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Limitations of Voltage Clamp Studies of Slow Inward Current Using
the Double Sucrose Gap

R. FisCHMEISTER, D. MENTRARD and G. VASSORT

Laboratoire de Physiologie Cellulaire Cardiaque, U-241, IN.S.E.R. M., LA 89-3, C.N.R.S., Université
de Paris Sud, Bétiment 443, F 91405 Orsay Cedex, France

Abstract. The electrical behavior of a preparation (single fiber or trabecula)
voltage-clamped in a double sucrose gap was checked experimentally on a frog
atrial trabecula or using computer simulations. Experimental alterations in isola-
tion factors, maximal inward conductance and series resistance induced unexpected
variations in the reversal potential V.. and maximal conductance G of slow
inward current. Two models were used to examine the conditions required to
measure most accurately V., and G,. The first model accounted only for longitudi-
nal non-uniformity whereas the second took into account both longitudinal and
radial non-uniformities. The two models were compared. With thin preparations
a classical single unidimensional model was sufficient to describe the electrical
behavior of the preparation. Radial non-uniformity became significant only for
preparations with a radius larger than 40 um. The addition of a diffuse series
resistance to the unidimensional model made it applicable to simulate radial
non-uniformity of thicker preparations. The unidimensional model was chosen for
simulations which revealed several sources of error in the estimation of V.., and G..
A poor sucrose isolation and the non-uniformity of potential in the test gap
appeared most significant ; both induce an overestimate of G, and an underestimate
of V... These effects can be countered by moderate increases in the series
resistance. Furthermore, decreases in slow inward conductance were associated
with reductions in the apparent V... Variations in the electrical characteristics of
the preparation (leak membrane resistance, internal resistances in the different
gaps, etc.) can also yield apparent alterations in G, and V... Finally experimental
conditions were simulated to reproduce the effects of drugs that alter the slow
inward current. The results suggest that V... (or its variations) cannot easily be
determined with accuracy using the double sucrose gap method since its measured
value may vary up to 15 mV under given ionic conditions.

Key words: Voltage clamp — Sucrose gap method — Cardiac muscle — Calcium
current — Computer simulation



Introduction

Since the double sucrose gap voltage clamp technique was first applied to
multicellular preparations (Rougier et al.; 1968 ; Anderson 1969) several authors
have pointed out that current recordings might be distorted by lack of control of
membrane voltage (Johnson and Lieberman 1971; Tarr and Trank 1974). Some
limitations of the double sucrose gap technique have been explored (Tarr and
Trank 1971; Connor et al. 1975) including attempts to monitor the voltage
homogeneity with a roving microelectrode (De Hemptinne 1976 ; Benninger et al.
1976 ; Tarr and Trank 1976 ; Horackova and Vassort 1979 ; Sauviat 1980). Other
investigations have been devoted to determining theoretically whether the cur-
rent-voltage (I— V) relationships are significantly disturbed by voltage non-unifor-
mities and leakage through sucrose gaps (McGuigan 1974 ; Ramon et al. 1975;
Giles and Noble 1976 ; Beeler and McGuigan 1978 ; De Boer and Wolfrat 1979).
To our knowledge, none of these authors has examined the conditions required to
measure accurately maximal steady state conductance or reversal potential of an
inward ionic current (Na, Ca). It was only quoted that changes in the magnitude of
the background outward current in a preparation with a large series resistance
produce an apparent shift of the reversal potential of an inward current (Connor et
al. 1975; Attwell and Cohen 1977). Thus, it is widely held that the reversal
potential of the slow inward current can be estimated accurately because near that
potential current magnitude is almost negligible. Nevertheless, discrepancies
between predicted and measured values of reversal potential of the slow inward
current are puzzling. The reported experimental values of reversal potential are
low ( V.ev==130 mV) compared to the expected values assuming that Ca is the only
ion flowing through the channel. Drugs that incresase (or decrease) the inward
membrane conductance also increase (or decrease) the reversal potential in cardiac
tissue of frog (Vassort et al. 1969 ; Goto et al. 1978; Nargeot et al. 1978), cat
(Kohlhardt and Mnich 1978) and rat (Payet et al. 1978). The reported effects on
V..» were ascribed to changes in the internal calcium concentration, despite the fact
that these changes were opposite to the alterations in amplitude of the current and
occurred without simultaneous variations in resting tension.

