning of the second step, it was possible to obtain
an instantaneous Na I-V curve (Fig. 4) which was linear from -100 mV to about

-100 -80 -60 -40 -20 20 mV

-80

-120

w~~~~~~~~~~/-160
nA

Fig. 4. Instantaneous current-voltage relationship at peak INa' in 50% extracellular Na.
VH = -80 mV. This was determined by stepping the voltage to -20 mV for 200 ,usec and
then stepping to the potentials indicated on the voltage axis. The tail currents were
extrapolated back to zero time and linear components of capacitative and leakage currents
were subtracted. The instantaneous curve is linear, as is the ascending limb of the peak
I-V curves (Fig. 2).

10 mV negative to ENa. It proved difficult to extrapolate INa back to the beginning
of the second step at voltages nearer the reversal potential, because the activation
time constant was approaching the time constant of the capacitative current
transient, precluding precise determination of the I-V relationship, The available
data indicated a simple ohmic conductance and this is supported by the linearity of
the I-V relationship at positive potentials (Fig. 2). Therefore, the Hodgkin-Huxley
chord conductance model was assumed in order to calculate 9Na from the peak INa
I-V plot. The conductance was related to voltage in a sigmoidal fashion (Fig. 5), with
a threshold potential of about -60 mV and a plateau maximum reached at about
-10 mV. The plateau region corresponds to the linear portion of the positive slope
conductance on the I-V curve and maximal conductance, 9Na' is calculated to be
25 mS cm-2 in 100% Na at room temperature, assuming a cell surface area of
8000 'um2.

Activation of INa
The time constant for INa activation (Tm) at a given potential was determined by

three independent methods, all of which gave similar results. In the first method,
current-time records from a single voltage-clamp step were inverted, plotted
semilogarithmically and the half-time of the initial current rise calculated. Similar
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values for Tm were obtained by measuring the time required to reach peak INa from
the original records and then subtracting the delay which occurred before INa
activation. Thirdly, a curve-fitting algorithm was used on net currents, produced by
subtracting the linear components fo capacitative and leakage currents from the
original current-time traces (see Methods). This algorithm was based on an m3h
Hodgkin-Huxley model for squid giant axon, in which a small current persists due

20 -

M 10
z

0~

-70 -50 -30 -10 10
Membrane potential (mV)

Figs. 5. Relationship between 9Na and voltage. 9Na was calculated from the chord
conductance INa

9Na -VNa

9Na showed an e-fold change for a potential change of about 6 mV. Maximum Na
conductance, Sna' in 100% Nao was 25 mS cm-2, assuming a cell surface area of 8000 /Sm2.

to incomplete inactivation (Meves, 1978). Justification for the algorithm's use comes
from the fact that the present INa was found to inactivate with two time constants,
one sufficiently slower than the other so that for a 10 msec voltage-clamp step it could
be considered persistent. The curve-fitting routine produced satisfactory fits to the
experimental records at these short times (Fig. 6A) and the variation of Tm with
membrane potential calculated using this model, which is consistent with the two
other methods for estimating Tm, is shown in Fig. 6B. Near threshold, rm had values
on the order of0 3 msec (mean, range 0-2-04 msec), reaching a maximum of0-67 msec
(mean, range 0-62-0{78 msec) at about -55 mV and then decreasing to approximately
100 ,umsec on depolarization to potentials more positive than + 10 mV (Table 1).

Inactivation of INa
The curve-fitting algorithm also allowed estimates to be made ofTh, the inactivation

time constant for INa (Table 1) during a single voltage clamp step, assuming some
persistence of the Na current. With this method, values for Th at potentials more
negative than the usual holding potentials of -80 to -90 mV could not be obtained.
As shown in Fig. 6 C, Th decreased as potentials became more positive than -70 mV,
being about 9-2 msec (mean; range 4-7-15-9 msec) at -60 mV and 1 msec at -10 mV.
When the values for the relaxation phase of experimental records of INa were plotted
semilogarithmically, however, it appeared that two components were present (Fig.
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7A). A shorter time constant (Th1) dominated for over 90% of the relaxation, but a
second time constant (Th2) was always observed. This was the reason for adopting
a classical Hodgkin-Huxley model, but including incomplete inactivation. When
inactivation time constants were plotted as a function of membrane potential (Fig.
7B), it was clear that mh, was similar in magnitude to the values found for Th by
curve-fitting and that both differed clearly from the longer 7h2. For both completion
and comparison, the experimental values for Tm are also included in Fig. 7 B.

