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SUMMARY

1. The regenerative repolarization process has been examined in frog
ventricular myocardium using a single sucrose gap voltage clamp tech-
nique.

2. Application of brief (30-150 msec) anodal voltage clamp pulses
during the plateau of the action potential revealed a ‘threshold’ potential
region for immediate repolarization. The response to anodal clamp pulses
was not all-or-none but was graded.

3. The threshold potential was strongly dependent on the duration of
the test voltage clamp pulses and was more negative for shorter clamps.

4. Regenerative repolarization was also observed in the presence of
tetrodotoxin.

5. No threshold for immediate repolarization was observed with very
short clamps (2-20 msec in duration). Instead the membrane depolarized
upon release of each clamp pulse.

6. Theoretical and experimental analysis of the potential distribution
in the preparations showed that the de- and repolarizations observed after
test clamp steps are not due to geometrical properties or inhomogeneous
potential distributions.

7. The results suggest that the instantaneous I-V relation of the
membrane during the plateau may be linear.

INTRODUCTION

Several electrophysiological studies of the heart action potential have
indicated that initiation of the rapid repolarization phase is a regenerative
process. Weidmann (1951) and Vassalle (1966) in sheep Purkinje fibres
and Cranefield & Hoffman (1958) in dog and cat papillary muscles demon-
strated a threshold for immediate repolarization between the plateau and
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resting potentials. The possible ionic mechanisms considered for the rapid
repolarization were a regenerative decrease of the Na* andfor Ca?+
permeability or an increase of K+ permeability. An experimental approach
to distinguish between these possibilities was to measure the total mem-
brane conductance during the action potential. Weidmann (1951) had
obtained values for membrane slope conductance during the action
potential and at rest by measuring the voltage deflexion resulting from
application of 70 msec transmembrane current pulses. He found that the
membrane conductance in the plateau was not only lower than at rest but
decreased further toward the end of the plateau. One interpretation of
these results is that during the plateau the Na*+ and Ca?*+ permeabilities
are low and that the K+ permeability is even lower than its resting value.
If the instantaneous I-V relation of the membrane were fairly linear, then
the decrease of conductance toward the end of the plateau would indicate
a decrease in Na* andfor Ca?t permeabilities to initiate the rapid re-
polarization (Brady & Woodbury, 1960). On the other hand, rapid time-
dependent permeability changes might occur during the pulses so that the
effective I-V relation is N-shaped. Then the threshold and slope conduc-
tance results would be consistent with an increase in K+ permeability to
rapidly terminate the plateau (Noble, 1962a). Both of these interpretations
depended on the assumption that the permeability change primarily re-
sponsible for the rapid repolarization is much slower than the applied
current pulses. Further, the apparent ‘threshold’ phenomenon might not
be an intrinsic property of the sarcolemma and might occur only as a result
of conduction and spacial potential gradients in the syncytial myocardium.

In this and the following papers we have re-examined the regenerative
repolarization process of the plateau using a modified single sucrose gap
voltage clamp technique (Morad & Orkand, 1971; Beeler & Reuter, 1970).
Frog ventricular myocardium was used because this preparation lacks
T-tubules or deep intracellular clefts (Staley & Benson, 1968; Sommer &
Johnson, 1969; Page & Niedergerke, 1972) and its action potential has a
prominent plateau. The plateau was interrupted by voltage clamp pulses
of varying durations and test potentials. The membrane current during
the clamps as well as the time course of membrane potential subsequent
to termination of the clamps were measured. Experiments were conducted
in the presence and absence of tetrodotoxin to determine the contribu-
tion of the rapid Na+ transport system (Hagiwara & Nakajima, 1966;
Dudel, Peper, Riidel & Trautwein, 1967) to the regenerative repolarization
process. Analysis of the spacial potential distribution in the muscle was
made to distinguish between the intrinsic electrical properties of the mem-
brane and inhomogeneity of current and voltage distributions. These
experiments showed that the threshold for immediate repolarization was
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not a unique potential, but depended on the duration of test clamp. The
results suggest that the instantaneous I-V relation of the membrane has
no negative conductance region and may be, in fact, linear.

A preliminary report of these findings has been presented (Goldman &
Morad, 1973).

METHODS

Quiescent strips 500 #m or less in diameter were dissected from the basal region
of the ventricle of frogs (Rana pipiens). The strip was placed in a single succose gap
voltage clamp apparatus similar to thet described by Morad & Orkand (1971). The
muscle was diawn through 300 #m holes in two latex membranes (thickness 50 #m)
which separated the ventricular strip into three independently perfused compart-
ments. The length of the musecle in the physiological (Ringer) pool was less than
0-5 mm. A standard 3 M-KCl-filled glass micro-electrode was used to record intra-
cellular potential of the muscle in the Ringer pool. This potential was fed back
through a high gain inverting amplifier which applied current across the sucrose
gap via Ag[AgCl electrodes to clamp the membrane potential of the muscle in the
Ringer pool. The potential outside the muscle in the Ringer pool was ‘ground
clamped’ by a separate circuit. The current required to hold the extracellular
potential at ground during the clamp was measured and taken as net membrane
current (Morad & Orkand, 1971; Goldman & Morad, 1977a). The end of the muscle
was tied to & semiconductor strain gauge (Endevco S8 107-2) for isometric tension
measurement.

Solutions. The three compartments were perfused with solutions of the following
composition in m-mole/l. (@) physiological Ringer pool: NaCl, 116; KCl, 3; NaHCO,,
2; CaCly,, 0-2; (b) central sucrose compartment ; sucrose, 210 (special enzyme grade,
Schwarz-Mann) ; MnSO,, 0-01 (added in some experiments as a contractile suppres-
sant for the muscle in the central compartment) ; (¢c) KCI pool: KCl, 120; NaHCO,, 2.
All solutions were prepared with deionized double-distilled water. In some experi-
ments tetrodotoxin, 5 x 10-7-10-% mole/l (Sigma), was added to the normal Ringer
solution.

Stimulation. The ventricular strip was stimulated 12 times/min by a 5 msec current
pulse passed between KCl and Ringer pools. After termination of the pulse, the KCl
electrode was electronically disconnected from the stimulator by a low leakage
(<10—°A) field effect transistor. This allowed accurate measurement of the potential
between the KCl and the Ringer pools during an action potential and immediately
after termination of a voltage clamp step. The transgap potential wes monitored
continuously and was used to determine the spacial potential distribution in the
muscle (see Results).

Tests and precautions. A major segment of this report .deals directly with the
adequacy of the spacial clamp of voltage and current distributions in the single
sucrose gap. By comparing experimental measurements of the spacial potential
distributions with those predicted by an idealized cable model suggested by Sir Alan
Hodgkin for the case of single sucrose gap necessary criteria for artifact-free results
were derived. These criteria are as follows: (1) the physiological node must be small
(<500 #m in length and diameter; see Morad & Orkand, 1971); (2) the electrode
must be placed half way between the sucrose gap and the end of the muscle tied to
the tension transducer in the Ringer pool; (3) the currents accompanying repolariz-
ing clamp pulses from the plateau must be free of ‘abominable notches’ and tran-
sient inward current bumps; (4) the recorded current during an anodal voltage clamp
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pulse must be initially inward and decrease monotonically toward outward. current
during the clamp step; and (5) the direction of membrane polarization immediately
following a clamp pulse must be strictly related to the sign of the membrane current
at the end of the clamp, i.e. inward final clamp current must result in depolarizetion
and outward final clamp current musi be followed by repolarization.

