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SUMMARY

1. Voltage clamp studies of the excitatory sodium current, I,, were carried out in
rabbit cardiac Purkinje fibres using the two-micro-electrode technique. Previous
work has shown the rabbit Purkinje fibre to have relatively simple morphology
(Sommer & Johnson, 1968) and electrical structure (Colatsky & Tsien, 1979a)
compared to other cardiac preparations.

2. Non-uniformities in membrane potential were kept small by reducing the size of
I, to less than 50 uA/em? of total membrane surface area through prepulse in-
activation or removal of external sodium, Na,. Temporal resolution was improved by
cooling to 10-26 °C. These adjustments did not greatly alter the measured properties
of the sodium channel.

3. Under these conditions, sodium currents were recorded satisfying a number of
criteria for adequate voltage control. Direct measurement of longitudinal non-uni-
formity using a second voltage electrode showed only small deviations at the time of
peak current.

4. The properties of the sodium channel were examined using conventional
protocols. Both peak sodium permeability, Py,, and steady-state sodium inactivation,
h., showed a sigmoidal dependence on membrane potential. Py, rose steeply with
small depolarizations, increasing roughly e-fold per 3-2mV, and reaching half-
maximal activation at —30+2 mV. The A,~V curve had a midpoint of —74-9+2
mV and a reciprocal slope of 4:56 + 0-13 mV at temperatures of 10-19-5 °C, and
showed a dependence on temperature, shifting to more negative potentials with
cooling (~3 mV/10 °C). Recovery of I, from inactivation in double pulse experi-
ments followed a single exponential time course with time constants of 108-200
msec at 19 °C for holding potentials near — 80 mV. No attempt was made to describe
the activation kinetics because of uncertainties about the early time course of the
current.

5. These data predict a maximum duration for I, of less than 1-2 msec and a
maximum peak current density of about 500 #A /cm? under physiological conditions,
i.e. 37°C and 150 mm-Na,. This current magnitude is sufficient to discharge the
membrane capacitance at rates comparable to those measured experimentally
(311 + 27 V /sec, Colatsky & Tsien, 1979a).

* Present adress: Department of Physiology, Cornell University Medical College, 1300 York
Avenue, New York, N.Y. 10021.
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6. The limitations of the method are discussed. The major problem is the longi-
tudinal cable delay which limits the speed of voltage control. This makes it difficult
to separatetheactivationof I, fromthe decay of the capacity transient for potentials
positive to —15 mV.

7. It is concluded that the approach described is valid for measurements of sodium
currents in the potential range where action potentials are initiated, making it
possible to study cardiac sodium channels in an adult mammalian preparation which
is free of enzymatic treatment.

INTRODUCTION

It has long been known that the rapid upstroke of the cardiac Purkinje fibre action
potential is generated by an inflow of sodium ions (Draper & Weidmann, 1951).
However, direct measurements of the excitatory sodium current (Iy,) in heart have
been difficult because the complex multicellular organization of cardiac muscle
limits the degree of spatial and temporal uniformity that can be achieved with the
voltage clamp technique (Johnson & Lieberman, 1971; Tarr & Trank, 1974 ; Connor,
Barr & Jakobsson, 1974; Fozzard & Beeler, 1975; Attwell & Cohen, 1977; Beeler &
McGuigan, 1978). Longitudinal non-uniformities arise because a point source of
current must be used. Furthermore, radial non-uniformities are introduced in many
preparations by the presence of narrow intercellular spaces which places a significant
external resistance in series with much of the total membrane (Sommer & Johnson,
1968, 1979). Voltage non-uniformities can be tolerated for relatively small membrane
currents (Kass, Siegelbaum & Tsien, 1979) but become severe when membrane
current flow is intense, as during the excitatory sodium current.

Purkinje fibres from rabbit ventricle have fewer morphological complexities than
other naturally occurring cardiac preparations (Johnson & Sommer, 1967 ; Sommer &
Johnson, 1968). They lack transverse tubules, unlike mammalian ventricular muscle,
and have fairly wide (1 #m) intercellular clefts, unlike sheep Purkinje fibres and frog
myocardium. The electrical properties of the rabbit Purkinje fibre reflect these
structural features (Colatsky & Tsien, 1979a). Cable analysis showed the rabbit
Purkinje fibre to behave as a simple RC cable with an extremely low external series
resistance. Furthermore, radial non-uniformities in membrane potential and potas-
sium ion concentration during voltage clamp polarizations were considerably smaller
than those found in ungulate Purkinje fibres in similar experiments (cf. Fozzard,
1966 ; Baumgarten, Isenberg, McDonald & TenEick, 1977).

Earlier studies of Iy, in the rabbit Purkinje fibre using the double sucrose gap were
complicated by poor viability of the preparations (Harrington & Johnson, 1973) and
by the presence of large extracellular shunt currents (Thompson, 1975). Evidence for
adequate control of membrane potential could, nevertheless, be obtained (Thompson,
1975), although control often remained insufficient for the analysis of membrane
properties (Harrington & Johnson, 1973). The feasibility of reliably measuring
sodium currents in the rabbit Purkinje fibre has been recently explored using the
two-micro-electrode voltage clamp technique (Colatsky & Tsien, 1979b). Voltage
non-uniformity was minimized by partially removing the external sodium to reduce
the size of the current, and by lowering the temperature to slow the current kinetics.
Under these conditions, the recorded currents satisfy a number of criteria for
adequate voltage control. '
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This paper extends the previous analysis of sodium currents in the rabbit Purkinje
fibre using the two-micro-electrode voltage clamp method, and provides additional
tests for voltage uniformity and for the effects of sodium removal and low tempera-
ture on the properties of the sodium channel.

