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SUMMARY

1. Rabbit Purkinje fibres were studied using micro-electrode recordings of
electrical activity or a two-micro-electrode voltage clamp. Previous morphological
work had suggested that these preparations offer structural advantages for the
analysis of ionic permeability mechanisms.

2. Viable preparations could be obtained consistently by exposure to a K gluta-
mate Tyrode solution during excision and recovery. In NaCl Tyrode solution, the
action potential showed a large overshoot and fully developed plateau, but no pace-
maker depolarization at negative potentials.

3. The passive electrical properties were consistent with morphological evidence
for the accessibility of cleft membranes within the cell bundle. Electrotonic responses
to intracellular current steps showed the behaviour expected for a simple leaky
capacitative cable. Capacitative current transients under voltage clamp were
changed very little by an eightfold reduction in the external solution conductivity.

4. Slow current changes attributable to K depletion were small compared to those
found in other cardiac preparations. The amount of depletion was close to that
predicted by a cleft model which assumed free K diffusion in 1 gm clefts.

5. Step depolarizations over the plateau range of potentials evoked a slow inward
current which was resistant to tetrodotoxin but blocked by D600.

6. Strong depolarizations to potentials near 0 mV elicited a transient outward
current and a slowly activating late outward current. Both components resembled
currents found in sheep or calf Purkinje fibres.

7. These experiments support previous interpretations of slow plateau currents
in terms of genuine permeability changes. The rabbit Purkinje fibre may allow
various ionic channels to be studied with relatively little interference from radial
non-uniformities in membrane potential or ion concentration.

INTRODUCTION

Studies of membrane currents in heart have been hampered by the structural
properties of cardiac muscle preparations. Regardless of the voltage clamp technique
used, it is clear that the morphology of cardiac tissue must introduce some degree of
spatial and temporal nonuniformity (Johnson & Lieberman, 1971; Fozzard &
Beeler, 1975; Attwell & Cohen, 1977). In many cardiac preparations, difficulties arise
from the narrowness of spaces between adjacent cells. For example, the Purkinje

0022-3751/79/3200-0766 $01.00 © 1979 The Physiological Society 8-2



228 T.J. COLATSKY AND R. W. TSIEN

fibres of ungulates such as sheep or calf have cleft spaces 20-40 nm wide (Sommer &
Johnson, 1968; Mobley & Page, 1972; Hellam & Studt, 1974). During the flow of
membrane current, ohmic voltage drops occur along the resistance of the cleft space .
and generate radial voltage non-uniformity. This non-uniformity can be tolerated for
relatively small membrane currents (see for example, Kass, Siegelbaum & Tsien, 1978)
but may be severe if the membrane current flow is intense. Narrow clefts also promote
ion accumulation or depletion, and the associated changes in ionic driving force can
interfere with the analysis of permeability mechanisms (Maughan, 1973; McGuigan,
1974; S. Noble, 1976; Baumgarten, Isenberg, McDonald & Ten Eick, 1977).

Purkinje fibres from the rabbit ventricle have been described by Harrington &
Johnson (1973) as a ‘naturally occurring preparation of cardiac muscle with the
least undesirable morphology’, appearing ‘to have the minimum number of com-
plexities and to be the closest approach to the ideal of a long cylindrical cell’.
Johnson (1973) as a ‘naturally occuring preparation of cardiac muscle with the
wide except at localized regions of cell contact where the nexus was seen. Since the
cleft width appears 25-50 times greater than in ungulate preparations, problems of
radial series resistance and restricted diffusion should be much reduced. We tested
these predictions by carrying out voltage clamp experiments with the two-micro-
electrode method. The electrical properties of rabbit Purkinje fibres were consistent
with wide intercellular clefts. Effects due to radial voltage non-uniformity or K
depletion were considerably smaller than those found in ungulate Purkinje fibres.
Nevertheless, rabbit Purkinje fibres resembled the other preparations in showing
slow plateau currents, including a slow inward current which was resistant to tetro-
dotoxin but blocked by the Ca channel inhibitor D600. These results favour the idea
that the slow inward current and other time-dependent plateau currents reflect
genuine changes in membrane permeability.

A preliminary report of this work has appeared (Colatsky, Siegelbaum & Tsien,
1978).

METHODS
Preparations

Most of the experiments were carried out in shortened Purkinje fibre bundles from rabbit
hearts. This tissue runs freely between points of attachment to the walls of the left or right
ventricle. In earlier work the preparation has been referred to as ‘strand of cardiac muscle’ or
‘trabecula carnea’ (Johnson & Sommer, 1967) or ‘P fibre’ or ‘P strand’ (Sommer & Johnson,
1968). The following structural features of the preparation were originally described by Sommer
and Johnson and were supported by light and electron micrographs kindly taken by Mr Daniel
Biemesderfer. In cross-section, the Purkinje fibre bundle consists of a cluster of two to twenty
cells, with an individual diameter of about 10 gm. The cells lack transverse tubules. Adjacent
cells are separated laterally by cleft spaces roughly 1 gum wide, except at occasional points of
close apposition where nexuses may occur. The entire column of cells is surrounded by a layer
of collagenous connective tissue, roughly 10 um thick.

Adult rabbits weighing 3-10 1b. were killed by a sharp blow to the back of the head. The
hearts were quickly removed, rinsed free of blood, and then placed in warm oxygenated potassium
glutamate Tyrode solution (see below). After the hearts had relaxed from the high K contracture,
the ventricles were carefully opened and short (0-5-1-8 mm) strands of Purkinje tissue were
excised. Longer strands were sometimes seen but these were generally very thin and difficult to
use in electrophysiological experiments. The excised preparations were incubated in K glutamate
Tyrode solution for at least 30 min before exposure to the standard Na-containing Tyrode
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solution. The exposure to K glutamate seemed to improve the eventual viability, probably by
promoting healing-over (DeMello, 1972) and by preventing sodium loading (Barr, Headings &
Bohr, 1962). Only preparations showing driven beats were used for the electrophysiological
experiments. Initially, less than 109, of the preparations showed stimulated contractions, but
this proportion increased to over 50 9, as we became more practiced in the dissection procedure.
Preparations surviving the impalement with two micro-electrodes were remarkably stable; action
potentials and good electrical coupling between cells could be observed for periods of 2-3 h.

In some experiments the rabbit preparation was compared to Purkinje fibres from calf hearts
obtained from a local slaughterhouse. The calf Purkinje fibres were dissected in 4 mm-K,
5-4 mM-Ca Tyrode solution as in earlier work (Dudel et al. 1967; Tsien, 1974).

Experimental procedure

The experiments were carried out at 35-37 °C, with temperature held within * 0-2 °C during
an individual experiment. The composition of the standard Tyrode solution was as follows
(mM): 150 NaCl, 4 KCl, 5-4 CaCl,, 0-5 MgCl,, 10 Tris-HCI (pH 7-2-7-4), 5 glucose. The solutions
were pregassed with 1009, O,. In some experiments, 10 mM-HEPES was used instead of Tris
but similar results were obtained. The dissections were carried out in a modified Tyrode solution
in which all the NaCl and KCl was replaced by potassium glutamate, prepared by neutralizing
glutamic acid (Sigma) with KOH. Some experiments employed a low conductivity bathing
solution prepared by isosmotic substitution of sucrose for NaCl in the standard Tyrode solution.
Measurements using a conductivity cell showed resistivities at 37 °C of 51 Qem (standard
Tyrode solution) and 430 Q cm (sucrose Tyrocde solution).

