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SUMMARY

1. The three-micro-electrode voltage clamp method (Adrian, Chandler & Hodgkin,
1970) was adapted for the study of regenerative inward currents in cardiac muscle.
The adequacy of measurements of slow inward current in cardiac Purkinje fibres was
assessed.

2. Membrane current density is reported simultaneously by total applied current
(Iy), along with a longitudinal voltage difference signal (AV), recorded between two
intracellular micro-electrodes.

3. Non-linear cable calculations show that AV is a more faithful measure of mem-
brane current density than I, as peak inward current increases. Quantitative
agreement between AV and I} only occurs when both signals report the membrane
characteristics that would be obtained with an ideal longitudinal space clamp.

4. Agreement between AV and I; is thus a useful criterion for satisfactory
experimental measurements which we applied to the slow inward current. This
component was elicited by depolarizing steps from a holding potential near —45 mV
in the presence of tetrodotoxin. The I signal was compared directly with AV /R,
where R is an effective longitudinal resistance that was experimentally determined.

5. AV/R and I; showed very good agreement in both peak amplitude and time
course at all potentials studied.

6. Radial non-uniformity during the measured peak slow inward current was
estimated by calculations assuming clefts 200 A wide with a uniform distribution of
ionic channels. The calculated voltage span from surface to centre was always less
than 5 mV, and the measured I-V characteristics showed little distortion.

7. In another check, I-V characteristics and slow response membrane action
potentials were compared. The measured peak current showed good agreement with
the product (total preparation capacitance) x (rate of rise).

8. The experimental and theoretical analysis suggest that the measurements of
slow inward current are a good approximation to genuine membrane properties.
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INTRODUCTION

Since 1964 considerable effort has been aimed at characterizing the ionic currents
of cardiac membranes (Trautwein, 1973; Noble, 1975). There is general agreement
that, in principle, voltage clamp experiments in heart can provide valuable infor-
mation on events underlying excitation and contraction (see for example Reuter,
1974; Fozzard & Beeler, 1975). Much controversy remains, however, concerning the
validity of experimental methods presently in use (Johnson & Lieberman, 1971;
Tarr & Trank, 1974 ; Connor, Barr & Jakobsson, 1975; Attwell & Cohen, 1977). Since
cardiac preparations cannot be space-clamped with an internal longitudinal electrode,
some spatial and temporal non-uniformity must exist. The main issue is one of
degree : how serious is the non-uniformity and how faithfully do the recorded currents
reflect genuine membrane properties? Questions about the reliability of existing
methods lead to several lines of approach: (1) to improve voltage clamp measurements
by developing better preparations or better methods for measuring membrane
current; (2) to clarify the limitations of various techniques by theoretical modelling;
(3) to develop objective criteria for accepting or rejecting experimental information.
These goals provide the motivation for this article and a companion paper (Colatsky &
Tsien, 1979).

This paper describes an adaptation of the three-micro-electrode method of Adrian
et al. (1970) for the study of regenerative inward currents. As applied to cardiac
preparations, the method employs two independent signals to report membrane
current density, a voltage difference signal (AV), along with total applied current
(It). Quantitative agreement between AV and I can be assessed without arbitrary
scaling, and provides a stringent test for acceptable measurements. This approach
was applied to the slow inward current, a component essential to the normal action
potential plateau and to the activation of contraction (Reuter, 1973). We investigated
the degree of voltage non-uniformity during measurements of slow inward current in
cardiac Purkinje fibres from calf hearts. Our analysis indicated that non-uniformities
were acceptably small, both in the longitudinal direction and radially, along narrow
intercellular clefts. Observed values of peak slow inward current were consistent with
the rate of rise of regenerative activity (‘slow responses’), recorded in the same
preparation in the absence of rapid Na current. These considerations show that our
measurements of slow inward current are a close approximation to genuine membrane
properties.

Preliminary communications of some of this work have been presented to the
Biophysical Society (Kass & Tsien, 1975; Kass, Siegelbaum & Tsien, 1978).

METHODS
Experimental procedure

Isolated Purkinje fibre bundles ranging from 1-5 to 2:5 mm in length and 100-200 #m in
diameter were excised from either ventricle of calf hearts. Three micro-electrodes were inserted
into the preparation as shown in Fig. 1B. A current-passing micro-electrode (I) filled with
1-5 M-K citrate was placed midway, at a distance h from either end. The total applied current
was collected by an Ag-AgCl pellet electrode and measured by a virtual ground amplifier. Two
voltage-recording micro-electrodes, each filled with 3 M-KCl, were inserted toward one end;
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1 is the distance from the end of the preparation to V,, and a! is the spacing between V, and V,.
In general, the spacing ratio a was greater than unity (see Theory). Capacitative coupling to the
current-passing micro-electrode was reduced by a grounded metal shield between I, and V;.
Further shielding was provided in most experiments by coating all three micro-electrodes with
a layer of conducting silver paint and a layer of insulating nail polish. The shielding of each
voltage electrode was driven by the output of its unity-gain electrometer, and the current-
passing electrode shield was grounded.
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Fig. 1. The three-micro-electrode voltage clamp. 4, the method originally used in skeletal
muscle by Adrian et al. (1970). Voltage control is imposed at ¥; and membrane current
density is reported by (V;—V;). Total applied current (I;) is not easily interpretable
because of unequal current flow into the short and long ends of the fibre. B, the technique
adapted for regenerative inward currents in Purkinje fibres. Current-passing electrode is
located at a distance h from each sealed end so I becomes interpretable. Spacing ol
between ¥; and V, is adjusted to improve accuracy of (V;—V,) for negative membrane
conductance. Optimal spacing for linear case (¢ = 1-5) is shown. The (V;—V,) signal
approximates i, over a region from the sealed end to the dashed line. This trans-
membrane current flow is indicated by the shaded element in the lumped equivalent
circuit below.