A single unidimensional cable has often been used to model a unicellular
(Moore et al. 1975) or a syncytial preparation(Tomita 1966 ; McGuigan and Tsien,
in McGuigan 1974; Ramon et al. 1975; Giles and Noble 1976) in a double
sucrose gap set up. However, radial voltage variations are known to introduce
important errors in voltage clamp studies. For example, Haas and Brommundt
(1980) showed that the inner cells in a multicellular preparation may fail to achieve
adequate voltage control through the intercellular clefts, at least during the early
inward current. However, their model is incomplete, since they neglect all sources
of distortion other than radial non-uniformity in the test compartment. In



particular their assumption of axial voltage uniformity can not be satisfied at the
two test pool sucrose partitions, where external potential gradients are applied to
the preparation.

The aim of the present study is to develop two theoretical models simulating
the electrical behavior of a voltage clamped preparation in a double sucrose-gap
apparatus when both reversal potential V.., and maximal steady state conductance
G, of the slow inward current are measured. The first model, unidimensional, is
derived from McGuigan and Tsien (in McGuigan 1974) and includes inward
conductance and series resistances. It accounts only for longitudinal variation of
membrane potential. The second, radial, accounts for both radial and longitudinal
non-uniformity. The determinations of V.. and G; by the two models are
compared. In the present work we also compare experimental results and simula-
tions, and show that changes in some of the parameters characteristic of uni- or
multicellular preparation in a double sucrose gap apparatus, can explain apparent
variations in reversal potential and maximal steady state conductance.

Methods

Experiments

Voltage-clamp experiments using the double sucrose gap method with vaseline partition (Rougier et al.
1968) were performed on sino-auricular trabeculae, 80—120 pum in diameter, isolated from frog ( Rana
esculenta). Test gap was about 150 um wide and sucrose gap 300 um. The normal Ringer’s solution
contained (mmol/1):NaCl, 110.5; KCl, 2.5; NaHCO,, 2.4; CaCl,, 1.8; MgCl;, 1.8; pH 7.4. Tempera-
ture: 20+ 1 °C. Tetrodotoxin (10™° g ml™') was added during all experiments. Details of alterations of
bathing solutions and drug addition are given for each experiment. Voltage clamp experiments were
generally carried out with the holding potential equal to the resting membrane potential. In the
following description V is the displacement from the resting potential, E.. Currents were digitized and
stored, and the slow inward current analyzed as described later.

Simulations

Calculations were done on a mini-computer system, Plurimat S, Intertechnique. Numerical (unidimen-
sional and radial) models written in FORTRAN TV were accessible to the investigator from an on-line
terminal. The mathematical development of these models is detailed elsewhere (Fischmeister 1980) and
only most significative equations are given here. The symbols used in these equations as well as the
intermediate operators are listed in the glossary.

A. Experimental results

Variations in the apparent reversal potential were determined as a result of, or
simultaneously with, variations in the maximal inward conductance in four expe-
rimental conditions.



Isolation factors

Under best sucrose isolations, the isolation factor in both gaps was 0.9. In the
illustrated experiment (Fig. 1) the initial isolation factors, estimated from the
amplitude of the action potentials, were close to 0.85 over both the voltage
recording and the current applying gaps. We deliberately decreased the isolation by
adding, alternatively to each sucrose gap, a resistance (2.2 M) in parallel. The
results are summarized by the two series of three I—V curves obtained with
alternation of voltage and current sucrose gaps. A decrease of the isolation factor
over the voltage recording gap (S,) induced a noticeable decrease in the apparent
reversal potential (10 mV) while the maximal inward conductance is slightly
increased. With the same trabecula the shift in V... was 6 mV and G, not
significantly changed when the shunt resistance was 3.8 MQ. A decrease in the
isolation factor over the current applying gap (S:) did not noticeably alter V.., but
enhanced 2.5 fold the maximal conductance (1.6 fold in case of 3.8 MQ).