Tetrodotoxin (TTX, Sankyo) and D600 (Knoll) were used in some experiments to inhibit
components of inward current. In other studies, CaCl, was replaced by SrCl,. Changes in the bath-
ing K concentration were made by varying the amount of KCl without compensatory changes
in other ion concentrations.

Membrane currents were recorded using the conventional two-microelectrode voltage clamp
technique of Deck, Kern & Trautwein (1964) with the minor modifications described by Tsien
(1974). Recordings of capacity current transients were improved by various means. The command
pulse was lagged with an exponential time constant (usually 87 usec) to reduce the peak current
surge. Membrane potential was recorded differentially between intracellular and extracellular
micro-electrodes. These were shielded to within 0-5 mm of their tips by a coating of Electrodag
416 (Acheson Colloids Co., Port Huron, MI.) and insulated with nail polish. The voltage elec-
trodes’ shields were driven and a similar shield around the current-passing electrode was
grounded. Records of membrane potential and membrane current were taken with a chart re-
corder (Brush 440), a storage oscilloscope (Tekronix 5031 or 5103) and a laboratory computer
(Digital Equipment Corp. PDP 8/e).

RESULTS
Resting and action potentials

This investigation began with micro-electrode recordings of electrical activity in
short preparations. The viability of the isolated rabbit Purkinje fibre was a serious
concern at the outset because of previous reports of low resting potentials and atten-
uated action potentials, both in the sucrose gap (Harrington & Johnson, 1973;
Thompson, 1975) and with micro-electrode recording (Thompson, 1975). We found
that fully polarized fibres could be obtained quite consistently as our dissection
technique improved. Most of the preparations from each heart responded to external
stimuli in an all-or-nothing fashion. The rabbit preparations with normal resting
potentials often became partially depolarized after penetration by the second micro-
electrode.

Fig. 1 illustrates the electrical activity seen in fully polarized (4) and partially
depolarized preparations (B). Panel A shows action potentials evoked by external
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stimuli. The membrane rises from a resting potential of —88 mV to an overshoot of
+38 mV. Recording on a rapid time base shows a maximum rate-of-rise (V) of
300 V/sec. The rapid depolarization phase is followed by a prominent secondary
depolarization. The ensuing plateau was terminated by a final repolarization to the
resting potential, with no undershoot or pace-maker depolarization. This recording
typifies the behaviour of a group of fifteen preparations which remained fully polarized
after satisfactory voltage impalements had been made. The collected results were as
follows (mean +sS.E. of mean): resting potential, —83+1 mV; plateau height,

A i
]
H
or |
>
£
—100 %
B
0..
>
E
-50 -

2 sec

Fig. 1. Electrical activity in rabbit Purkinje fibres. A, action potentials evoked by
external shocks at 0-5 Hz. Spikes were attenuated by chart recorder but dashed traces
show true overshoot as recorded by oscilloscope. Preparation T23-1. B, spontaneous
rhythmic activity in the form of ‘slow responses’ in a partially depolarized preparation.
Preparation T09-1.

—22+2mV; action potential duration during steady 1 Hz stimulation, 645 + 59
msec. Oscilloscope records of the upstroke were taken in six preparations and gave a
collected value of +46 +4 mV for the overshoot. The upstroke velocity (Vyax) Was
311 + 37 V/sec in four preparations. The ‘notch’ formed by rapid repolarization and
secondary depolarization was found in nine of fifteen preparations. Slow diastolic
depolarization was absent in all but one case where a very slight depolarization
(0-4 mV /sec) was observed.

These results are in good agreement with in situ recordings from rabbit Purkinje
fibres in the intact ventricular wall (Johnson & Tille, 1961; Hoffman & Cranefield,
1960; Gibbs & Johnson, 1961; Tille, 1961). The earlier in situ action potentials also
show secondary depolarizations and the appearance of a ‘notch’, although the overall
action potential duration is briefer. The earlier recordings also show no pacemaker
activity in fully polarized peripheral Purkinje tissue, although Hoffman & Cranefield
(1960) did find phase 4 depolarization at more proximal locations in the bundle of
His (see their Fig. 7-16). The virtual absence of pace-maker activity in fully polarized
rabbit Purkinje fibres is the main electrical characteristic distinguishing them from
sheep or calf Purkinje fibres, which regularly exhibit phase 4 depolarization (Draper
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& Weidmann, 1951; Vassalle, 1966). In respect, the rabbit preparation may be
similar to Purkinje fibres from several other species which have little or no diastolic
depolarization under normal conditions (Hoffman & Cranefield, 1960, p. 176).

Pacemaker activity in partially depolarized fibres must be considered separately
from diastolic depolarization in fully polarized tissue (see Noble, 1975). Fig. 1B
shows spontaneous activity in a rabbit preparation that was partially depolarized
by the insertion of the current micro-electrode. This type of activity has been referred
to as ‘slow response’ (see Cranefield, 1975) because of its low rate-of-rise. It has also
been termed ‘low voltage oscillation’ because of the range of potentials over which
the activity occurs (Hauswirth, Noble & Tsien, 1969). In rabbit Purkinje fibres, as
in other preparations, the slow response is associated with a visible contraction and
can be abolished by the organic calcium channel inhibitor D600 (5 ug/ml.).

Linear cable properties

Fig. 2 shows an experiment where linear cable properties of the rabbit preparation
were determined (cf. Weidmann, 1952; Fozzard, 1966). Small rectangular current
pulses were introduced via an intracellular electrode approximately 360 um from the
end of a preparation (total apparent length, 1764 um). Voltage changes resulting
from the current flow were recorded at various impalement sites along the length of
the fibre (inset). Responses a and ¢ were determined individually, while responses b
and d were obtained with simultaneous voltage recordings with two micro-electrodes.
The preparation remained quiescent throughout the experiment with a resting
potential of —84 mV.

Fig. 2 A shows the steady voltage deflexions for a 15:8 nA current. These data were
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Fig. 2. Cable analysis of rabbit Purkinje fibre. 4, steady-state electrotonic response to
applied current. Inset shows fibre geometry and location of current-passing and voltage
recording micro-electrode impalement sites. Responses b and d were recorded simul-
taneously during a 15-8 nA hyperpolarizing current pulse. Responses a and ¢ were each
recorded separately and have been corrected for small variations in the size of the
current pulse. Resting membrane potential was — 84 mV throughout. Smooth curve
shows voltage distribution predicted for a cable with sealed ends and a longitudinal
space constant of 1 mm. B, time course of experimental responses (points) and theoreti-
cal responses (continuous curves). The fit was obtained by setting the theoretical
membrane time constant to 18 msec. To emphasize the temporal aspects of the com-
parison, small differences between experimental and theoretical steady-state values
(shown in 4) were suppressed by scaling the experimental points. The scaling factors
for a—d were 0-96, 1-07, 1-0 and 0-94 respectively. Preparation T16-2.
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compared with a theoretical curve for a one-dimensional cable with sealed ends
(Weidmann, 1952). To the right of the current-passing electrode the curve is given by

_ yycosh (I—2)/A
V= V"cosh /)

where [ has been taken as the distance from the current-passing electrode to the
visual end of the fibre (1404 gm) and A the electrical length constant has been set a
1000 um. The fit between the curve and the points is consistent with ‘healing over’
within a cell length of the cut end.

