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SUMMARY

1. A voltage-clamp technique was developed for stable recording of small currents
in guinea-pig ventricular muscle. Small cylindrical preparations were impaled with
three micro-electrodes, one for measuring the feed-back potential and two for
injecting current.

2. The longitudinal potential profile resulting from current injection at one point
was measured. It agreed well with the theoretical predictions for a linear cable which
is sealed at both ends ('healing over'), with a length constant (A) of 580+ 145 /tm.

3. When the clamp current was injected symmetrically into each half of the
preparation via two electronic current pumps a spatially homogeneous clamp could
be achieved in preparations with a diameter of < 250 pum and a length of K 2 A.

4. The membrane capacity and the membrane resistance of the preparations at

the resting potential were measured with small voltage-clamp pulses. Assuming a

specific membrane capacity (Cm) of 1 #sF/cm2 a specific membrane resistance (Rm)
of 6-7 + 1-8 kQ cm2 was obtained in Tyrode solution containing 3 mM-K.

5. The total surface area was calculated from the measured capacity of the
preparation assuming a Cm of 1 ,sF/cm2. The total cellular volume was estimated from
optical measurement of the external dimensions of the preparation assuming an

extracellular space of 25 %. From these data the average surface/volume ratio of
individual cells was calculated to be 7200 cm2/cm3.

6. From the measured electrical constants the specific resistance ofthe intracellular
space (Ri) was calculated to be 200-250 Q cm. With small constant current pulses
a membrane time constant of 6-6+ 1-3 ms was measured.

7. The influence of the extracellular potassium concentration ([K]O) on Rm was

studied in the range 1-5-6 mM-[K]O. Rm was found to depend on [K]o less than
predicted by the constant field theory.

INTRODUCTION

The reconstruction of cardiac action potentials requires a precise knowledge of (i)
the passive electrical properties of the cell membrane, (ii) the time- and voltage-
dependent conductance changes, (iii) the currents produced by electrogenic pumps



and ion-exchange mechanisms, and (iv) the geometry of the three-dimensional cellular
network formed by cardiac tissues (McAllister, Noble & Tsien, 1975; Beeler & Reuter,
1977; DiFrancesco & Noble, 1981). However, the complexities of the electrical
syncytium consisting of small cells with narrow intercellular spaces make the
investigation of transmembrane currents difficult. Therefore much effort has been put
into the development of voltage-clamp techniques for cardiac tissues, and the critical
discussion of their capabilities and limitations has received much attention (Johnson
& Liebermann, 1971; Trautwein, 1973; Attwell & Cohen, 1977; Beeler & McGuigan,
1978; Reuter, 1979).
The objective of the experiments reported here was a study of the effects of digitalis

on the electrogenic sodium pump in mammalian ventricular muscle, which is
published in an accompanying paper (Daut & Rfidel, 1982). In order to measure the
change of the electrogenic pump current during successive application and wash-out
of various concentrations of a cardiac glycoside, constant recording conditions were
required for several hours. With the sucrose-gap technique the amplitude of the
recorded current depends critically on the ratio of intra- to extracellular longitudinal
resistance (ri/r.) (New & Trautwein, 1972; McGuigan & Tsien, 1974). Since both of
these tend to change with time (Trautwein, 1973; Beeler & McGuigan, 1978) the
variable contribution of the shunt current to the measured clamp current might
make it difficult to study the concentration dependence of the effects of cardiac
glycosides on the Na-K pump.

This paper describes an adaptation of the two-micro-electrode voltage-clamp
technique (Deck, Kern & Trautwein, 1964; Noma & Irisawa, 1976) which can be used
in mammalian ventricular muscle. Cylindrical pieces of guinea-pig ventricular muscle
were impaled with three micro-electrodes, one for measuring the membrane potential
and two for injecting the clamp current symmetrically into each half of the
preparation. The aim was to clamp the potential of long and thin trabeculae or
papillary muscles (diameter < 250 /m, length up to 1400,sm) in which the cut surface
which had to 'heal over' after dissection was relatively small. These preparations
were found to be much more viable than short ones and reproducible effects of
cardiac glycosides on the membrane potential could be measured for more than 8 h.

In order to test the suitability of the technique for recording the electrogenic pump
current the passive electrical properties of the preparation were measured. On the
whole the results are in reasonable agreement with previous measurements. There
are, however, some quantitative differences which may help to construct a more
precise picture of the passive electrical properties of cardiac ventricular muscle.

Since the pioneering work of Weidmann (1952) on the passive electrical properties
of cardiac Purkinje fibres only a limited amount of information about the electrical
constants ofmammalian ventricular muscle has accumulated. Three main approaches
have been used so far. (i) Polarization of a bundle of cells by large external electrodes
placed at one or both ends and mapping of the resulting intracellular and extracellular
electrotonic potential (Weidmann, 1970; Sakamoto & Goto, 1970; Sakamoto, 1969;
Kamiyama & Matsuda, 1966). One of the limitations of this method is that rm
(membrane resistance x unit length) and cm (membrane capacitance per unit length)
cannot be measured directly. The calculation ofrm and cm was based on measurements
of the ratio of intra- to extracellular longitudinal resistance (ri/r.) which may depend
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on the size of the preparation and on the experimental conditions chosen. (ii) The
double sucrose-gap method (McGuigan, 1974). One of the limitations of this method
lies in the fact that a significant fraction of the applied current may cross the
membrane in both the left-hand and right-hand sucrose regions (see McGuigan &
Tsien in McGuigan, 1974). This means that it is difficult to define precisely the area
ofmembrane which contributes to the measured resistive and capacitative currents.
(iii) Injection ofcurrent through an intracellular micro-electrode (Tille, 1966; Tanaka
& Sasaki, 1966; Sakamoto, 1969). The main limitation of this method-as it was
applied by these authors-lies in the fact that three-dimensional spread of current
must be considered in the large preparations used, which makes the analysis much
more difficult.

