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SUMMARY

1. Single cells from adult rat ventricle were dispersed using an enzymic dissociation
technique. Electrical properties were measured with either suction pipettes or
conventional glass micropipettes and the results were compared.

2. Suction pipette and micropipette measurements of resting membrane potentials
and action potentials were comparable. Values were similar to those reported
previously for both dispersed cardiac myocytes and whole tissue preparations from
adult rat ventricle.

3. Voltage clamp with a single suction pipette was used in initial experiments, but
the results were not sufficiently accurate. Consequently, voltage clamp of single cells
was carried out using two suction pipettes (tip diameters 10-15 gum), one for passing
current and the other for recording membrane potential. Dialysis of cell contents was
performed by each suction pipette. A roving micropipette (tip diameter < 1 jsm) was
used occasionally to measure membrane potential at selected sites.

4. Using the two-suction-pipette method, voltage-clamp steps rose with time
constants of less than 10 ,tssec and the capacitative current transient decayed with
a single time constant of less than 100 psec. These values are more optimal than those
observed in other voltage-clamped cardiac muscle preparations.

5. Single cardiac myocytes had membrane input resistances of 44-5 + 4-6 MCI,
membrane time constants of 16-2 + 0-63 msec and membrane capacitances of
399.7 + 42-2 pF. (values are means + SD, n = 10). The length constant, A, of a single
myocyte at its resting potential and perfused with KH2PO4 was about 500 gim. For
cells perfused with Cs aspartate solution commonly used in voltage-clamp experi-
ments, the input resistance was approximately quadrupled and A was 1100 ,tm. The
average length of a myocyte partially aspirated by two suction pipettes was 50 ,tm.
At maximum -Na in 50% extracellular Na, A was calculated to be about four times
the actual cell length between voltage-recording and current-passing pipettes.

6. The half-time for the disappearance or recovery of outward Na currents,
following removal or restitution of intracellular Na with two pipettes, was ofthe order
1 min, indicating that intracellular ionic composition of the cell could be readily
controlled and modified.

* Present address: Department of Physiology, Yale University, New Haven, Connecticut, U.S.A.
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INTRODUCTION

Voltage-clamp analysis of membrane currents in myocardial tissue is made difficult
by the, complicated geometry of the cardiac syncytium and associated restricted
extracellular spaces (Johnson & Lieberman, 1971; Attwell, Eisner & Cohen, 1979).
None the less, some understanding of certain pace-maker, repolarization, background
and Ca currents has been possible using several tissue preparations (Noble & Tsien,
1969; New & Trautwein, 1972; Trautwein, 1973; Brown, Giles & Noble, 1977;
Isenberg, 1977; Reuter & Scholz, 1977; but see diFrancesco, 1980 and diFrancesco
& Noble, 1980 for a recent re-examination of the pace-maker current, IK2). This has
not been the case for Na current, however, which has the most rapid kinetics and
the largest maximum conductance of any cardiac membrane current. Many attempts
to study the initial rapid inward current using voltage-clamp techniques have been
fraught with difficulties, due to the fact that conventional methods of voltage
clamping are limited when applied to the study of Na current in cardiac muscle (Dudel
& Rudel, 1970; Tarr & Trank, 1974). Recently, Colatsky & Tsien (1979) have been
more successful using a two-micropipette voltage-clamp method, by selecting short
rabbit Purkinje fibres as the most suitable syncytial preparation. However, rapid
inward currents were still partially obscured by capacitative transients during the
early phases of conductance changes. The two-micropipette technique has also been
applied to spherical clusters of chick embryonic heart cells (Ebihara, Shigeto,
Lieberman & Johnson, 1980). Again the early phases of Na current were obscured
by capacitative transients, and voltage control was limited by a high external
resistance (Mathias, Ebihara, Lieberman & Johnson, 1980).
Many of the complexities inherent in the cardiac syncytium can be minimized by