The potential difference between the V, micro-electrode and bath was controlled by a con-
ventional voltage clamp circuit. Command pulses were rounded with an exponential time
constant of 100-300 usec. This procedure allowed higher clamp gain without ringing of the
capacity transient and minimized damage due to large surges of applied current. The voltage
difference signal AV = (V,—V,) was taken with a differential amplifier and recorded along with
V, and I; on a Brush 440 chart recorder (Gould Inec., Cleveland). The frequency response of the
chart recorder was down 3 db at 125 Hz. Records of rapid transients were taken on a 5301
storage oscilloscope (Tektronix, Beaverton, Oregon) or & PDP 8/e digital computer (Digital
Equipment Corp., Maynard, Massachusetts).

The Purkinje bundles were incubated and impaled in solution A (Table 1) at 35-37 °C. After
penetration by all three micro-electrodes, the superfusate was changed to a solution (B or C)
which favoured ‘slow responses’. Tetrodotoxin was included to inhibit the fast Na current,
Iy, In solution B, I, was also partially inactivated by depolarizing the membrane to about
—60 mV with 16 mm-K. The slow inward current was sometimes enhanced by adding epineph-
rine bitartrate (10 uM) to solution B. In solution C, Sr was used as a replacement for Ca because
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this ion enhances the slow inward current (Vereecke & Carmeliet, 1971) and minimizes inter-
ference from calcium-activated transient outward current (Siegelbaum, Tsien & Kass, 1977;
Siegelbaum, 1978). In the presence of solutions B or C, slow responses were readily evoked by
depolarizing current pulses or externally applied shocks. The rate of rise of the slow response was
determined by electrical or numerical differentiation and could be compared with measurements
of peak inward current from the same preparation.

The three-micro-electrode method is susceptible to errors due to imperfect sealing at the
impalement sites (Adrian et al. 1970; Schneider & Chandler, 1976). Leaky impalements are of
special concern in a multicellular tissue like cardiac musecle since damaged cells tend to uncouple

TasLE 1. Composition of solutions

Na Mg Tris K Ca Sr Cl1 TTX
mm M
r A Y
A 150 0-5 10* 4 54 — 155-8 e
B 150 0-5 10%* 16 5-4 — 167-8 3
C 150 0-5 10+ 4 — 5-4 173-0 10

* Tris-maleate (titrated with ~ 10 mm-NaOH).
1 Tris base- Tris HCI.
All solutions pH 7-2-7-4.

from their neighbours. Impalement leaks and uncoupling both promote attenuated measurements
of the true membrane potential in the bulk of the cable. Such errors in the V, or ¥, signals
produce an artifactual component on AV. This shows up during voltage clamp pulses as a
positive or negative pedestal on the AV record which cannot be seen on I;,. We were able to avoid
such problems by using relatively fine electrodes and by rejecting V; or ¥, impalements with
unsatisfactory common-mode rejection ratio during stimulated action potentials.

THEORY

This section gives a theoretical rationale for simultaneous recordings of AV and I,
during the study of regenerative inward currents. According to the theory, quanti-
tative agreement between AV and I; provides an indication of their validity as
measurements of current density in the face of longitudinal non-uniformity. Questions
of radial non-uniformity are treated later (p. 217). Our approach is an extension of
the three-micro-electrode method developed by Adrian et al. (1970) for skeletal muscle
(see also Schneider & Chandler, 1976). Fig. 14 shows the electrode arrangement in
the skeletal muscle experiments. The end of the fibre is at = 0; voltage recording
electrodes (1}, V,) impale the fibre at « = ! and « = 2[ respectively. Current passed
by a third intracellular electrode (Ir) is used to control ¥;. The method capitalizes
on the fact that transmembrane current near the end of the fibre must be supplied by
longitudinal current flow from the current source. The longitudinal currents produce
an IR drop in the fibre’s internal resistance, which is measured as a voltage difference,
V,-V, = AV. Using linear cable theory, Adrian et al. showed that the membrane
current per unit fibre length at ¥, is well approximated by the equation

.2
znu?m

AV, (1)

where 7; is the internal resistance per unit length of fibre.
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The approach illustrated in Fig. 14 has been very useful in the study of non-
regenerative currents in skeletal muscle. However, as Adrian et al. point out, the
method also has drawbacks. The total applied current is not generally interpretable
because of unequal current flow into the short and long ends of the muscle fibre. If
the membrane characteristic is regenerative, the technique becomes less satisfactory.
All-or-nothing responses may arise in the long end of the fibre and produce artifacts
in the AV record (see fig. 8 of Adrian et al. 1970). Also, the approximation in eqn. (1)
is much less valid for negative conductance than for positive conductance.

Fig. 1 B shows how these problems were circumvented in adapting the AV method
for regenerative inward currents. The accuracy of AV for negative membrane con-
ductance was improved significantly by using equal electrode spacings. Considera-
tions of optimum spacing are given below. Escaped action potentials were avoided
by using shortened Purkinje fibre bundles (Deck, Kern & Trautwein, 1964; Hecht,
Hutter & Lywood, 1964). Like some other cardiac preparations, Purkinje fibres can
be reduced to an effective length which is appropriate to the longitudinal space
constant during the flow of slow inward current. Problems of interpretation of the
total applied current are also easily avoided, in contrast to the situation in Fig. 14.
In the short fibre, the current-passing electrode can be positioned midway between
the sealed ends so that current flows symmetrically into each hemicable. Thus, total
current can be interpreted as in the conventional two-micro-electrode method of
Deck et al. (1964). Together I; and AV provide independent but simultaneous
measurements of membrane current density.