In the technique described in this paper the methodological limitations mentioned
play only a minor role. It will be shown that the spread of current in the thin
preparations used (diameter < 250 ,sm) can be described by linear cable theory, and
that the whole preparation can be polarized homogeneously by current injection
through two micro-electrodes. In this way the membrane resistance, the membrane
capacitance and the membrane time constant of the preparation can be measured
directly. The length constant can be obtained from the longitudinal potential
decrement recorded when injecting current through one micro-electrode, and the
intracellular longitudinal resistivity can be calculated from the measured parameters.
Preliminary accounts of some of the results have been published (Daut & Riidel,
1979, 1980).

METHODS

Di88ection and tissue chamber
Guinea-pigs weighing 200-250 g were killed by a blow on the head. The hearts were quickly

removed and placed in a dissection chamber which was perfused with a cardioplegic solution of
the following composition (mM): NaCl, 60; K2SO4, 60; CaCl2, 4; MnCl2, 1; MgCI2, 0 5; Na pyruvate,
2; glucose, 20; Tris maleate buffer, 10 (pH 7-4). The solution was gassed with 100% 02 and the
temperature was held at 34 + 2 0C.

After several contractions, which served to pump out the remaining blood, the heart relaxed.
Papillary muscles or ventricular trabeculae of cylindrical shape with a diameter 250 ,um or less were
excised from either ventricle. In most of the guinea-pig hearts at least one suitable preparation
could be found. Often long cylindrical side branches of papillary muscles in the right ventricle or
fine trabecular strands near the tip ofthe left ventricle were used. Care was taken not to use Purkinje
fibres. These are usually whiter, longer and thinner than ventricular trabeculae and they tend to
give off fine side branches. Transitional forms between ventricular muscle and Purkinje fibres also
exist which can be recognized by their low contractility and their electrical properties (see Results).

Immediately after dissection the preparation was sucked into a fine polythene tubing with a small
syringe and transferred into the recording chamber. The recording chamber was perfused with a
modified Tyrode solution of the following compostion (mM): NaCl, 117; KCl, 3; CaCl2, 2; MgSO4,
1; Na pyruvate, 2; NaHCO3, 26-2; NaH2PO4, 1-67; glucose, 10. This solution was gassed with 95%
02 and 5% C02 (pH 7 4). The temperature was 35-37 'C and was held constant within 0-3 'C during
an individual experiment. When the potassium concentration was varied KCl was substituted for
NaCl in equimolar amounts. In many experiments the dissection was also carried out in this
modified Tyrode solution containing 6 mM-K. The results obtained with surviving preparations
were the same; however the success rate was much higher when the dissection was performed in
the cardioplegic solution described above.
The recording chamber consisted of a 1-5 mm diameter boring in a Perspex block, which was

opened at the top over a distance of 8 mm for access of the micro-electrodes. It was perfused at
a rate of 50-80,ul/s by means of a fine peristaltic pump built in our workshop. The open part of
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the chamber contained a volume of about 10 u1 solution which was kept inside by surface tension.
Five millimetres behind the chamber there was a small basin from which the solution dripped out
by gravity. The basin contained the temperature sensor of a digital thermometer (Newport, Santa
Ana). The solution was heated by pumping it through a coil of rubber tubing placed in a water
bath before the entry to the chamber. The temperature of this water bath was controlled by a
separate heating and perfusion system (Haake, Berlin).

In the recording chamber the preparation was stimulated through two 0-1 mm platinum wires.
Contractility was usually restored immediately; nevertheless the preparation was allowed to recover
for at least 15 min at a stimulation frequency of 0'2 Hz. Subsequently it was pulled through a loop
of silk thread of 50 sm diameter the ends of which were threaded through two fine borings in the
side walls of the chamber and fixed to two screws. By turning these screws the loop could be
tightened to separate off a section of suitable length. To facilitate impalement the preparation was
then slightly stretched, supported by a piece of fine polythene tubing and fixed with insect pins
at both ends. The final length of the preparation was 700-1400 /sm; the diameter was 90-250 ,#m.
This was measured optically with a dissection microscope. Three hydraulic micro-manipulators
(D. Kopf, Tujunga, California) were used for impalement.

Electronic apparatus
Three micro-electrodes were used for voltage clamping (Fig. 1). One of these was connected to

a conventional high input impedance (10130) preamplifier (x 10); the other two were connected
to two electronic current pumps (voltage-current converters). These were similar to the one
described by Dreyer & Peper (1974). The main differences were the improved capacity compensation
and the use of low voltage (± 15 V) operational amplifiers. This limited the maximal current to
less than 1 ,aA, but it had the advantage that part of the circuit could be mounted on the
micro-electrode holder as a head stage. The output was 100 #uA per 1 V input. The voltage-clamp
mode could be switched on and offwith an electronic microswitch (C in Fig. 1). When it was switched
off the current pumps could be used either for measuring the membrane potential or for injecting
constant current pulses. In the voltage-clamp mode the output of the inverting clamp amplifier
( x 1000) was connected to the inputs of one or both current pumps (switches B and C). For current
injection electrodes of 10 MCI the maximal open-loop gain of the clamp circuit was 10,000.
To achieve a spatially homogeneous clamp of the whole preparation the same current was injected

into each half of the preparation at points half-way between the middle and either end (see Fig. 1).
The voltage measuring electrode was usually inserted at a distance of about 1/10 of the length of
the preparation from one of the current-passing electrodes. With this electrode positioning the
transmembrane current measured in a preparation which behaves like a short linear cable
approaches that of a perfectly space-clamped preparation (see DiFrancesco & McNaughton, 1979).
The micro-electrodes were filled with a solution of 1-5 M-KCl plus 1-5 M-K citrate and had a

resistance of 5-15 MCI. For capacity compensation they were coated with a silver paint to within
1 mm from the tip and insulated with nail polish. In part of the experiments the current-passing
electrodes were coated with a similar shield which was grounded.
The grounding of the bath was provided by a clamp circuit as indicated schematically in Fig. 1.