dispersing the whole organ into single cells. This procedure also obviates the problems
ofrestricted extracellular spaces. The electrophysiological characteristics of dispersed
cells have been studied using micropipette techniques by both Powell, Terrar & Twist
(1978b, c, 1980) and Mehdi & Sachs (1978), and in the case of cells from rat tissue
the isolated myocytes have resting and action potentials that resemble recordings
made from cells in situ (Weidmann, 1956; Isenberg & Klockner, 1980). The rate of
rise and overshoot of the action potential appeared normal, indicating that the Na
system was probably not greatly affected by the dispersion method. A study of the
Na current in these cells would require a voltage-clamp method that could apply
voltage steps to the membrane rapidly and, in addition, control internal as well as
external ionic composition. The suction-pipette method developed in this laboratory
for voltage clamp and internal perfusion of small cells (Lee, Akaike & Brown, 1977,
1978, 1980) seemed particularly well suited for this purpose, due to the fact that the
resistance of suction pipettes is much lower than conventional glass micropipettes,
thus allowing more rapid application of a voltage step to the cell membrane. The
results of initial experiments have demonstrated the feasibility of voltage clamping
single myocytes with a single suction pipette (Lee, Weeks, Kao, Akaike & Brown,
1979), but a limitation of this method applied to small cells having large Na currents,
which is the case for cardiac myocytes, is the voltage drop across the tip resistance
of the pipette. A similar limitation is present in the experiments reported by
Undrovinas, Yushmanova, Hering, and Rosenshtraukh (1980). This problem has now
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VOLTAGE CLAMP OF SINGLE CARDIAC CELLS
been circumvented and the present paper describes the experimental method, with
the attendant advantages and limitations, and also reports measurements and
calculations of the electrical constants of individual heart muscle cells. Experimental
data on both the kinetics and conductance of Na channels in cardiac muscle are
described in the accompanying paper (Brown, Lee & Powell, 1981).

METHODS

Cell dispersion
The method used for tissue dissociation was similar to that reported previously (Powell & Twist,

1976; Powell et al. 1980) and the main features are summarized here. Female rats (Timco Breeding
Lab., Houston, Texas) approximately twelve weeks old and 250 g in weight were used. Animals
were injected (I.P.) with 0-2 ml. heparin solution (hyperine, 1000 u.s.p., Ricker Lab., California) and
10 min later anaesthetized with sodium pentabarbitone (200 mg i.p., Abbott Lab., Des Moines,
Iowa). The chest was opened and the heart extracted quickly into a beaker ofice-cold Krebs solution
(Table 1), then mounted on a Langendorff perfusion apparatus for dissociation by crude bacterial
collagenase (Powell et al. 1980). Dispersed cells were washed and harvested by centrifugation at 24 g
with nominally Ca-free Krebs solution, before final suspension in normal Krebs solution (Table 1).
All measurements reported in this and the subsequent paper (Brown et al. 1981) were made at
temperatures of 20-22 IC.

Glass micropipettes
Conventional glass micropipettes filled with 3 M-KCI had tip resistances in the range 20-50 MCI

and were connected to a standard electrometer system (WPI Instruments, Model 750, New Haven,
Connecticut).

Suction pipettes
The suction pipettes used in the present experiments were made according to the method of Lee

et al. (1977; 1978; 1980) and had tip diameters of 10-15,m, which are smaller than those used
earlier on dispersed heart cells (Lee et al. 1979). In isotonic solutions the pipettes had tip resistances
of about 500-800 kW and this large tip resistance can cause voltage drops across the tip as great
as 40 mV during peak Na current flow, thus preventing adequate control of membrane potential,
particularly in solutions containing 1000% Na. Series resistance compensation of the usual kind
(Hodgkin, Huxley & Katz, 1952) could not correct for the error. To avoid this, we used two suction
pipettes on the same cell, one for recording membrane potential and the other for passing the
feed-back current. Two arrangements were used: either the suction pipettes were placed one at each
end of the cell (Fig. 1 A) or transversely at the centre of the cell (Fig. 1 B). These arrangements
and the recording circuitry are shown in Fig. 1. Series resistance was evaluated using the
arrangement of Fig. 1 A, and a current pulse was delivered to the cell through the pipette on the
left-hand side. In one case, the membrane voltage was measured by the same pipette through which
the current was delivered (middle trace, Fig. 1 C). In the other case, by using the switch, the
membrane voltage was measured by the suction pipette on the right-hand side (upper-most trace
of Fig. 1 C). The differences in the instantaneous voltages at the on and off of the current pulse
(lower trace, Fig. 1 C), as well as the steady-state voltage difference (shown in Fig. 1 C), were due
almost entirely to the voltage drop across the pipette tip when a single pipette was used to record
voltage and pass current (Fig. 1 C). In the two-pipette case, the series resistance was measured in
current clamp as described above or was calculated from the capacitative current transient
produced by the on and off of voltage-clamp steps. Series resistance compensation was used to the
point of ringing in the two-pipette experiments. Shunt current compensation was used in initial
single-pipette experiments but was not used in later experiments.