In addition to application of these criteria, the general procedure was to place the
muscle in the sucrose gap chamber and stimulate it for about one hour before the
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Fig. 1. Transgap action potentials and accompanying contractions recor-
ded from a ventricular strip during the initial period of perfusion in a sue-
rose gap chamber. Traces A and B, alternating regular and aberrant action
potentials and contractions recorded 5 min after the start of sucrose per-
fusion. Stimulation rate, 12/min. Alternans ceases at stimulation rate of
24/min (trace C). After 25 min of sucrose perfusion, action potentials and
accompanying contractions appear normal at both stimulation rates (trace
D stimulation rate, 12/min). 15-40 min are required to eliminate excita-
bility of cells in the sucrose gap.

start of the experiment to allow for equilibration and ‘healing’ (De Mello, 1972).
The transgap action potentials recorded in the initial period of perfusion often
appeared ‘bumpy’ and prolonged. Fig. 1 shows recordings of trensgap action poten-
tials and the accompanying contractions 5 min after the start of perfusion. Alterna-
ting ‘bumpy’ and smooth action potentials such as shown in traces A and B were
often recorded. The contractions accompanying the irregular action potentials
(trace B) were large, prolonged and slowly relaxing. During this time, the extra-
cellular space of the muscle in the sucrose gap was probably not sufficiently ex-
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changed to eliminate excitability in that region of the muscle or at the Ringer-
sucrose interface. Under these conditions, when the frequency of stimulation was
doubled to 24/min (twitches labelled C), the electrical and mechanical alternans
ceased and all the action potentials became regular. The contractions were uniform
and relaxation was rapid. This suggests that the irregularities at the lower rate weie
due to marginally excitable cells with a long refractory period.

After 15-40 min of sucrose perfusion, the action potential recorded across the
sucrose gap became similar to an intracellularly recorded action potential at all
frequencies of stimulation (trace D). A transgap action potential magnitude of
70-100 mV and 500-800 msec in duration was required to begin the experiment.

An intracellular micropuncture near the centre of physiological node was then
obtained with a stable resting potential of —75 to —85 mV and action potential
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Fig. 2. Idealized longitudinal electrical equivalent of a ventricular strip
in the sucrose gap chamber. The extracellular longitudinal resistivity (r,,)
is assumed to be much higher in the sucrose region than in the Ringer
pool. Intracellular resistivity (), membrsne resistivity (r,) and membrane
equilibrium potential (E,) are allowed to differ in Ringer and sucrose
compartments. The intracellular (V) and extracellular (V) potentials are
calculated in the Appendix. The model predicts longitudinal potential
gradients in the muscle according to the direction of the applied current.

overshoot of + 15 to + 25 mV. About 50-75 %, of the preparations were unacceptable
by the abova criteria and were eliminated from consideration of physiological

results.
Theory

Since the validity of the voltage clamp results to be described will depend on the
homogeneity of the distribution of potential in various regions of the physiological
node, it is of interest to consider the distribution of potential expected on a theoreti-
cal basis. An idealized and highly simplified model of the longitudinal electrical
cable structure of the ventricular muscle in the sucrose gap is shown in Fig: 2. The
model is similar to that suggested by Sir Alan Hodgkin (see McGuigan, 1974, for the
case of the double sucrose gap). In this model the longitudinal internal and membrane
resistivities in the sucrose region are allowed to differ from the corresponding para-
meters in the Ringer pool. The fundamental characteristic of the muscle in the single
or double sucrose gap models is that the longitudinal extracellular resistivity is con-
siderably higher in tha succose than in the Ringer region.

The formal assumptions made in this model are: (a) linear and passive longitudinal
and membrane resistivities; (b) steady-state current and potential distributions;
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(c) no longitudinal current flow from the end of the strip in the Ringer pool (an open-
circuit termination); (d) greater extracellular longitudinal resistivity in sucrose than
in Ringer pools; (¢) a negligible extracellular potential in Ringer pool; (f) negligible
radial potential gradients in the muscle; (g) negligible mixing of solutions at the
Ringer—sucrose interface ; and (k) length of the sucrose gap considerably greater than
the longitudinal space constant in the sucrose region.

Although many of these assumptions are not experimentally justified, they define
a model which is mathematically explicit and is a rough first approximation of the
longitudinal cable properties of the muscle. The intracellular and extracellular
potentials ere functions of distance and are derived in the appendix. They are
given by

0 0<z<1
V= _ (1.14)
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where ¥, = intracellular potential (V), ¥V, = extracellular potential (V), V, =
transmembrane potontial, V-V, (V), V; = transmembrane potential at Ringer
sucrose interface (V), ¥, = transmembrane potential at the end of the muscle
(z = 0) (V), ¥, = potential of the KCl pool with respect to the Ringer pool, the
transgap potential (V), E, E,,=membrane equilibrium potential in the Ringer and
sucrose regions respectively (V), = distance from the end of the muscle (cm),
! = length of the muscle in the Ringer pool (cm), 7, r,, = membrene resistivity
in Ringer and sucrose regions respectively (Q—cm), 7, r, = longitudinal internel
resistivity in Ringer and sucrose regions respectively (Qfcm), r,, = longitudinel
external resistivity in the sucrose region (Qfem), r, = longitudinal resistivity of the
preparation in the sucrose region, 7,.7,[(r,+7,) (Qfcm), i, = membrane current
density; positive current flows outward through 7, (Afem), 4, ¢, = longitudinal
internal and external current respactively, positive current flows in the sucross-to-
Ringer direction (A), I = total applied longitudinal current; 7, +1, (A), I, = total
membrane currant in the Ringer solution (A), I, = leakage current (A).

Eqns. (1.9), (1.14) and (1.15) are plotted in Fig. 3 for three cases of transgap
current flow. E_, is assumed to be zero in Fig. 3. For case 4, no applied current, the
transgap potential (V) is an attenuated version of the intracellular potential at the
Ringer-sucrose interface (¥]) and is given by

Vi Tos
Tis + Tos

A (see also Morad & Orkand, 1971). (1.16)

For casa B, outward applied current (positive I), the longitudinal current flow is
in the sucrose-to-Ringar direction and, therefore, the intracellular potential gradient
is in the sucrose-to-Ringer direction. For case C, inward applied current (negative I),
the longitudinal current flows in the opposite direction and the intracellulsr potential
gradient is in th> Ringer-to-sucrose direction. These theoretically predicted potential
gradients are compared in the Results section with experimentally measured poten-
tisl gradients in ventricular strips during voltage clamps in the single suciose gap
apparatus.
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RESULTS
Properties of regenerative repolarization

Plateau position and voltage-dependent repolarization. The plateau of a
ventricular action potential was interrupted by repolarizing the membrane
to different potentials with brief voltage clamp steps. In Fig. 44, the
resting potential (lower left trace) and upstroke (upper left trace) of an
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Fig. 3. Predictions of the idealized cable model of voltage distributions
during application of current through the sucrose gap. The membrane
equilibrium potential of the sucrose gap (E,, of Fig. 2) has been assumed
to be the same as the resting potential of the muscle in the Ringer pool in
this figure. The intracellular (¥])) and extracellular (V) potentials are
plotted as the difference from resting potential versus distance. Case A4 (zero
net current), the potential in the transgap position (¥;) and is an attenuated
version of the intracellular potential (V) at the Ringer—sucrose interface.
Case B, during application of outward net current, the intracellular current
flows in the sucrose-to-Ringer (i.e. right-to-left) direction. This results in
an intracellular potential gradient in the sucrose-to-Ringer direction.
Casz O, during application of inward net current, the intracellulsr current
flows in the Ringer-to-sucrose direction (i.e. left-to-right). This results
in an intracellular potential gradient in the Ringer-to-sucrose direction.

action potential are shown. At 50 msec after the stimulus, the plateau was
repolarized to —32 mV for 85 msec and then the clamp pulse was termi-
nated. Upon release of the clamp, the membrane depolarized to nearly
plateau potential and then finally repolarized. During the plateau of a
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subsequent beat, the membrane was repolarized to —37 mV for 85 msec
and then released. The records of two interrupted action potentials have
been superimposed in Fig. 44. Upon release of the more negative clamp,
the membrane immediately repolarized. With clamps of such durations

20

mVY

—80

mVY

—80

200 msec 400 msec

Fig. 4. Measurement of the ‘apparent threshold’ of repolarization for
85 msec voltage clamp pulses applied at various times during the plateau.
Preparation was stimulated 12 shocks/min. Clamp pulses were applied
during every second action potential. Upper traces, membrane potential.
Lower traces, uncompensated voltage clamp currents. Inward current is
plotted downward. Outward current is plotted upward. Panels 4, B, and
C, super-imposed records of two voltage clamp pulses differing in potential
by 5 mV. The clamps were initiated 50, 300 and 480 msec after the stimu-
lus. Panel D, the apparent ‘threshold’ potential for immediate repolari-
zation is plotted for 85 msec test clamps versus the time after the stimulus
of clemp termination. The threshold potential slowly rises during the
plateau. The small deflexions of the current trace during non-voltage
clamp conditions are due to sucrose gap leakage current and operation of
the ‘leakage clamp’ mode of the sucrose gap apparatus (Goldman &
Morad, 1977a).

a critical potential was observed (in Fig. 44 between —32 and — 37 mV)
above which the membrane depolarized upon release and below Whlch the
membrane immediately repolarized.