The bath potential was measured with an electrode which consisted of a polythene tubing filled
with an agar bridge (1 M-NaCl, 3% agar-agar), 1 M-NaCl solution, and a chlorided silver wire. The
polythene tubing had an outer diameter of 2 mm which tapered to a fine tip (0'3 mm o.d.). It was
sealed at the back with wax and held close to the preparation by a micro-manipulator. The feed-back
amplifier (Burr Brown 3523) was mounted on the electrode holder. The current was fed back into
the bath through a 5 MCI resistor and a 0-1 mm platinum wire which passed alongside the
preparation. With this arrangement the series resistance could be reduced to 200-300 Q. Current
was always measured both in the the bath clamp and at the input of the current pumps (Fig. 1).

Records of potentials and currents were taken on two dual beam storage oscilloscopes (Tektronix
D13), a 6-channel penwriter (Linseis 2000) and a 4-channel tape recorder (Hewlett Packard 3964A).
In some experiments five to twenty identical small voltage or current signals were recorded on tape
and later averaged on a Nicolet 535 signal averager. The penwriter also served as a low-pass filter
(-3 dB at 2 Hz). Zero back-off was used to record membrane potentials near the resting potential
at high gain. The timing of command pulses was performed with a digital pulse generator
(Hivotronic).
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Presentation of reMsuts and 8tatisical analysis
Fast events were photographed from the two oscilloscopes. Slow changes of current and potential

were photographed from the pen recordings which were written on the back of the recording paper

to eliminate the grid. Some of the traces were slightly retouched because the black and white film
was less sensitive to the colours of some of the pens.

I I I
0 0-25 05 0-75 1 /

Fig. 1. Schematic diagram of the voltage-clamp circuit. Cylindrical preparations of length
I were impaled with two current-passing micro-electrodes (E1 and E.) and a voltage-
measuring electrode (E2). Alternative positions of the voltage electrode are indicated by
vertical arrows. The function of the switches A, B and C is explained in the text.

All results are reported as mean values ± standard deviation. The number ofpreparations (n) from
which the data were obtained is given in parentheses. Some of the results were obtained with
modifications of the method, but only the procedures adopted as a standard during later stages
of the work have been mentioned here.

THEORY

If, near the resting potential, the preparation behaves like a linear cable which is
terminated at both ends by an infinite resistance the longitudinal potential profile
can be calculated from cable theory. For current injection at any point of the
preparation the longitudinal potential profile is given by

V, = 41o ri A. [exp (-Ixl/A)-exp ((-{xi -21)/A)
+exp ((-x-2d)/A) +exp ((x+2d-21)/A) +exp ((-x-21)/A)
+ exp ((x-21)/A)]: [l-exp (-21/A)], (1)
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where V. is the potential at point x. x is defined as the distance (cm) from the point
of current injection, being taken as negative when it is to the left and positive when
it is to the right. d is the distance of the point of current injection from the left-hand
end of the preparation (cm). A is the length constant (cm). I is the length of the
preparation (cm). ri is the intracellular resistance per unit length (a/cm). I. is the
injected current (A).
At the point of current injection the potential change V. is given by

VO = *IO ri A. [coth (i/A)]. [l + 1oh (l/A) (2)L cosh (WA)J(2
These equations were derived from the equation for an infinite RC-cable (Hodgkin
& Rushton, 1946) by adding the sum ofan infinite number ofterms for the 'reflexions'
at the sealed ends (see Jack, Noble & Tsien, 1975, chapter 4). For d = 0 and x > 0
eqns. (1) and (2) reduce to the well known equations given by Weidmann (1952; his
'case 3').
The membrane resistance (R) and the membrane capacitance (C) were measured

by homogeneously polarizing the preparation with small voltage-clamp pulses near
the resting potential. The total membrane surface (s) was estimated from the
measured membrane capacitance of the preparation assuming a specific membrane
capacitance of the preparation assuming a specific membrane capacitance (Cm) of
1 juF/cm2. The cellular volume (v) was estimated from the total volume of the
preparation measured optically assuming an extracellular space of 25% (Page, 1962).
The length constant was calculated from the longitudinal potential decrement
recorded during current injection with one micro-electrode using eqn. (1).
For long cylindrical cells with infoldings of the surface membrane, the length

constant can be defined as

A A( R)J ) (3)
where A is the cross-sectional area andP is the perimeter, Rm is the specific membrane
resistance and Ri is the longitudinal resistivity (Mirolli & Talbot, 1972). Provided the
length of individual cells is much larger than the radius, eqn. (3) is well approximated
by

A2 = v Rm. (4)
8 Ri

Since R = Rm/8 eqn. (4) can be rewritten to give

R R.v (5)

Thus an estimate of Ri can be derived from the measured parameters. The
extracellular resistivity has been neglected in eqns. (3)-(5) (see Results).
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RESULTS

The standard procedure carried out at the beginning of each experiment is
illustrated in Fig. 2. Preparations of less than 250 #sm diameter were impaled with
three micro-electrodes labelled E1, E2 and E3 on the penwriter records shown. One
of the membrane potentials was also recorded at ten times higher gain (E2 x 10,
lowermost trace). After recovery from the impalements the three membrane potential
measurements agreed within 2 mV. Two of the micro-electrodes (E1 and E3) could

El
0 E2 h, -'0

E3 '