Steady-state inactivation (h.) was obtained by investigating the effect of a 40 msec

B

1.0

0-8

EQ*
A £~~0

0 2 50 0

-70 -50 -30 -10 10 30

Membrane potential (mV)

C
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5~~~~~~~~~~~~~~~~~~~~~~ £.
-70 -50 -30 -10 10 30

Membrane potential (mV)

Fig. 6. A, Na current traces fitted to an m3h Hodgkin-Huxley model with incomplete
inactivation (persistent current) using a non-linear least-square fitting algorithm,
VH = -80 mV. Clamped potentials indicated on the left hand side. Dots are experimental
net current time records. Thin lines are the fits. The model fits are satisfactory, although
it is possible to fit inactivation with two time constants, as Fig. 7A suggests. B.
relationship between activation time constant, (Tm), and voltage. Each symbol represents
a different experiment. At -65 mV, Tm had an average of about 0-17 msec, which
increased to 0-67 msec at -55 mV and decreased to 0 1 msec at + 10 mV membrane
potential. Continuous line drawn by eye. C, relationship between inactivation time
constant, Th, and membrane potential. Same set of experiments as shown in Fig. 6A. Th
has mean value of 9-2 msec at membrane potential of -60 mV, decreasing to 1 msec at
-10 mV membrane potential. Line drawn through mean values by eye.

A



CARDIAC SODIUM CURRENT
prepulse on the current produced by a test pulse to -20 mV of identical duration
(Fig. 8A). As the prepulse potential became more positive, the test pulse current was
reduced. The ratio of current amplitude with prepulse to that without prepulse is
plotted against prepulse potential in Fig. 8A and affords a measure of h.. The
experimental data could be fitted by an equation of the form

h = 1
= (I+exp (V- Vh)/k)

(Hodgkin & Huxley, 1952 c), where the half-inactivation voltage (Vh) was at -66 mV
and the slope factor (k) was 11 mV. At -80 mV, h. is 0-8.

TABLE 1. Potential dependence of the time constants of activation, Tm and inactivation, Th

Tm (msec) Th (msec)
Em (mV) mean+S.D. n mean+S.D. n

-70 0-13 1 9 4 1
-65 0-17 0-03 4 8&4 2-3 2
-60 0-32 0-08 6 9-2 4-4 4
-55 0-67 0-08 3 4-8 2-9 3
-50 0-46 0-16 6 3-7 1P7 6
-45 0-38 006 3 3-2 1-6 3
-40 0-25 005 6 2-3 0-9 6
-35 0-23 0-05 3 1-9 0-7 3
-30 019 003 4 1P7 05 5
-20 0-18 005 5 1P2 03 4
-10 0-16 0 05 5 1-1 0-2 5

0 0-14 0 04 2 0-8 0-02 2
+10 0-12 0-08 3 0 7 0-23 3
+20 0.11 005 3 0-68 0-16 3
+30 0.10 0 05 2 0-65 0-14 2

Data obtained from six cells. Values were calculated from a computer fit to an m3h Hodgkin-Huxley
model with persistent current (see text). Note that the number of values at each voltage may be
less that six because the voltage-clamp records were not complete (cf. Fig. 6B and C).

Once hoo had been determined, the hi V curve could be compared with the curve
for steady-state activation of INa (mx). By normalizing the 9Na curve shown in Fig.
5 and assuming an m3h conductance model, although m4h gave an equally good fit,
the dependence of m< on membrane potential was extracted by taking the cube root
of the gNa-V relationship (Fig. 8B). At about -50 mV, me was 0-5 and m3
overlapped h. in the voltage range -70 to -30 mV, an observation which is
consistent with the persistence of inward currents within this range of membrane
potentials.

Experiments were also undertaken to investigate the time course for the recovery
from INa inactivation and the onset of inactivation using prepulse techniques; these
results are considered in the next section.

Recovery of INa
The time constant for the recovery of INa from complete inactivation (Tr) was

determined with the pulse sequence shown in Fig. 9A, which is a similar paradigm

487



100

50

10

5

A. M. BROWN, K. S. LEE AND T. POWELL

* £ * *& as
* . & U

1 2 3

B

0c)

E

0

E

4

7

6

5

4

3

2

--80

4 5 6 7 8 9

Time (msec)

10 11

0

.