METHODS

Preparations

Adult rabbits weighing 4-5 1b were killed by a sharp blow to the back of the head. The hearts
were quickly removed, rinsed free of blood, and placed in warm oxygenated sodium-free potas-
sium glutamate Tyrode solution (solution A, Table 1). The ventricles were then opened and short
(0-3-1-0 mm) strands of Purkinje tissue carefully removed. The excised preparations were
incubated in potassium glutamate Tyrode solution for 15-30 min to permit healing over before
exposure to solutions containing sodium. The exposure to potassium glutamate solution seemed
to improve the viability of the preparations (Colatsky & Tsien, 1979a).

TaBLE 1. Composition of external solutions

Solution NaCl KCl1 CaCl, MgCl, MnCl, K+ glutamate Choline Cl
A — — 54 0-5 — 150 —
B 150 4 54 0-5 — e —
C 150 4 1-8 0-5 36 — —
D 15 4 1-8 0-5 36 — 135

All solutions contained 5 mM-glucose and were buffered to pH 7-2-7-4 using either 10 mm-Tris
base-Tris HCI or 5~-10mM-HEPES titrated with NaOH.

Ezxperimental procedure

The experiments were carried out at 10-26 °C, with temperature held constant within + 0-2 °C
in each run by means of a Peltier device (Cambion, Cambridge, Massachusetts) with a feed-back
controller. Low temperatures were necessary to improve temporal resolution of Iy,. In some
experiments, cooling was initiated following the establishment of satisfactory impalements at
37 °C in standard Tyrode solution (solution B) or in Tyrode containing 3-6 mM-manganese—1-8
mM-calcium (solution C). Impalements were usually difficult to maintain during the cooling
period, and fibres often showed signs of deterioration with re-impalement. To avoid this problem,
later experiments were begun at room temperature (~ 24 °C) and bath temperature gradually
lowered to the desired final level. Once a stable condition was obtained, the superfusate was
exchanged for one containing low sodium (solution D). Choline chloride (Mallinckrodt) was used
as the sodium replacement. TMA (tetramethylammonium) was also tried, but appeared to have
deleterious effects on the preparations (cf. Lee, Weeks, Kao, Akaike & Brown, 1979). The
presence of manganese in the bathing solution blocked the twitch and greatly reduced the slow
inward current (Vitek & Trautwein, 1971) and the delayed outward current (Kass & Tsien,
1975). Thus, the ionic current recorded on depolarization consisted of Iy, and a small amount of
leak.

Membrane currents were recorded in the majority of experiments using the conventional
two-micro-electrode voltage clamp technique of Deck, Kern & Trautwein (1964) with minor
modifications (Tsien, 1974). The voltage electrode was positioned about one third of the distance
from the current electrode to the end of the fibre. This placement limits the apparent speed of the
clamp but provides a more accurate measurement of the average membrane potential in the
fibre (DiFrancesco & McNaughton, 1979). The command pulse was lagged with an exponential
time constant of 100-400 usec to reduce the peak capacitance surge and minimize damage to the
preparation (Adrian & Marshall, 1977). Voltage and current electrodes were shielded to within
0-5 mm of their tips by a coating of Electrodag 416 (Acheson Colloid, Port Huron, MI) and
insulated with nail polish. The voltage electrode shield was driven by the output of the unity
gain electrometer, and the shield around the current electrode was grounded. Capacitative
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coupling was further reduced by a grounded metal shield positioned between current and voltage
electrodes and by keeping the level of solution in the bath low. In later experiments, current
electrodes were bevelled to improve ther current-passing capability. Records of membrane
potential and membrane current were taken with a chart recorder (Brush 440), a storage oscillo-
scope (Tektronix 5031 or 5103), and a laboratory computer (DEC, PDP-8/E).

Measurement of Ig,

In the present study, longitudinal non-uniformity was reduced to an acceptable level by
choosing very short preparations to minimize cable delays and by limiting the maximal sodium
conductance using low external sodium or reduced holding potential. Spatial control was
considered adequate if the following observations were made: (@) no ‘abominable notches’ in the
current record (Cole, 1968), (b) graded increases in Iy, with small depolarizations beyond thres-
hold (i.e. in the negative slope region of the current—voltage relation, and (¢) constancy of current
time course as current magnitude is varied by prepulse inactivation. Only data from preparations
meeting these minimal criteria were accepted.

Measurements of peak inward current were most accurate when a clear separation existed
between activation of I, and the decay of the capacity transient. At 20 °C, this occurred for
depolarizations negative to about — 15 mV. For stronger depolarizations, it was necessary to
adjust the peak current measurement for a capacitative component. This was done by scaling
the capacity transient for a small subthreshold depolarization in proportion to the amplitude of
the appropriate voltage step and subtracting the resulting waveform from the recorded total
membrane current (Colatsky & Tsien, 19795). Steady currents were also subtracted, but these
were usually quite small (e.g. Fig. 1). The capacity subtraction removes linear capacitative
components only. Since the activation of inward current will assist in depolarizing the membrane
during a voltage step, differences in capacitative time course for sub- and supra-threshold
depolarizations are expected. The corrected measurements of peak Iy, are therefore subjact to
some error, the magnitude of which would depend on the amouat of additional non-uniformity
introduced by the presence of inward current (Schoenberg & Fozzard, 1979). For membrane
currents of the size recorded in these experiments (< 50 #A/cm?), the voltage distribution should
not be greatly altered during I,. In some cases, the subtraction did not reveal a clear current
peak at positive voltages. In these experiments, currents were measured isochronally.

Details of the experimental analyses are presented in the text. Collected data are given as
mean + S.E. of mean. Measurements are referenced to total membrane surface area, as estimated
by the total effective capacitance.