E~~~~~~~~

E~~~~~~~~~~~~~~~~~~~~~~~
&l F / 2 i= 5-S|~~~~E WE

-100- E2

~~~~~~~~E 3I

E2X 10
-95

Fig. 2. Test of the recording system. Photographs of two penwriter records; the time
interval between the records was 5 min. Uppermost trace: time marker, 10 s. Note that
the paper speed was doubled on the right-hand record. The three impalements (E1, Eq,
E,) are shown on the left. The left-hand ordinate denotes the potential measured at E,;
the other two membrane potential calibrations are shifted by ± 10 mV. The right-hand
ordinate denotes the membrane potential measured at 10 x higher gain (E. x 10). The
amplitude of the current pulses recorded both at the input of the current pumps (i4) and
in the bath clamp (i,) was 40 nA. The potential traces ofthe two current-passing electrodes
(E1 and E.) went off scale during the current pulses. The penwriter traces are slightly
shifted on the time axis. Some of the traces were retouched (see Methods). The arrow
indicates the change from 3 to 6 mm external K.

be used for injecting current via electronic current pumps. The current command
applied at the input of the current pumps is labelled il, the current recorded in the
bath clamp is labelled i2. When negative current pulses of 40 nA amplitude were
applied through two micro-electrodes (E1 and E.) a hyperpolarization of about 1 mV
was recorded on the low and high gain records of the third electrode (E2). Note that
the six traces of the penwriter are slightly shifted on the time axis.
At the vertical arrow the K concentration of the modified Tyrode solution was

stepped from 3 to 6 mm and a depolarization ofabout 14 mV was recorded by all three
micro-electrodes. Modified solution containing 3 mM-K was used as a standard
because a high membrane resistance was considered desirable for voltage clamping.
The average resting potential was -94 + 2 mV (n = 60). The membrane potentials
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Fig. 3. The longitudinal potential profile in a preparation of 1120 jsm length and 130 /im
diameter. A, the peak-to-peak amplitude of the voltage deflexions (right-hand ordinate)
measured at six different points (arrows) along the axis of the preparation (abscissa).
Ramp-shaped voltage commands (± 09 mV) were imposed on the voltage feed-back
electrode (E.). Only one of the current-passing electrodes (E, or E.) was included in the
voltage-clamp loop, whereas the other one was used to record the attenuation of the
voltage deflexion imposed on E. (see Fig. 1). The left-hand current electrode was moved
successively from Ea to Eld. The normalized amplitude of the potential deflexions
(E2 = 1) can be read from the left-hand ordinate. The continuous lines represent the
longitudinal potential profile calculated from cable theory for current injection at
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were also continuously recorded on two oscilloscopes and it was checked that
ventricular action potentials of the same configuration were recorded by the three
micro-electrodes. A typical action potential is shown in Fig. 5B. In some experiments
a small hyperpolarization and a prolongation of the action potential were observed
after several hours, otherwise the preparations appeared to be in a very stable
condition during the entire experiment (8-12 h).

The length constant and the longitudinal potential profile
The first objective was to see if the spread of current in the preparation could be

described by linear cable theory. To investigate the longitudinal potential decrement
along the preparation only one of the current injection electrodes (E1 or E.) was
included in the voltage-clamp loop while the other one was used for measuring the
membrane potential at high gain. In this way a voltage deflexion imposed on the
feed-back electrode (E2) could be compared with the voltage signal at various other
points along the preparation. Ramp-shaped voltage commands were preferred to
steps for practical reasons: the signals had to be slow enough to be recorded faithfully
by the penwriter and at the same time it was tried to minimize the total clamp current
in order to avoid extracellularK accumulation or depletion (see Discussion). A typical
experiment is shown in Fig. 3. The positions of the electrodes E1, E2 and E3 on the
longitudinal axis of a preparation of 1120 #sm length are marked by arrows (Fig. 3A).
It can be seen that the voltage feed-back electrode E2 was always kept in the same
place, whereas electrode E1 was successively inserted at four different points E1 a-El d
The potentials recorded when electrode E1 was in position Ea are shown in the

first column of Fig. 3B. The upper two records show that during a ramp-shaped
voltage command the potential recorded at E1 was only about half as large as the
voltage recorded at the feed-back electrode, E2. The peak to peak amplitude of the
two voltage deflexions are plotted at the corresponding electrode positions in Fig.
3A. Subsequently the function of electrodes E1 and E3 was exchanged: E1 was used
for injecting the clamp current and E3 was used as a second potential measuring
electrode. The lower two records of the first column of Fig. 3B show the potential
changes recorded under these conditions. It can be seen that the peak-to-peak
amplitude of the ramp is reduced by a factor of 0 7 at E3 as compared to E2. This
is also plotted in Fig. 3A.

After that the left-hand electrode was withdrawn and successively inserted at three
other points E1 b, E1 c and E1 d. The same sequence of records as described above was
obtained at each electrode position. Each column of Fig. 3B represents one position
of electrode E1; the upper two traces in each column were obtained during current

positions Ela-Eld and E3, respectively, using a value of 520 ,sm for A. B, the penwriter
records ofthe data plotted in A. Each column represents one ofthe positions ofthe left-hand
electrode (E1). The upper two records of each column show the potential deflexions
recorded at E1 and E2 when the clamp current was injected at E3; the lower two records
show the potentials recorded at E2 and E. when the clamp current was injected at E1.
The voltage clamp was switched on for 2 s during each run. The holding potential (on which
the ramp-shaped voltage command was superimposed) was -93 mV throughout. It can
be seen that there were small (< 1 mV) changes in resting potential between different
records.
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injection through E3, the lower two during current injection through E1. The voltage
command was a ramp of 1-8 mV peak-to-peak amplitude throughout the experiment.
Therefore the plot of the voltage deflexions recorded at various points of the
preparation (Fig. 3A) represents the longitudinal potential profile during current
injection at one point.
The continuous lines in Fig. 3A were obtained by calculating the longitudinal

potential profile in a linear cable of 1120jzm length for current injection at various
points (E3, E1a-Eld) using eqn. (1). The only free variable was the length constant,