Effect of interelectrode spacings

The accuracy of AV is strongly dependent on the spacings I and al as defined in
Fig. 1B. The effect of these spacings can be analysed with the help of the lumped
equivalent circuit. The aim is to measure 7,,, the membrane current density per unit
length at ¥}, the point of voltage control. The AV signal is generated by the ohmic
drop across the resistance between V¥, and ¥, alr;. The longitudinal current along this
resistance varies continuously, but a representative value is the current midway
between ¥, and V; (dashed line). This longitudinal current is equal to the total trans-
membrane current between the dashed line and the end of the fibre, approximately
tm (1 +a/2), represented by the shaded element. From Ohm’s law,

tml(1+a/2) = &A_lg’ (1)

Solving for iy,
1

m = 2l +a/?) Pr,

This expression can be made exact by introducing a correction factor p as in the
treatment of Adrian et al. (1970).

i AV. (2)

1

The correction factor p can be expressed analytically for a linear cable. For a passive
membrane (g, > 0), the voltage distribution varies as ¥, cosh (z/A) where A =
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(ry gm)~¥. Letting L = 1/, and noting that i, = g, ¥}, eqn. (3) can be solved for p:

cosh L
= a(l 2) L? . 4
p = a(l+a/2) [cosh [(¢+1) L1—cosh L )
The expression for p approaches unity as the membrane conductance becomes small.
This is the ultimate justification for the geometrical parameters of the lumped
approach given above to derive eqn. (2).

11, A 9m PoOsitive

1-0

0-9

ofeeqyfe
cosh L

= + R
P = dalat2)L .cosh (a+1) L-cosh L

0-8

9m Negative
11

1-0 a=15
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09
1-0
ala+2)L? cos L
= a —_—
p=a cos (a+1)L
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Fig. 2. Correction factor p as a function of electrode spacings. Abscissa gives electrotonic
distance from V; to sealed end. The parameter a is the spacing ratio (inset). Arrows
mark point at which p falls to 0-95. A, positive membrane conductance (see also
Almers, 1971). B, Negative membrane conductance.
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Fig. 24 plots p as a function of L for various values of a. A similar diagram has
already been given by Almers (1971) but we include Fig. 24 for the sake of com-
parison with Fig. 2 B. For regular electrode spacings (¢ = 1), the graph shows the
curve given by Adrian et al. (1970, fig. 2). In this case, the correction factor stays
within 59, of unity for L < 2. The plot also shows that unequal spacings (o + 1)
give less favourable conditions for accurate measurement of ¢, (Almers, 1971).

The main concern in this paper is the optimum electrode spacing for measurement
of regenerative inward current. For a negative conductance (g, < 0), eqn. (2) still
approximates the membrane current. However, in the expression for p, cosh functions
are replaced by cosines. Eqn. (4) then becomes

cos L
cos [(a+1) L]—cos L’

where in this case L = I/|A| and |A| = (—gy, r;)} This expression for p is plotted
for various values of a in Fig. 2B. Here, when a = 1, the error exceeds 5 %, as soon
asl > 0-65 |A| (Adrian et al. 1970).

Fig. 2B also shows results with irregular electrode spacings (¢ + 1). Surprisingly
enough, unequal spacings increase the range over which the AV method faithfully
reflects membrane current. For @ = 1-5, the correction factor p remains within 6 %,
of unity for I < 1-3 |A|. This is a significant improvement: a doubling of the per-
mitted value of I/|A| is equivalent to a fourfold increase in the range of currents
which can be adequately measured.

p = a(l+a/2) L2 (5)

A
B
>
e 30 30
Slope =r; I1/2 =
20| - 20
101= 10
1 1 1 ] 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
um

Fig. 3. Cable calculations illustrating the relation between I, AV, and an assumed
membrane characteristic. 4, cable geometry and electrode spacings. B, example of a
voltage profile with R, = 200 Q cm, the membrane I-V relation shown as the con-
tinuous curve in C or D, and a starting voltage of ¥ = + 60 mV. The evaluation of AV
and I, is indicated. Abscissa gives distance from sealed end (also for panel 4). O,
theoretical I-V relation compared with AV and I, determined as in B (see text).
Smooth curve given by eqns. (7) and (8) with G, = 0-5 mmho/em?, G = 2-0 mmho/em?,
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Ve = 140mV, ¥, = 40mV and k = 6 mV. Values of AV and I, are represented
as current density and are plotted against V. Vertical dashed line is drawn at a potential
where AV is most negative (7). D, same set of calculations as in C but with AV and
I, plotted against V,. Membrane current: , actual; A, AV; O, I,.
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Cable calculations for non-linear membrane

Considerations of linear membrane characteristics are convenient because the
correction factor p can be expressed in closed analytical form. The next step was to
explore the faithfulness of AV in reporting non-linear membrane characteristics of
the type encountered experimentally. Cable calculations illustrated in Fig. 3 are
based on a simplified membrane I-V characteristic with a leak conductance (Gy)
and a regenerative inward current. The inward current had a maximal conductance
@ and was gated by y,, a voltage-dependent activation variable. The membrane
current density in #A /em? cylindrical fibre surface was given by

I, = Go V+§(V_Vrev) Yoor (6)
Yo = [1+exp (= V-V)/k)]%. (7

An example of this non-linear I-V relation is plotted as the continuous curve in
Fig. 3C or 3D (see Figure caption for parameter values). In this case, the maximal
inward current of roughly 120 #A/cm? was larger than that expected for the slow
inward current (see Results).

Next, the I-V relation was combined with a cable geometry appropriate to the
experiments (Fig. 34). In the model, fibre radius a = 80 um, axial resistivity R, =
200 Q cm, ! = 350 um and al = 500 gm. The voltage distribution along the length
of the cable was then obtained by integration of the cable equation

dzv . 2R
@="17'm=711m' (8)

Numerical integration was carried out with the modified Euler technique (Gerald,
1970), starting with an assigned value for V at = 0, and the sealed end boundary
condition, (dV/dz),_, = 0. Fig. 3B illustrates the results for a particular voltage
profile which was started at V(z = 0) = + 60 mV. The open circles show calculated
values of ¥, and V, at the appropriate positions along the cable. The difference
V;—W = AV = —19 mV. The slope of the voltage profile at z = & is used to evaluate
I;/2, the axial current flowing into the hemicable:

It/2 = (=ft)z=p = :—‘(%)Fh- (9)

In this example, I; = 1-08 yA.