0

.

*

0

0 a

o a

0

0

0

0

0

0

0

* * a
A5 0 0 8

a
4a 0

&A 6
A'a

I
a,

A i, &a + 4 a
-40 0
Membrane potential (mV)

40

Fig. 7. A, three current-time traces produced at potentials of -30 (@), -20 (U) and -10

(A) mV were inverted and plotted semilogarithmically. Inactivation of the three current
traces could be fitted by two exponential functions, and two inactivation time constants,
Th, and Th2, were determined from the half-times of the semilogarithmic plots. Th, values
were calculated after subtraction of the contribution of the Th2 component. Th, values
computed in this manner were slightly smaller than Th determined from the computer-fitted
traces. B, comparison of relationship of Th, (0), Th2 (*), Th (*) and Tm (A) with membrane
potential. Computer-extracted Th values fell near to Th,.
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Fig. 8. A, relationship of steady-state inactivation, h., and membrane potential, averaged
from eleven cells. Inset is the prepulse-test pulse programme, in which the prepulse
potential was changed from -100 to -90, -80, -70, -60, -50 and -40 mV, with the
test pulse voltage at -30 mV. Currents were not corrected for capacitative or leakage
components. Both pulses were 40 msec in duration. The test-pulse current amplitude was
expressed as a fraction of the test-pulse current in the absence of a prepulse (ordinate) and
was plotted against the corresponding prepulse potential (abscissa). Half-inactivation
potential, Vh, was about -66 mV and the curve was fitted to

1/(1+(exp(V- Vh)/k))
where k, the slope factor, was calculated to be 11 mV. At holding potential of -80 mV,
hoo = 0-8. B, steady-state activation of the Na current. ma V curve (0) was obtained by
taking the 3rd root of the g9N-V curve (@). h.c and m3 overlapped in the potential range
-70 to -30 mV (cf. Fig. 8A).
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to that employed by Haas, Kern, Einwachter & Tarr (1971) in their study of
Na-inactivation kinetics in frog atria. Two pulses of 60 mV amplitude and 40 msec
duration were used, with the pulse interval varied between 1 and 190 msec. Fig. 9B
illustrates the current records obtained when the two pulses were initiated from a
potential of -80 mV. A test pulse delivered immediately following the prepulse did

A

-80 mV 4 ,I
_ _ *

B _rrrT

10 nA

40 msec

C
10

20 40 60 80 100 120 140 160 180 200
Time (msec)

Fig. 9. Time course of recovery of the Na system from complete inactivation. A. Pulsing
paradigm consisted of a base-line step of 600 msec duration upon which prepulses and test
pulses of similar amplitudes and durations (60 mV, 40 msec) were superimposed. The
prepulse occurred 100 msec after the onset of the base-line step. B, current records are
shown as the time interval between the end of the prepulse and onset of the test pulse
was increased from 1 msec to 2, 3, 4, 5, 10, 20, 30, 60 and 190 msec. The base-line step
was then changed to a new potential, while the sequence, amplitude and duration of
superimposed pre- and test-pulses remained the same. C, ordinate: ItI/o, where It is
test-pulse current at time t after end of the prepulse and I. is prepulse current. Abscissa:
time interval (t, msec) between end of prepulse and onset of test pulse. Each curve
represents recovery time course of INa from inactivation at base-line potentials of -70
(0), -80 (@), -90 (E) and -100 (0) mV. Lines drawn are best fit to experimental
points and correspond to two exponential components with time constants rri and Trr
which had the values 1 9 and 119 msec (-70 mV), 1 7 and 33 msec (-80 mV), 3 3 and
25 msec (-90 mV), and 3 9 and 10 msec (-100 mV) respectively.