A. By trial and error a value of 520 #sm for A was found to fit all of the data points.
Thus it appears that near the resting potential the preparation did indeed behave
like a linear cable which is terminated at both ends by an open circuit. Such a detailed
analysis of the longitudinal potential profile was carried out in four experiments with
very similar results.
A spatially homogeneous clamp of the whole preparation was achieved by injecting

current through two micro-electrodes. In most of these experiments a simplified
procedure for determining A was used which is illustrated in Fig. 4. The preparation
was impaled with three micro-electrodes at the positions marked by arrows (Fig. 4A).
The potential decrement between E2 and E1 (left in Fig. 4B) and between E2 and
E3 (middle) was determined by switching from one current injection electrode to the
other as explained above. The potential deflexions measured at E1, E2 and E3 are
plotted in Fig. 4A (filled circles). The potential profiles calculated for current
injection at E1 and at E. could both be fitted to the experimental data with a length
constant of 700,sm (continuous lines).

Subsequently both current electrodes (E1 and E3) wer included in the voltage-clamp
loop and the same ramp-shaped voltage command was applied (right in Fig. 4B). The
potential profile expected for current injection at both E1 and E3, which was
calculated from cable theory using the length constant of 700 ,um determined before,
is shown in Fig. 4A (dashed line). It can be seen that in this case the preparation
is clamped homogeneously with deviations of less than 10% from the voltage ramp
imposed on E2.

If the calculated curves are a correct description of the longitudinal potential
distribution the currents measured during the three voltage-clamp runs should be
proportional to the total current defined by the area under the curves. The relative
magnitude ofthe currents calculated from the area under the corresponding potential
profile were 1-27, 0-87, and 1X02, the current for a perfect space clamp being taken
as 1. This is in good agreement with the currents recorded at the input of the current
pumps (i4) and in the bath clamp (i) which are shown in the lower traces of Fig. 4B.
The peak-to-peak amplitude of the currents recorded during the three voltage-clamp
runs was 147, 96 and 115 nA, respectively (relative amplitudes: 1-28; 0-87; 1).
From these results it appears that the potential profile obtained during current

injection through two micro-electrodes does indeed correspond to the theoretical
curve calculated from cable theory (dotted line in Fig. 4A). Moreover the currents
measured with the three-micro-electrode clamp seem to correspond quite well (within
2 % in the example shown) to those of a perfectly space-clamped preparation.
As a control of this interpretation the absolute value of im (membrane current per

unit length) was calculated in two different ways. Firstly rm (membrane
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Fig. 4. The longitudinal potential profile in a preparation of 1400 ,um length and 160 #sm
diameter, and the corresponding clamp currents. A, plot of the voltage deflexions
measured at El, E2 and E.. Co-ordinates as in Fig. 3A. The continuous lines represent
the longitudinal potential profile calculated from eqn. (1) for current injection through
either E, or E3a using a value of 700 jam for A. The dotted line shows the longitudinal
potential profile calculated with the same value of A for current injection through both
electrodes (E1 and E,). B, penwriter records of the data plotted in A. Two paper speeds
were used, see calibration bars at the bottom and the time marker (top trace, 10 E intervals
are marked by double pulses). The clamp was switched on three times for 6 s; the same

ramp-shaped voltage command was given each time. On the left (current injection at E3)
the potentials at E. and E1 were recorded. During the second ramp (current injection at
E1) the potential decrement between E2 and E. was recorded (middle). Subsequently both
current injection electrodes were included in the voltage-clamp loop and another
ramp-shaped voltage command was given (right). The corresponding currents recorded
in the bath clamp are labelled i2, and the currents recorded at the input of one or both
current pumps (see Fig. 1) are labelled il. Note that the calibration of i, changes by a factor
of 2 when current is injected with both current pumps (right-hand calibration bar).
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resistance x unit length) was calculated from the right-hand record of Fig. 4B
(assuming uniform polarization) and im at El (= AEi/rm) was calculated from the
left-hand record of Fig. 4B. Secondly im at El was estimated from the potential
decrement between E2 and E1 using eqn. (2) of Kass, Siegelbaum & Tsien (1979). The
value of ri (resistance x unit length) inserted in this equation was calculated assuming
a longitudinal resistivity of 225 0 cm (see below) and an extracellular space of 25 %.
The values of im at E1 obtained by the two methods were 6-9 x 10-v and
6-2 x 10-v A/cm, respectively. The reasonable agreement of the two estimates of im
corroborates the hypothesis that the spread of current in the preparation can be
described by one-dimensional cable theory.

In some experiments A was determined by applying constant current pulses
(instead of voltage-clamp ramps) successively through either current pump. The
average length constant measured in twenty-five preparations was 580 + 140 Jim.
Membrane capacitance, surface/volume ratio and membrane resistance
To determine the membrane resistance (R) and the membrane capacitance (C) of

the whole preparation spatially uniform voltage-clamp pulses were applied. Prepara-
tions were considered acceptable for such experiments only if they were not longer
than two length constants. C was measured with rapid voltage-clamp ramps. Fig. 5A
shows that every change in dV/dt was associated with a jump in the current record
(see Dudel, Peper, Rfidel & Trautwein, 1966) from which the membrane capacitance
can be calculated. The capacitative transient following a voltage step was not used
for determining C because its peak was usually cut off as a result of the limited current
passing capacity of the current pumps.

It is difficult to calculate the specific membrane capacitance (Cm) from these data
because the precise surface/volume ratio of guinea-pig ventricular muscle is not
known. On the other hand a specific membrane capacitance. of i gF/cm2 is a widely
accepted constant of biological membranes (Cole, 1968). Therefore the measured
capacitance of the preparation was used to obtain an estimate of the total membrane
surface (s) of the preparation assuming Cm to be 1 #sF/cm2. The cellular volume (v)
of the preparation was deduced from the dimensions of the cylindrical preparations
measured optically on the assumption of an extracellular space of 25% (Page, 1962).
From the estimates of s and v the surface/volume ratio of individual preparations
was calculated. The average surface/volume ratio obtained in this way was