Evaluation of intracellular perfusion
The extent and rapidity with which intracellular Na concentration could be changed was

estimated as follows. Extracellular Na was replaced with Cs and sucrose, while [Nali was adjusted
to 16 mM (Table 1). The cell was depolarized to a fixed potential of + 20 mV from the holding
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VOLTAGE CLAMP OF SINGLE CARDIAC CELLS
potential of -80 mV and outward Na current was measured. The internal solution was then
changed to one in which Na was replaced by Cs (Table 1). The cell was then depolarized to the
same potential (+20 mV) at regular intervals. After the outward current decreased to a small
time-invariant value, the solution containing 16 mM-Na+ was re-introduced internally and the time
course of the reappearance of Na current was measured. Although the relation between the change
in Na current and [Na]i is non-linear, this method does provide a qualitative estimation of the
ability to control intracellular ionic environment.

Data acquisition
Records of voltage and current were digitized every 2 Usec using a twelve-bit digital oscilloscope

with 2 K memory (Nicolet 1170). The digitized records were stored on a digital tape recorder
(Kennedy Model 9700). The linear capacitative and leakage components of voltage-clamp currents
were removed by adding two currents produced by identical voltage steps of opposite polarity.

A

Vm

B C

2 mV
20 msec

Fig. 1. A, arrangement of two suction pipettes on a single ventricular muscle cell (black
rod). Using the switches L and R, either ofthe pipettes can be used to record voltage and/or
inject current. Voltage-clamp circuitry shows Vm, membrane voltage, Vc command
voltage, I current and SR, series resistance compensation (Hodgkin et al. 1952). The gain
of the clamp amplifier was at least 103 and the frequency response was flat to 10 kHz.
B, two suction pipettes applied centrally across the cell diameter. I, current-injecting
pipette. V, voltage-recording pipette. Arrows indicate flow path of internal solution. C,
voltage responses to inward current pulses (2 nA) recorded with two-suction-pipette
arrangement according to the double method in A (smaller steady-state deflexion) and
a single suction pipette. The difference in the instantaneous and steady-state voltages is
due to the I-R drop across the tip of the single pipette. For the two-pipette case the voltage
rose exponentially from the base line, although this is not shown in the record in order
to illustrate the instantaneous voltage change in the single-pipette case.
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RESULTS

Electrical characteristics of single heart muscle cells
Freshly isolated cells in Ca-free Krebs solution had steady resting potentials,

measured by either suction pipettes or glass micro-electrodes, which were between
-20 and -60 mV. In normal and high [Ca]o (1 1 and 2-5 mM), the resting potential
reached a steady value of -80 +10 mV (mean + S.D.; n = 10) (also see Powell et al.
1978c, 1980). In some cells an inward current of about 50 pA to 0-5 nA was injected

Fig. 2. A, spontaneous action potentials at membrane potential of -90 mV. The action
potentials are characterized by an initial depolarization followed by the upstroke. The
maximum velocity ofupstroke averaged 230 V sec- at room temperature. Total amplitude
averaged about 120 mV with 30 mV overshoot. The duration of the action potential is
150-200 msec. B, C and D, action potentials elicited by brief outward currents (2 msec,
+ 3 nA). All the action potentials were taken from same cell, but at membrane resistances
of 30, 40 and 60 MQ, respectively, for B, C and D). The duration and the plateau are more
pronounced at higher membrane resistance. Same calibration applies to B, C and D. E,
another cell with membrane resistance of 10 MQ. The duration of the action potential is
greatly reduced and the upstroke velocity was 150 V sec.
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VOLTAGE CLAMP OF SINGLE CARDIAC CELLS
to increase the membrane potential to between -90 and -100 mV in normal Krebs
solution containing 1P1 mm-Ca. Action potentials recorded in normal Krebs solution
from cells with membrane potentials of -90 mV had amplitudes of 120±10 mV,
spike durations of 180 + 20 msec, short plateaus lasting 50 + 20 msec and maximum
rates of rise of about 230 V sec-. There was often a very prolonged small tail of
potential. In some cells action potentials occurred spontaneously (Fig. 2A) and in
others they were produced by brief depolarizing current pulses (Fig. 2B-D). Similar

Fig. 3. A, photograph of a single myocyte subjected to a triple-pipette experiment. Si is
the current-injecting suction pipette. S, is the voltage-sensing suction pipette. M, is the
voltage sensing micropipette. During experimental runs, as current was injected through
Si, M, and S, measurements were compared. B, pair of voltages measured by micropipette
(upper trace of pair) and suction pipette (lower trace) applied to the same cell during
current clamp. Current records are the very top trace. The potential traces were
deliberately separated for recognition. The resting membrane potential measured by both
systems was -80 mV in 2-5 mm Ca. Traces in the left hand panel show the membrane
response to inward current. Traces in the middle panel show action potentials elicited by
a brief outward current pulse. Traces in the right hand panel show membrane response
to 0-6 nA inward current step. An anodal break response was observed. Traces at top are
the current traces.
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462 A. M. BROWN, K. S. LEE AND T. POWELL
action potentials have been recorded from intact rat heart (Weidmann, 1956) and
in isolated rat ventricular muscle cells (Isenberg & Klockner, 1980; Powell et al. 1980).
In the latter case the prolonged tails were also observed. The action potential profile
was related to the resting membrane resistance from which activity was triggered.
Starting from membrane potentials of -90 mV, lower input resistances of below