a
I
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not elicit any current, but as the pulse interval was lengthened a test pulse current
appeared and became progressively larger, to finally equal the current amplitude
produced by the prepulse. To obtain recovery kinetics at different membrane
potentials, the pulse sequence was superimposed on a base-line step from the holding
potential and the protocol repeated for base-lines at -100, -90 and -70 mV. The
ratio (p) of test pulse to prepulse current amplitude was plotted as a function of
interpulse duration for each of the four potentials and representative data are shown
in Fig. 9C.
The continuous lines in Fig. 9C are the best fits to the experimental points

calculated using a steepest descent least-squares algorithm (Marquardt, 1963) and
the curves are sigmoidal in shape, described by the difference between two expo-
nentials with time constants tr and Tr2 (Trr < Trd). A three-state inactivation model,
involving one open and two closed states of the Na inactivation gate in linear
sequence (Chiu, 1977), predicts such a bi-phasic time course for recovery from

3
Em=-100mV

0
Em = -90 mV

2-

Em* -70 mV

0 0
10 20 30 40 50 60

Time (msec)
Fig. 10. Data from Fig. 9C for -70, -90 and -100 mV plotted semilogarithmically.
Ordinate: -In (1-p), where p = (ItlI). Abscissa: time (msec) as in Fig. 9C. Assuming
a three-state inactivation model (Chiu, 1977; eqns. (14) and (15)), the plots should relax
finally with straight lines having slopes (1/7r) and intercepts given by

Tr2 .In ((Tr,/T,)-1)
Using linear least-squares analysis, Tr, was 118 msec with intercept 2-0 msec for -70 mV;
23 msec and intercept 2-9 msec at -90 mV; and 9 5 msec with a 4-4 msec intercept at
-100mV. Values for Tr, were then calculated to be 2-0msec (-70mV), 2-7msec
(-90 mV) and 3-5 msec (-100 mV). In Chiu's model, the amplitudes of the two
exponential components are fully determined by Tr, and Tr, (Chiu, 1977; eqn. (14)) and
calculated values agreed well with those used for the curve-fits in Fig. 9C. At -100 mV,
the slow component has an amplitude of the order threefold greater than the fast
component, whereas at -70 mV this ratio increases to about 60.



492 A. M. BROWN, K. S. LEE AND T. POWELL
complete inactivation and was chosen for further analysis of the data solely by virtue
of it being one simple next alternative to the two-state inactivation model of Hodgkin
& Huxley (1952 d), which cannot explain the observations. If the recovery time course
was monoexponential, then a plot of - ln(1 -p) against time should yield a straight
line passing through the origin. However, plots of this type using the experimental
points from Fig. 9C show clear deviations from linearity (Fig. 10), with recovery
relaxing into a single exponential only at times longer than approximately 2-8 msec.
The slope of the line fitted to the late recovery points by standard linear least-squares

TABLE 2. Inactivation time constants for Na current

Em (mV) Th, (msec) T,, (msec) Tr1 (msec) Th. (msec) Tc, (msec) Tr, (msec)

-110 4-0+1-8 (3) 8 (1) - 12 (1)
-100 3-5+07 (3) 5-2+2 0 (3) 147+±101 (3)
- 90 4-77+1-9 (5) - 19-6+ 8-4 (5)
- 80 2-1+0-9 (4) 40-8+13-6 (4)
- 70 2-1+07 (3) 1-5+0-5 (6) 90-3+604 (6)
- 60 1-9 +0±2 (4) 1-1+0-5 (3) 6-9+20 (4) 8-1+1-7 (3)
- 50 2-1 +0-5 (4) 07 (1) 5-3+1-3 (4) 5-5 (1)
- 40 1-7 ±0-2 (4) 0-8+0-2 (3) 4-6+0-8 (4) 4-2+2-5 (3)
- 30 1-4 +0-3 (4) - 3-9+1-1 (4)
- 20 1-1 ±0-1 (4) - 3-1+0-9 (4)
- 10 0-85+0-05 (4) 2-3+0-9 (4)

0 0-63±003 (3) 1-6+0-2 (3)
+ 10 0-63+0-03 (2) 1*9+05 (2) - -
+ 20 0-60+0-03 (2) 1-7+0-2 (2)
+ 30 0-4(1) 1.3(1)

ihn1 Th2 values from maintained depolarization (Fig. 1 A).
T.i, TC2 values from pulse protocol shown in Fig. 11 A.
7rrl Tr2 values from pulse protocol shown in Fig. 9A.
Where possible, mean +S.D. has been given, with number of cells in parentheses.