RESULTS

After impalement with two micro-electrodes, the rabbit Purkinje fibres used in this
study were generally depolarized to between —30 and — 10 mV. The depolarization
is largely attributed to the use of very short preparations (0-3—1-0 mm), since values
near —85 mV are typically recorded in longer fibres (Colatsky & Tsien, 1979a). The
resting potential could be easily moved to more normal levels by applying a small
amount of hyperpolarizing current through the current electrode (~ 1 nA). The size
of the current needed was minimized by the presence of marked inward rectification,
which gave the I-V characteristic of the membrane a negative or nearly zero slope
generally between —70 and — 20 mV. In many cases, the fibre remained well polarized
when the holding current was removed (cf. Gadsby & Cranefield, 1977). A low input
resistance was associated with damaged or derelict preparations, and sodium currents
were not studied in these fibres.

Sodium current measurements

In order to improve voltage control during the flow of sodium current, the maxi-
mum sodium conductance was reduced, either by lowering the external sodium con-
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centration to 10-139, of normal, or, alternatively, by using a reduced holding
potential to partially inactivate the sodium channel. Fig. 1 compares sodium currents
recorded from the same fibre under both sets of conditions. Panel 4 shows total
membrane currents elicited in 155 mM-sodium Tyrode (solution C) by step depolari-
zations from a holding potential of —71 mV, while panel B shows the currents
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Fig. 1. Early membrane currents in rabbit Purkinje fibres in normal and low-sodium
Tyrode solution. Part 4 shows the total membrane currents (ionic+ capacitative)
elicited by depolarizations of varying magnitude from a holding potential of —71 mV
in 155 mM-sodium Tyrode. Part B gives a similar family of current records from the
same fibre in a later run of 20 mm-sodium Tyrode using a holding potential of —82 mV.
The voltage command pulses have been lagged exponentially to blunt the surge of
capacitative current. T'otal effective capacitative, 3-47 nF ; apparent cylindrical surface
area, 0-00057 cm?2. 10 kHz filtering was used throughout. Experiment T92-1.

associated with a similar series of voltage steps in low-sodium Tyrode (solution D),
using a more negative holding potential of — 82 mV. No corrections have been made
for leak or capacitative currents. Depolarization produces an initial outward surge of
capacitative current which decays with a final time constant of 540 usec. The
relatively slow time course of the capacity transient reflects the longitudinal cable
delay inherent in the two-micro-electrode voltage clamp method, rather than the
presence of an external series resistance (Colatsky & Tsien, 1979a). In the present
study, values for the final time constant ranged from 260 to 1300 usec. These values
are consistent with those predicted by cable analysis (Schoenberg, Dominguez &
Fozzard, 1975; Colatsky & Tsien, 1979a) for rabbit Purkinje fibres at low tempera-
tures (see Discussion).

Small subthreshold depolarizations produce only a brief capacitative surge and a
negligible component of steady outward current. When the membrane potential is
stepped positive to — 55 mV, a transient inward current is elicited. The size of the
current increases progressively with further depolarizations to reach a maximum
near —18 mV in normal sodium (panel 4) and —24 mV in low-sodium Tyrode
solution (panel B). With more positive steps, the peak, current decreases and, in
panel B, appears to reverse positive to 0 mV. In a total of eight experiments, the
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maximum inward current measured was 95+ 10 nA, giving a mean membrane
current density of 19 + 4 uA /uF referred to the total effective capacitance as esti-
mated by integrating the area under the capacity transient. Individual estimates of
total capacitance ranged from 0-57-18 nF, with a mean of 8-2 + 2-5 nF.
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Fig. 2. Three-micro-electrode experiment designed to evaluate longitudinal voltage
non-uniformities during the excitatory sodium current. The electrodes were positioned
as shown in the lower right panel (E). Membrane potential was clamped at V,. Part 4
superimposes the changes in membrane potential recorded simultaneously at V; and V,
during a step from — 65 to — 35 mV. The small deviation at the end of the pulses is due
to an imperfect seal around the voltage electrode. Part B gives the difference signal
(V;-V,) obtained by computer subtraction of the digitized voltage records. Part C
shows the total current (I,) applied by the voltage clamp amplifier during the voltage
step. Part D compares the AV and I, wave forms after subtracting the outward pedestal
and arbitrarily scaling the AV trace by 17-15 kQ to match the downward peaks. 155 mMm-
external sodium, 18 °C. T'otal effective capacitance, 7-31 nF ; apparent cylindrical surface
area, 0-00366 cm?. Experiment T01-1.

The kinetics of the inward current were found to depend markedly on membrane
potential. Increasing depolarization produced a progressively earlier time-to-peak
and a faster rate of inactivation. The decay of I, followed a single exponential time
course. The time constant of inactivation (7,) was steeply voltage dependent, ranging
from 8:6 msec at —36 mV to 2 msec at —8 mV at 18 °C. Analysis of the activation
kinetics was not attempted because of uncertainties about the current time course at
early times.

Longitudinal non-uniformity

Previous efforts to measure cardiac sodium currents have been criticized because of
doubts about the adequacy of voltage control. In a previous report (Colatsky &
Tsien, 1979b), experimental evidence was presented which indicated the validity of
sodium current measurements in the rabbit Purkinje fibre using the two-micro-
electrode voltage clamp. These data included the absence of ‘abominable notches’
during the decay of inward current (Cole, 1968 ; Connor et al. 1975), the absence of an
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overly steep negative slope in the peak current-voltage relation (Johnson & Lieber-
man, 1971), and the rapid shut-off of inward current when the membrane is repolarized
at the time of peak sodium permeability (Ramon, Anderson, Joyner & Moore, 1975).
Fig. 2 shows the results of an additional test for spatial control using the three-micro-
electrode technique of Adrian, Chandler & Hodgkin (1970) as adapted for the measure-
ment of regenerative inward currents by Kass et al. (1979).