The value of this critical potential depends on the a.mount of time the
membrane was at the plateau potential before the clamp was applied.
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Fig. 4B and C show similar measurements at later times during the
plateau. The critical potential for immediate repolarization after 85 msec
clamp steps is plotted vs the time of termination of the clamp within the
plateau (Fig. 4 D). The ‘threshold’ potential slowly becomes less negative
during the time course of the plateau and seems to intersect the action
potential near the beginning of the rapid phase of repolarization. Thus, as
the membrane slowly repolarizes during the plateau, the critical potential
for the onset of rapid repolarization rises, so that when the action poten-
tial and the critical potential intersect the rapid repolarization occurs.

The ‘uncompensated’ membrane currents required to clamp the poten-
tials have been included in Fig. 44, B, and C as the lower trace. Note that
when the current at the end of the clamp is inward (plotted downward),
the membrane depolarizes upon release of the clamp and when the final
clamp current is outward the membrane immediately repolarizes (see
section, ‘Clamp currents during development of regenerative repolariza-
tion’ for a more detailed description of the current records).

Time-dependent repolarization. Fig. 5 shows a normal action potential
superimposed upon two subsequent plateaus which were interrupted by
voltage clamp steps. The clamps were applied to the same potential and
ended at the same time after the stimulus. However, the clamps were
initiated at different times in the plateau as is indicated by the arrows
and the membrane current traces (upper traces), and so are of different
durations. Release of the shorter clamp resulted in depolarization toward
the plateau potential and the longer clamp pulse caused immediate re-
polarization. This observation suggests that no unique threshold potential
for immediate repolarization exists but that the rapid repolarization effect
is dependent on both the duration and the potential of the clamp. The
uncompensated membrane current recorded during the shorter clamp
(upper trace) was initially inward and was still inward at the end of the
clamp which resulted in depolarization. On the other hand, the current
at the end of the clamp which caused repolarization was outward.

It might be argued that the time of initiation of the clamps in Fig. 5
rather than the duration of the pulse determines the subsequent time
course of the membrane potential. This possibility was tested by com-
paring clamps of various durations applied at different times in the
plateau. Fig. 6, panels 4, C, and E show series of clamps of different
durations (85, 130, and 170 msec) which all started 160 msec after stimulus.
Panels B, D, and E show clamps of differing durations (85, 130 and 170
msec) which all ended at 330 msec after the stimulus. In each case longer
clamps resulted in a less negative threshold potential whether the clamps
started at equivalent times (e.g. compare panels C and E) or ended at
equivalent times (e.g. compare D and E). Clearly, it is the duration rather
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than just the position of the clamp in the plateau which strongly influences
the critical potential for immediate repolarization.

The interaction between the duration and the position of the clamp
pulses during the plateau on the threshold potential is shown in Fig. 7.
Panels 4 and B compare clamps which started at equivalent times in the
plateau but are of different duration. Panel 4 and C compare clamps of

400 msec

Fig. 5. Superimposed records of an action potential and two voltage
clamp pulses of different duration which started 90 and 135 msec after the
stimulus (downward arrows). Lower traces, contractile response of the
preparation to interrupted action potentials (middle traces). Upper trace,
uncompensated voltage clamp current. The shorter pulse, accompanying
current trace b, resulted in depolarization of the membrane upon release of
the clamp. The longer pulse (current trace a, which starts earlier) resulted
in immediate repolarization.

equal duration but which were initiated at different positions in the plateau.
It can be seen that a 50 msec increase in duration of the clamps (panels
A and B) shifts the threshold of repolarization from —33 to —17mV,
whereas & 100 msec change in the clamp position only changed the thresh-
old potential from —33 to —28 mV (panels 4 and C). This stronger
effect of the clamp duration than the clamp position on the threshold
potential was consistently seen throughout the plateau and for various
duration clamps. The results of an experiment in which clamp durations
were varied from 30 to 150 msec and clamps were started 100-400 msec
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160 msec 330 msec

Clamp
duration

85
msec

200 msec

Fig. 6. Comparison of the effect of position and duration of the clamp
pulse during the platesu on the apparent ‘threshold’ of repolarization.
Upper traces, membrane potential. Lower traces, uncompensated voltage
clamp currents. Records of three test pulses are superimposed in each
panel and the threshold value is numerically indicated. The duration of the
clamp pulse is varied in different panels: 85 msec in panels 4 and B, 130
msec in panels C and D, and 170 msec in panel E. In panels 4, C, and E,
clamps are initiated 160 msec after the stimulus. In panels B, D, and E,
clamps are terminated at 330 msec after the stimulus. In each case, longer
duration clamps resulted in a less negative ‘threshold’ potential whether
they started at the same time after the stimulus (panels 4, C, and E) or
ended at the same time after the stimulus (panels B, D, and E). The clamp
duration strongly affects the ‘threshold’ value.
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after the onset of the action potential are shown in Fig. 7.D. The plotted
symbols indicate the threshold potential vs. time of termination of each
clamp. For instance, the square symbols indicate the threshold potential
for 30 msec test pulses (see inset) which started 100, 200, 300, and 400 msec
after the stimulus (downward arrows) and are plotted at 130, 230, 330, and
430 msec after the stimulus. The triangular symbols represent the apparent
threshold potential for 50 msec clamps (see inset). They are plotted at
150, 250, 350, and 450 msec after the stimulus. The remaining symbols
for 75, 100, and 150 msec clamp pulses are similarly plotted vs the time
of termination of the clamps. Each series of connected symbols started at
the equivalent time in the plateau (i.e. the left most curve is for clamps
starting 100 msec after the stimulus as indicated by the left most down-
ward arrow). The connected curves show that the threshold potential rose
rapidly during the time course of the clamp pulse. Comparison of the rate
of shift of the apparent threshold potential for each series of connected
symbols with the rate of shift of the threshold for constant duration
clamps (e.g. squares or triangles only) shows that the potential of the
threshold shifts more rapidly during an anodal clamp than during the
time course of the plateau itself. Such results strongly imply that the
membrane permeabilities responsible for threshold of repolarization and
the initiation of rapid repolarization of the action potential itself are both
time and potential-dependent.

Clamp currents during development of regenerative repolarization. Al-
though membrane currents measured in Figs. 4, 5, and 6 have not been
corrected for the known artifacts inherent in the single sucrose gap voltage
clamp technique such as extracellular leakage current (Morad & Orkand