analysis was taken as a measure of the final relaxation time constant (Tr2) at every
potential. Assuming a three-state inactivation model, the intercept of this line with
the time axis is a specific function of Tr2 and the ratio Tr2/Trl (Chiu, 1977; eqns. (14)
and (15)), permitting calculation ofTr1 . Values for Tr, and rr2 found by both curve-fitting
the untransformed data (Fig. 9C) and analysis of the semilogarithmic plots (Fig. 10)
were in good agreement (see legends to both Figures) and are summarized in Table 2.
Tr2 was 12 msec (one cell) at -110 mV, increasing to 90-3 + 60-4 msec (mean + S.D.;
six cells) at -70 mV. The data for -70 mV could be divided into two groups, three
cells with Tr2 values in the range 30-40 msec and three other cells having much longer
recovery time constants in the range 100-170 msec. Values for the faster component
(Tr1) showed a reverse potential dependence compared with Tr2' with Tr, decreasing
from 8 msec at -110 mV (one cell) to 1-5+0 5 msec (mean+S.D; n = 6) at -70 mV.
Recovery time constants could not be examined at potentials more positive than
-70 mV with this protocol, because the currents were too small.
In an attempt to bridge the potential range over which Tr, and rr2 were measured

with that used for Th, and Th2' the onset of inactivation or recovery of INa was
estimated in a separate set of experiments using a variable duration prepulse
(0-2-8 msec) in the range -40 to -110 mV, followed immediately by a test pulse
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Fig. 11. Onset of inactivation and recovery from inactivation measured by prepulse effects
on test pulse current amplitude. A, pulse programme and resulting Na currents. At a fixed
prepulse potential, the duration of the prepulse was increased from 0-2 msec to 0 4, 0-8,
1, 2, 4, 6 and 8 msec. The test pulse potential and duration was constant at -30 mV and
20 msec. Holding potential ( VH) was -80 mV. B, ordinate: (It/Io), where It is the test-pulse
current amplitude following a prepulse of duration t msec, and IO is the test-pulse current
produced without prepulse. Abscissa: duration of prepulse (msec). Prepulse potentials
were -40 ( O), -50 (*), -60 (A) and -70 (El) mV for measurements of onset of
inactivation, and -90 (0), -100 (*) and -110 (A) mV for recovery experiments. The
curves for -40, -50 and -60 mV could be fitted by the sum of two exponentials (see
below), whereas at all potentials negative to this range only one exponential was required.
This was due to the fact that prepulses were used only to a maximum duration of 8 msec
(see text). C, data for prepulse potential of -50 mV shown in Fig. 11 B plotted
semilogarithmically. Ordinate: (It/lo) = p. Abscissa: duration of prepulse (msec). In
general, curves could be fitted by an equation of the form

p(t) = p(ct) + A exp (-tlTc,) + B exp) (-tIT(,,)
where A and B are constants and p(oo) is the steady-state response of p(t). However, for
depolarizations to -50 and -40 mV, where INa inactivation approaches completion,
p(oo) - 0, and the time constants (Tec Te,) can be obtained from a simple semilogarithmic
plot of p(t) against time. Using the results shown in the Figure. Te, was calculated as
0 7 msec and Tr2 as 5 5 msec.
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to -30 mV (Fig. 1 A). When prepulses were used at potentials positive to the
holding potential of -80 mV, onset of inactivation was measured, whereas hyper-
polarizing pulses represent recovery from inactivation. At each prepulse potential,
plots were constructed of the ratio of test pulse current with prepulse to that without,
as a function ofprepulse duration (Fig. 11 B). For depolarizing prepulses to -40, -50

A
100

B
0 ~~~~~10

80
8 _

E~~~~~~~~~~~~~E60 _5

C~~~~~~~~~~~~~C~~~~~~~~~~~~~
02

E40 _-B 0._E 4 0

20 - 2 -o °
0 0

0 0B e a

-120 -100 -80 -60 -40 -120 -100 -80 -60 -40
Membrane potential (mV) Membrane potential (mV)

Fig. 12. Relationship between membrane potential and INa inactivation time constants
in the potential range -40 to -110 mV. Th, Th, values (0) obtained from single
depolarizing pulses (Fig. 1 A); T1, T,, (El) using variable duration prepulses with a test
pulse (Fig. 11 A); Ari Trr (@) with pre- and test-pulses separated by an interval ofincreasing
duration (Fig. 9A). Data for mean values of Th,, Tc, and Tr2 shown in A and for Th1, Tc1,
Tr, in B; note change in ordinate scale between A and B.

or -60 mV, the curves could be fitted by two exponentials (Fig. 11C) having time
constants rC1 and TC29which were similar in magnitude to the Th, and Th2 values
obtained from maintained depolarizations (Fig. 7 and Table 2). When more negative
prepulses were used, only one time constant was found (,1l), having the same
magnitude as Trr at the relative potential. The absence of a second time constant over
the more negative potential range is due probably to the fact that prepulses were
used only to a maximum duration of 8 msec, precluding detection of the slower
component.