7200+2600 cm2/cm3 (n = 8).
The specific membrane resistance (Rm) was usually calculated from the membrane

resistance measured at the resting potential and the estimate of the surface area
described above. In preparations in which C was not measured the surface area was
estimated by multiplying v with the average surface/volume ratio given above. The
average specific membrane resistance was 6730+ 1180 Qcm2 (n = 20).

The intracellular resistivity and the membrane time constant
The specific resistance of the sarcoplasm (Ri) can be calculated from R, v and A.

Using eqn. (5) an average value of 260 Q cm was obtained for Ri, which is about 5
times the resistivity of normal Tyrode solution. In eqn. (5) the resistivity of the
extracellular space was neglected. If the ratio between intracellular and extracellular
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pulse. Average of six traces recorded at intervals of 100 ms. The straight line in this graph
was fitted to the data by linear regression of all points except the first one.
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longitudinal resistance is taken to be 3: 1 (Weidmann, 1970; Clerc, 1976) a value of
195 Q cm is obtained for Ri. However, the preparations used by Weidmann and Clerc
were about four times larger in diameter, so one might expect a smaller contribution
of the resistivity of the extracellular space in the experiments reported here.
Therefore the actual value ofRi in guinea-pig ventricular muscle is probably between
200 and 250 a cm.
The membrane time constant (r) was determined by injecting a constant current

pulse through both current pumps. As can be seen from Fig. 5C and D the resulting
voltage deflexion had a brief initial sigmoid phase and was roughly exponential at
later times. Fig. 5E shows the results of a typical experiment in which the voltage
change produced by six identical current pulses was averaged on a Nicolet 535 signal
averager and plotted on a semilogarithmic scale. The sigmoid phase usually lasted
2-4 ms; at later times the data were well approximated by a straight line. The average
time constant obtained in this way was 6-6 + 1-3 ms (n = 12).

This estimate of r is liable to some uncertainties since the time course ofthe voltage
change after a long lasting current pulse depends both on the electrotonic length of
the cable and on the site ofmeasurement. In a short cable of 1 A length the time course
ofthe voltage change is expected to be slightly faster than exp (- t/r) if the recording
electrode is very close to the site of current injection (see Jack et al. 1975, fig. 4.10).
On the other hand it was found in several experiments that with increasing distance
from the point of current injection the duration of the sigmoid phase increased and
the speed of the recorded voltage change decreased, as one would expect from linear
cable theory (Hodgkin & Rushton, 1946).

Since the distance of the potential-recording electrode from the point of current
injection was usually 0-15-0-20 A (see Methods) it is likely that the measurement of
the final potential decay yielded a reasonable estimate of r (see also Fig. 4*9 of Jack
et at. 1975). This view is corroborated by the fact that the time constant measured
with constant current pulses (6-6 ms) agrees well with the product ofRm x Cm (6-7 ms)
measured in voltage-clamp experiments. Note that (Rm x Cm) is independent of the
surface/volume ratio.

In individual experiments r and (Rm x Cm) agreed much better than one would
expect from the scatter in the measurements of both r and Rm. This suggests that
the scatter in these measurements is only partly due to limitations of the method.
It may be the result of a variability of specific membrane resistance in preparations
taken from different regions of either ventricle. Furthermore, in several preparations
a slightly faster early repolarization phase of the action potential, increased values
of Rm (> 10,000 Q cm2), and r (> 10 ms), and a lower surface/volume ratio were
found. Such preparations were not included in the present study because they are
regarded as transitional forms between ventricular muscle and Purkinje fibres.

The effects of external potassium on membrane conductance
The membrane conductance (gm) of cardiac ventricular muscle increases with

increasing external potassium (McDonald & Trautwein, 1978; Boyett, Coray &
McGuigan, 1980) and with hyperpolarization (Beeler & Reuter, 1970; Trautwein &
McDonald, 1978). A corresponding difference in the potential displacement produced
by hyperpolarizing and depolarizing current pulses ('anomalous rectification') can
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also be seen in Fig. 5C and D. The potassium conductance (gK) of membranes
showing anomalous rectification is usually described as depending on two factors, the
K driving force (Em-EK) and external K concentration (Katz, 1949; Noble, 1965).
However, it is not clear whether the K conductance of cardiac preparations at the
resting potential changes with external K in the way predicted by the constant field
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Fig. 6. The relative membrane conductance measured at various values of [K]O (1P5-6 mM)
in eighteen preparations. The data were normalized, gm in 3 mM-K being taken as 1. The
points are means (± S.D., vertical bars), the number of preparations tested at each [K]O
is given in parentheses. The dotted line represents the normalized U]K calculated from the
Goldman equation. The interrupted line represents the resulting change in gm expected
in the presence of a constant 'background conductance' (20% of U7K at 3 mM-K). The
continuous line represents the normalized Um calculated from eqn. (6). All lines were
computed using an empirical equation which describes the measured resting potential as
a function of [K]0.

theory (Hodgkin & Katz, 1949). In some cardiac preparations the increase ofgK with
increasing [K]O could be described by the Goldman equation (Hall, Hutter & Noble,
1963; Horres, Aiton & Lieberman, 1979). In various other inward rectifying K
channels, including frog ventricular muscle, the function relating gK to [K]O was found
to be less steep than one would expect if the K permeability remained constant
(Almers, 1971; Ohmori, 1978; Cleemann & Morad, 1979b, eqn. (2.16)).
In order to examine this question the resting membrane conductance was
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measured at various external K concentrations. This was done by injecting constant
current pulses (see Fig. 2) or by applying small voltage ramps as in Fig. 4. In thirty-five
experiments gm measured at various [K]o was compared with the gm measured at an
external K concentration of 3 mm. In Fig. 6 the relative membrane conductance is
plotted against [K]o (0). These experimental data were compared to the relation
between [K]o and gK calculated from the Goldman equation (dotted line) using the
average resting potentials measured at various [K]0. The intracellularK concentration
was assumed to be 150 mm.