Longitudinal non-uniformity was measured directly using a second voltage
electrode. The placement of the electrodes is illustrated in the lower right panel of
Fig. 2. A current electrode was placed near the middle, and the two voltage electrodes
positioned at distances of I(V}) and 3I(V,) from one end of the fibre. Membrane
potential was clamped at V;. Panel 4 shows the simultaneous measurement of
membrane potential at ¥ and V, during a voltage step which elicits a sodium
current of 70 nA (9-6 #A /uF). A holding potential of — 65 mV was used to partially
inactivate the sodium channel and reduce the membrane current density. The lower
left tracing (panel C) is the total current (I;) supplied by the voltage clamp amplifier
during the step. The voltages at ¥; and ¥, deviate from each other during the early
part of the clamp. The voltage rises more quickly at ¥, than at ¥, as expected, since
V, is very near the site of current injection. Panel B shows the difference signal
(AV) obtained by computer subtraction of the ¥, and ¥, traces in panel A. The
largest non-uniformity occurs at early times, reaching a maximum of about 13-5 mV.
At the time of peak Iy,, the voltage deviation is only 1-2 mV.

The three-micro-electrode method is susceptible to errors due to imperfect sealing at impale-
ment sites (Adrian et al. 1970; Schneider & Chandler, 1976 ; Kass et al. 1979). The difference in
steady potential recorded by the V; and V, electrodes arises from a leaky impalement at V;
which attenuates the voltage signal at this point. This shows up as a small positive pedestal in the
difference trace which cannot be seen on the I, record (cf. Reuter & Scholz, 1977; Lederer &
Tsien, 1976 ; DiFrancesco & McNaughton, 1979). Such problems were difficult to avoid in these
experiments. The amount of distortion introduced by a resistive leak at the V; electrode should
be relatively small (Adrian & Almers, 1974; Schneider & Chandler, 1976). It therefore seemed

reasonable to treat the pedestal as a time-independent leak proportional to the voltage signal at
V1 in the subsequent analysis.

The AV measurements not only directly report longitudinal non-uniformity but
also provide an independent measure of membrane current density. Kass et al. (1979)
have shown that close agreement between AV and I, occurs only when both signals
report the membrane characteristics that would be obtained with an ideal longitudinal
space clamp. Panel D shows the superposition of the I, and the AV signals after sub-
tracting the outward pedestal and scaling the AV trace by 17-15 kQ to match the
measured peak total current. This conversion factor corresponds to an axial resistance
of 352 Q cm. The time scale has been expanded by a factor of 2 to facilitate compari-
son of the signal wave forms. It is clear that the agreement is excellent, indicating that
adequate spatial control of membrane potential exists during the flow of I, under
these experimental conditions.

Peak current—voltage relations

Fig. 3 presents a more complete analysis of the records in Fig. 1. The experiment
provides a useful check on the effects of sodium removal on the properties of the
sodium channel. This is important because reductions in external sodium exert
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secondary effects on several ionic conductance systems in heart (Deck & Trautwein,
1964 ; McAllister & Noble, 1966; Dudel, Peper, Riidel & Trautwein, 1967; cf. Schoen-
berg & Fozzard, 1979) and can increase intracellular calcium levels via the sodium-
calcium exchange mechanism (Reuter & Seitz, 1968). Panel A compares the time
course of the total membrane current associated with nearly equivalent voltage steps
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Fig. 3. Effects of lowering external sodium on the measured properties of the sodium
channel. Part A, comparison of Iy, times course in normal and low sodium Tyrode. The
traces are total membrane currents recorded at similar voltages in 155 mM (— 20 mV)
and 20 mMm-external sodium (— 18 mV). The current in 20 mM-external sodium has
been scaled by 1-65 to match the peak current in 155 mM-external sodium. Part B, peak
current-voltage relations in normal (@) and low sodium Tyrode ( Q). The continuous
curves were calculated from the fit of the permeability data in part C assuming in-
dependence. Part C, voltage dependence of peak sodium permeability. By, was
calculated using the Goldman-Hodgkin-Katz equation and normalized to the maximum
value obtained near 0 mV; 1-01 x 10-° em/sec in 20 mMm-external sodium, 0-11 x 10-8
em/sec in 155 mM-external sodium. The continuous curve was drawn by eye to best fit
the data. Same fibre as in Fig. 1. Experiment T92-1.

in normal and low-sodium Tyrode solution. The currents have been scaled to agree
in peak magnitude. The current wave forms are largely superimposible, suggesting
that the kinetics of the sodium current are not greatly modified by variations in
external sodium.

Panel B compares the peak current—voltage relations obtained during consecutive
runs in 155 mM-sodium Tyrode (filled symbols) and 20 mm-sodium Tyrode (open
symbols). The current measurements have been corrected for linear capacitative and
steady outward components, as described in Methods. Because the holding potential
was increased from —71 to —82 mV in the low sodium run, the -V curves incor-
porate differences in both driving force and resting inactivation. The voltage de-
pendence of peak I, is qualitatively similar to that found in other excitable tissues.
Beyond a threshold near —55 mV, there is a negative slope region which has a
maximum slope conductance per unit effective capacitance of —1-0 mS/uF. The
largest inward current occurs at —24 mV in 20 mM-sodium and at —18 mV in
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155 mm-sodium Tyrode solution. In a total of eight experiments, current maxima
occurred at —26 + 2 mV in low sodium and — 15+ 1 mV in normal sodium media.
The shift of the maxima to more negative potentials in low sodium arises because the
reduction in driving force begins to limit the magnitude of the sodium current even
though Py, is still increasing (panel C).

The ionic current in 20 mM-sodium reverses its direction at +2-5 mV. Reversal
potentials for the sodium current (Vy,) could not be measured directly in full sodium
because the capacity transient seriously overlaps I, activation at positive potentials.
A rough estimate can be made by linear extrapolation of the positive limb of the I-V
curve to zero current. In this experiment, an apparent reversal potential of + 38 mV
was obtained. Although the actual experimental measurement of ¥, contains con-
siderable uncertainty, the values are in reasonable agreement with the predictions of
the Goldman-Hodgkin-Katz potential equation (Goldman, 1943; Hodgkin & Katz,
1949), using a Py /Py, ratio of 1/12 (Chandler & Meves, 1965), an internal potassium
activity of 130 mm (Miura, Hoffman & Rosen, 1977), and allowing the intracellular
sodium activity to vary with external Na as reported by Ellis (1977). In 15 mM-
external sodium with internal sodium activity set at 2 mm, a reversal potential of
—2mV is predicted. This compares favourably with the mean of 0 + 3 mV measured
in four experiments at this concentration of external sodium. The predicted reversal
potential in normal sodium with an internal sodium activity of 8 mm, is +48 mV,
which is close to the estimates obtained experimentally (+44+2mV, n = 4).