The voltage profile calculation in Fig. 3B simulates ‘measurements’ of AV and
I for one particular value of ¥;. To simulate ‘measurements’ over a wide range of
V;, similar calculations were carried out for a series of different starting values of
V(x = 0). The results are plotted as simulations of experimental /-V; curves in
Fig. 3C. Both I, and AV are normalized with respect to cable geometry: the total
current is plotted as

I /apparent cylindrical area = I;/4mah. (10)
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The voltage difference signal is directly calibrated by the right hand vertical scale.
The conversion between the right and left scales is obtained from eqn. (3):

_ (im)AV — L ! = a
Indav = o0 = Zna- a(l+a/2) l%’,AV T 20(1+a/2) PR,

AV. (11)

Fig. 3C shows that the current density at the V; electrode is reported rather
faithfully by both AV and I; signals; AV is clearly more accurate in regions where
the inward current density is largest. This simulates the experimental situation where
1, is the signal controlled by the voltage clamp. Fig. 3D shows that quite different
results are obtained if the same set of AV and I; ‘measurements’ are plotted as a
function of ¥,, thus simulating an experiment where ¥, is chosen as the point of
voltage control. In this case, both AV and I deviate significantly from the theoretical
current density at V. Both signals exaggerate the steepness of the voltage dependent
gating of inward current in a manner discussed in earlier papers (Johnson & Lieber-
man, 1971; Jack, Noble & Tsien, 1975; Noble, 1975). The form of the distortion is
not surprising if one considers that AV and I report some sort of ‘average’ current
density, while ¥, samples the voltage profile near one extreme. In the remainder of
this paper, V] is taken as the signal under voltage control, although it is recognized
that control of ¥, might be favoured under other circumstances.

Relative accuracy of AV and I, as tnward current increases

The results in Fig. 3 were obtained for a fixed membrane characteristic (eqn. (6)).
@ was chosen to give a maximal inward current of 120 xA/cm?, a value larger than
that expected for the slow inward current. Next, we extended these calculations over
a wide range of peak inward currents by varying G. As an indication of the accuracy

0 _ _ Longitudinal space clamp

P
o8} \‘\
‘A
AN
_o6f
~
&
0.4 b

v T

0 1 1 1 1t 11t 1 1 111t
10 20 50 100 200 500 1000
/ (uA/cm?)

Fig. 4. Accuracy of AV and I, as a function of inward current density. Ordinate plots
I, the current density ‘measured’ by AV or I, divided by I, the ‘genuine’ value of
membrane current. AV, I, and I are each evaluated at f;:, as defined in Fig. 3. A
quotient of unity for all I (dashed line) corresponds to the ideal case of a longitudinal
space clamp.
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of either AV or I, we compared these ‘experimental’ measurements with the genuine
membrane current. The comparison was carried out at a potential, ¥, defined for
each I-V curve by the negative peak of the computed AV vs. V] curve (see vertical
dashed line in Fig. 3C). This procedure seemed reasonable since ¥, can be unambigu-
ously defined in real experiments, but remains close to the voltage where the
‘genuine’ current is most inward in the simulations.

Fig. 4 shows the ratio between ‘measured’ current and ‘genuine’ current as the
peak inward current and @ are varied. If the experimental indices were ideal, the
ratio would remain at unity as indicated by the dashed line (‘longitudinal space
clamp’). The symbols show that the AV and I; signals fall off from the ideal as the
regenerative inward current increases; both indices tend to underestimate the actual
membrane current density. Several additional points may be illustrated by the Figure.
First, I, is quite accurate for peak currents of up to 50 #A/cm? cylindrical fibre
surface. This is somewhat reassuring for previous experiments using the two-micro-
electrode method of Deck et al. However, the relevance of the present calculations
depends on the actual electrical length of the preparation and the location of the
voltage-measuring electrode. Secondly, AV is always a better measure of current
density than I,. Thirdly, agreement between I, and AV only occurs when both
signals are close to the ideal longitudinal space clamp. This qualitative conclusion
would remain unaltered if the assumptions about cable geometry or axial resistivity
(Fig. 34) were varied. It is an important result from the experimental point of view
because it provides an empirical criterion which should be satisfied by valid voltage
clamp data.

AV and I as measures of ttme-dependent current

The preceding results were obtained for a theoretical fibre with time-independent
membrane characteristics. It is to be expected that the same conclusions apply to
the case of a time-dependent current if it shuts off slowly compared to the rate of
longitudinal charge redistribution. This point was substantiated by the simulation
of a voltage clamp experiment in a cable with eapacitance and phasic inward ionic
current. Starting with eqn. (8) membrane current was described as follows:

av
@

d was taken as a Hodgkin-Huxley type variable whose rate coefficients a4 and f4
vary exponentially with voltage.

dd

T = %a(l—d)—fs(@), (13)

ag = 15hexp [V-Vy)/kl; Pa = 13l exp[—(V-V)/k]. (14)

In the steady state, d has the same voltage dependence as y,, in eqn. (6). The in-
activation variable f was treated as a decaying exponential with a fixed time constant,
7;. Following a step depolarization,

f = exp—(t/my). (15)

This simplification seemed reasonable for the slow inward current since the time

Iy = Cn +G0V+g(V"Vrev) daf, (12)
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course of its inactivation is slow compared to the settling time of the membrane
potential (see Fig. 6).
The voltage clamp was described by the equation

IT = Jclamp (Vc_vi)’ (16)

where g.,mp, Was set at 0-25 mmho to represent an open loop gain of 2500 divided
by a current electrode resistance of 10 MQ. Step changes in the command potential
V, were lagged with an exponential time constant of 1 msec. These parameters were
chosen so that the time course at V] was in reasonable agreement with the experiment.
Combining eqns. (8), (12)—(16) gives the full partial differential equation. Using the
same sealed end boundary condition, cable geometry and electrode placements as in
Fig. 3, the equation was solved numerically by the method of Cooley & Dodge (1966).