Fig. 12 shows the potential dependence of the mean values for inactivation time
constants obtained with the three pulse protocols described above (Fig. 1 A, 9A and
11 A), over the range -40 to -110 mV. As described above, there were no values for
Ic at potentials more negative than -60 mV, precluding comparison with the Tr2
values obtained. The faster components Trr, Te, and rhl showed an increase from -40
to -110 mV (Fig. 12 B), with less scatter between values at potentials positive to
-70 mV.
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Effect of TTX on the cardiac Na current
We find that INa in single cardiac myocytes is not as highly sensitive to TTX as

INa in nerve or skeletal muscle. The Na current is not affected by TTX at doses below
3 x 10-8 M, but above this concentration gradual inhibition occurs. Half-maximal
inhibition dosage occurred at 6 x 10-6 M and complete blockage occurred at
3 x 10-5 M. Both inactivation processes are blocked by TTX and there did not appear

-80

8 60 \

40'.

20 -

o _ a a * |l"lls I I I I ,al11 I I,I ,l se
10-8 10-7 10 lo- 104

TTX concentration (M)

Fig. 13. Dose-response relationship between INa and TTX. TTX has no effect at 10-8 M
and blocks completely at about 3 x 10-5 M. The over-all dose-response curve was sigmoidal
and half-maximal inhibition concentration was 6-0 x 10-6 M. The continuous line was
computed from

INa (TTX) = INa (control){1 [1 + (KM/[TTX])l}

where KM is the dissociation constant of TTX. KM was calculated to be 5 x 10-6 M. INa
(TTX) is inward Na current in the presence of TTX. IN. (control) represents Na current
without TTX (control).

to be any difference in sensitivity. The over-all dose-response curve of the Na current
to TTX concentration is sigmoidal and is shown in Fig. 13. The curve could be fitted
to the equation

INa (TTX) = INa (control) (1 1+ (Km/[TTX]))

where Km is the dissociation constant ofTTX. Km is calculated to be about 5 x 10-6 M
at a membrane potential of -30 mV.

DISCUSSION

The major finding of this study is that rapid inward Na current, elicited in
individual myocardial cells at 20-22 0C by step depolarization under voltage clamp,
can be separated temporally from capacitative current that appears as a brief
(- 100 usec) discontinuity between the onset ofthe voltage-clamp step and activation
of the ionic current. Further, clear resolution of capacitative and ionic currents not
only revealed the activation phase of INa at all potentials tested, but also showed

495



496 A. M. BROWN, K. S. LEE AND T. POWELL
transient outward INa at potentials positive to the Na equilibrium potential (Fig. 1 B).
Outward Na currents elicited by step depolarizations have not been demonstrated
previously in high Na solutions, due to obscuring capacity currents, although their
presence was reported by Dudel, Peper, Rudel & Trautwein (1966) in Purkinje fibres
bathed with low-Na solutions.

Since the instantaneous I- V relationship for lNa was linear over the range of
potentials employed, a Hodgkin-Huxley chord conductance model was used to
calculate Na conductance, 9Na (Hodgkin & Huxley, 1952a-d). 9Na increased gradually
as potentials became positive from -60 mV (Fig. 5) and 9Na was calculated to be
about 25 mS cm2, assuming a cell surface area of 8000 gin2. This value is lower than
the 40-60 mS cm-2 reported by Dudel & Rudel (1970) for sheep Purkinje fibres cooled
to 4 'C, but their result may be an over-estimation of ONa, since it was based on the
external cylindrical surface area of their preparations (Noble, 1975). Assuming that
the external surface area in a multicellular Purkinje fibre preparation represents only
10% of the membrane area when deep cells are accounted for (Mobley & Page, 1972),
then 9Na becomes 5-6 mS cm-2 at 4 OC. Even using Moore's (1958) correction (for
squid giant axon) that §Na increases 4% per 0C temperature rise, will only bring this
value to about 40% of the magnitude found in the present experiments for individual
rat ventricular muscle cells. It is clear, however, that 9Na in heart muscle is smaller
than the 120 mS cm2 reported for squid giant axon by Hodgkin & Huxley (1952d).
Although cardiac INa is a smooth, uninterrupted function of membrane potential