Voltage dependence of Py,

Peak sodium permeabilities were calculated from measurements of peak inward
current using the following equation (Goldman, 1943; Hodgkin & Katz, 1949):

Iy RT exp (VF|RT)—1 ()
Na, F2V exp (V—Vaa)F/RT)—1"

where V is the membrane potential, ¥}, the sodium current reversal potential, and
R, T and F have their usual meanings. The values of P, obtained were normalized
to the maximum permeability calculated for each run and are plotted against mem-
brane potential in panel C. Py, shows a sigmoidal dependence on membrane potential
varying from almost no activation at — 55 mV to nearly full activation at —10 mV.
The Py, — V curves obtained in normal sodium (filled symbols) and low sodium (open
symbols) show similar voltage dependence. The continuous curve has been drawn by
eye to fit the data, and is half maximal at —32 mV. The maximal permeability was
0-11 x 10~% cm/sec in 155 mM-sodium, and 1-01x 10~% cm/sec in 20 mMm-sodium.
The tenfold difference in maximal permeability reflects the different levels of resting
inactivation in the two runs. Best estimates of P, from the fitted curve were then
used to predict peak Iy, using eqn. (1) after rearranging. The continuous curves in
panel B are the result of this calculation and fit the data reasonably well, suggesting
that the independence principle is obeyed to a first approximation (Hodgkin & Katz,
1949; Hodgkin & Huxley, 1952a).

The peak Py, values from eight separate experiments (ten runs) are plotted on a
logarithmic scale versus potential in Fig. 4. The measurements were made in normal
(filled symbols) and low sodium (open symbols) concentrations at temperatures

PNa =
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ranging from 10 to 24 °C. Despite the wide variation in experimental conditions, the
voltage dependence of P, appears relatively constant. Py, rises steeply with small
changes in membrane potential, increasing e-fold per 3-2 mV of depolarization, and
levels off near — 10 mV, reaching half maximal activation at —30+2 mV (n = 10).
These data are consistent with similar measurements in squid axon (Hodgkin &
Huxley, 1952a) and frog skeletal muscle (Campbell & Hille, 1976), but differ from
previous work in cardiac Purkinje fibres (Dudel, Riidel, Peper & Trautwein, 1966;
Dudel & Riidel, 1970).
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Fig. 4. Voltage dependence of peak sodium permeability in rabbit Purkinje fibres.
Measurements of relative By, collected from ten determinations in eight fibres, plotted
semilogarithmically.

Steady-state inactivation

The steady-state voltage dependence of sodium inactivation (h,) was studied by
measuring the effect of various conditioning prepulses on the peak sodium current
elicited at a fixed test potential (Hodgkin & Huxley, 1952b). Fig. 5 presents the
results from one experiment (15 mM-external sodium, 19 °C) which utilized a 500
msec prepulse and a test pulse to — 30 mV. The current records used in the analysis
are shown in panel 4 (left) with a small component of holding current omitted. The
measured peak currents are plotted as open symbols in panel B after normalization
to the maximum current elicited with hyperpolarization. The sodium current shows a
sigmoidal dependence on prepulse potential which can be fitted by the function
(Hodgkin & Huxley, 1952b)

B — 1
" Tvexp (V-TR)/F)

where ¥, = 69mV and k = 3-96 mV. In a total of eight experiments, ¥, = —74-9
+2mV and k = 4.56+0.13 mV. Eqn. (2) and similar parameters were used by

(2)
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TaBLE 2. Voltage dependence of sodium inactivation in heart

Preparation Temp (°C) [Ca], (mMm) Vy.(mV) k,.(mV) Reference

Rabbit Purkinje fibre 10-19-5 1-8 Ca,* —74-9 4-56 This paper
3:6 Mn,
19-26 54t — 744 536 Colatsky & Tsien, 1979a

22 4-0 —176-0 8:72* Thompson, 1975
Sheep Purkinje fibre 8 54 — 1484 14:74* Dudel & Riidel, 1970

20 54 —101-9 5:52* Dudel & Ridel, 1970
Dog ventricle 35 1-8 —-55-7 3-0 Beeler & Reuter, 1970
Frog atrium 47 1-8 —45to0 —62 3-5-5-2 Haas et al. 1971

* The parameters were calculated from published data using weighted regression analysis.
t Solutions of 5-4 Ca, or 5-4 Mn,+ 0-Ca, or 1-8 Ca, + 3-6 Mn, were used in these experiments.
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Fig. 5. Relative voltage dependence of sodium inactivation and permeability. Panel 4,
families of total membrane currents obtained using conventional protocols for analysis
of sodium inactivation and permeability. The inactivation curve (left) was measured in
15 mM-external sodium using 500 msec prepulses and a constant test pulses to —38 mV.
A small component of holding current has been omitted for some of the traces. By, was
measured to 150 mM-external sodium using values of peak Iy, recorded at different
potentials (right), using a constant holding potential of — 58 mV. Panel B, voltage de-
pendence of relative sodium inactivation and permeability. The inactivation curve (O)
is fitted by h, = 1/(1+exp(V—-V,)/k), with ¥, = 69 mV and k = 3-96 mV. F, (@)
was calculated using the Goldman-Hodgkin-Katz equation, and normalized to a maxi-
mum value of 0-09—10-5cm/sec. Total effective capacitance, 5-66 nF. Experiment
T82-1.
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Weidmann (1955) in studies using the maximal rate-of-rise of the action potential as
an index of P,,. Table 2 compares these results with previous work on sodium
inactivation in the rabbit Purkinje fibre and other cardiac preparations. The present
data resemble those of Colatsky & Tsien (1979b) at slightly warmer temperatures, and
of Thompson (1975) for rabbit Purkinje fibres in the double sucrose gap, but differ