+100 |- Vi - +50
r -
7 >
- £
o—a—0—0-—1
_________________ P.‘t:.:-::.:::——__-_"- 0
"
e
Q —Im
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oIy
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Fig. 5. Comparison between time-dependent behaviour of I, AV and I, during a
simulated voltage clamp. At ¢ = 0, the command voltage was stepped from 0 mV
(‘resting potential’) to + 45 mV. The smooth curve shows I, at V,, where I, =
C(dV,/dt) + I, (¢ V;). The peak of the early capacitative surge is off scale. R, =
200 Qem, C, = 7 uF/em?, G, = 0-5 mmho/em?, G = 2-5 mmho/em?, V= 40mV,
k = 6 mV, 74, = 3 msec, 7, = 70 msec, V,, = 140 mV.

Fig. 5 compares I, with I, and AV for the time-dependent case. I, is the genuine
membrane current density at V;, while I, and AV are the ‘experimental’ measures,
normalized for membrane area by eqns. (10) and (11). The upper trace gives the
voltage signal ¥, associated with a 45 mV step in command potential V,. It is evident
that AV provides an accurate measure of I, at all times during the clamp step. The
peak inward value of I falls somewhat short of the peak I, as in the time-indepen-
dent calculations (Figs. 3C, 4). There is also a discrepancy in time course, with I
peaking too early relative to I,,. These shortcomings of I are illustrated for a mem-
brane current density (132 #A/cm?) considerably larger than that expected for the
slow inward current. For a more realistic peak I, (~ 40 #A/cm?), similar calculations
show that both I, and AV are accurate in time course as well as peak value.
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RESULTS
Quantitative comparison of AV and I

Fig. 6 illustrates experiments in which the slow inward current was measured
simultaneously as I and AV. The upper traces show a series of depolarizing voltage
pulses at V; from a holding potential of —46 mV. As the pulse amplitude increased,
the inward current peak grew larger and the inward current inactivation was
accelerated. It is clear that the wave form of the I and AV signals is very similar in
all cases.

S -20
-28
-37
vi— L __’—L_ T____
I ""—r— ]

—
S T

500 msec

Fig. 6. Slow inward current measured by I, and AV. Top traces show 500 msec
voltage clamp pulses from a holding potential of — 46 mV. Records of I (middle) and
AV (bottom) show similar wave forms. Single records taken with chart recorder.
Preparation S40-2, solution C. Bundle diameter, 144 um; over-all length, 1800 ym;
spacing I, 324 ym; spacing al, 576 ym.

The next step was to make a quantitative comparison between I and AV.
According to the theoretical results developed earlier, both signals should indicate
the same membrane current density if the measurements of slow inward current are
valid. A rigorous comparison between I and AV requires an independent measure-
ment of alr,, the axial resistance between ¥, and ¥; (see Fig. 1). This was done by a
variety of methods in the same experiments where slow inward current was recorded.
In one procedure, we followed the method used by Adrian et al. (1970) for skeletal
muscle. The axial resistance was evaluated by applying small hyperpolarizing
pulses and recording the steady deflexions in I, and AV (‘DC’ case). Under these
conditions, the longitudinal space constant is long relative to the electrode spacings
and the approximations in the following equation (from eqn. (2)) are very good.

. 2h
(It)pc = 2h(in)pe = W(A V)pe- (17)

Rearrangement gives
a(l+a/2) Py (AV)pe _
2h T (It)pe
This equation defines a conversion factor Ry (kQ) which can be used to convert
AV signals into equivalent total currents.

Ry (18)
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Fig. 74 illustrates the determination of Ry in the same experiment as in Fig. 6.
Iy and AV were recorded during an 18 mV hyperpolarization at ¥;. Several traces
were signal averaged to improve the signal-to-noise ratio. In this case,
—0-65mV

RDC = m = 37’0 kQ

Roc = 370k Rq= 357 kS

S | —
350 msec 5 msec

Fig. 7. The resistive scaling factor (R) determined by two methods. 4, scaling factor
Ry determined from ratio of d.c. displacements of AV and I, during a hyperpolarizing
voltage pulse. Displacements (AV)y and (Ig)pc were measured between horizontal
lines drawn through points by eye. Points are the average of twelve sweeps with a
sampling interval of 3 msec. The value Ry = 37-0 kQ corresponds to R, = 296 Q cm.
B, scaling factor Rq from ratio of areas of capacitative transients, (AV)q and (I)q.
Transient areas were obtained by numerical integration after subtraction of an ionic
component with the wave form of V,. Points are the average of twelve sweeps with
& sampling interval of 0-1 msec. Preparation S40-2, total capacitance 0-08 xF, apparent
cylindrical area 0-0081 cm3.

This method for measuring the conversion factor R is straightforward, but is also
liable to errors if imperfect sealing of the micro-electrodes leads to a false AV signal.
Problems of measuring small signals are avoided by using the much larger transient
signals associated with charging the membrane capacity. Fig. 7B shows capacity
transients recorded during an 8-9 mV hyperpolarizing step. The areas of the transients
were obtained by integration after subtracting off a very small component of ionic
current with the wave form of ¥, (see fig. 3, Schneider & Chandler, 1976). The
transient areas will be designated (I)q (C) and (AV)q (V. sec). From cable theory
(Adrian & Almers, 1974; Schneider & Chandler, 1976) it is possible to show that

. 2h
(Ip)q = 2h(ip)q = W(AV)Q' (19)
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Here (i)q is the capacitative charge per unit length at ¥;. The longitudinal im-
pedance is expressed as a resistance r; since the time constant of the longitudinal
capacity, 60-70 usec (Freygang & Trautwein, 1970) is very rapid on the time scale
of the recorded transients.