Fig. 2B shows the time course of the electrotonic response at the various impale-
ment sites. The continuous curves are appropriate for the same theoretical cable as
in 4 but with the membrane constant (7) set at 18 msec. These curves were obtained
by taking the Hodgkin-Rushton equation for an infinite RC cable and adding more
terms for the ‘reflections’ at the sealed ends (see Jack, Noble & Tsien, 1975).
Comparison between the theoretical and experimental time courses was carried out
by slightly scaling each experimental transient so that its steady level at 200 msec
coincided with the theoretical curve. From the close correspondence in 4 it is evident
that the scaling factors were close to unity in each case.

All of the experimental results seem reasonably well fitted by the behavior of a
simple RC cable. The largest deviation between data and theory was seen in record d,
but the discrepancy was well within the noise on the voltage traces. Taking all four
transients together, the fit would not have been significantly improved by replacing
the simple RC membrane characteristic by a two time constant circuit (Falk & Faitt,
1964). In this sense, the rabbit Purkinje fibre differs from sheep preparations where
the two time constant current is clearly superior (Fozzard, 1966; Freygang &
Trautwein, 1970). The relatively simple behaviour of the rabbit preparation is
consistent with rapid charging of the cleft membrane capacity (see Discussion).

Cable parameters were determined from the data in Fig. 2. The radius of the cell
core was estimated from the external diameter by allowing for a connective tissue
sheath 10 um thick (Johnson & Sommer, 1967). From the values of A, 7, ¥, and I,
the following cable parameters were obtained: axial resistivity, R, = 350 Q cm;
membrane capacity per unit apparent cylindrical surface, C,, = 13-6 uF/cm?; mem-
brane resistance per unit apparent cylindrical surface, B, = 1-32 kQ cm?; assuming
a specific capacity of 1 xF/cm?2, membrane resistance per unit membrane area
Ry, = 18:0kQ cm?. The values for C, and R, from this experiment are not very
different from those obtained for Purkinje fibres of other species (Weidmann, 1952;
Fozzard, 1966; Freygang & Trautwein, 1970; Mobley & Page, 1972; Hellam & Studt,
1974; Schoenberg, Dominguez & Fozzard, 1975). The axial resistivity is higher than
values given for sheep Purkinje fibres: 154 Q ¢cm (Coraboeuf & Weidmann, 1954) or
181 Q cm (Weidmann, 1970), but is similar to R; in working myocardium (see
Discussion). ’

, (1)

Capacity transients

Further analysis of passive cable properties was carried out in short rabbit Purkinje
fibre preparations under voltage clamp. Fig. 34 illustrates the surge of capacitative
current associated with a hyperpolarizing voltage step. The total capacity of the
preparation was obtained from the area under the current surge after correction
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for a small contribution of ionic current (Schneider & Chandler, 1976). In 4, the total
apparent capacity is 11-0 nF. When referred to the apparent fibre surface, this gives
a total specific capacitance of 5-5 uF/cm?. An average value of 6-5+ 0-9 uF /cm? was
obtained in a series of twelve rabbit preparations. We found a similar capacity in
calf preparations, 6:6 + 0-8 uF/cm? (n = 5). These values are somewhat smaller than
the average capacity of a series of voltage clamped sheep Purkinje fibres, 9-4 4F/cm?
(Fozzard, 1966) but the differences are not very striking in view of uncertainties in
measurements of fibre geometry.

A B

~ M ~— ’d..-v-—fm-w ]75nA

175nA

Fig. 3. Capacity transients from rabbit and calf Purkinje fibres in normal and low con-
ductivity solutions. Traces are average of twelve sweeps. Upper traces are membrane
potential; lower traces are current. Capacity currents were recorded from a rabbit
Purkinje fibre in normal Tyrode solution (4) and 18 min after replacing all the NaCl
with sucrose (B). These traces are superimposed in panel C, with the control records
given as continuous lines. Preparation T17-2; holding potential —37 mV. Panel D
presents similar data for calf Purkinje fibre. Preparation T20-1; holding potential
— 25 mV. The voltage command was exponentially rounded with a time constant of
125 usec. 10 kHz filtering was used throughout.

The capacity current surge in Fig. 34 decays with a final exponential time constant
of 0-49 msec. Since the decay phase outlasts the settling of the voltage signal, it is
evident that the capacitative charging is limited by a series resistance of some kind.
The simplest interpretation is that the series resistance arises from R, the resistance
to longitudinal current flow within the preparation. This idea was pursued by seeing
if the final time constant (7,) scales with fibre geometry in the manner expected if
R, were the only series resistance. Schoenberg, Dominguez & Fozzard (1975) have
provided a theoretical analysis of the capacitative transient for a voltage step at one
point in an RC cable with a sealed end. The final time constant of decay of the
transient is given by

Tm

T 1+ (n2/4) AR

Here A is the longitudinal space constant and & (= !/2) is the distance from the
current passing electrode to either end of the preparation. Since (7%2/4) (A/R)? > 1,

(2)

To
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A2 = aR_ /2R, and 17, = R, Cp, eqn. (2) reduces to

) ®

To = Rl [Om;ga

This expression indicates that the final time constant should vary as (h%/a) even if
R, is relatively constant from fibre to fibre. Results from seven preparations are
given in Table 1. Fig. 4 plots 7, against the expression in brackets in eqn. (3). The

TaBLE 1. Capacitance measurements from voltage clamp

Cn ‘Ry’
Expt. no. €y (nF) a (pm) 2h (pm) (uF/em?) 7, (msec) (Q em)
S-1 10-0 45 1600 37 21 531
8-1 277 62 756 9-4 0-88 501
13-1 26-5 80 1080 4.9 0-57 394
17-2 11-0 44 720 5-5 0-49 369
241 15-4 52 864 55 0-71 445
26-1 8-1 52 900 2-8 0-42 486
32-1 17-2 35 1260 6-2 2-52 442
Mean 15-1 53 1026 5-4 1-10 453
+S8.E. +3-7 +6 +119 +0-8 +0-32 + 22
of mean
i
(]
2 - L]
§
£
I
1
..
0 1 | 1
2 4 6

(8h%/m*a) Cry (uF/cm)

Fig. 4. Dependence of capacity transient time course on fibre geometry. 7,, the time
constant for the final decay of the capacity current, is plotted against (8/72) (h%/a) C,
for seven rabbit Purkinje fibre preparations. The straight line through the origin is
predicted by a model in which charging of membrane capacity is rate-limited by longi-
tudinal resistance. The slope of the line represents an apparent resistivity ‘R,’ of
450 Q cm and was chosen by eye to fit the points.