200

16 °C |80 nA

8 msec

Peak /nq (NA)

1 | 1 1 | | 1 |

-120 -110 -100» -90 -80 -70 60 —50
Vm (MmV)

Fig. 6. Temperature dependence of sodium inactivation and peak Iy,. Inactivation
curves were obtained by varying the voltage of a 500 msec prepulse and measuring peak
I, elicited by a constant test pulse to —28 mV. The temperature was varied from
26 °C (@) to 16 °C (O), then back to 26 °C (A). Continuous curves were drawn
according to Iy, = Ig,/(1+exp(V —¥)/k), with the following parameters: at 26 °C,
V,= —76mV,k = 45 mV and Iy, = 157nA; at 16 °C,¥, = 79 mV, & = 6-:0 mV and
Iy, = 107 nA. Total effective capacitance, 2-67 nF; 20 mM-external sodium. Inset:
total membrane currents elicited with a prepulse to — 75 mV. Experiment T98-6.

markedly from the observations of Dudel & Riidel (1970) in sheep Purkinje fibres. At
20 °C, Dudel & Riidel found the inactivation curve strongly shifted to more negative
potentials, with a midpoint near — 100 mV. Differences are also evident with respect
tostudiesin mammalian ventricular (Beeler & Reuter, 1970) and frog atrial trabeculae
(Haas, Kern, Einwachter & Tarr, 1971). In these preparations, the inactivation curve
is less negative and has a slightly steeper slope than the present results in rabbit
Purkinje fibres.

Permeabilities were also measured in this fibre in an earlier run with full sodium
and a holding potential of —58 mV which inactivated 96 %, of the sodium channels.
The uncorrected membrane current records are shown in panel 4 (right). Relative
sodium permeabilities are plotted in panel B as filled symbols, normalized to a
maximum Py, of 0-09 x 10~% cm/sec. The smooth curve is drawn by eye with half-
maximal activation at —28 mV. The separation between the midpoints of the Py,
and A, curves is 41 mV, and there appears to be little overlap. In four other experi-
ments where both curves were determined in the same fibre, the average separation
was 42+ 2 mV.
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Effects of temperature

Reductions in temperature are known to shift the k,~V curve to more negative
potentials in frog and rabbit myelinated nerve (Chiu, Mrose & Ritchie, 1979; Mrose
& Chiu, 1979), squid axon (Kimura & Meves, 1979) and sheep cardiac Purkinje fibres
(Dudel & Riidel, 1970). A similar dependence of %,, on temperature was found in the
present study. These results are shown in Fig. 6. Steady-state inactivation was
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Fig. 7. Recovery of I, from inactivation. The reactivation time course of I,, was
determined using a conventional two pulse protocol, as shown in the inset, consisting of
a conditioning pulse and a test pulse, separated by a variable interval, ¢. Panel 4, total
membrane currents recorded during the test depolarization for ¢ = 20, 50, 100, 200,
500, 1000 and 2000 msec. The traces are displaced along the time axis according to the
appropriate value of ¢; the distance between the arrows represents 1 sec on this time
scale. The calibration bars refer to the individual current records. Panel B, reactivation
time course of I,. The continuous curve is a single exponential with a time constant of
108 msec. 20 mm-external sodium; 19-2 °C. Experiment C02-9.

measured in the conventional way, using 500 msec prepulses and a test pulse to
—28 mV, at temperatures of 26 °C (@), 16 °C (O), and again 26 °C (A). The A,
curve shifts to the left with decreasing temperature, and the effect is completely
reversible. The points are fitted by eqn. (2) with ¥, = —76 mV and k = 4-5mV at
26°C,and ¥, = —79mV and k = 6-:0 mV at 16 °C. These results are similar to the
shifts of 2-8 mV /10 °C found in nerve (Chiu ef al. 1979; Kimura & Meves, 1979), but
are substantially smaller than the shifts previously reported in heart (15-39 mV/

8-2
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10 °C; see Table 2). Small changes in the voltage dependence of Py, may have
occurred (see Fig. 4), but this was not investigated systematically.

Both the rate of inactivation and the peak magnitude of the sodium current were
reduced at lower temperature, as shown in the inset in Fig. 6. The time constant for
the decay of the inward current at —30 mV increased from 1-36 msec at 26 °C to
3-17 msec at 16 °C (Q,y = 2-3). In another experiment, a 10 °C fall in temperature
produced a similar 2-6-fold slowing of 7,,. The @,, for peak I, ranged from 1-23 to
1-46. Comparable values have been obtained in nerve. (Chandler & Meves, 1970;
Moore, 1971 ; Chiu et al. 1979) and skeletal muscle (Campbell & Hille, 1976; Adrian &
Marshall, 1977).

TaBLE 3. Time constants for recovery from inactivation

Fibre V,(mV) T, (msec) Temperature (°C)
T45-1 —69 175 19-0
T78-1 —173 200 19-0
Co02-9 —85 108 19-2
T82-1 —85 180 19-0
T94-5 — 86 180 17-3

Recovery from inactivation

The time course of removal of inactivation was studied using the double pulse
method (Hodgkin & Huxley, 1952b). The protocol is illustrated in Fig. 7 (inset). Two
50 msec depolarizing pulses from a holding potential of —85 mV were applied in
succession separated by a variable interval, £. The upper panel shows the total mem-
brane currents recorded during the second (test) pulse. The traces have been dis-
placed along the time axis to illustrate the time course of reactivation of Iy,. The
interval between the two largest currents (arrows) represents 1 sec on this time scale.
Below, the measured peak currents are plotted as a function of the variable interval.
The continuous curve is an exponential having a time constant of 108 msec. Results
from this and four other experiments are summarized in Table 3. In each case, a
simple exponential reactivation time course was found. In work performed in collabo-
ration with Dr C. J. Cohen, one could, however, observe a small second component of
slow inactivation if conditioning depolarizations lasting several seconds were applied.
The size of the slowly recovering component did not exceed 10 %, of the total current
for depolarizations up to 15 sec duration at 20 °C.