As in eqn. (17), the approximations in eqn. (19) are close to exact since the DC
space constant is long compared to the electrode spacings. Thus, eqn. (19) may be

rearranged to give
a(l+a/2) I3 . (AV)q _

In the example given in Fig. 7B,
_ 25uV.sec
RBo = 571 nA sec — 3 TEE

The calculations show good agreement between R, and Ry, a typical result in the
series of seven experiments (Table 2). The agreement supports the earlier assumption
that the axial properties are purely resistive over a time scale slower than the capacity
transient itself, although a longitudinal capacitance with a much faster time constant
(Freygang & Trautwein, 1970) is certainly not excluded. R, may be the more reliable
indicator of axial properties because it is much less susceptible to errors due to
imperfect impalements. The tendency for Ry, to be slightly less than R (Table 2)
may be explained if shunt currents at the Iy or ¥, impalement sites augment (Iy)pc.

The determinations of R in Fig. 7 allow a comparison between the I and AV
signals without the use of arbitrary scaling (cf. Reuter & Scholz, 1977). Fig. 8

v,
-20
>
E
s L
0,
It
< AV/R
c
—200 L

[ l
500 msec
Fig. 8. Comparison between I, and AV with no adjustable parameters. Records show
V, (top) and superimposed I, and AV/R, signals. Ry = 35-7 kQ, as determined in
Fig. 7B. Traoes are the average of four sweeps.
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illustrates the comparison by superimposing signal averaged records of I; and
AV /R,. The traces agree in magnitude as well as time course. These traces show the
largest inward current peak found in this preparation. Similar agreement between I,
and AV /R g was found at other potentials. Fig. 9 shows that both indices of membrane
current density give the same current—voltage relationship.

+200
+100 |-
V,(mV)
P —60 —-40 -20 -
£ 0 __47462\ 1 I =
- S
£ T/Q a
- -2
-100 | 4.4
- -6
-200 -
4_8

Fig. 9. I-V relations determined by I, and AV. Peak inward current (or minimum
outward current) is plotted against membrane potential V, for the experiment shown
in Fig. 6. Right-hand ordinate refers to AV ; left-hand ordinate refers to I, and AV /R,
Note agreement between I, and AV /R, over the entire range of potentials.

The results in Figs. 6-9 were obtained using Sr ions as the main ionic species
carrying the slow inward current. Similar correspondence between I and AV /R,
was found when the slow inward current was supported by calcium ions (solution B,
Table 2). In a total of four experiments, the ratio I;:(AV/Rq) was 1-07. The ratio
seems reasonably close to unity if one considers possible sources of error. Thus the
experimental results satisfy one important criterion expected theoretically for valid
measurement of membrane current density.

Assessment of radial non-uniformity

Agreement between AV and I provides evidence that longitudinal non-uniformity
does not seriously distort our measurements of membrane current density. However,
this approach does not rule out the possibility of separate distortion due to radial
non-uniformity along the narrow intercellular clefts (see Fig. 10). The membrane
current density per unit length (¢,) consists of current across overt membrane
(tgqrs) in parallel with current across the mouths of the clefts (iyy,). The validity of
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im a8 a measure of genuine properties depends upon %4, and in turn, on the absence
of severe voltage drops along the cleft lumen resistance.

Unlike longitudinal non-uniformity, the radial voltage drop cannot be measured
directly. However, it is possible to show that the I-V relations we observed are
consistent with relatively little radial non-uniformity. We calculated radial voltage

Fig. 10. Longitudinal and radial non-uniformities represented by simple equivalent
circuits. 4, membrane current per unit length (¢,) has surface (t.,,) and cleft com-
ponents (z,,) and is longitudinally distributed. B, more detailed representation of single
disk segment from A. 4, is the current at the input of an equivalent radial cable and
will accurately reflect the genuine membrane characteristic (I7,) if the ohmic drop along
R, is small. This treatment ignores the small effect of longitudinal current flow within
the clefts, following the analysis of Hellam & Studt (1974).

profiles by taking the measured I-V characteristic in Fig. 9 as a first approximation
to the underlying membrane behaviour. Current amplitudes were first normalized
by total membrane area, obtained from total capacitance and an assumed specific
capacitance of 1 uF/cm? The relation between normalized current density (I’) and
membrane potential was fitted by a smooth function (eqns. (6) and (7), continuous
curve in Fig. 11C). The I-V curve was then combined with a simplified model of
the cleft geometry, shown in Fig. 114 (Sommer & Johnson, 1968; Hellam & Studt,
1974; Schoenberg, Dominguez & Fozzard, 1975). The model cleft is bounded by
parallel membrane sheets (separation w) and filled with Tyrode solution (B, = 50
Qcm). The membrane characteristics are evenly distributed along the cleft membrane
from the centre of the fibre (r = 0) to its outer radius (» = a). With these assump-
tions, the radial cable equation is like eqn. (8), but with R,, w and I in place of R;,
a and I,,. Membrane voltage V is defined as intracellular potential minus cleft lumen
potential. At the centre of the fibre, the boundary condition is (dV/dr),_o = 0
because of radial symmetry. The cable equation was solved by numerical integration
starting with various initial values of V(r = 0).
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Fig. 11 B shows a radial voltage profile for a surface membrane potential that gives
nearly maximal I. Near the centre of the fibre the membrane is more depolarized
because the lumen potential is driven negative there by centrally directed current
flow. The over-all voltage span from centre to edge is only 4-4 mV in this example.
Because the non-uniformity is small, the current across the cleft mouth (I,y) gives
a relatively good measure of I. This is illustrated in Fig. 11C, which plots I, and

-15

-18
-20

-22-4

-3t

Fig. 11. Simulation of radial non-uniformity during voltage clamp experiment in
Fig. 9. A4, simplified cleft model. I, is current across mouth of radial cable after
normalization for cleft membrane area. Values of R, = 50 Q cm and w = 200 A were
assumed. B, membrane voltage as a function of radial distance for near-maximal

’

membrane current. C, comparison between I, (dashed) and I, (continuous) as
functions of membrane potential at the mouth of the cleft.