20 mV

20 msec

Fig. 4. Comparison of action potentials recorded using one- and two-suction-pipette
methods from the same cell at measured holding potentials of -90 mV. Action potential
recorded by one suction pipette is shown to the left. The current trace is shown at the
very top. The marked difference between the two action potential amplitudes must be due
to the fact that the real membrane potential for the single pipette recording was much
more positive than in the double-pipette case. Results similar to the data shown were
obtained when very large holding currents were required (see text), but in this particular
cell the holding current was noted as 0 5 nA. If this is a correct entry, it is difficult to ascribe
a mechanism which would produce such a large difference between the two recording
methods.

40 MCI were associated with a reduction in plateau and total durations, although the
upstroke was relatively unaffected (Fig. 2B-D). When the membrane resistance was
10 Mfl, as measured by constant current injection, the duration of the action
potential became very short and the upstroke phase was also affected (Fig. 2E).

Comparison of membrane properties measured by the suction-pipette or micropipette
methods

In these experiments two suction pipettes were used, one to record potential and
the other to pass current, and a glass micropipette was also inserted into the same
cell between the two suction pipettes (Fig. 3A). Measurements of resting potential,
action potential, membrane input resistance, and membrane time constant recorded
by each method were compared (Fig. 3B). The resting potentials obtained with the
micropipette or the suction pipettes applied to the same cell were the same.
Differences arose only when inward or outward currents were applied. These
differences were dependent upon the distance between the voltage-recording pipettes
and the current-passing suction pipette and provided a profile of the voltage
distribution within the cell. Resting and action potentials recorded by a micropipette
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were similar whether or not suction pipettes were applied, indicating that shunt
resistance between suction pipette, aspirated myocyte and bath were very high. A
minimum value for the shunt resistance, using measurement of membrane resistance
with a micropipette as a reference, was about 450 MC and in good experiments the
shunt resistance remained large. Deterioration of the preparation was associated with
a large reduction in shunt resistance.

Comparison of potential measurements made with one and two suction pipettes
When the action potential started from the resting potential, the action potentials

measured by both suction pipettes were similar. However, when inward current was
required to produce holding potentials of -80 to -90 mV the action potential
amplitude measured by two pipettes was larger and an extreme example is shown
in Fig. 4. Furthermore, the maximum speed ofthe upstroke (fmax), the plateau region
and the duration of the action potential were enhanced with the two-pipette method.
The differences are probably due to the fact that the real holding potential applied
to the membrane is less negative in the single-pipette case, resulting in more
steady-state inactivation prior to producing an action potential. With holding
currents of less than 1 nA, the differences between the two methods were 5-10 %, but
data similar to those shown in Fig. 4 were obtained when currents of up to 10 nA
were required to maintain a potential of -90 mV, due to cell damage when the second
pipette was attached or a marked increase in pipette resistance due to blockage of
the tip. However, for the cell shown in Fig. 4 the holding current was simply noted
as 0-5 nA and, unless this was an incorrect entry, it is difficult to see how such a large
difference between the single- and double-pipette measurements could have arisen.

Comparison of voltage-clamp measurements made with one and two suction pipettes
The advantages gained in using two suction pipettes were strikingly evident in

voltage-clamp experiments. An independent measurement of voltage control was
achieved either by using a conventional glass micropipette to monitor membrane
potential in cells which had two suction pipettes attached for voltage clamp or by
recording potential from both suction pipettes. By suitable switching of the electrode
connexions (Fig. 1), single or double pipette clamps could be applied to the same
cell, with simultaneous voltage recordings taken from the micropipette, the voltage-
sensing suction pipette, or current-passing suction pipette. For the latter case, in the
absence of series resistance compensation, the voltage differed from the command
voltage by the voltage drop due to current flow across the pipette's tip. With two
pipettes, membrane potential was measured more accurately and the capacitative
current transient was shorter (Fig. 5). In this particular experiment, the decay
constant for capacitative current transients was 80 psec with double-pipette voltage
clamp (Fig. 5A and B) and was about three times faster than the corresponding
single-pipette clamp decay constant (- 275 ,usec, Table 2). This comparison is
complicated by the fact that whereas capacitative current decay for double-pipette
clamp is monoexponential, a double-exponential fit is required in the case of one
suction pipette. The calculated series resistance for the experiment shown in Fig. 5
is 200 kfl, which is an average value that can be calculated from the data in Tables
2 and 3. Another measure of the series resistance (R.) can be obtained from the
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Fig. 5. A, voltage (top) and current records using two suction pipettes for voltage
clamping. The capacitative current transients and the activation of the inward sodium
current can be seen in the current traces. Currents were produced by ± voltage steps of
10, 20 or 30 mV from the holding potential of -80 mV. B, time course of the capacitative
current transient produced by a voltage step to -102 mV from a holding potential of
-80 mV. Rs was 200 kO. The current values fell approximately on a straight line giving
a time constant of 80 ssec.