points fall close to a straight line through the origin, and are, therefore, consistent
with the idea that 7, arises principally from longitudinal cable delay. The slope of the
line corresponds to an apparent resistivity ‘R;’ of 450 Q cm. Individual estimates of
‘R,’ ranged from 369 to 531 Q cm (Table 1). These values are not much larger than
350 Q cm, the estimate of R, from the measurement of longitudinal decrement
(Fig. 2). It appears than that longitudinal resistivity can largely account for 7.
although a small component of external series resistance certainly cannot be ruled out.
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Effects of reducing external solution conductivity

In the next series of experiments, possible sources of external series resistance
were deliberately accentuated by decreasing the external conductivity. We looked
for changes in the area or time course of the capacitative transient as the bulk solution
conductivity was reduced 8-4-fold by isosmotic replacement of NaCl by sucrose.
Fozzard (1966) first used this procedure in sheep Purkinje fibres and found a twofold
increase in the late time constant of the capacity transient. Adrian & Almers (1974)
observed a substantial fall in the effective capacity of frog skeletal muscle fibres when
the T-system conductivity was decreased. Both sets of results are consistent with the
development of significant radial voltage decrement along narrow clefts or T-tubules.
If the clefts in the rabbit Purkinje fibre are as wide as 1 um one might expect a
different result since the radial space constant could decrease ,/8-4 times and still
remain large relative to the fibre radius.

Fig. 3 illustrates the effect of changing from NaCl-Tyrode (4) to the sucrose
solution (B). The records in panel B were taken 18 min after the solution change,
well after normal electrical responses were abolished by washout of extracellular
sodium ions. Superposition of 4 and B (panel C) shows that the solution change
produced no dramatic effect on the area of the capacitative surge. The apparent
capacity fell from 11-0nF in 4 to 10-7nF in B, and recovered to 10-9 nF after
restoration of NaCl Tyrode (record not shown). The ratio of the value in sucrose to
the average of the bracketing control values is 0-98. In three other rabbit preparations,
the corresponding ratio was 0-93, 0-95 and 0-96. Apparently, the radial space constant
remains long relative to the fibre radius even after a substantial reduction in the
conductivity of the cleft fluid.

Fig. 3C also shows relatively little change in the time course of the capacitative
transient. Similar results were obtained in three other rabbit preparations. Fig. 3D
illustrates the effect of the same change in bathing solution in calf Purkinje fibre.
Here there is a roughly twofold increase in the final time constant, in good agreement
with Fozzard’s (1966) results in sheep preparations. Quantitative interpretation of
small changes in the area or time course of the transients would be difficult without
careful study of the influence of the solution changes on R, and R,,. Nevertheless,
the present results are in good qualitative agreement with expectations arising from
the morphological studies on the rabbit preparation.

Cleft size and extracellular K depletion

The size of the extracellular cleft space is an important factor in determining the
extent of extracellular ion concentration changes during membrane current flow.
Considerable accumulation or depletion of K is expected if the extracellular space is
small or if the endothelial layer is an appreciable diffusion barrier (see, for example,
Frankenhaeuser & Hodgkin, 1956; Johnson & Lieberman, 1971; Barry & Adrian,
1973). It is not surprising, therefore, that membrane current changes associated with
potassium concentration changes have been reported for frog myocardium (Maughan,
1973; S. Noble, 1976; Cleeman & Morad, 1976) sheep or calf ventricular muscle
(McGuigan, 1974), rabbit atrium (Kunze, 1977) and sheep Purkinje fibre (Baumgarten
& Isenberg, 1977). Variations in extracellular K are interesting because they may
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contribute to persistent effects of electrical activity. However, they also create
difficulties for the analysis of membrane permeability mechanisms.

Since morphological evidence indicates that rabbit Purkinje fibres have fairly
wide clefts and a thin outer layer of connective tissue, it seems possible that these
preparations might be relatively free from the complications of K accumulation or
depletion. This prediction was tested by experiments of the type illustrated in Fig. 5.
Strong hyperpolarizing pulses were used to drive inward potassium movement across
cell membranes. A slow decline in the net inward current was taken as an indication
of K depletion. Declining inward current is expected as the local potassium concen-
tration falls since Ey shifts in the negative direction.

Rabbit Sheep
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Fig. 5. Slow current changes attributable to K depletion during voltage clamp hyper-
polarizations. A-C, rabbit Purkinje fibre. Current records associated with clamp pulses
from a holding potential of —80 mV to the various levels indicated. The relative size
of the depletion current during the hyperpolarizations was the largest found in six
rabbit preparations. Preparation T27-5, 4 mmM-K Tyrode solution. D, sheep Purkinje
fibre. Current record associated with hyperpolarization from —89 to —100mV in
5-4 mM-K Tyrode solution. Amplitude of the initial current jump (¢,) and slow depletion
current (i¢;) are indicated. From Baumgarten et al. (1977) with permission of the
authors and the Journal of General Physiology.

Fig. 54-C shows the clearest example of depletion current found in a total of six
rabbit Purkinje preparations. The declining inward current is most evident in C, but
depletion currents are present in 4 and B as well. For the sake of comparison,
Fig. 5D shows an analogous experiment in a sheep Purkinje fibre (Baumgarten,
Isenberg, McDonald & Ten Eick, 1977). Here the slow current change is quite obvious.
Following the convention of Baumgarten et al., the slow depletion current is designated
iq and the initial current immediately after the hyperpolarization is labelled 3,.
Baumgarten et al., used (¢4/7,) as a measure of the severity of depletion and found
values near 509, in Na-free solution. Baumgarten (personal communication) has
found (i4/7,) between 30-359%, for three sheep Purkinje fibres in Na-containing
Tyrode solution. By the same criterion, the depletion is much less severe in rabbit
Purkinje preparations: in records 4-C, (i4/3,) was 12, 14 and 149, respectively.
This was the worst case; an average value of 8 + 39, was found in a total of six
experiments.
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Fig. 6 shows how the depletion current can be used to estimate the average fall in
cleft K concentration. The estimate depends upon determining the current change
due to a deliberate variation in the bathing K concentration, K,. In this particular
example, K, was changed from 4 to 2 mm. The membrane was clamped at a holding
potential of —79 mV, a value close to the resting potential in both solutions. A
hyperpolarizing step to — 105 mV evoked the current records illustrated on the left
side of the Figure. In 4 mm-K,, (i4/4,) was 9%, a typical result for the series of

A B

mm-K,
0 1 2 3 4 0
0 q 2K | S B B
o N
< ° \\ <
“ 4K <2 . <
* e}
o
_50 3 . d-50
—_ J

1 sec

Fig. 6. Current changes due to hyperpolarization compared with current change pro-
duced by varying the external potassium concentration. 4, superimposed records
associated with hyperpolarization to — 105 mV from a holding potential of —79 mV.
Preparation T24-2, total capacitance, 154 nF. B, graphical interpetation of the experi-
mental results. Initial currents at — 105 mV in 4 mM-K (Q) and 2 mM-K ([]) are con-
nected by a dashed line. The slope, —17 nA/mm, is an estimate of (d¢/dK) near
K = 4 mm. When plotted on the dashed line, the steady current after maintained
hyperpolarization to — 105 mV (@) gives a value of roughly 0-3 mm for the K depletion
in a restricted extracellular space.

experiments. In 2 mMm-K,, the ratio was difficult to determine because both ¢, and ¢,
were small. Current levels indicated by the various symbols are plotted on the right
hand graph and used to estimate the average potassium depletion, AK. According
to the small-signal treatment of K depletion described in the Appendix:

. A, (dio) —

tqg = — (5= ) AK. 15A

d At dK ( )

The ratio of cleft area 4, to total area A, was estimated as 0-81 (see Appendix).