The reason for making this comparison was the notion that the resting membrane

conductance is mainly determined by g]. Since the resting potential is much closer
to EK than to ENa the resting Na conductance (9Na) is probably less than 10% of
gl at an external K concentration of 3 mm. The Cl conductance (gcl) may also be
less than 10% ofgK. In Purkinje fibres Fozzard & Lee (1976) estimated an upper limit
of 9Cg/gK of 0-17. However, in their calculation of 7C1/gK neither the effects of Cl ions
on the potassium conductance (Carmeliet & Verdonck, 1977) nor the effects of
carrier-mediated anion-exchange mechanisms (Vaughan-Jones, 1979a, b) were taken
into account. Therefore, as the latter authors pointed out, gc1 may be much smaller
than assumed previously. The contribution of the resting Ca conductance to gm can
probably be neglected (see Daut & Rfidel, 1982).
These considerations suggest that the contribution of conductances other than gK

to the resting membrane conductance are probably less than 20% in 3 mM-K, which
implies that the increase of gm following an increase of [K]0 should be at least 80%
of the increase Of UK. This is indicated by the interrupted line in Fig. 6. It can be
seen that a K conductance obeying the Goldman equation cannot explain the results
obtained at [K]0> 3 mM when a constant 'background conductance' (gNa+ gCi + gca)
is assumed to contribute 20% to gm at 3 mm-K. A 'background conductance' of40%
(which is rather unlikely) would have to be invoked to explain the measured
dependence of gm on [K]0 on the basis of the constant field theory.
Noble (1965) has proposed that gK may depend both on [K]0 as described by the

Goldman equation and on (Em-Ek). Including such an effect of the potassium
driving force on gK in the calculation would make the discrepancy between the
theoretical curve and the measured results even larger.
The continuous line was calculated from

UK = [1 +exp TF(Em-EK-Eh)j * ([K]0). (6)

This empirical equation was used by Hagiwara & Takahashi (1974) to describe the
inward rectifier channel of a starfish egg cell (see also Hille & Schwarz, 1978). F, R
and T are the usual thermodynamic quantities. z' is the effective valence of a gating
particle or of a blocking ion, which was taken as 1. Eh denotes the displacement from
EK at which UK is reduced to one half; a value of 40 mV was used to calculate the
curve shown. It can be seen from Fig. 6 that eqn. (6) describes the correlation between
[K]0 and gm measured in guinea pig ventricular muscle reasonably well. No correction
for the background conductance has been introduced in this case, but any background
conductance from 0-20% can be easily accounted for by changing Eh. The main point
is that eqn. (6) gives a convenient empirical description of the measured results and
that, for [K]0> 3 mM, gm was roughly proportional to the square root of [K]O.
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To facilitate comparison with other work an estimate of the specific membrane
resistance at various extracellular K concentrations was obtained. This was done by
multiplying the average relative membrane resistance (= 1/gm from Fig. 6) at six
differentK concentrations by the specific membrane resistance determined in 3 mM-K
(6-73 kl cm2). These values of Rm at various values of [K]0 are listed in Table 1.

TABLE 1. Specific membrane resistance (Rm) at various values of [K]0

[K]o (mm) Rm (kf cm2)
1.5 9.9
2 8-9
3 6-7
4 5-8
4.5 5.3
5 5X2
6 4X6

DISCUSSION

Some comments on the technique

Spatial uniformity of the clamp. The longitudinal potential profile of cylindrical
preparations of guinea-pig ventricular muscle (diameter 90-250 #sm) was found to
agree with the theoretical predictions for a linear cable with sealed ends. This implies
that the radial potential decrement should be negligible. To test this, the position
of one of the micro-electrodes was shifted transversely in several experiments. No
systematic difference in the potential deflexions measured during injection of
constant current pulses was found when the recording electrode was moved from one
side of the preparation to the other. A theoretical estimate of the radial length
constant on the basis of anatomical data was obtained from eqn. (1 Ia) of Colatski
& Tsien (1979). Assuming a width of the extracellular clefts of 1 4am (Sommer &
Johnson, 1968; Johnson & Lieberman, 1971) and a resistivity of the extracellular
space of 51 ( cm (Weidmann, 1952) a radial length constant of 812 #sm was
calculated. Thus the radial length constant was probably several times larger than
the diameter of the preparations.
These findings suggest that in the present experiments unidimensional cable

analysis is sufficient to describe the spatial potential distribution, and that a uniform
clamp of short preparation (I < 2 A) could be achieved by using two current-injection
electrodes. In contrast, 'point polarization' of the much larger cardiac preparations
used by other authors was found to be better described by two-or three-dimensional
cable models (Woodbury & Crill, 1961; Tanaka & Sasaki, 1966; Sakamoto, 1969;
Chapman & Fry, 1978).

Extracellular Kaccumulation. ExtracellularKaccumulationanddepletion markedly
influences the voltage-clamp currents recorded in sheep Purkinje fibres (Cohen, Daut
& Noble, 1976a, b; Baumgarten & Isenberg, 1977). Even in cardiac ventricular
muscle, although the extracellular space is nearly 100 times larger, the analysis of
slow membrane conductance changes is limited by changes in extracellular K
(McDonald & Trautwein, 1978; Cleeman & Morad, 1979a; Boyett et al. 1980). To
obtain an estimate of the amount of K accumulation involved in the present
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experiments the transient 'after-potentials' (see Cleemann & Morad, 1979a) following
a voltage-clamp step were analysed. Within the range studied (± 10 mV) the
amplitude of these after-potentials was positively correlated with the amplitude and
duration of the voltage step and with the radius of the preparation. With voltage
steps of up to 5 mV amplitude and 0.5-1 s duration after-potentials of 100-200 ,FV
were observed (see Daut & Rfidel, 1982), which corresponds to a K accumulation of
50 /SM. With clamp currents comparable to those used to measure A and Rm
(< 05 ,sA/cm2) after-potentials were hardly detectable at all. Therefore itis considered
unlikely that accumulation artifacts distorted the results reported here.

The metabolic state of the preparation. The electrical properties of the preparations
used remained constant for many hours. In preliminary experiments it was found that
the electrical properties of larger preparations (diameter > 400 ,sm) tended to change
slowly. This may be due to differences between superficial cells and cells in the centre
of the preparation. A small radius seems to be advantageous for maintaining the
original metabolic state of the preparation. Another factor which appears to be crucial
in this respect is the ratio between the intact surface and the cut surface which has