instantaneous voltage change produced by a step input of current. In some
experiments, such as that shown in Fig. 1C, the instantaneous change was not
measureable and there was a smooth exponential change in voltage. In other
experiments it was possible to reduce the instantaneous voltage change using R5
compensation. It was difficult to resolve instantaneous voltage changes after a step
input of current when compensation was applied and we estimate that in a typical
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experiment R, was reduced to about 100 kQ before ringing occurred. Furthermore,
using current records obtained under voltage clamp (Fig. 6). current-voltage
relationships for peak 'Na (Fig. 7) were markedly different in the two-clamp
configurations. In double-pipette clamp, the - V curves were approximately sym-
metrical in shape with maximum peak INa at -20 mV membrane potential, whereas

A

B

5 nA

2 msec

Fig. 6 A, Na currents, uncorrected for capacitative and leakage currents, recorded under
voltage clamp using two suction pipettes in 500% Nao solution (solution 7, Table 1).
Holding potential was -80 mV and the voltages were applied in 10 mV steps from -60
to +60 mV. B, Na currents recorded from the same cell using one suction pipette. The
current response was not graded but appeared in an all-or-none fashion at a threshold
voltage of -60 mV.

single-pipette I-V relationships had maxima at more negative potentials (-60 mV)
and showed negative slope conductances more than 20 times greater than positive
slope conductance (Fig. 7). A similar result for single-pipette clamp was obtained by
Undrovinas et al. (1980, see their Fig. 1 B). Grossly asymmetric 1- V curves, for inward
current having abrupt increases in current on membrane depolarization slightly
beyond threshold, are to be expected when voltage control is poor during the early

j10 nA
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phase of voltage clamp in cardiac tissue, due to a large series resistance (Jack, Noble
& Tsien, 1975).
Maximum peak INa recorded by two suction pipettes was always at least twice as

latge as that recorded from the same cell using only a single pipette and in some cases
the difference was much greater (Fig. 8). This difference in INa amplitudes under the
two voltage-clamp conditions is consistent with the observation reported above, that

e1 0

-60 -40 -20 20 40 mV

< >~~~~~~- [~-20

-60 nA

Fig. 7. I-V relationships for Na current obtained using single-suction-pipette (left) and
double-suction-pipette (right) methods of voltage clamping. Holding potential was
-80 mV; same cell.

in current clamp fmax is larger in the double-pipette clamp system than the
single-pipette case. As noted already, the differences are probably due to the lower
values of the holding and command potentials actually applied to the membrane in
the case of the single pipette clamp. The difference in command potentials was
probably about 35 mV for the experiment shown in Fig. 8. Even in the two-pipette
case, the true membrane potential differs from the command potential according to
the ratio of the series resistance and membrane resistance. The usual value for the
positive slope resistance of the I-V curve is about 1 MC (Fig. 7) so that a maximum
difference of 20% could occur when series resistance compensation was not used.
An additional test for adequate voltage control is to terminate the depolarizing

clamp pulse at peak INa (Colatsky & Tsien, 1979). The resulting tail current should
follow a smooth, rapid decay if membrane potential is controlled, otherwise the
current may be hooked or show the pattern of an inverted action potential. Fig. 9A
illustrates a test of this kind, using two pipettes with [Na]0 at 145 mm, and the
experimental trace does show a rapid uninterrupted decay following membrane
repolarization. It is also possible to reduce 9Na drastically with tetrodotoxin (TTX)
and compare current time traces before and after this reduction. As Fig. 9B shows,
the time courses of the two currents obtained from the same cell with and without
TTX are identical after scaling, indicating that voltage control at high YNa without
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TTX is adequate. Moreover, the envelope of the tail currents elicited at various times
during the course of INa at a particular voltage is similar to the time course of INa
produced by a prolonged voltage-clamp step ofidentical amplitude, both decays being
described by two exponential components, one having a time constant three to four
times as long as the other (see Figs. 7 and 12 and Table 2 of Brown et al. 1981). The
instantaneous current amplitudes were used to calculate the chord conductance, qNa,