Fig. 7. Effect of position and duration of the clamp pulse on the apparent
threshold of repolarization. Panels 4, B, and C, superimposed records of
action potentials interrupted by three voltage clamp pulses. The threshold
value is indicated numerically. In panels 4 and B test pulses of 50 and
100 msec in duration have been applied 200 msec after the stimulus. Pro-
longation of the clamps by 50 msec (pansl B) raised the threshold to a
value 16 mV less negative. In panels A and C, the effect of test pulses
starting 200 and 300 msec after the stimulus and 50 msec in duration are
compared. Delay of initiation of the clamps by 100 msec (panel C) raised
the threshold to a value 5 mV less negative. In panel D the apparent
threshold of repolarization for four series of clamps which started 100, 200,
300, and 400 msec after the stimulus (downward arrows) have been plotted.
The points plotted are the apparent threshold value versus time of termi-
nation of the test clamp. The threshold values for clamp series which
started at equivalent plateau times have been connected. Each point on
one of the four curves represents the result of various duration clamps as
indicated in the inset. The curves represent the rise of threshold value
during an anodal clamp pulse. No threshold potential was observed. for 10
and 25 msec clamp pulses.
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1971; New & Trautwein, 1972) and extracellular series resistance (Beeler
& Reuter, 1970; Tarr & Trank, 1971), certain observations about such
recordings (Figs. 4 and 6, lower traces, Fig. 5, upper trace) are pertinent.
The transgap currents required to clamp the micro-electrode potential to
test levels close to the threshold of repolarization (with the micro-
electrode impaled near the centre of the physiological node) have the follow-
ing characteristics: (1) when the membrane potential is clamped downward
from the plateau, the current is initially inward and a time dependent
decrease toward zero net current occurs; (2) the current flowing just
before termination of the clamp is strictly related to the subsequent
membrane potential change upon release of the clamp. That is, if the final
clamp current is inward, the membrane always depolarizes and if the final
clamp current is outward, the membrane immediately repolarizes; (3) the
time-dependent decrease of current at more negative clamp potentials:
(@) is more rapid; (b) reaches zero net current earlier in the clamp; and
(c) is less negative at the end of the clamp. The time dependent decrease
of current at less negative test potentials: (a) is slower; (b) reaches zero
net current later in the clamp; and (c) is more negative at the end of the
clamp; and (4) the threshold for immediate repolarization at each clamp
duration is that potential at which the current crosses zero just before the
clamp is released. In each panel of Fig. 4, 5, and 6, the current recorded at
the critical potential for immediate repolarization is that current trace
which just reaches or crosses the zero current level at the end of the clamp.
Either shorter or less negative clamp steps resulted in an inward final
current and caused depolarization upon release of the clamped potential.
Clamp steps longer in duration or more negative than the critical potential
resulted in outward final clamp current and repolarization.

These results show that the clamp currents recorded with the micro-
electrode near the centre of the strip are closely related to the develop-
ment of the threshold of repolarization. The strict dependence of the rate
of post-clamp membrane de- or repolarization to the final clamp current
suggests that the same processes underlie the regenerative repolarization
and the time dependence of the measured clamp currents even in the
absence of any correction for leakage current and extracellular resistance
(see also Goldman & Morad, 19774, b).

Is the threshold of repolarization instantaneous? Fig. 8 shows clamps of
various durations which interrupt the plateau of the action potential in a
preparation treated with tetrodotoxin (5 x 10~7 M). Since the upstroke of
the action potential was completely suppressed at this concentration of
tetrodotoxin, the plateau was initiated by depolarization with a strong
transgap current pulse. Interruption of the plateau with very short (10—
20 msec) clamp pulses failed to show any threshold potential between
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plateau and — 60 mV (Fig. 84 and B). Instead, the membrane depolarized
after each clamp and then finally repolarized. Tetrodotoxin was used in
the experiment of Fig. 8 to minimize the contribution of the rapid sodium
system or possible inhomogeneities due to this current. Similar results
were obtained in preparations not treated with tetrodotoxin. Fig. 8C
shows the appearance of a threshold potential when the plateau was

mV

—80

200 msec

Fig. 8. Apparent ‘threshold’ potential and short clamp pulses. Panels
4, B, and C show the superimposed records of clamp pulses starting
75 mssc after the stimulus (dlownward arrows). Test pulses were 10, 20, and
40 msec long in panels 4, B, and C respectively (horizontal arrows). There
is no threshold for immediate repolarization with 10 and 20 msec clamp
pulses. In panel D apparent ‘threshold’ of repolarization is plotted versus
time of termination of the clamps. Bracket marker indicates maximum
duration clamps for which there was no threshold. This preparation was
bathed in Ringer solution containing tetrodotoxin (5 x 10~-7 mole/l.)

interrupted with longer duration clamps. This threshold potential is
plotted versus clamp duration (as indicated by the length of the hori-
zontal arrow) in panel D. The length of the bracket marker in Fig. 8 D
indicates the duration of short clamps for which there was no threshold
potential. As the duration of the clamps was successively prolonged, an
apparent threshold potential appeared and became less negative for
longer clamps (see also Fig. 7.D). These findings suggest that there is no
unique threshold of repolarization but that the regenerative repolarization
phenomenon shown in Figs. 4, 5, 6, 7, and 8 is a time-delayed effect of
the test clamp potential.
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Approximation to the instantaneous current—voltage relation

The absence of a discrete threshold for immediate repolarization with
very short clamps implies that the instantaneous current—voltage relation
of the membrane during the plateau has no region of outward current
below the plateau potential. The strict dependence of post-clamp de- or
repolarization to the current at the end of the clamp suggests an approach
for estimation of the membrane current-voltage relation. Since after a
clamp, the net membrane current (Im) is zero, the sum of the ionic (Ij)
and capacitive (I,) currents is zero:

dv, dv,

at da

where Vi = membrane potential and Cm = membrane capacitance.
Therefore, the negative rate of change of membrane potential just after a
clamp should be proportional to the ionic membrane current flowing at the
end of the clamp. A plot of the negative derivative of membrane potential
versus the potential itself (—dV/d¢ vs. V) just after a short clamp should
provide a qualitative indication of the membrane current-voltage relation.
Such a procedure should also minimize the difficulties inherent in inter-
preting voltage clamp current records, since at the instant of measure-
ment no net membrane current is flowing.

Fig. 9 shows an experiment in which short (2 msec) clamp pulses inter-
rupted the action potential at two different times (arrows in Fig. 94).
Panel B shows a series of superimposed records of potentials after termina-
tion of clamps which interrupted the plateau. The membrane potential
before the clamp pulse was +20 mV. Consider the pulse labelled ¥, in
Fig. 9B. The micro-electrode potential was held at — 82 mV (V) for 2 msec
and then the clamp was terminated. Immediately after the clamp, the
measured potential jumped to —27 mV (V) and then depolarized more
slowly towards the plateau potential. The initial jump in the micro-
electrode potential upon termination of the clamp is due to the voltage
drop across the extracellular series resistance which has been observed in
myocardial preparations (Goldman & Morad, 1977a; Beeler & Reuter,
1970; Tarr & Trank, 1971). When the voltage clamp is turned off and no
net membrane current flows, the voltage drop across the extracellular
series resistance becomes zero. Therefore, the potential labelled Vi in
Fig. 9B is the true transmembrane potential at the end of the clamp pulse
Ve. The slower depolarization after the jump represents charging of the
membrane capacitance by ionic current. This initial rate of change of
membrane potential versus the true transmembrane potential (Vm) is
plotted in Fig. 10, curve A, for a series of clamp potentials. Fig. 9C shows

Im =L+, =L+C, =™ =0, Iy =—Cn
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another series of clamps which were applied during the final rapid phase
of repolarization and the —dV/dt vs. V data are plotted in Fig. 10,
curve D. ' :

mV

200 msec

Fig. 9. Short (2 msec) clamp pulses applied during the plateau ana auring
rapid repolarization. In panel 4 downward arrows (B and C) during the
action potential indicate the time at which a series of 2 msec clamp pulses
were applied. In panel B the superimposed records of 10 clamp pulses
applied during the plateau are shown. The commsend potential (V) is
indicated for one of the test pulses. The membrane potential at the end of
the clamp pulse is marked as V. The jump of potential at clamp termina-
tion from V, to V, is due to extracellular series resistance (Goldman &
Morad, 1977a). In panel C a series of 2 msec clamp pulses are applied
during rapid repolarization. The delayed rapid depolarizations for the
lowest two pulses in panel B and lowest three pulses in panel C are probably
Na spikes.