I as a function of surface membrane potential, V(r = a). I, was obtained from
(dV/dr),_, for a series of profiles like Fig. 11 B, and is normalized by cleft membrane
area to allow direct comparison with I;. The discrepancy between I, and I in-
creases with membrane current density but, expressed in terms of a voltage dis-
placement, it never exceeds 3 mV.

The estimated distortion is sensitive, of course, to the model parameters. For
example, w was set at 200 A in Fig. 11. The error between I and I, would be
decreased by taking larger values of 300 A (Sommer & Johnson, 1968) or 400 A
(Hellam & Studt, 1974). On the other hand, the distortion would be increased by
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taking a larger value for cleft length due to tortuosity (Mobley & Page, 1972). These
considerations leave unchanged the basic conclusion that radial non-uniformity is
not severe and current—voltage relations are not seriously distorted in the present
experiments.

Comparison between measured inward current and slow response

Action potentials dependent on slow inward current could be recorded under the
conditions of our experiments. The rising phase of such ‘slow responses’ provided
another experimental check on the validity of the voltage clamp data. If radial
non-uniformity is slight, measured /-V characteristics may be expected to account
for the slow response upstroke. On the simplest view, ionic current (¢;), membrane
capacitance (c,,) and upstroke velocity should be related by the equation for a
spatially uniform or ‘membrane’ action potential

3 _dV
T em  dt”

m

(21)

mV
-

6
_a6 _j\’] E:
>
- 0
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Fig. 12. Comparison of inward current using slow response and voltage-clamp measure-
ments. 4, slow response (top trace) elicited by termination of a —10nA holding
current. Bottom trace shows rate of rise of slow response obtained by numerical
differentiation. B, dV/d¢t from panel A (right-hand ordinate) and peak inward current
from a preceding voltage-clamp run plotted vs. membrane potential. Holding potential
was —47mV. Symbols give Iy, AV/R,; and C;Vin nA (left ordinate). Scaling
between right and left ordinates is appropriate to the total capacitance measured as
in Fig. 7B. Preparation S43-2, total capacitance 0-052 uF, apparent cylindrical area

0-0057 om?.
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This straightforward approach is possible because of various properties of the slow
response and slow inward current. First, longitudinal uniformity during the response
can be achieved by appropriate stimulus conditions and verified by discrete voltage
impalements. Secondly, unlike the rapid I,-dependent upstroke, the slow response
is sluggish compared to the 1-2 msec needed to charge cleft membrane capacity
(Carmeliet & Willems, 1971; Schoenberg et al. (1975)). Thus, ¢y can be taken as cr,
the total preparation capacitance, rather than some smaller value such as the
external surface capacitance. In any event using ¢, makes the comparison between
1, and (dV/dt) more stringent since severe non-uniformity would lead to under-
estimation of (4,)may (see Noble, 1975; Schoenberg & Fozzard, 1979). Finally, the
kinetics of the slow inward current are convenient for this type of analysis: activation
is rapid and inactivation is slow on the time scale of the slow response. This makes it
reasonable to expect that measured peak currents may approximate the net ionic
current during the upstroke.

Fig. 124 shows the membrane potential ¥ and its first derivative (d¥ /dt) during
a slow response. The upstroke was initiated by a step change in applied current
(arrow), from —10 to OnA. Voltage recording at another impalement site (not
shown) established that the slow response was longitudinally uniform. The recorded
upstroke is given a phase plane representation in Fig. 12 B by plotting dV /d¢ against
V (open squares). This plot shows that the maximum rate of rise, roughly 6 V/sec,
occurs at a membrane potential near —18 mV. The left hand ordinate gives the
magnitude of ¢ (dV/dt) where ¢y = 0-052 uF. The left hand scale also applies to
data for I (open circles) and AV /R (triangles) from the same experiment. It is
evident that the voltage clamp measurements are in rather good agreement with
cp(dV /dt) over the entire range of potentials. The small discrepancy is in the wrong
direction for an error due to non-uniformity. It might be explained, however, if the
activation of I; during the slow response falls slightly short of the peak activation
during a voltage clamp step due to the kinetics of channel opening.

DISCUSSION

There is fairly general agreement on the existence and physiological importance
of a slow inward current, largely carried by Ca or other divalent cations and distinct
from the rapid excitatory Na current (see for example, Reuter, 1973; Cranefield,
1975). At the same time, voltage clamp experiments on the slow inward current
remain controversial (see Johnson & Lieberman, 1971; Tarr & Trank, 1974; Connor
et al. 1975; Morad & Goldman, 1976; Trautwein & McDonald, 1978). Our main pur-
pose was to develop some criteria for valid voltage clamp results and to apply them
to measurements of slow inward current. The results indicate that in calf Purkinje
fibres, longitudinal and radial non-uniformities are small enough to cause relatively
little distortion in measurements of peak slow inward current.

AV as a measure of membrane current

" The voltage difference method of Adrian et al. (1960) is remarkable in its ability to
extract useful information about membrane properties in the face of severe longi-
tudinal non-uniformity. This feature is complemented by favourable properties of
cardiac preparations in adapting the method for better measurements of regenerative
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inward currents. The AV signal can be interpreted with less concern for effects due to
three-dimensional current spread near the current-passing micro-electrode. The
accuracy of AV can be optimized by choosing the length of the preparation and the
electrode spacings to suit the ionic current of interest.