10 nA

2 misec

Fig. 8. Comparison of Na currents recorded using one- and two-suction-pipette methods
produced by an identical voltage step (bottom trace) to -30 mV from measured holding
potentials of -80 mV. Upper trace current was recorded with the single-suction-pipette
voltage method.

as described in the next paper (Brown et al. 1981). Fig. 10 shows that YNa calculated
from tail currents and YNa calculated from the current trace itself have similar time
courses.
A comparison of the results obtained with the two- and one-pipette methods of

voltage clamping is given in Table 2. Finally, with two suction pipettes perfusing the
cell simultaneously, the time course for exchange of internal Na was estimated
indirectly, by following changes in INa produced by modifying the Na content of the
internal perfusion solution (see Methods). Efficient substitution of internal Na
permits measurement of net outward INa as internal Na is changed. Fig. 11 A shows
the time course Of INa as internal Na is reduced and then restored to the original level
of 16 mm. When peak outward current was plotted at different times after solution
changes, the curves shown in Fig. 11 B were obtained. The half-times for changing
INa are approximately 1 min.

Electrical constants of single cells
Although the experimental data reported here support the contention that

double-suction-pipette voltage clamp permits resolution of cardiac Na currents at
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.....

A B A

|10nA

2 msec

Fig. 9. A, Na currents during progressively longer voltage steps. Holding potential,
-80 mV; command potential, -50 mV. From above, the voltage steps were increased
in duration from 0-2 to 0-8, 10, 1-6 and 2 msecs. The envelope of the tail currents would
fit the time course of the current produced by this command voltage. Linear components
of leakage and capacitative current have been subtracted by adding the current responses
to voltage steps opposite in polarity. B, net Na currents elicited by identical voltage steps
in the presence and absence of 7 1sM-TTX. The more dispersed trace is the Na current in
50% Nao with 7 ,sM-TTX. The other trace is Na current recorded from the same cell in
the same solution without the TTX at 0-2 X gain. Holding and command potentials as
in A.
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physiological concentrations ofextracellular Na, direct measurements ofthe electrical
characteristics of individual muscle cells under the recording conditions employed
would enable calculations to be made giving theoretical information on the adequacy
of voltage control during the clamp. Central to such estimates is the determination
of the space constant (A) for a cell both at rest and during the peak phase of inward

10 8.-
0

8 -

x0S 6 -

C _.

2 _
4 o

0

z 0S
2-

0

I I I I I I I B

0 2 4 6 8
Time (msec)

Fig. 10. Conductance-time trajectories. Each point represents chord conductance cal-
culated using tail current (o) measured at times of 0-4, 0-6, 0-8, 1-0, 1-5, 2, 4 and 8 msec
after the onset of a voltage step to -30 mV. The values are similar to those obtained from
a prolonged step of equal amplitude (e). The time course of tail-current amplitude data
used in this Figure could be fitted by time constants of 0-9 and 2-3 msec, which are similar
to those found for INa decay at -30 mV using a prolonged depolarizing step (Table 2 of
Brown et al. 1981).

INa. We have attempted to measure A directly using the three-electrode protocol
described above (Fig. 3), with one suction pipette used to inject current and the other
pipette, together with a conventional glass micropipette, used to measure membrane
potential at two sites in the cell. The current-injection pipette was located at one end
of the cell (X0), the voltage-recording pipette at the other (X2) and the glass
micropipette inserted equidistant (X1) from the two pipettes. If V0, V1 and V2 are the
voltages at X0, X1 and X2 at the end of a 400 msec hyperpolarizing current pulse,
then from the theory for a short cable of length L, terminated by open-circuit ends,

l V, cosh ((L-X)/A)
V0 cosh (L/A)

(Weidman, 1952). We can eliminate VO knowing V, at X = L/2 and V2 at X= L, to
obtain VI

V2 = cosh (L/2A). (1 )
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VOLTAGE CLAMP OF SINGLE CARDIAC CELLS

A

B I
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Fig. 11. A, outward Na currents in response to change in [Na]j. External solution was