(Fig. 1 and 2), the kinetics reported here are rather more complex than those found
for squid giant axon. The observation found consistently in this study that INa turns
on after an initial delay is consistent with the delay in Na activation in squid axon
(Hodgkin & Huxley, 1952b; Bezanilla & Armstrong, 1977), but the activation phase
can be fitted by a Hodgkin-Huxley conductance model using an m4 as well as an m3
fit. Inactivation Of INa appears to involve two time constants, one being at least three
to four times as long as the other at all potentials tested. This biphasic nature of INa
inactivation is not due to series resistance effects, since it was observed in solutions
having reduced Na or containing low concentrations of TTX. It was also present at
small depolarizing potentials, where series resistance effects, had they been significant,
would have tended to accelerate the slower process (Meves, 1978). When only one
suction pipette was used and series resistance effects were expected to be serious
(Brown et al. 1981), IN. relaxed in a monoexponential fashion. Further, the double
exponential inactivation is not artifactual due to a non-linear leakage current, since
leakage currents are small and linear over the clamp potential range used in the
present experiments (Brown et al. 1981, Fig. 12). That these data require INa to be
described by a Hodgkin-Huxley model with incomplete inactivation, or two
inactivation time constants, is not a novel approach, for both Deck & Trautwein
(1964) and McAllister & Nobel (1966) found a slow and incomplete inactivation of
9Na in Purkinje fibres, a result not confirmed by Dudel et al. (1966), Colatsky (1980)
or Ebihara, Shigeto, Lieberman & Johnson (1980), but consistent with the results
reported by Reuter (1968). The data presented here is the first description of a
multi-exponential inactivation process in ventricular myocardium.

Values for IN. inactivation time constant (Th) calculated using the computer
algorithm, assuming a simple Hodgkin-Huxley formalism with incomplete inactiv-
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ation, indicated that Th at -40 mV was three times longer than the corresponding
value at 0 mV (Table 1). This was encouraging, since it is in complete agreement with
the data reported by Hodgkin & Huxley (1952d) for squid giant axon, but the
observation that the decay of INa under a maintained depolarization exhibits two
time constants is direct evidence for second order properties of the inactivation
system. The three-state inactivation model of Chiu (1977) was chosen for use in this
paper solely on the grounds that it was a simple modification of the Hodgkin-Huxley
formulation, which did predict two rate constants for every inactivation response.
It must be emphasized that although the data reported here are consistent with this
prediction, as onset of or recovery from inactivation can be described by double
exponential functions, the question of the specific model required for describing INa
inactivation and recovery in rat ventricular myocardium must remain open. In
particular, the model formulated by Chiu (1977) predicts that the h"'-V curve is best
fitted by a function involving the sum of two exponentials, whereas we found that
our data could be fitted by the simpler function proposed by Hodgkin & Huxley
(1952c). However, the error bars associated with our h.-V curve (Fig. 8A) prevent
detailed examination of this point, and the absence of a complete comparison of the
results of this study with the Chiu model can be ascribed to the paucity of our data
in certain respects. Thus, the recovery and onset experiments for INa inactivation
were too time-consuming to be carried out on the same cell, and the prepulse duration
for the T. experiments was too short to resolve the slow inactivation process at
potentials near the normal resting membrane potential. Our data show clearly the
biphasic nature of the inactivation processes taking place, but more comprehensive
experimental results are required before a detailed consideration can be undertaken
of either the Chiu model or other models, including those which couple INa activation
with inactivation (Goldman, 1976; Meves, 1978).
The large values for Tr, found here for recovery from inactivation at potentials near