For the most negative clamps in Fig. 9B and C, a second delayed and
rapid depolarization occurred after release of the clamp. These rapid de-
polarizations could be blocked by addition of tetrodotoxin (note absence
of such fast delayed depolarization in the experiment of Fig. 8). If the
membrane was clamped to potentials less negative than —40 mV, the
delayed depolarization did not occur. These results suggest that the de-
layed depolarizations are due to activation of the rapid Nat+ transport
system. In any case, they do not influence the results at potentials less
negative than —40 mV.
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The —dV/dt vs. V data obtained from a series of clamps which inter-
rupted the action potential at four different times are plotted in Fig. 10
(note arrows on the inset action potential). The —dV/dt vs. V curves are

% —dv
0 dt
> (V/sec)
E
-L— 10 b
—80 G
B
L 5 A
t } f t ¥
—100  —80 20 40 (mV)
570
e — Plateau potentials
Pléteau aocmo—dV/dt after
time 2 msec delay
(msec)
120 + —20

Fig. 10. Pseudo-instantaneous current-voltage relations during the
plateau and the repolarization phese of the cardiac action potential.
Experimental procedure shown in Fig. 9. Short (2 msec) test clamp pulses
are applied at various times during the action potential indicated by
downward arrows in the inset. Membrane potential 2 msec after termina-
tion of the clamp pulse is plotted vs the negative derivative of membrane
potential. The ‘pseudo-I-V’ relations are approximately linear and shift
slowly leftward during the plateau. Filled circles represent the membrane
potential and repolarization rate of action potential measured with no
applied clamp. The membrane potential seems to follow within 1-2 mV of
the intersection of the ‘I-1"’ relation with the abscissa.

pseudo-instantaneous I-V relations measured about 4 msec after a rapid
change of membrane potential. The pseudo-I-V curves show no region
of negative conductance or outward current below the plateau level and
seem to shift very slowly leftward as the plateau progresses. The plateau
potential and repolarization rate at the clamp initiation time have been
plotted for each curve as indicated by a filled circle. The action potential
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follows the intercept on the abscissa of the —dV/dt vs. V relation very
closely (within 1-2 mV) during the plateau and only deviates from the
intercept by about 4 mV during rapid repolarization (curve D). To the
extent that these curves may be compared with the membrane ionic
currents, these results predict that the instantaneous current—voltage
relations of the membrane during the plateau have no negative conduc-
tance region (see Goldman & Morad, 1977b for further discussion of the
characteristics of I-V relations in the frog ventricular myocardium).

Approximation of membrane conductance. The slope of a linear instan-
taneous current—voltage relation is the ionic conductance of the membrane.
The conductance of the pseudo-instantaneous I-V relation of Fig. 10
seems to decrease very slightly as the membrane repolarizes during the
action potential. That this slope is in fact related to the membrane con-
ductance and not simply an artifact of the cable properties of the muscle
is shown by the observation that the measured ‘ conductance’ is markedly
higher at rest than during the plateau of the action potential. Fig. 11 shows
recordings of a 2 msec clamp pulse applied during the plateau and rest in a
preparation treated with tetrodotoxin. In panels 2 and 3, traces marked 4
and B are records of clamp pulses positive and negative to the plateau
respectively and trace C is a hyperpolarizing pulse from rest. The potential
labelled V. (panel 3) is the command potential for trace B. As in Fig. 9,
upon termination of the 2 msec clamp, the micro-electrode potential
jumped to the level labelled Vi, due to the extracellular resistance. A
slower depolarization then occurred due to flow of inward ionic current
through the membrane. The —dV/d¢ of each pulse has been plotted vs. V
in panel 1 of Fig. 11. As described above, the —dV/dt vs. V curve measured
about 2 msec after a 2 msec clamp pulse represents a pseudo-instantaneous
current—voltage relation of the membrane at the instant of initiation of
the clamp. The slope of the —dV/df vs. V curve is markedly higher at rest
than during the plateau which agrees with the results of direct measure-
ment of the conductance (Weidmann, 1951 ; Goldman & Morad, 1977a, b).

A quantitative measure of the membrane conductance can be obtained
from the time constant of the potential traces in experiments such as that
shown in Fig. 11. The average time constant (7,) of the membrane
measured as the decay of the potential trace after a 2 msec current pulse
was 10-9 msec ( + 3-8 8.D., » = 5) during the plateau and 2-1 msec (£ 1-0
8.D., » = 5) at rest. If the membrane capacitance (Cn) is assumed to be
1 uF/cm? and is assumed to remain constant during excitation (Cole &
Curtis, 1939), then the corresponding membrane conductances are gm =
Cu/Tm = 92 pmhos/cm? during the plateau of the action potential and
322 pmhos/cm? at rest.
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Validity of the measurement of time and potential dependent
repolarization

Break depolarization. The results shown in Figs. 5, 6, 7, and 8 have an
increased tendency to repolarize for longer duration clamps. However, the
opposite results were observed in some preparations for specific test clamps.

In Fig. 12, a normal action potential has been superimposed upon two
subsequent action potentials which were interrupted during the plateau
by anodal clamps. The two clamps started at the equivalent plateau and
were held at the same potential for different durations as indicated by the
arrows. In this experiment, the shorter duration clamp results in immediate
repolarization, whereas the membrane depolarized after the longer clamp.
Such preparations could be distinguished by four other characteristics:
(1) the depolarization generally occurred with clamp potentials more
negative than the threshold for immediate repolarization and usually
below —40 mV; (2) the action potential generated by ‘break depolariza-
tion’ often rose above the plateau potential and repolarized later than the
normal action potential recorded in Ringer solution (compare Figs. 5 and
12); (3) a delayed inward-going ‘bump’ invariably appeared on the current
wave form (Fig. 12); and (4) both the inward current ‘bump’ and the
‘break depolarization’ were eliminated by addition of tetrodotoxin
(10-% M) to the bathing medium. The addition of tetrodotoxin otherwise
had little or no effect on duration of the plateau or the threshold phenome-
non (see Fig. 8). These results suggest that depolarization after 100 msec

Fig. 11. Pseudo-instantaneous °‘current—voltage’ relations at rest and
during the plateau. Short (2 msec) voltage clamp pulses were applied to
the-membrane during the plateau (traces 4 and B in panels 2 and 3) and
at rest (trace C in panels 2 and 3). A slow time-base recording is shown in
panel 2 to indicate the time in the plateau at which the voltage clamps were
initiated (traces A and B). Panel 3 is a faster time-base recording. The
upper left trace is the plateau potentisl. 280 msec aftsr the stimulus the
plateau was interrupted by clamping the membrane to —44 mV (labelled
V.) for 2 msec. Immediately after release of the voltage clamp, the intra-
cellular potential jumped to 0 mV (labelled ¥,) due to the extracellular
series resistance (Goldman & Morad, 1977a) and then more slowly charged
toward the plateau level (trace B). On a subsequent sweep & depolarizing
clamp pulse was applied from the plateau to +78 mV (off-scale in the
Figure). The responsa of the membrane after the release of +78 mV pulse
is shown as trace A4 in panels 2 and 3. A 2 msec clamp pulse to — 142 mV
was also applied from the resting state (traces C in panels 2 and 3). Panel 1
abscissa: membrane potential 2 msec after termination of test clamps.
Ordinate: negative derivative of membrane potential 2 msec after termina-
tion of the test clamps. The slope of each curve is proportional to mem-
brane conductance which is higher at rest than during the plateau. TTX,
tetrodotoxin. :
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clamps from the plateau of a normal Ringer action potential to below
—40 mV were a result of activation of the rapid tetrodotoxin sensitive
Na transport system. The wide variation from preparation to preparation
of the ‘break depolarization’ suggests that inhomogeneous distribution of
current or potential during voltage clamps in some strips may be respon-

+20 -

mVY

5 uA

200 msec

Fig. 12. ‘Break depolarization’ after the release of clamped potential.
Superimposed voltage clamp pulses starting 45 msec after the stimulus
and ending 60 and 100 msec later (downward arrows). The longer clamp
resulted in ‘break’ depolarization. Lower traces show the uncompensated
voltage clamp currents accompanying the clamp steps. The inward-going
‘bump’ is followed by the break depolarization.

sible for its appearance. Since tetrodotoxin blocks this effect without
significantly altering the plateau or the regenerative repolarization,
‘break depolarization’ is not related to the ionic events of normal re-
polarization. Further, the insensitivity of the threshold of repolarization
to application of tetrodotoxin indicates that the threshold of repolarization
is independent of activation or inactivation of the rapid Na system.
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Longitudinal potential distribution in the ventricular strip. Use of the
micro-electrode in the feed-back loop of the single sucrose gap voltage
clamp technique allows accurate measurement of intracellular potential
for long experimental periods. However, a micro-electrode samples the
potential of only one cell. It is conceivable that the potentials of other
cells, away from the micro-electrode tip, may vary substantially. It might
be argued, therefore, that the time dependent repolarization processes are
not inherent properties of the individual cell membranes, but result from
the distribution of potentials in the strip which slowly approach some
equilibrium condition during the clamp. It is conceivable that this possi-
bility could also account for the time dependence of the membrane currents
obtained during the clamp steps.