Ca-free, Na-free, K-free and Cl-free (solution 9 of Table 1). Internal solution contained
16 mM-Na and 135 mM-Cs. Cell was depolarized to + 20 mV for 15 msec from VH of
-80 mV. At 0 min, 16 mM-Na was removed completely. At 6 min, outward transient
current disappeared. At this time, 16 mM-Nai was re-introduced. At 8&5 min, recovery
reached steady state. The recovered current was reduced by about 30% from control.
Arrows indicate sequence. B, peak outward Na currents are plotted against experimental
time. Upward arrow indicates removal of Nai, downward arrow indicates re-introduction
of Nai (16 mM). The half-time for disappearance of Na current was about one min. The
half-time for Na current to reach new steady state after re-introduction of Nai was slightly
longer than 1 min. These experiments were done using pipettes with shallow tapers and
fast internal flow rates (5 drops/min).
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VOLTAGE CLAMP OF SINGLE CARDIAC CELLS
Although eqn. (1) can be used to calculate A the measurements are difficult to make,

since V1 and V2 are nearly equal in magnitude. This is due to the fact that the cells
are small, about 100 gm in length (Powell, Steen, Twist & Woolf, 1978a; Nash,
Tatham, Powell, Twist, Speller & Loverock, 1979), and the voltage decrement for
a short terminated cable is much shallower than that for an infinite cable (Jack
et al. 1975). Table 3 gives the average values of V, and V2 from three cells perfused

3

2

..f~~.

-120

-220 -200 -160 -80 -40 40 80 120 mV

0 -~~~~~_1

-2

L-3
nA

Fig. 12. Leakage current during internal perfusion with Cs-substituted K solutions. The
Na current was blocked by 30 ,uM-TTX and K, Cl, Ca were removed (Table 1, solution 8).
Membrane input resistance during internal Cs perfusion was usually 120-150 MCI. The
high input resistance increased the length constant of the cell during voltage clamp (see
text). At very negative and very positive potentials the resistance is considerably reduced.

internally with KH2PO4, as the injected current amplitude was increased from 0-3
to 1-5 nA. In all cases, the voltage difference between V, and V2 was never greater
than 1 mV, giving a steady-state value for A, calculated from eqn. (1), of
500-3+ 91-5,m (±S.D., n = 10). The average membrane time constant measured
under these conditions was 16-2 + 0-63 msec (+ S.D., n = 10) and the resting membrane
input resistance (Ri.), determined as the ratio of the steady-state voltage deflexion
to the corresponding current pulse amplitude, was 44-5 + 4-6 MQl.
Knowing A and Ri, the resistance per unit length of cell interior (ri, Q cm-') can

be calculated from
Ri. tanh (L/A) (2)

A

(Jack et al. 1975) and has the value (1-93+0-65) x 108 Q cm-1 (±S.D., n = 10). Once
ri is found, then the resistance x unit length of the cell surface membrane (rm, Q cm)
is calculated simply as rm = riA2. For the data given in Table 3, rm is
(4-45+0-47) x 105 Q cm (±S.D., n = 10). In fact, if A > L, then eqn. (2) reduces to
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ri = (Ri.L)/A2, leading to rm = RinL; since L 001 cm, then rm is simply two orders
of magnitude numerically smaller than the measured input resistance.

Ri (il cm), the specific resistivity of the cell interior, and Rm (Q cm2), the specific
resistance of the cell surface membrane, can then be calculated directly from ri and
rm by assuming an average cell radius of 10 ,um (Powell et al. 1978a; Nash et al. 1979).
We found Ri to be 605-4 + 202-6 0 cm and Rm to be 2-79 + 0-29 k 0 cm2 for ventricular
cells. The specific membrane capacitance was 5 00+ 0 53 ,#F cm2.
The input resistance values used were obtained from cells perfused internally with

the KH2PO4 solution. Voltage-clamp experiments were done using intracellular
solutions (nos. 11 and 12, Table 1) and extracellular solutions (nos. 7 and 8, Table 1)
in which Cs was substituted for K to suppress K currents. Under these conditions
the input resistance of the resting membrane was 150 + 20 MCI (Fig. 12) and the
calculated length constant, A, was 1100±+100 m.

DISCUSSION

Current injection for voltage clamp of myocardial preparations has been achieved
with either a micropipette (Weidmann, 1951; Deck & Trautwein, 1964) or a sucrose
gap (Morad & Trautwein, 1968; Beeler & Reuter, 1970). Although conventional glass
micropipettes can be used with short preparations of Purkinje fibres to record Na
current within a few msec ofactivation (Colatsky & Tsien, 1979) and the single sucrose
gap can be modified to measure membrane current and potential as early as 5 msec
after the initiation ofa voltage-clamp step (Goldman & Morad, 1977), analysis ofearly
Na current has proved elusive. The major conclusion of this paper is that individual
muscle cells, used in combination with two suction pipettes, comprise a system which
can resolve cardiac Na current throughout a series ofvoltage-clamp steps, at 20-22 °C,
even in solutions containing physiological levels of Na.