Using the slope of the dashed line in Fig. 6 as an approximate measure (di,/dK)
at K = 4 mMm, (diy/dK) is — 17 nA/mm. The depletion current is 4 nA in the 4 mm
record. Thus, from eqn. (15A),

(4nA)

= (T7nA/mw) (081) ~ _ ZomM.

AK

This calculation is represented graphically in Fig. 6 with the simplification that the
ratio of areas is taken as unity. As expected, AK in the rabbit Purkinje fibre is small
compared to estimates of K depletion in sheep Purkinje fibres. Using a different
approach, Baumgarten et al. (1977) calculate that a prolonged 19 mV hyperpolariza-
tion would reduce the average cleft K from 5-4 to 3-4 mm,
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Radial distribution of K and depletion current
predicted from a simple cleft model

The next question is whether the size of the observed depletion current is quanti-
tatively consistent with the observed morphology of rabbit Purkinje fibres (Johnson
& Sommer, 1967; Sommer & Johnson, 1968). We approached this question by de-
veloping a model for the radial distribution of K within the clefts. The Appendix
presents the mathematical treatment and points out its resemblance to standard
one-dimensional cable theory. Fig. 7 summarizes some of the main results. The inset

[ W

W=0-3um

40 20 0 20 40
r (um)

Fig. 7. Predicted K profiles for linear model of K depletion in clefts. Inset shows ideal-
ization of cleft geometry. During maintained hyperpolarization, cleft K reaches a
steady state where radial diffusion (filled arrows) balances inward fluxes across the
cleft membrane (open arrows). Graph plots steady-state profile predicted by eqn. (9.4)
for cleft widths of 1 gm and 300 A. For further details, see Appendix.

shows a simplified view of a cleft, and indicates schematically the steady-state balance
between inward diffusion along the cleft (thin filled arrows) and inward transmem-
brane flux (open arrows). The lower panel shows a predicted K profile for the rabbit
Purkinje fibre (cleft width w = 1 gm). For the 1 gum theoretical cleft, the model
predicts a diffusional space constant Ax of about 100 #m. This givesrise to a maximum
depletion of 0-32 mm at the centre of the fibre and an average depletion AK of
0-21 mm. This prediction for AK is not very different from 0-29 mm, the AK esti-
mated from experimental results without assumptions about cleft geometry. The
comparison between cleft model and experiment can also be expressed in terms of the
relative size of the depletion current. For the 1 gum wide cleft, the predicted (iq/4o)
was 6-59, (see Appendix) while the observed values was 8:8 9. Stated either way,
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the agreement between model and experiment seems consistent with the assumption
of free K diffusion in 1 ym clefts.

Fig. 7 also shows the predicted K profile for a cleft 300 A wide but with otherwise
identical parameters. The predicted values of AK = 1-77 mM, and (iq/3,) = 54 %
are close to experimental findings in sheep Purkinje fibres (Baumgarten et al. 1977).
The agreement should be viewed with caution since the calculation assumes similar
properties for ig in rabbit and sheep and since the linear treatment becomes more
approximate as depletion grows larger.

Slow inward current (L)

The results from our electrical experiments seem entirely consistent with the
earlier morphological evidence for wide clefts. Both approaches suggest that the
rabbit Purkinje fibre has a favourable structure for minimizing interference from
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Fig. 8. Lack of effect of tetrodotoxin on slow inward plateau current in rabbit Purkinje
fibres. Currents were recorded before (4) and after (B) the addition of 20 uM-TTX to
the Tyrode solution. Membrane potential was stepped from —40 to — 14 mV for 500
msec. Sr replaced Ca in the Tyrode solution to minimize the transient outward current
(see text). Preparation T26-1.

nonuniformities of membrane potential or ion concentration during the study of
ionic currents. Voltage clamp experiments in the rabbit preparation have already
been carried out by Harrington & Johnson (1973) and Thompson (1975), Using the
double sucrose gap technique, these investigators found no time-dependent ionic
currents other than a tetrodotoxin-sensitive Na current, I,. Since they failed to
observe a distinct ‘secondary’ or ‘slow’ inward current, one might argue that in
other preparations with less favourable geometry, slow inward current arises from
poor voltage control of I,. However, the absence of I; could also be attributed to the
double sucrose gap procedure. It seemed worthwhile, therefore, to see if slow inward
current could be observed with another voltage clamp technique.

Using the two-micro-electrode method, we found that rabbit Purkinje fibres show
slow inward current rather consistently. The slow inward current was identified by
its time course and by its resistance to TTX and sensitivity to D600. Fig. 8 illustrates
an experiment where the slow inward current was accentuated by using strontium in
place of Ca in the external solution (Vereecke & Carmeliet, 1971). The membrane
potential was held at —40 mV to inactivate Iy, (Weidmann, 1955). In 4, a step
depolarization to — 14 mV evoked a slow inward current which peaked early and then
slowly delined. Panel B shows that the slow inward current was not affected by tetro-
dotoxin at a concentration (20 xM) sufficient to block normal excitability. Such TTX
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resistance is characteristic of slow inward currents found in other cardiac preparations
(see Reuter, 1973).

Fig. 9 illustrates the effect of the drug D600, which blocks inward calcium move-
ments in a variety of excitable cclls (see Fleckenstein, 1977 for review). In this
experiment, the external solution contained the usual 5-4 mm-Ca. The slow inward
current observed in a control run (4) was abolished by exposure to 5 x 10-¢ g/ml. D600
(B). The D600-sensitive current is given as the difference signal (4-B). The drug-
sensitive current shows a significant maintained component, as in calf Purkinje
fibres (Kass, Siegelbaum & Tsien, 1976).
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Fig. 9. Effects of D600 on the slow inward current. Plateau currents were recorded in
normal Tyrode solution (4) and in the presence of 5 ug/ml. D600 (B); holding potential
—40 mV. The lower tracing (4-B) is the D600-sensitive current obtained by subtracting
traces A and B. Preparation T08-1.

These experiments indicate that the slow inward current can be observed in rabbit
Purkinje fibres and that its properties appear similar to those reported for other
cardiac preparations. The presence of I; seems compatible with recording of slow
responses or prominent secondary depolarizations preceding the plateau (Fig. 1).
Our results differ from those of Harrington & Johnson (1973) and Thompson (1975)
but the discrepancy may be explained by differences in experimental technique
(see Discussion).

Time-dependent outward currents

The similarity between rabbit preparations and ungulate Purkinje fibres extends
to outward currents activated over the plateau range of potentials. Fig. 10 shows an
experiment in which a prolonged depolarizing clamp pulse to —3 mV elicited two
outward components. The first component was a transient outward current which
peaked early and declined within a hundred milliseconds. There is also a late increase
in outward current which seems to be correlated with the development of outward
current tails following repolarization to the holding potential.