To check for existence of potential variation in the strip, the transgap
and intracellular potentials were simultaneously monitored just after
termination of the clamp steps. As discussed in the theoretical section,
eqn. (1.16) and the Appendix, the transgap potential is an attenuated
version of the average intracellular potential at the Ringer-sucrose inter-
face when no current is applied across the sucrose gap. In Fig. 13, the
potential of the KCI pool with respect to the Ringer pool (the transgap
potential) was recorded in addition to the intracellular potential measured
via & micro-electrode. In panel 4, the two recordings are nearly equal at
the beginning of the action potential. When the plateau is interrupted by
an anodal voltage clamp step to a test potential less negative than the
effective threshold, the final clamp current (bottom trace, panel 4) is
inward and the membrane (V) depolarizes upon release of the clamp. The
transgap potential (V) is off-scale during the clamp pulse because the
clamp current is applied at the KCI bath electrode. However, upon ter-
mination of the voltage clamp, the transgap potential rapidly returns to
within 10 mV of the intracellular potential (Fig. 134). Therefore, the
transgap potential also depolarizes and finally follows a repolarization
time course similar to that recorded with the micro-electrode.

The difference between the transgap and the intracellular potential
in Fig. 134 just after termination of the clamp is that Vg is more negative
than V;. This difference is expected from the cable analysis of the theoreti-
cal section (Fig. 3C) for the case of inward current. A longitudinal inter-
nal potential gradient should theoretically exist from the micro-electrode
at the centre of the node to the Ringer—sucrose interface. Both the experi-
mentally determined and theoretically predicted longitudinal internal
potential gradients in the physiological node are from the micro-electrode
towards the sucrose gap during application of inward current (Figs. 3C
and 134).

It is reasonable to ask whether this potential gradient could be
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responsible for the depolarization of the membrane potential observed after
release of the clamp in Fig. 13 4. This might occur if a group of cells were
at a potential positive to the impaled cell and were thus electrotonically
depolarizing it. But the cells in the ventricular strip between the micro-
electrode and the Ringer-sucrose interface (and for that matter, through-
out the entire sucrose gap; see Fig. 3C) are at potentials negative to the
impaled cell. Therefore, the existing longitudinal potential gradient be-

20
mVY

—80

2;1AE

200
msec

Fig. 13. Superimposed intracellular (}]) and transgap (V;) measurements
of membrane potential during a threshold of repolarization experiment.
The lower traces show uncompensated voltage clamp current (Iy). In
panel A, the test voltage clamp step is more positive than the apparent
‘threshold’ potential. The final clamp current is inward (plotted down-
ward) and the membrane depolarizes upon release. Transgap potential
(V) is more negative than the intracellular potential (¥;) after the clamp.
In panel B, the test voltage clamp is more negative than the apparent
threshold potential. The final clamp current is outward (plotted upweard)
and the membrane (¥}) immediately repolarizes upon release. The transgap
potential (V) is more positive than the intracellular potential (¥;) after
release of the clamp. These potential gradients are predicted by the cable
model shown in Fig. 2.

tween the micro-electrode and the KCl bath is in the wrong direction to
be the cause of the depolarization observed after the release of the clamp
and if anything would tend to suppress the depolarization.

Experimental determination of the longitudinal gradient for the
opposite case (i.e. outward current) is shown in Fig. 13 B. The plateau is
interrupted by a clamp step to below the effective threshold potential.
The final clamp current is outward and, as expected, the membrane
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immediately repolarizes. Vg, in this case, is positive with respect to V;
just after the clamp. This finding is consistent with the analysis of the
idealized cable model for the case of the outward current (Fig. 3 B) which
predicts a potential gradient from the sucrose gap toward the micro-
electrode position. Thus, the cells between the micro-electrode and the
sucrose gap are positive with respect to the impaled cell and would tend
to depolarize it electrotonically. The immediate repolarization seen in Fig.
13 B, therefore, cannot be due to the longitudinal potential gradient
between the micro-electrode and the sucrose gap since the measured
gradient is in the wrong direction to repolarize the membrane. Thus,
voltage dependent repolarization after clamp steps cannot result from the
longitudinal potential gradients between the micro-electrode (at the centre
of the strip) and the sucrose-Ringer interface.

Since the threshold for immediate repolarization was also seen to depend
on the clamp duration (Figs. 5, 6, 7, and 8), it was of interest to determine
the possible effect of the potential gradient on time dependent repolariza-
tion. Fig. 14 shows transgap and intracellular recordings of action poten-
tials interrupted during the plateau by clamps of different durations.
In panels 4 and B, duration of the pulses were short enough so that the
membrane depolarized upon release of the clamp. In both cases, the final
clamp current is inward and ¥V is negative to ;. The potential gradient
is in the micro-electrode-to-sucrose direction so that the cells between the
micro-electrode and sucrose gap would tend to electrotonically suppress
rather than cause the depolarizations after the clamps (Fig. 3C). In Fig. 14C,
the clamp is long enough to result in outward final membrane current and
repolarization. In this case Vj is positive to the intracellular potential
sampled by the micro-electrode at the centre of the strip. The potential
gradient, however, is in the direction which would tend to depolarize
rather than immediately repolarize the membrane. Thus, the experi-
mentally measured longitudinal potential gradient for time and potential-
dependent repolarization are consistent with the predictions of the idealized
cable model and cannot be responsible for the threshold phenomenon.

The longitudinal potential gradient considered above and shown not
to contribute to the threshold of repolarization, was determined only for
the region of the preparation between the micro-electrode and the sucrose
gap. According to the theoretical analysis (Fig. 3), the longitudinal gradient
in the other half of the physiological node, i.e. between the micro-electrode
and the free end of the muscle, should be in such a direction so as to con-
tribute to the membrane potential changes observed upon release of the
clamps. For instance, in the case of applied net inward current the cells
at the end of the muscle should be at a less negative potential than the
impaled cell (Fig. 3C). Thus, upon the release of a clamp they could
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electrotonically depolarize the cell in the centre of the strip in which the
micro-electrode is placed. To test the extent of this contribution to the
threshold of repolarization, the two types of experiments were performed :
(1) the contributing region of the strip was minimized by placing the feed-
back micro-electrode at the free end of the physiological node (see inset,
Fig. 156 A4); (2) the contributing region was maximized by impaling a cell
near the Ringer-sucrose interface (see inset, Fig. 15C).

Fig. 154 shows the time course of potential change after the release
of a short anodal (inward current) clamp pulse when the micro-electrode
is placed at the free end of the muscle. Under this condition, the bulk of
the cells of the preparation are at more negative potentials than the im-
paled cell (Fig. 3C). The electrotonic effect of the longitudinal gradient is,
therefore, to maximally repolarize the impaled cell upon release of the
clamp. In fact, in Fig. 154, termination of the clamp resulted in a rapid
transient repolarization due to the electrotonic equilibration of the longitudi-
nal potential gradient. Thereafter, the membrane depolarized toward the
plateau potential and then finally repolarized. There is no longitudinal
region of the strip which could be responsible for this depolarization on the
grounds of the potential gradient. On the contrary, cable properties of the
muscle would, if anything, diminish the ability of the membrane to show
depolarization upon release of the clamp.

In Fig. 15B, a depolarizing clamp (outward current) has been applied
with the micro-electrode still at the end of the muscle. Consistent with the
prediction of the cable model (Fig. 3B), the transient electrotonic equili-
bration after the clamp further depolarizes the impaled cell. Thereafter,
the membrane repolarizes to resting level. Comparison of panels 4 and B
shows that responses to depolarizing the hyperpolarizing currents are
qualitatively similar but opposite in direction. This indicates that the
processes involved are relatively linear cable properties rather than irregu-
lar spacial inhomogeneities or actively conducted ‘break’ depolarizations
such as that shown in Fig. 12.