the resting membrane potential are of the same order of magnitude as time constants
reported previously. Haas et al. (1971) measured recovery time constants (Tr) of
100 msec in frog atrial fibres, and Gettes & Reuter (1974) used Pmax to show that
Tr is 10-20 msec at -90 to -80 mV, 50 msec at -70 mV and 125-150 msee at
-60 mV. Gettes & Reuter (1974) observed long recovery time constants for INa
inactivation in sheep, guinea-pig, pig and calf heart, and a similar finding was
reported by Dudel & Rildel (1970) for cooled Purkinje fibres. Colatsky (1980) has
shown recently that Tr in rabbit Purkinje fibres at 17-20 0C is of the order 170 msec
in the potential range -70 to -90 mV (mean value for Tr calculated from data in
Table 3 of Colatsky, 1980).
The last distinguishing characteristic of cardiac INa observed in these single-cell

studies was the low sensitivity to TTX, which was observed for as long as 48 hr after
cell isolation, thus making the possibility of an inhibitory influence of the dissociation
procedure unlikely. It is well known that blockade of INa in myocardium requires
doses of TTX at 103-104 greater concentrations than in nerve or skeletal muscle
(Narahashi, 1974) and observations similar to those presented here have been
reported for guinea-pig papillary muscle (Baer, Best & Reuter, 1976) and Purkinje
fibres (Dudel, Peper, Riidel & Trautwein, 1967; Beeler & Reuter, 1970). We have not
yet examined the possibility that the TTX effects may be voltage-dependent (Baer
et al. 1976) or use-dependent (Cohen, Colatsky &. Tsien, 1980).
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Our results (Fig. 8A and B) also show a steady-state or 'window' Na current over

a limited potential range, in agreement with the findings of Gadsby & Cranefield
(1977) and Attwell, Cohen, Eisner, Ohba & Ojeda (1979). On the other hand, Ebihara
et al. (1980), Colatsky & Tsien (1979) and Colatsky (1980) did not find any overlap
of the m 3 and ho curves. These differences, together with the other discrepancies
noted above, may reflect both differences in methodology and variations between
preparations. Previous studies on Na currents in myocardium have been carried out
on multicellular preparations, where the complex tissue structure limits the spatial
and temporal control of the voltage-clamp method and allows concentration changes
to occur in restricted extracellular spaces. In the present experiments there was good
evidence of adequate voltage control (Brown et al. 1981), consistent with the
observations that the envelope of INa tail currents show a double exponential time
course similar to individual current-time records, and the relative constancy of I-V
profiles over a large range of 'Na (Fig. 2). There was also good correlation between
Vmax (200-300 V sec-') and #Na (25 mS cm-2).
Another complicating factor in multicellular preparations is that suppression of

other ionic currents, such as those carried by K and Ca, may not have been complete.
For example, Ebihara et al. (1980) observed a slow inward current that was
suppressed by the organic Ca channel blocker D-600, and Purkinje fibres have a fast
outward K current with kinetics similar to those for INa (Kenyon & Gibbon, 1977;
Siegelbaum & Tsien, 1980). The presence of such currents will obviously complicate
kinetic measurements. In the experiments reported here, single cells were used to
eliminate both the complex structure of whole tissue and ion accumulation or
depletion in intercellular clefts. Furthermore, internal perfusion allowed removal and
substitution of internal K with Cs ions, which permeate K channels poorly, if at all,
and Ca currents were absent, since extracellular Ca was either omitted or substituted
by Mn. Also, the replacement of Cl- with the relatively impermeable aspartate and
isethionate ions probably reduced shunt currents. It is likely, therefore, that the Na
currents recorded in the present experiments were not contaminated significantly by
other components, a contention supported by the observations that the reversal
potential for INa varied with external Na in a manner predicted by the Nernst
equation (Fig. 3) and that INa was blocked in a dose-dependent manner by TTX (Figs.
2 and 13).
On the other hand, it must be conceded that enzymic dispersion techniques may

also introduce complications. The evidence presented here and elsewhere (Powell et
al. 1980) that the passive electrical properties of single dispersed cells are similar to
those found for whole tissue preparations, and that the measured Na currents are
of sufficient magnitude to discharge the membrane capacitance at rates comparable
to those found experimentally in both isolated cells and whole tissue preparations,
would suggest that the effects of enzymic dissociation are not too severe.

This work was supported by N.I.H. grants HL-25145 and NS-11453 and the British Heart
Foundation. It was done as a partial fulfilment of Kai S. Lee's doctoral thesis.
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