The AV method also has important drawbacks. It is subject to errors due to leaks
around the electrode impalement sites (Adrian et al. 1970; Schneider & Chandler,
1976; p. 204). The most serious limitation may be the speed of voltage control, which
is limited by cable delay between the point of current injection and the ¥; electrode.
Switching the point of voltage control to the closer ¥, electrode improves the apparent
speed but also sacrifices accuracy as discussed above. The speed of voltage control is
not crucial for the present measurement of peak slow inward current because of the
relatively slow time course of inactivation. However, it would be a serious obstacle
to analysis of the kinetics of slow inward current activation. Such analysis might be
carried out more easily using the second difference method of Adrian & Marshall
(1977), which measures current density in the vicinity of the nearer voltage electrode.

Longitudinal non-uniformity

The AV measurements not only report membrane current density but also provide
a direct measure of longitudinal non-uniformity. In Fig. 6 and other similar experi-
ments, the largest AV signal was about 8 mV or less. More intense currents and more
severe longitudinal non-uniformity could have been tolerated without appreciable
distortion of the peak I-V relation. As Fig. 3C indicates, both I and AV can faith-
fully report iy for AV signals up to 20 mV. The effectiveness of these measures
depends, of course, on the choice of ¥; and not ¥, as the point of voltage control
(compare panels C and D in Fig. 3). Both I; and AV report a spatial average of
current density over an extended region of the longitudinal cable. Since the ¥; signal
is representative of the membrane potential over the same region, pairing the
measured current with ¥; minimizes the distorting effects of the longitudinal cable.

Quantitative agreement between I, and AV /R was very good during the flow «f
slow inward current (Figs. 8, 9; Table 2). This provides a direct check agains$
longitudinal cable distortion: according to the theoretical results (Fig. 4), sucl
agreement only occurs when both signals report membrane characteristics that
would be obtained with an ideal longitudinal space clamp. Our evidence comple-
ments experiments on slow inward current in ventricular muscle by Reuter & Scholz
(19717), who found good agreement between the wave forms of the AV and Iy, signals.
Their I, was applied with a single sucrose gap, but the rationale for comparing I
and AV was similar to that used in three-micro-electrode experiments (Kass & Tsien,
1975; Lederer & Tsien, 1976).

Radial non-uniformity

The next stage of analysis concerns radial non-uniformity arising from current
flow along intercellular clefts. The effects of longitudinal and radial non-uniformity
can be largely separated because the respective cables have a hierarchical relation-
ship (Fig. 10). The longitudinal cable consists of a collection of disk segments (4),
each segment containing its own equivalent radial cable (B). Agreement between
I and AV/R indicates the longitudinal accuracy of the measurement of iy, in the
disk segments, but iy, still includes the distorting effect of the radial cable.
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Unlike longitudinal non-uniformity, the radial voltage drop cannot be measured
by direct micro-electrode recording. One must rely on indirect arguments against
serious radial cable distortion. In one approach, we estimated the radial voltage profile
by combining our electrical data with a simplified structural model (Fig. 11). The
calculations suggest that the voltage span from centre to surface remained less than
5 mV during the most intense slow inward current in our experiments, and that
radial cable distortion was small. In another kind of check, we compared the peak
I-V characteristic with the slow response from the same preparation. Measurements
of ionic current and upstroke velocity were quantitatively related in the manner
expected for a spatially uniform action potential. Such agreement would not be
expected if the ionic current were underestimated due to severe radial non-uniformity,
as in the case of the excitatory sodium current (Noble, 1975; Schoenberg & Fozzard,
1979). These arguments against a serious effect of radial non-uniformity are reinforced
by experiments on slow inward current-in rabbit Purkinje fibres (Colatsky & Tsien,
1979). Although the clefts of these preparations are roughly thirty times wider than
those of sheep or calf Purkinje fibres, the measured characteristics of the slow inward
current are very similar.

Comparison between longitudinal and radial cable problems

The relative importance of radial and longitudinal non-uniformity is of general
concern in the design of voltage clamp experiments. The longitudinal and radial
cables are analogous in a number of respects. In the generally accepted model of
Purkinje fibre structure, the radial cable is unbranched and untapered, like the
longitudinal cable. Both cables have similar boundary conditions at their terminations,
a current source at one end (x = k or r = a) and zero current flow at the other end
(x = 0, r = 0). Thus, the seriousness of the non-uniformity hinges on the electrical
length in the longitudinal and radial directions. Let us compare (h/A,) against
(a/A;) for the simplest case, where the membrane has a large resistance. The longi-
tudinal space constant (A,) is given by

A R, a

NG ¥

where R, is the membrane resistance referred to smooth cylindrical surface. The
radial space constant (A;) is given by

W
N = B (23)

where R is the membrane resistance referred to actual membrane area. The longi-
tudinal and radial cables are each terminated by the condition of zero current flow
along the cable axis. Thus it seems appropriate to take the ratio of longitudinal
electrotonic distance (k/A,) to radial electrotonic distance (a/A,) for a typical prepa-
ration:

h/A, _hA, b |R, Riw 1000 um

afAy ald; anN RyR.,a 80um
The factor of 10 is the ratio of total membrane area to smooth cylindrical area
(Mobley & Page, 1972). Once again, the cleft width has been taken conservatively
as 200 A rather than the more favourable value (400 A) given by Hellam & Studt

(22)

200 Q cm 0-02 gm

10 50Qcm 80 um

=125 (24)
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(1974). If the assumption of uniform membrane properties is correct, this calculation
suggests that the longitudinal and radial cables in a typical preparation are very
similar in their effective length.

Despite this similarity, the radial non-uniformity can be expected to pose greater
difficulties for the measurement of membrane properties. Membrane potential is
measured at the input of the radial cable, at the mouth of the clefts, and not at a
more favourable position part way toward the other termination. In this sense, the
radial problem is similar to the longitudinal case when voltage control is imposed on
the ¥, signal (Fig 3D). Radial non-uniformity would become serious in calf or sheep
Purkinje fibres for conductances appreciably larger than the slow inward current.
To study more intense currents, it may be necessary to use other cardiac preparations
with more favourable electrical structure.
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