Fig. 15C and D are recordings from the same strip in which the micro-
electrode was moved very close (75 um) to the sucrose gap, thus maxi-
mizing the region which could electrotonically contribute to an apparent
threshold phenomenon. Depolarization after the inward current pulse
(panel C) and repolarization after the outward pulse (panel D) are very
rapid after release of the clamps. The direction as well as rate of these
potential changes can be explained if the intrinsic membrane properties
and the longitudinal cable properties were both contributing to the time
course of the potential change.

The agreement of the physiological results with predictions of the cable
analysis implies that the time course of development of the threshold of
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repolarization phenomenon is not due to longitudinal potential gradients
in the ventricular strip. This analysis and the presence of the threshold
phenomenon in preparations treated with tetrodotoxin provide strong
evidence that the time and potential dependence of the threshold of re-
polarization are inherent membrane properties rather than artifacts pro-
duced by spacial inhomogeneity or cable properties of the ventricular
strip.

DISCUSSION

The main observation of this report is that there is no distinct threshold
for immediate repolarization of the frog ventricular action potential when
the plateau is interrupted by brief (< 20 msec) anodal voltage clamp
pulses. However, when the plateau was interrupted by anodal clamp pulses
longer than 30-50 msec a critical potential was observed below which the
membrane immediately repolarized. This threshold potential slowly be-
came less negative as the plateau progressed and intersected the action
potential near the beginning of the rapid repolarization phase. Analysis of
longitudinal potential distributions in the ventricular strips showed that
the time and potential dependence of the threshold phenomenon are not
due to longitudinal potential gradients. For instance, when the applied
current is inward at the end of a clamp, the membrane depolarizes after
the release of the clamp. The measured potential gradient in the muscle
during such a clamp step agrees qualitatively with predictions of an
idealized cable model (Fig. 3) and indicates that most cells of the prepara-
tion (from micro-electrode to KCl bath) are at more negative potentials
than the one cell which is measured by the micro-electrode. The electro-
tonic effect of the potential gradient is in such a direction as to repolarize
the impaled cell, but the experimental observation is that the membrane
depolarizes upon the release of the clamp. Therefore, the depolarization
cannot be due to a longitudinal potential gradient in the muscle.

It is significant to note that the analysis presented does not depend on the
specific properties of the simple cable model discussed in the theoretical

Fig. 15. Voltage clamp pulses applied with the controlling intracellular
electrode placed in different positions in the ventricular strip. In panels
A and B the electrode is placed at the free end of the preparation (see
inset, panel 4). The anodal clamp pulse resulted in a transient repolarization,
depolarization, and then final repolarization (panel 4). A cathodal clamp
pulse resulted in a transient depolarization before the final repolarization
(panel B). In panels C and D the electrode is placed near the Ringer
sucrose interface (see inset, panel C). The anodal (panel C) and cathodal
(panel D) clamp pulses result in a rapid return to near plateau level before
the final repolarization.
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section (Figs. 2 and 3). This model is undoubtedly an oversimplification
of the geometrical properties of the ventricular strip in a sucrose gap
because active membrane properties, radial potential gradients, and mix-
ing at the Ringer-sucrose interface have been ignored. However, any model
in which the cells are assumed to be electrotonically connected will
result in the same direction of longitudinal potential gradient during the
application of inward current. Net applied current entering cells near the
free end of the muscle must flow intracellularly toward the sucrose gap
(Fig. 30). The intracellular resistance to this longitudinal current flow
must cause the development of a potential gradient in the muscle in the
Ringer-to-sucrose direction. Therefore, the measured longitudinal gradients
(Figs. 13, 14 and 15) are not specifically related to the simple cable model
of Fig. 2, but are, in fact, a direct consequence of electrotonic current
spread in the muscle.

Radial potential gradients. Differences between the membrane potential
of the surface and the more central fibres were not measured systematically
in these experiments. However, reasoning analogous to the case of longi-
tudinal potential gradients can be applied to analyse the possible effects of
radial potential gradients on the development of the threshold of re-
polarization. For instance, outward current flows from centrally located
cells towards peripheral cells and exits the muscle from the periphery
(Fig. 3). The intracellular resistance to this radial component of electrotonic
current will cause a potential gradient directed from the core toward the
periphery of the muscle bundle. Therefore, the cells in the core region will
be at more positive potentials than the peripheral cells where the con-
trolling u-electrode is placed. After the clamp, the core cells would tend
to electrotonically depolarize the impaled cell. Thus, the measured re-
polarization is not due to radial or longitudinal potential gradients, but
must be primarily a true property of the membrane itself.

Conversely, shorter duration or more positive test clamp pulses result
in inward final clamp current and membrane depolarization. Radial
current flowing from the periphery toward the core of the muscle (Fig. 3 B)
should cause a potential gradient to develop with the centrally located
cells at more negative potentials than the impaled peripheral cells. The
radial potential gradient should tend to repolarize the impaled cell. There-
fore, the observed membrane depolarization is not due to the existence of a
longitudinal or radial potential gradient.

The theoretical conditions required to demonstrate a threshold of re-
polarization in various geometrical arrangements have been calculated
previously (Noble, 1962b; Noble & Hall, 1963). It was shown that with
point polarization of a simulated sheet or cable structure, a threshold
potential for regenerative repolarization may be difficult to demonstrate
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even, if the membrane current—voltage relation were N-shaped. However,
these computations do not apply to the experimental findings of this
report since the current was not applied at a point and the measuring
electrode was placed away from the source of polarizing current.

The effects of potential gradients in the muscle during a voltage clamp
step were exaggerated in some experiments by placing the controlling
micro-electrode in a peripheral cell near the longitudinal end of the muscle
in the Ringer pool (Fig. 154 and B). During inward current flow, the bulk
of other cells in the longitudinal and radial directions are at more negative
potentials. After termination of the clamp pulse, a rapid and transient
repolarization of the impaled cell indicates the electrotonic redistribution
of potential in the muscle. However, this effect is then followed by mem-
brane depolarization which cannot be due to longitudinal or radial in-
homogeneities of potential distribution but must be a property of the
myocardial cell membrane.

Implication of the threshold of repolarization. A critical potential for
regenerative repolarization has been observed in a number of other
preparations (dog ventricle: Cranefield & Hoffman, 1958; sheep Purkinje
fibres: Weidmann, 1951; Vassalle, 1966; frog nerve: Tasaki, 1956), and
has been used to infer properties of the membrane current—voltage rela-
tion (Noble & Tsien, 1972). It has been argued that the depolarization
which occurs above the critical potential must be caused by the flow
of inward ionic current and the immediate repolarization which occurs
below the threshold indicates flow of outward current. Thus, the appear-
ance of a threshold phenomenon implies that the membrane I-V relation
must have a region of inward current belowthe plateau and at more
negative potentials a region of outward current. That is, the I-V relation
is N-shaped (Noble & Tsien, 1972).

The observation reported in this paper that the membrane always de-
polarized after very short anodal clamp pulses (Fig. 84), even in strips
treated with tetrodotoxin, implies that the ionic current flowing at the end
of these short clamps and during the subsequent depolarization is
inwardly directed. The absence of a discrete threshold between plateau and
resting potentials for these short clamps suggests that the ‘instantaneous’
current-voltage relation of the membrane has no region of outward
current below the plateau potential. An estimate of the shape of the
instantaneous I-V relation during the plateau indicated that there is no
region of outward current or negative slope conductance below the
plateau potentials. In fact, the pseudo-instantaneous-I-V relations
(Fig. 10) are fairly linear and seem to shift slowly upward during the
time course of repolarization. )

Is there a unique threshold of repolarization? These experiments suggest

22 PHY 268
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that instantaneously, or for short (<20 msec) test pulses, no threshold
of repolarization exists in frog ventricular muscle. However, a threshold
for immediate repolarization is observed after longer test pulses as shown
in this report and in other myocardial preparations. Therefore, the thresh-
old phenomenon and the N-shaped I-V relations result from time-
dependent permeability changes which occur rapidly during the application
of the anodal test pulse. This situation is qualitatively similar to the nerve
membrane in which the threshold for excitation is a time delayed effect
of membrane potential (Hodgkin & Huxley, 1952). However, the develop-
ment of threshold for repolarization in the heart muscle is much slower.