DISCUSSION

The present experiments confirm and extend previous results indicating the
feasibility of studying the excitatory sodium current in rabbit cardiac Purkinje
fibres using the two-micro-electrode voltage clamp (Colatsky & Tsien, 1979a, b). They
also provide useful new information about the properties of the sodium channel in
mammalian heart muscle.
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Adequacy of voltage control

An important part of this work has been concerned with demonstrating experi-
mentally the adequacy of voltage control during the flow of I,. The current measure-
ments in each experiment met the following criteria: (i) the absence of ‘abominable
notches’ in the current record (Cole, 1968), (ii) graded increases in peak I, with
small depolarizations in the negative slope region of the I-V curve (Johnson &
Lieberman, 1971; Kootsey & Johnson, 1972), and (iii) a constant time-to-peak with
increasing current magnitude (Connor et al. 1975). Additional tests were performed in
other experiments. Repolarisation at the time of peak Py, results in a smooth and
rapid shutting-off of the inward current (Colatsky & Tsien, 1979b), as expected when
voltage is well controlled (Ramon ef al. 1975). Direct measurements of longitudinal
non-uniformity with a second voltage electrode showed voltage deviations of less than
59, along the fibre at the time of peak Iy,. This amount of non-uniformity is com-
parable to that recorded during measurements of slow inward current in cow ventricle
(Reuter & Scholz, 1977) and calf Purkinje fibres (Kass ef al. 1979), and of the delayed
rectifier in sheep Purkinje fibres (DiFrancesco & McNaughton, 1979). The agreement
between the wave forms of the I; and AV signals provides additional strong evidence
that membrane properties are being faithfully recorded (Kass et al. 1979).

Intercellular spaces in the rabbit Purkinje fibres are relatively wide (Johnson &
Sommer, 1967; Sommer & Johnson, 1968), and do not present a significant external
series resistance to transmembrane current flow (Colatsky & Tsien, 1979a). Radial
non-uniformities are therefore expected to be small in this preparation. The radial
length constant (Ag) can be estimated by Ag = (w|R'y|/2R,)}, where w is the cleft
width, R’y is the cleft membrane resistance, and R, is the cleft fluid resistivity.
Assuming that membrane properties are uniformly distributed throughout the fibre,
and that the cleft fluid has the resistivity of normal Tyrode solution (51 Q cm), a
radial length constant of 313 um is calculated for R’;, = —1kQ cm? (Fig. 3). This
estimate of Ay is very long compared to the total fibre radius (36-90 um), so little
voltage decrement should occur down the clefts. The final time constant for charging
the cleft capacitance (7,) in the rabbit Purkinje fibre has been estimated to be 10 usec
(Colatsky & Tsien, 1979a) using the approach of Schoenberg et al. (1975). This is very
fast compared to the estimated time course for the longitudinal spread of current (see
below). It seems reasonable to assume that spatial and temporal control of the cleft
membranes is sufficient for recording I, faithfully. Non-uniformities would be more
serious in a preparation with less favourable geometry, e.g. sheep Purkinje fibres,
under the same experimental conditions. For comparable current densities in a
preparation with 20 nm clefts, Az = 198 ym and 7, = 2-6 msec.

Limitations of the method

Accurate measurements of I, in mammalian cardiac muscle are extremely
difficult under normal physiological conditions, i.e. 37 °C and 150 mM-external
sodium (Deck & Trautwein, 1964 ; Dudel et al. 1966; Beeler & Reuter, 1970; Harring-
ton & Johnson, 1973; Lee et al. 1979). The excitatory sodium current appears to be
too large and too fast to resolve with normal voltage clamp techniques. In the present
experiments, voltage control and temporal resolution were improved by reducing the
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membrane current density below 50 uA/uF and cooling to 10-24 °C. Similar pre-
cautions were taken by Adrian & Marshall (1977) in recording I, in rat skeletal
muscle. These adjustments do not greatly alter the properties of the cardiac sodium
channel. Decreasing temperature shifts the steady-state sodium inactivation curve
in the hyperpolarizing direction 3 mV/10 °C. Shifts of 2-8 mV/10 °C have been
reported in squid axon (Kimura & Meves, 1979) and frog and rabbit myelinated nerve
under voltage clamp (Chiu ef al. 1979; Mrose & Chiu, 1979), and in embryonic chick
ventricle using the maximal rate-of-rise of the action potential as an index of sodium
current (Iijima & Pappano, 1979). Shifts in the Py,-V relationship with temperature
have not been studied systematically in the rabbit Purkinje fibre, but they appear to
be small (cf. Fig. 4). Such shifts have recently been measured in squid axon (Kimura
& Meves, 1979) and myelinated nerve (Mrose & Chiu, 1979). Ionic gradients appear
well maintained at 20 °C, as evidenced by estimates of the sodium current reversal
potential which are consistent with those predicted for normal values of internal
sodium (Ellis, 1977). The fibers appear remarkably stable in low sodium, despite the
increase in internal calcium which must occur via the sodium-calcium exchange
mechanism under these conditions (Reuter & Seitz, 1968). This may be due to the
relatively high threshold for Ca-induced Ca-release in rabbit cardiac muscle (Fabiato
& Fabiato, 1977).