The transient outward current has been studied previously in sheep Purkinje
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fibres. It is triggered by depolarizations beyond — 20 mV and helps generate the rapid
early repolarization following the crest of the action potential (Dudel, Peper, Rudel
& Trautwein, 1967; Reuter, 1968; Fozzard & Hiraoka, 1973). Kenyon & Gibbons
(1979) have found that the transient outward current is inhibited by tetraethyl-
ammonium or 4-aminopyridine, and have suggested that the outward current was
carried by potassium ions. Baumgarten et al. (1977) also considered the possibility
of a K efflux, and suggested that the ‘inactivation’ might be generated by K accumu-
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Fig. 10. Outward plateau currents in rabbit Purkinje fibres. Delayed rectifier and
transient outward currents elicited by depolarization to —26 mV from a holding
potential of —40 mV. The duration of the clamp step was varied from 300 to 4950 msec.
Preparation T24-2.

lation in the sheep Purkinje fibre clefts. The present results do not favour K accumu-
lation as a general explanation of inactivation since the time course of decline is
similar while K equilibration seems relatively unrestricted.

The late outward current and associated tail currents in Fig. 10 resemble the
current I in sheep Purkinje fibres (Noble & Tsien, 1969). I, has also been attributed
to K accumulation in narrow clefts of the sheep preparation (see, for example,
Johnson & Lieberman, 1971). Such an explanation is difficult for the case of the
rabbit Purkinje fibre because so little depletion is evoked by relatively large hyper-
polarizing currents. The rabbit preparation seems promising for future analysis of
outward plateau currents.

Unlike sheep or calf Purkinje fibres, the rabbit preparations do not show slow
current changes characteristic of the pacemaker K current, IK, (Vassalle, 1966;
Noble & Tsien, 1968). The absence of pacemaker current changes is not readily
explained by the dissection or voltage clamp procedures since earlier recordings show
a corresponding lack of Iy -dependent pacemaker activity in peripheral Purkinje
tissue in situ (p. 230). The apparent lack of I, is particularly intriguing because of the
anatomical differences between rabbit and ungulate preparations. However, the
correlation between wide clefts and the lack of I, may be fortuitious; we know of no
convincing explanation of Iy in terms of ion concentration changes alone.
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Arrhythmogenic phenomena
Since 1973 there has been considerable interest in a special kind of pace-maker
activity found in Purkinje fibres intoxicated with digitalis or exposed to high external
Ca (see Ferrier, 1977 or Tsien & Carpenter, 1978 for review). Typically, a series of
closely spaced action potentials is followed by an oscillatory afterpotential (a so-called
‘transient depolarization’) which can reach threshold and produce an ectopic
impulse. Voltage clamp experiments show that the transient depolarization is
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Fig. 11. Transient voltage and current oscillations in rabbit Purkinje fibres. 4, spon-
taneous subthreshold depolarization following a train of twelve action potentials;
stimulus rate 0-5 Hz. Preparation T08-1. B, transient inward current evoked by a 3 sec
depolarizing voltage clamp step; holding potential —40 mV. Preparation T16-1.

generated by a transient inward current with an oscillatory waveform (Lederer &
Tsien, 1976; Aronson & Gelles, 1977). Cohen, Attwell & Eisner (personal communi-
cation) have hypothesized that the arrhythmogenic current is generated by an oscil-
lation in the K concentration of a restricted extracellular space. However, as Fig. 11
illustrates, the transient depolarization or transient inward current can be observed
in rabbit Purkinje fibres, despite the relatively unrestricted diffusion of extracellular
K. The timing of the transient depolarization (4) or transient inward current (B) is
quite similar to that found in Purkinje fibres with narrow clefts. These results are
consistent with observations of spontaneous oscillations in membrane current and
contraction in enzymatically isolated dog Purkinje cells (Mehdi & Sachs, 1978).
Evidently, changes in extracellular K are not a primary factor in the oscillatory
mechanism. Other lines of evidence indicate that the oscillatory mechanism involves
variations in intracellular calcium (Kass, Lederer, Tsien & Weingart, 1978).
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DISCUSSION
Comparisons between electrical and morphological observations

Our results provide experimental support for earlier suggestions about the advan-
tages of the rabbit Purkinje fibre as an electrophysiological preparation (Johnson &
Sommer, 1967; Harrington & Johnson, 1973). The electrical properties of intact
preparations are consistent with the structural features seen with light or electron
microscopy on fixed tissue.

Cable properties. Electrotonic responses to current steps agreed in both magnitude
and time course with theoretical curves for a cable with a single membrane time
constant and sealed ends. Within the resolution of the micro-electrode impalements,
the preparation behaves as a simple leaky capacitative cable. This finding is not in
conflict with Johnson & Sommer’s (1967) light microscope study of lateral ‘ occlusions’
between adjacent cells in a rabbit Purkinje fibre bundle. They found considerable
variability in the incidence of ‘occlusions’ but the observations were made over a
200 um stretch, which is short relative to the DC space constant (roughly 1 mm).
Furthermore as Johnson & Sommer point out, ‘occlusions’ indicate junctional
complexes, but only provide a lower limit on the actual number of nexal connexions.

Estimates of axial resistivity of the cable (R,) were obtained from the longitudinal
space constant or from the final time constant of the capacitative transient in
voltage-clamped preparations. The values ranged from 350 up to 530 Q cm. These
values are higher than estimates for ungulate Purkinje fibres, but they are similar to
Weidmann’s (1970) estimate of R, in ventricular muscle, 470 Q cm. The resemblance
to ventricular muscle can be interpreted in terms of myoplasmic or nexal properties
or both. Rabbit Purkinje fibres are densely packed with myofibrillar material
(Johnson & Sommer, 1967), like ventricular muscle but unlike ungulate Purkinje
fibres. Alternatively, nexal contacts may be less frequent in the rabbit Purkinje
fibre than in ungulate preparations. Future morphometry may show whether the
rabbit Purkinje fibre resembles rabbit papillary muscle, where nexuses occupy
0-017 gm?2/um? cell volume (Page, 1978) or sheep Purkinje fibre, where the corre-
sponding value is 0-066 xm?/um? (Mobley & Page, 1972, p. 556).

Capacitative transients under voltage clamp. The bathing solution conductivity was
reduced eightfold in an effort to analyse possible barriers to radial current flow. The
decrease in conductivity produced very little change in either the magnitude of the
effective capacitance (Adrian & Almers, 1974) or the time course of the capacitative
current transient. In this respect, the rabbit Purkinje fibre differs from Purkinje
fibres of sheep (Fozzard, 1966) or calf (Fig. 4D) or frog skeletal muscle (Adrian &
Almers, 1974). The results in rabbit preparations are to be expected if the clefts are
in fact 1 gm wide. Theoretical estimates of the radial space constant A, can be made
by assuming that the cleft fluid has the resistivity of NaCl Tyrode (51 Q cm) or sucrose
Tyrode (430 Q cm). Using eqn. (11A) and a membrane resistance R, of 18 kQ cm?,
A, = 1328 um for NaCl Tyrode and A, = 457 ym for sucrose Tyrode. In either case,
the space constant is much greater than the fibre radius, so little radial voltage
decrement or attentuation of effective capacitance should occur. Calculations of the
final time constant for charging the cleft capacitance can be made using the approach
of Schoenberg et al. (1975). For a 1 gm wide cleft, the estimated final time constant is
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10 usec in NaCl Tyrode and 84 usec in sucrose Tyrode. These values are fast relative
to the estimated time course of longitudinal current spread even in relatively short
preparations. It is reasonable, therefore, that a clear change in capacitative current
time course was not seen when the external conductivity was varied.