The absence of a threshold for the short clamp steps has fundamental
implications for the nature of the repolarization process. The shift from a
depolarizing condition to a repolarizing state during a voltage clamp
step implies that a time dependent change of ionic permeabilities rather
than an instantaneous negative conductance causes the repolarization.
This permeability change is also the mechanism of rapid repolarization of
the actionpotential itself because the threshold potential intersects the
action potential near the beginning of the rapid repolarization.

A computer simulation of currents recorded during clamp pulses used
to test for the threshold of repolarization predicts the shape of the un-
interrupted action potential (Y. Goldman and M. Morad, unpublished
observation). Therefore, the time and voltage dependent currents which
cause the threshold of repolarization are also responsible for the rapid
repolarization of the action potential itself.

Ionic accumulations and repolarization. Extracellular K+ accumulation
or intracellular Ca?* accumulation might be considered as possible
mechanisms for triggering the final phase of repolarization of the cardiac
action potential. The threshold of repolarization experiments presented
in this report suggest that ionic accumulations are not primary triggers
of rapid repolarization.

Significant extracellular K+ accumulation was measured with K+-
sensitive micro-electrodes during the time course of a frog ventricular
action potential (Kline & Morad, 1975). Since elevation of [K], increases
the repolarization rate of the action potential (Weidmann, 1956) and the
outward K+ currents (Hall, Hutter & Noble, 1963), it might be suggested
that local K+ accumulations cause the final repolarization phase of the
action potential. However, the accumulation of K+ with a 2-8 sec clamp
pulse is significantly smaller at membrane potentials of —30 to —20 mV
than at the plateau range (—5 to +15 mV) (Cleemann & Morad, 1974)
and yet the repolarizing condition develops more rapidly at —20 to — 30
mV than during the plateau (Fig. 7). Therefore, the rapid repolarization
cannot be due to an accelerated rate of K+ accumulation.
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Similarly, intracellular accumulation of Ca?t may be dismissed as the
primary trigger of permeability changes which repolarize the membrane.
The rate of accumulation of Ca?t is less during an anodal clamp pulse
from the plateau than during the plateau itself, since the development of
tension is suppressed at more negative potentials (Fig. 5, traces a and b).
Therefore, the regenerative repolarization is not primarily dependent on
accumulation of Ca?+ or K+. The experiments reported here suggest that
the membrane permeability changes which cause the threshold of re-
polarization and generate the normal action potential are time and voltage
dependent.

In the following two papers a method is described which makes it
possible to measure the membrane conductances during the plateau and
during the development of threshold of repolarization to determine the
ionic nature of these permeability changes.

APPENDIX

An electrical schematic of an idealized cable model of a myocardial
strip in the single sucrose gap apparatus is shown in Fig. 2. The model was
first provided by Sir Alan Hodgkin and has been discussed by R. Tsien
(McGuigan, 1974) in a form modified for the double sucrose gap. The
fundamental assumption of the model is that the extracellular resistance
of the ventricular tissue in the longitudinal direction is greater in the
sucrose region than in the Ringer pool. The form presented here is similar
to the model derived by Tsien (McGuigan, 1974) except in the following
details: (1) it is derived for a single sucrose gap; (2) longitudinal internal
and membrane resistivities are allowed tc differ between the Ringer and
sucrose regions; (3) membrane equilibrium potentials are not assumed to
be zero.

Let a heart muscle strip in an idealized single sucrose gap have the
longitudinal cable structure shown in Fig. 2. Let the parameters of the
model be as listed in the text. Assume

(@) linear and passive longitudinal and membrane resistivities;

(b) steady-state current and voltage distributions;

(¢) no longitudinal current flow from the end ot the muscle in the Ringer
pool (an open circuit termination);

(d) zero extracellular longitudinal resistivity in the Ringer pool;

(e) no radial potential gradients in the muscle;

(f) negligible mixing of solutions at the Ringer-sucrose interface;

(9) length of the sucrose gap considerably greater than the longitudinal
space constant in the sucrose region.
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Then in Ringer and sucrose compartments,

Vi .
Ej = rity, (1'1)
% = +r0i0’ (1.2)
S tim, (1.3)
% = —im, (1'4)
im = Wm;_mim) (1.5)
%‘-‘- = d(V:l;K) =1 ‘ii—l‘oio, (1.6)
d2 Vo—E
—d:;m = ri::o (Vm—Em) = maz m,
where A= J ; :’_”r = space constant (cm).
1717
The general solution is
m = Em+ae+"/'\+ﬂe””‘, (1.7)

where Vin and x are the only variables. The boundary conditions which
determine & and g for the short segment in the Ringer pool are the
negligible extracellular resistance r, = 0 and the open circuit termination

atx =0: .
'lllxao = O.

The solution is
Vm = Em+ (Vo— En) cosh (zfA), 0 <z < 1.
Sinoe ¥, = 0 in the Ringer pool:
Vi =Vm = En+(V,—En) cosh (zfA), 0 < x < 1. (1.8)
The membrane potential at the Ringer-sucrose interface, x = 1 is
W = Em+ (Vo— En) cosb (1/A) = En+ (V,— Em) cosh L, (1.9)

cosh (z/A)

where L = l//\, I’i = Em+(K—Em) W.

(1.10)

Three boundary conditions determine a and g of eqn. (1.7) in the
sucrose region. Boundary condition @ is: at * = oo, Vy, is finite. There-
fore, & of eqn. (1.7) is zero in the sucrose region. Boundary conditions
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b and ¢ are that the intracellular and extracellular potentials are con-
tinuous across the Ringer-sucrose interface. That is,
Vilz=l,sucrose = Vilz=1,R1nger =N
Volz-l, sucrose — Vo|.c=1, Ringer = 0,
Vm|z=1,sucrose =V-V =Hh.

Combining with (1.1), with & = 0 and noting that Ens and As may not
equal En and A,

N—Eums = [Be719],

B = [Vi— Ens] et/

Vi = Ems+ (i— Ems) 6@V 2 < 1 < o0. (1.11)
To evaluate V; and V, in the sucrose region consider the region at z =
+ 00 (or (x —1)> A). In this region,

Vm =Ems, x = 4 0.

By eqn. (1.6): dTI:;n =0 =rigli—Teely, T = 0O.
The total applied current (I) is
I = ii'*'io»
. risl
1o = ;m-!-—ros’ X =00. (1.12)

To calculate ¢, at any « integrate 1.4
to(0) © © -
[ iy == [Tinde = [ Tn=Bm) g,
io(z) z z "ms

Combine with (1.11)
1 (00) =14 () =~ f © (Vl%?‘“’) e~@-DIs gy
xz

(171 - Ems)As e—(z—l)lh.,.

iy (00) —i(2) ===

Combine with 1.12

= Ws e—(z—l)l/‘:-'-LJ 1 < x
Tms ris+71y’

¥, is evaluated by integrating (1.2)

Volx) x
f v, = J' fouia 0,
1

V(1)
R e e
1

Tms Tis+ 7o

N
8

(1.13)

o
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But ¥, (1) = 0; s0

_ (M=Ems)A3 o=@, 4 (Vi— Ems)A2 LT I(x— 1)] .

ms T'ms Tig—"7os

Re) = ra|

But A7 = (rms/(ris+70g)); 80
v i Fan) 1,

A (1—e @) prJx—1), 1 <z< o0, (1.14)

Tis+7og
71T,
where p = E‘l—;’i,
E Nh—-E
Vi =VotVm = Mot Bma7is | (1~ B e~ @Dty I(z—1),

Tis+Tos Tis+7og
1 <z< o (1.15)

Eqns. (1.9), (1.4), and (1.15) give the intracellular (V;) and extracellular
(V,) potentials of the muscle in the Ringer and sucrose regions. These
equations are plotted in Fig. 3 for various cases of applied sucrose gap
currents.
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