The principal limitation of the method is the delay in achieving spatial control.
Even at 10-26 °C, the decay of the capacity transient seriously overlaps Iy, activation
for depolarizations positive to — 15 mV. The speed of the clamp is largely determined
by the time required for current to spread longitudinally between the current
electrode and the ends of the fibre (Kootsey & Johnson, 1972; Colatsky & Tsien,
1979a). Extremely short preparations were used to minimize this distance. At 20 °C,
a final time constant of 448 usec is predicted for the longitudinal charging of mem-
brane capacitance (Schoenberg et al. 1975) in a typical preparation with a total
length of 500 um, an effective capacitance of 8 nF, and an internal resistivity (&)
of 450 Qecm (Colatsky & Tsien, 1979a), corrected for the decrease in temperature
(@10 = 1-48, Coraboeuf & Weidmann, 1954). The increase in R; with cooling seriously
limits the amount of improvement in temporal resolution that can be expected with
further reductions in temperature.

Sodium channel properties

If one assumes, for fixed V, that Py, is independent of the sodium current and the
external sodium concentration (i.e. that the independence principle holds) eqn. (1)
can be rearranged to predict the intensity of Iy, at physiological sodium concen-
trations. In the experiment shown in Fig. 5, a maximal peak Py, of 1-01 x 10~5 cm/sec
is calculated at 18 °C from a holding potential of — 82 mV. At a membrane potential of
— 15 mV (relative Py, = 0-8), a peak sodium current of 143 uA /uF is calculated for
150 mMm-external sodium. This corresponds to a maximal rate-of-rise of 143 V/sec,
assuming that ¥V, = I;/Cm and Cm = 1 4F/cm? (Hodgkin, Huxley & Katz, 1952;
Cole, 1968). Given a @,, of 1-68 for the action potential upstroke velocity (Coraboeuf
& Weidman, 1954), a V. of 383 V/sec is predicted at 37 °C. This is very close to the
value of 311437 V/sec measured experimentally under normal physiological
conditions (Colatsky & Tsien, 1979a).
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The degree of overlap between sodium inactivation (k,) and Py, curves in the
rabbit Purkinje fibre appears to be quite small. The existence and extent of crossover
between activation and inactivation curves is important because it generates a
steady state inward current which can help maintain the plateau and support pace-
maker activity (McAllister, Noble & Tsien, 1975). A TTX-sensitive background
current believed to be the result of such overlap has been demonstrated in sheep
Purkinje fibre under voltage clamp over the potential range —65 to —15mV
(Attwell, Cohen, Eisner, Ohba & Ojeda, 1979). Recently, however, Coraboeuf,
Deroubaix & Coulombe (1979) found that TTX shortened the action potential in dog
Purkinje fibres at concentrations which did not affect the maximal rate-of-rise, and
proposed the existence of a second population of Na channels which lacked the
property of inactivation. The action potential duration is also markedly reduced by
TTX (16 um) in rabbit Purkinje fibres (Okada, 1976), suggesting that a significant
steady state sodium current is present in this preparation, although it is not clear
which type of channels carry the current. The absence of significant overlap in the
present experiments may reflect the displacement of the h,, —V curve to negative
potentials at lower temperature or, alternatively, suggests the presence of a second
population of Na channels with modified gating (Coraboeuf et al. 1979).

Because of the relative slowness of the voltage clamp, no attempt was made to
analyze the activation kinetics of I, or the instantaneous current-voltage relation
of the cardiac sodium channel. However, a rough estimate of the overall current
time course can be obtained from the rate of inactivation. At 20 °C and —20 mV,
I, decays exponentially with a time constant (7,) of 2-3 msec. Assuming a @, of
2-3 for the inactivation process (Fig. 6), 7, at 37 °C for the same depolarization is
485-728 usec. Thus the inward current transient should last less than 1-2 msec at
physiological temperatures. This agrees with estimates of the I, time course using
other voltage clamp techniques (Dudel et al. 1966; Dudel & Riidel, 1970; Ebihara,
Shigeto, Lieberman & Johnson, 1979). Following repolarization, I, recovers
exponentially, with time constants of 100-200 msec near 20 °C at resting potentials
between —73 and —86 mV. The recovery time constant is decreased at 37 °C to
34-48 msec, using a @, of 2-3. Gettes & Reuter (1974) found similar time constants of
recovery for V.. in sheep and calf Purkinje fibres at comparable membrane
potentials. It was not possible to compare the time constants for inactivation and
reactivation at the same potential because of the limited overlap between activation
and inactivation curves.

Recently, voltage clamps of cardiac muscle having extremely fast rise times of
10-80 usec have been reported in single rat myocytes (Lee et al. 1979). and in cultured
embryonic chick ventricular cells (Ebihara et al. 1979). It will be important to deter-
mine the amount of non-uniformity in these preparations during measurement of the
excitatory sodium current (cf. Nathan & DeHaan, 1979). One advantage of the
present approach is that it permits the study of sodium channel properties in an
adult mammalian cardiac preparation which is free of enzymatic treatment. More-
over, the morphology and electrical structure of the rabbit Purkinje fibre have been
studied in some detail, and evidence for the reliability of I, measurements under
appropriate experimental conditions presented. Further information on the cardiac
sodium channel is important, since preliminary data suggest that it may differ in its



232 T.J. COLATSKY

pharmacological properties from sodium channels in nerve and skeletal muscle (Baer,
Best & Reuter, 1976; Cohen, Colatsky & Tsien, 1979). Such differences will be crucial
in understanding the mechanism of therapeutic action of antiarrhythmic drugs.

I would like to thank Dr S. A. Siegelbaum for his assistance in the early stages of this study,
Dr C. J. Cohen for extensive collaboration in many of the later experiments and for numerous
helpful discussions, and Dr O. S. Andersen for his comments on the manuscript. I am especially
grateful to Dr R. W. Tsien for his continued support, advice and assistance throughout the course
of this work. This project was supported in part by grant HL 13306 from the U.S. Public Health
Service to R.W. Tsien.
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