K depletion currents. Hyperpolarizing voltage steps evoked small but clear current
changes of the type expected for K depletion in the cleft space. The size of the deple-
tion current was in good agreement with that predicted for free diffusion of K in a
cleft 1 um wide. This is perhaps the most critical comparison between electrical and
morphological observations.

Our treatment of the depletion problem emphasizes the qualitative analogy between
the radial distributions of potential and K concentration. However, the depletion
experiment is much more sensitive to morphological limitations than the measure-
ments of effective capacitance, because the diffusional space constant is much smaller
than the electrical space constant in the radial direction. Radial non-uniformities in
concentration occur more readily because of the disparity in the potassium transport
numbers of the cleft membrane and the cleft fluid. In view of the sensitivity of the
depletion current measurement, it would be interesting to look for depletion currents
in cultured cardiac preparations (Lieberman, Sawanobori, Kootsey & Johnson, 1975,
Sachs, 1975) when comparing them to the rabbit Purkinje fibre.

Connective tissue sheath as diffusion barrier. The radial pathway for K diffusion or
current flow traverses a 10 um thick connective tissue layer which lies in series with
the clefts. Elsewhere in the paper, attention has been focused on the possible effects
of the cleft spaces. The outer layer of endothelial cells or other elements of the con-
nective tissue sheath were ignored because the main goal was a minimum estimate
of the cleft width under electrophysiological conditions. This approach seemed justi-
fied since estimates of cleft width from the depletion results would only be increased
if an additional diffusion barrier were considered.

It is also useful to consider the other extreme case, in which the diffusion barrier is
attributed to the connective tissue sheath alone. In this case, the diffusional properties
of the clefts are completely ignored, as though the clefts were much wider than 1 ym,
and the depletion currents are used to calculate a lower limit on the sheath potassium
permeability, Py s. Applying Fick’s law to the sheath in the steady-state,

Ix
F A4,
Here K, is the K concentration just inside the sheath and A4, is the sheath area.
K, is not known but (K), the average K concentration seen by the cell membranes,
can be estimated from the procedure described on p. 237. For inward K diffusion,
(K,— (K)) = AK > (K,— K,). Thus, eqn. (4) may be reexpressed as an inequality,

Ix
P, K,S AK > ‘ FT[I—S

Py s (Ko~ K,) = . (4)

: (5)

For the experiment illustrated in Fig. 5, the steady inward current (predominantly K)
is 40nA, Ag = 3-37x 103 em? and |AK| = 0-35 mm. Thus,

Pg g > 3:5x107% cm/sec.
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This lower limit in K permeability can be converted into a maximum estimate of
series resistance R, (cf. Frankenhaeuser & Hodgkin, 1956). The permeability Pg, g
is related to the diffusion coefficient in free solution by Py g = Dg A /L, where L is
the effective thickness and A represents the degree to which diffusion is restricted.
Assuming that the same factor 4 applies to current flow, R, = p (4/L)~! where p is
the resistivity of Tyrode solution. Combining these expressions with eqn. (5) gives

pDg (50 Qcm) (2-3 x 10-5 cm? sec™?)

- = 9. 2 .
R, < Pg s (35 x 10~ cm sec—Y) 3-3 Q cm?. (6)

This value is considerably lower than an estimate of R, = 40 Q cm? in frog ventricular
trabeculae, made by Attwell & Cohen (1977) from morphological data of Page &
Niedergerke (1972). The present limiting value falls close to the series resistance of
squid giant axons as determined by Frankenhaeuser & Hodgkin (1956) from electrical
measurements or considerations of potassium permeability. A low value of R, in the
rabbit Purkinje fibre would be favourable for future studies on the rapid excitatory
Na current.

The external series resistance has been estimated in other cardiac preparations
using either the peak amplitude (Connor ef al. 1975; Attwell & Cohen, 1977) or time
course (Beeler & Reuter, 1970; Johnson & Lieberman, 1971) of the capacity transient.
These approaches would not be appropriate for the rabbit Purkinje fibre because the
internal longitudinal resistance greatly overshadows the resistance of the clefts and
connective tissue sheath.

Ionic currents

Time-dependent plateau currents in the rabbit Purkinje fibre appeared similar to
those reported for preparations with less favourable electrical structure. Step de-
polarizations from — 40 to about — 20 mV evoked a slow inward current carried by
divalent cations (I;;) which was characterized by its time course of inactivation,
resistance to TTX and sensitivity to D600. Depolarizations beyond — 10 mV or so
evoked a transient outward current which partially or completely obscured ;. When
a strong depolarization was maintained, outward current slowly increased as a result
of a conductance system with a reversal potential near —75 mV. The slow inward
current and the transient and delayed outward currents were small compared to
the hyperpolarizing current needed to produce clearcut K depletion in the same
experiments. All three components were similar to currents found earlier in sheep
or calf Purkinje fibres (see McAllister et al. 1975 for review). Their presence in
the rabbit Purkinje fibre supports the view that the slow plateau currents reflect
genuine permeability changes, not merely non-uniformities of membrane potential
or ion concentration.

Slow plateau currents were not reported in earlier studies of the rabbit Purkinje
fibre by Harrington & Johnson (1973) or Thompson (1975). Their use of the double
sucrose gap may help explain the discrepancy. In the double sucrose gap, the rabbit
preparations were partially depolarized and only gave regenerative responses after a
hyperpolarizing current pulse. The responses were triangular and lacked the fully
developed plateau seen with micro-electrode recordings from Purkinje fibres in situ
(Hoffman & Cranefield, 1960; Johnson & Tille, 1961; Gibbs & Johnson, 1961) or
isolated preparations (this paper). The I-V relations in the sucrose gap (Harrington
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& Johnson, 1973) showed a large linear ‘leak’ with no evidence of the inward rectifi-
cation we observed with the two-micro-electrode voltage clamp (data not shown).
Both the triangular action potential and the ‘leak’ component can be attributed to
transmembrane current flow in the sucrose regions (deHemptinne, 1973; McGuigan
& Tsien, appendix to McGuigan, 1974). Such shunt currents could easily have
swamped slow plateau currents from the narrow test nodes used by Harrington &
Johnson and Thompson. The membrane area in a 40-60 ym test node (Thompson,
1975) is roughly twentyfold smaller than the area of the preparations we used. Slow
currents 20 times smaller than those shown in this paper could easily have been
missed at the low current amplification used in the double sucrose gap experiments.

The experiments described in this paper provide electrical evidence that the rabbit
Purkinje fibre has simple morphology compared to other cardiac preparations. The
absence of serious non-uniformities in membrane potential and ion concentration
holds promise for future voltage clamp studies of membrane currents including the
fast Na current.