Records of resting and action potentials taken from cells with two suction pipettes
in place are similar to those reported by Powell et al. (1978b, c, 1980), who used a
single glass micropipette in cells prepared by the same dispersal technique as used
here and from the same strain of rat. The electrical constants determined with the
present system are comparable to those found by Powell et al. (1980) and also
consistent with those for whole tissue preparations (Weidmann, 1970), with the
exception that the membrane time constants for cells having input resistances of the
order 40 MCI at -80 mV membrane potential are about twice as long as those
reported previously (Powell et al. 1980).

Voltage-clamp records in 100% extracellular Na show good voltage control, and
currents have no 'abominable notches', relaxing smoothly when interrupted at peak.
Capacitative current transients have time constants of less than 100 ,usec, and Na
currents change after modification of the intracellular solution with half-times of
about 1 min. I-V curves for peak Na current are approximately symmetrical in shape
and the voltage for maximum current is 30-40 mV more positive than threshold.
These data support our contention that the new technique reported here has great
value for quantitative voltage-clamp analysis of rapid cardiac currents.
Our theoretical calculations suggest, however, that in 100% extracellular Na the

voltage control may be more marginal than the records imply. If the resting space



VOLTAGE CLAMP OF SINGLE CARDIAC CELLS 475
constant is 500-1000 ,m and Na conductance increases about 100-fold at peak (Fig. 6
and Weidmann, 1951; Noble, 1975) then during this conductance increase the space
constant is of the order 50-100 tm, or approximately between half and the entire
length of a cell. However, if two suction pipettes are attached, about 25 um of cell
length is aspirated into each pipette, leaving 50 4am of exposed surface. When two
pipettes are placed at the centre of a fibre (see Fig. 1 B) the effective cell length is
reduced by 50% to about 50 4am. From these calculations, it appears tht when Na
conductance is maximal the ratio of cell length to space constant (L/A) is approxi-
mately 0 5, while at all other times it is less than this, declining to a value of 0 05-0 1
at rest. By using non-linear cable equations and functions to reproduce 1- V relations
during excitation, Jack et al. (1975) have estimated that serious distortion of I-V
relations in voltage-clamp situations might be expected for values of L/A of about
0 4. Should this have been the case in our experiments, then we might have expected
I-V curves which were often very steep near threshold and showed inward current
peaks at more negative potentials, compared to the results obtained for nerve
membranes under conditions of more uniform polarization (Johnson & Lieberman,
1971). Although results of inadequate voltage control are seen with single-pipette
clamp, they are not evident when two suction pipettes are used. Further evidence
of adequate voltage control are the facts that the envelope of the tail currents had
the same shape as the decline of the Na current during a single voltage step, and the
fmax calculated from peak INa and the cell capacitance is about 180 V sec',
compared to the directly measured value of approximately 230 V sec-.
There are several reasons which might account for these discrepant observations.

Firstly, as described above, the use oftwo pipettes reduces the series resistance during
voltage clamp from 500-800 KQ to 200 kQ and when R. compensation is used this
value is reduced further to about 100 kQ. Secondly, the calculations of resting space
constant given above must be approximate due to the small (< 1 mV) voltage
difference along the fibre axis, precluding easy measurement. Should resting space
constants for cells giving I-V curves with little distortion be nearer the 800-900 /um
reported byWeidmann (1970) for trabecular muscle, an assumption consistent with our
estimate for A in cells internally perfused with Cs, then L/A would be nearer the
critical value of0 4 calculated by Jack et al. (1975). Finally, it has been noted by Noble
(1975) that Purkinje fibres of length about 0-4 space constants do not have Na I-V
relationships that are markedly distorted. We would contend that, at the very least,
the double-suction pipette-clamp system on isolated cells represents a marked
improvement as a voltage-clamp technique for measurement of cardiac Na currents.
There is no doubt that when extracellular Na is half or a third of the normal value,
the present technique is perfectly adequate for voltage clamp of myocardial tissue
at temperatures around 22 'C.

This is not to say that the two-suction-pipette method has no other disadvantages.
The single-pipette method can be used for more than 1 hr, even in solutions
containing physiological levels of Ca. Aspirating a cell into two pipettes reduces the
chances of a stable preparation from about 50-200% in Ca-free solutions, while in
11 mM-Ca it was successful in only five out of 100 cells. Survival times were also
shortened, but it was possible to record from some cells with two suction pipettes
for as long as 45 min without changes in amplitudes of currents produced by
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sequential voltage-clamp steps. It is not uncommon that in an effort to improve
voltage-clamp techniques, such as in the double-sucrose gap (Rougier, Vassort &
Stampfli, 1968), experiment duration is limited in favour of improved resolution and
voltage control of the preparation.

This work was supported by N.I.H. grants HL-25145, NS-11453 and the British Heart
Foundation. It was done as a partial fulfilment of Kai S. Lee's doctoral thesis.
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