to heal over after dissection. The use of two current injection electrodes improves
this ratio because it increases the length of the preparation that can be clamped
homogeneously by a factor of 2. The use of the cardioplegic solution described in the
Methods section may also be of value for obtaining viable preparations. It increased
the success rate of the dissection considerably.

Conclusion. The small radius ofthe preparations used offers a number ofconsiderable
advantages for electrophysiological studies. The technique described appears suitable
for measuring the cable properties of guinea-pig ventricular muscle and small current
changes near the resting potential (Daut & Rfidel, 1982).

The electrical constants of mammalian ventricular muscle
The surface/volume ratio of 7200 cm2/cm3, calculated on the assumption of a

specific membrane capacitance of 1 ,uF/cm2, appears plausible. The diameter of
individual cells was about 10,jm (F. Hammersen, personal communication), giving
a surface/volume ratio of 4200cm2/cm3 if the cell is assumed to be a smooth cylinder
of 100jsm length. This leaves a factor of 1-8 for the enlargement of the surface by
folding of the cell membrane and the T-system. On the basis of morphometric
measurements, Page (1978) estimated the surface/volume ratio of rabbit ventricular
muscle to be 5600cm2/cm3. Taking into account the somewhat larger diameter of
these cells this allows for a factor of 1-6-2 for the enlargement of surface area as
compared to a smooth cylinder. Thus the present results are consistent with the
anatomical data available, and the assumption of a specific membrane capacitance
of 1 FsF/cm2 may be justified.
The specific membrane resistance was found to be 6-7 k0cm2 in Tyrode solution

containing 3 mm-K. Using eqn. (6) a specific resistance of 4'8 kQ cm2 was interpolated
for 5-4 mM-K. This is in reasonable agreement with the value of 5.3 kQ cm2 given by
McGuigan (1974) but contrasts with the value of 9-1 kflcm2 given by Weidmann
(1970). Both authors used sheep and cow ventricular muscle and a solution containing
5.4 mm-K. The reason for this discrepancy between Weidmann's (1970) results and
mine is not entirely clear. It may be related partly to the uncertainty of the
morphological data used and partly to the limitations of the methods. In view of the
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similarity of the time constant measured in 5-4 mM-K (- 4-5 ms) it is considered less
likely that the discrepancy is mainly due to species differences. It should be noted
that in Weidmann's (1970) results (Rm x Cm) was 1P68 . Tm, which may suggest that
either Rm or Cm was over-estimated. On the other hand his value ofRm was derived
on the assumption of a surface/volume ratio of 2700 cm2/cm3. Taking a higher
surface/volume ratio as suggested by morphometric measurements would make the
discrepancy between his measurements and the present results even larger.
The length constant determined in 3 mM-K Tyrode solution was 580 /sm. In three

experiments A was determined in both 3 and 6 mM-K. From these results it appears
that A is proportional to Rmi, as one would expect from cable theory. Therefore the
length constant in 5-4 mM-K was estimated to be about 500 um. Again this is lower
than the value ofA given by Weidmann (1970) (880 ,jm) and others (Sakamoto, 1969;
Sakamoto & Goto, 1970), but it is comparable with McGuigan's (1974) results
(650 jsm).
The specific resistance of the intracellular space (Ri) was estimated to be

200-250 0 cm. This is in agreement with the value of Ri determined with 42K
diffusion experiments (240 Q cm; Weidmann, 1966), but it is somewhat lower than
the value calculated by Weidmann (1970) on the basis of his electrophysiological
experiments (470 Q cm). It may also be compared with the values given for ungulate
Purkinje fibres (181 Q cm; Weidmann, 1970) and for rabbit Purkinje fibres
(350-530 0 cm; Colatsky & Tsien, 1979). The value of the time constant determined
in the present experiments (6-6 ms; 3 mm-K) is in good agreement with Weidmann's
(1970) results (4-4 ms; 5*4 mM-K) if the effects of extracellular K are taken into
account.
The final conclusion is that on the whole the cable constants of cardiac ventricular

muscle measured with the three-micro-electrode voltage-clamp technique are com-
parable to those obtained with other methods. However, the values of the specific
membrane resistance and of the length constant of guinea-pig ventricular muscle
reported here are somewhat lower than those measured previously in mammalian
ventricular muscle.

The effect of external K on membrane conductance
The resting membrane conductance (ga) was found to increase approximately with

the square root of the external K concentration in the range 3-6 mM-K (Fig. 6). This
result is at variance with the measurements of the [K].-dependence of the efflux of
radioactively labelled K ions (Carmeliet, 1961; Goerke & Page, 1965; Haas, Glitsch
& Kern, 1977). Working with different cardiac preparations these authors found that
the dependence of potassium efflux on external K agreed with the predictions of the
Goldman equation. The reason for this discrepancy is not clear. However, it has been
pointed out recently that transmembrane K flux in low [K]. may be seriously
underestimated as a result of re-uptake of labelled K and diffusional limitations in
the extracellular clefts of cardiac preparations (Horres & Lieberman, 1977; Horres
et al. 1979). Interestingly, Carmeliet & Verdonck (1977) recently also found that K
efflux from cardiac ventricular muscle increased with [K]. less than predicted from
constant field theory.
On the other hand my results are in good agreement with previous electrophysio-

logical measurements. In cardiac Purkinje fibres Dudel, Peper, Rfidel & Trautwein
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(1967) found that qK at the K equilibrium potential was doubled when [K]0 was
increased from 2-7 to 10X8 mm (p. 312). The K conductance of various other inward
rectifying membranes has also been shown to increase approximately with [K]0i
(Almers, 1971 ; Hagiwara & Takahashi, 1974; Ohmori, 1978; Leech & Stanfield, 1981).
A variety of physical models which allow for a dependence of gK on [K]0i has been
constructed recently (Armstrong, 1975; Ciani, Krasne, Miyazaki & Hagiwara, 1978;
Hille & Schwarz, 1978; Cleeman & Morad, 1979b). Although the data reported here
cannot be used to discriminate between these models, it may be worth noting that
they would be compatible with a monovalent blocking iondetermining the conductance
of a K-selective pore (z' = 1 in eqn. (10); see Hille & Schwarz, 1978; Hagiwara &
Yoshii, 1979). In view of the similarity of the present results with those obtained in
other inward rectifying membranes it is tempting to speculate that there may be a
common mechanism which controls the conductance of such K-selective channels.
It would be interesting to see whether a re-investigation of the [K]0 dependence of
K efflux in very small cardiac preparations confirms this hypothesis.
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