APPENDIX
Radial distribution of K in the cleft space

Radial nonuniformity of potassium in the clefts is described by a simple model
which starts with a morphological estimate of cleft width (Johnson & Sommer, 1967)
and an electrical estimate of membrane current density. It predicts the radial distri-
bution of cleft K during a steady hyperpolarization and the magnitude of the associ-
ated depletion current. The analysis is similar in some ways to numerical simulations
of the K profile in the T-system of skeletal muscle (Barry & Adrian, 1973) or in the
‘intercalated disk clefts’ of heart muscle (MacDonald, Hsu, Mann & Sperelakis,
1975). In the present case the predicted K distribution can be given analytically by
an expression equivalent to an electrical cable equation.

Our treatment takes advantage of the relatively simple properties of the rabbit
Purkinje fibre. First, radial diffusion is treated as a one-dimensional problem since
the clefts resemble spokes of a wheel (Sommer & Johnson, 1968; Hellam & Studt,
1974 ; Schoenberg et al. 1975) rather than a fine uniform mesh as in the T-system of
skeletal muscle. Secondly, the cleft space is treated as isopotential since the
electrical space constant is much larger than the fibre radius (see p. 217). Finally, it
is assumed that the cleft membrane current varies linearly with cleft K for small
perturbations in concentration.

Fig. 7 shows the basic features of the model. The cleft space is assigned a constant
width (w) and a uniform diffusivity for K (D). D is taken as the diffusion coefficient
for K in bulk solution at 37 °C, 2-3 x 10~% cm? sec—! (Weidmann, 1966). The cleft
extends from the axis of the bundle (r = 0) to the edge (r = a). Tortuosity, branching
and membrane folding are neglected in the absence of morphometric information for
the rabbit preparation. Membrane properties are presumed to be evenly distributed
throughout the total cell surface; membrane current density is calculated from
a total area (4,) inferred from total preparation capacity and a specific capacity
of 1 uF/cm? The potassium concentration within the clefts is designated K(r)
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while the bulk potassium concentration is K. The net radial flux of K (M) is driven
by the concentration gradient according to Fick’s law:

dK
M= — DF' (1A)

This equation ignores movement of K due to radial current flow per se since the
transport number of K in the external fluid is close to zero. Now let Jg be the net
transmembrane potassium current density due to either passive or active transport.
By convention, Ji is positive for current leaving the cell. Using the equation of
continuity for the steady-state case,

dM 2

F is the Faraday and the factor of 2 reflects the presence of a pair of membranes
bounding the cleft space. Combining (1A) and (2A) gives

d2K 2
dr2 ~ ~ wFD

This equation can be re-expressed in terms of a perturbation in cleft K, AK, relative
to the resting condition where K(r) = K,. Substituting K = K,+AK, in (3A),

Ji. (34)

dAK 2

a® = " wkD’x (24)

The boundary conditions are as follows. Since there is no radial flux at the fibre axis,
dAK

( > )r=o - 0. (54)

For the limiting case in which the connective tissue sheath offers no significant
diffusion barrier,

(AK),_, = 0. (6A)

The other extreme limiting case is considered in the Discussion. Now let Ji represent
the net K density (#A/cm?) when AK = 0, For small perturbations in concentration,
variations in Jg will be proportional to AK. Thus,

Jx = Jg + BAK where B = (%) . (74)
dK /g0
In general B will be negative (see Fig. 6). Substituting (7A) into (4A),
d?AK - 2B -2 .,
drz (wFD)AK = 2FD 'K’ (84)

Now let Ay = (—2B/wFD)-'2. The solution of (8A) which satisfies the boundary
conditions (5A) and (6A) is

_ £ cosh (r/A )_
AK = é{[cosh(a/)(i) I:I' (94)

This expression for AK has the same form as the equation for the voltage difference
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AV between cleft membrane potential ¥ (r) and an applied surface membrane potential
V(a). Rewriting eqn. (6 A) from the paper by Schoenberg et al. (1975),

_ _ cosh (r/A,)
Here A, the electrical space constant in the radial direction is given by
wRy,
A, = J ) (11A)

where R, is the cleft membrane resistance and R, is the cleft lumen resistivity.

Fig. 7 illustrates the radial K profile predicted by (9 A) for the experiment illustrated
in Fig. 6. Values for Jzx and B were obtained by attributing i, to K current. This
seems reasonable since K channels show strong inward rectification over the poten-
tials between —79 and — 105 mV, while other currents such as background Iy, or
Iy, are weakly voltage-dependent (Cohen, Daut & Noble, 1976) and therefore con-
tribute very little to ¢,. For the experiment in Fig. 6,

Jg = 292 uA.cm—2, B = —1-1 A.cm.mole!, a = 52 um.
Assuming that w = 1 gm (Johnson & Sommer, 1967; Sommer & Johnson, 1968),

Ag = J% = 100-4 ym.

As Fig. 7indicates, the K profile is shallow for this value of Ag, and dips to a minimum
concentration of 3-68 mm at the centre of the prepraration. For the cleft width of
300A, Ag drops to 17-4 um, the radial profile becomes much more bowed, and the
axial concentration falls to 1-6 mm. Calculations for narrow clefts give only a rough
idea of the behaviour of sheep Purkinje fibres since (7A) and other considerations
become much more approximate as the depletion becomes large.

A spatially average K depletion, AK can be determined from (9A) by integrating
AK over the length of the cleft.

— 1 fa Jg [A a
5K == G ()] e

For the 1 gm cleft, AK = —0-21 mm, while for the 300 A cleft, AK = —1.77 mm.

Relation between AK and depletion current

The relationship between K depletion and the apparent depletion current 74 can
be expressed in a general way which does not depend on a specific cleft model. If the
local depletion current is linearly related to the local fall in cleft K concentration,
AJg(r) = BAK(r), then

AJgz = BAK, (13A)

where the horizontal bar denotes a spatial average over the fibre cross-section.
Letting 4, denote the cleft membrane area,

ig = A, AJg = A, BAK (14A)
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If as before we approximate B = (dJg/dK)g_g, by (di,/dK)/A;, where A, is the
local membrane area, '
_ 4 (dﬁ) AK (15A)
4, \dK )

Eqn. (15A) does not depend upon assumptions about w or D. It is used on p. 237 to
calculate AK from i4. In the example given in Fig. 6, the total area 4, was estimated
by dividing the total capacitance (0-0154 4F) by 1 4F /cm2. The area of the clefts 4,
was then approximated by subtracting the apparent cylindrical area of the cell core
(2-82 x 10~ em?2) without correction for membrane folding (cf. Schoenberg et al.
1975). Thus

4, 0-0154—0-00282

4, 0-0154

The estimate 4,/A4, would fall to 0-67 if one assumed that the surface membrane
were folded by a factor of 1-8 as in sheep Purkinje fibre (Mobley & Page, 1972).

= 0-81.

Depletion currents predicted from cleft model

Now the general relation between AK and i, can be applied to the specific cleft
model developed earlier. Combining (12A) and (15A) gives

i_d = _‘lc '_1 4 _

I = t[ tanh (/\) 1] . (16A)

For the 1 um cleft, (16 A) predicts ¢4/, = 6-59%,. For the 300A cleft, the predicted
a/% p

ta/lo = 54%.
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