Conductance

Changes in the maximal inward going conductance, G;, were produced by allowing
for more or less repriming following inactivation by a 80 mV—230 msec depolari-
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Fig. 1. Alterations in the apparent reversal potential and maximal inward conductance induced by
decreasing the isolation factor by a shunt resistance of 2.2 M placed in parallel on the voltage
recording sucrose gap (S,) or the current applying gap (S.) (with permutation of the two gaps).

a) Current recordings elicited by 106 and 124 mV depolarizations of 200 ms duration.

b) Two series of current-voltage relationships of the maximal inward current for the range of potential
in which its slope conductance is linear before and after permutation of the voltage recording and cur-
rent applying gaps (N, in the absence of a shunt resistance).
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Fig. 2. Decrease in the apparent reversal potential induced by decrease in the inward conductance.
a) The two voltage step sequences and the method of estimation of inward current (V.=80mV);
b,) and b;) digitized recordings of currents elicited by increasing V. from 80 to 104 mV in steps of 4 mV
using protocol 1 (@) or 2 (M); c) current-voltage relationships of the maximal inward current obtained
following protocols 1 and 2.

zing pulse. Before the test pulse, the membrane was held either at the same
potential for further 300 msec (protocol 1) or hyperpolarized to E, — 30 mV
(protocol 2) and in both cases during 270 msec at E,. This latter membrane
polarization allowed for partial repriming in (1) or complemented it in (2). It also
resulted in the same capacitive surge making it easier to compare current traces. To
minimize the difference in internal Ca concentration between the two protocols
and to facilitate current estimation, Li ions were substituted for Na ions to block
the Na—Ca exchange and 4-aminopyridine (310 °mol/l) and adrenaline
(107° mol/l) were added. Fig. 2 shows the voltage steps and the estimation of
inward currents (a) for the two protocols, the original recordings (b) and the
resulting I—V relationships (c). The prolonged depolarizations necessary for
partial repriming decreased the inward current by about 30% (indicated by the
difference in slope of the I—V curves) and increased the outward current. These
effects were accompanied by an 8 mV decrease in V.., (from 102 to 94 mV). The
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Fig. 3. Effects of the addition of a 15 k€2 series resistance on the maximal inward conductance and the
apparent reversal potential: a) digitized recording of currents elicited by the same applied voltages in

normal conditions or with a supplementary series resistance electronically added 2 msec after the
depolarization; b) current-voltage relationships of the maximal inward current.

low value of V., resulted (presumably) from the entry of Ca ions during the
conditioning pulse and from the Ca-overloading caused by low Na solutions.

Series resistance

A series resistance in the voltage clamp circuit increased the time required to
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Fig. 4. Effects of cyanide, and adrenaline plus cyanide, on the reversal potential and the maximal
conductance of the slow inward current: a) current recordings in Ringer; b) after 20 min of cyanide
(3% 107" mol/l) and c) after 4 min following further addition of adrenaline (10" mol/1). The depolari-
zing steps (160 msec in duration) were applied from a holding potential of E, +40 mV. d) Current-vol-
tage relationships of the slow inward currents obtained on another fiber in the same experimental
conditions.

charge the membrane capacitance and altered the potential applied to the
membrane. In the experimental preparation the common series resistance, R..,
could be varied but not the diffuse series resistance, R,4, which is in the core of the
preparation. A 15 kQ-resistance was electronically added during the depolarizing
pulse after a period of 2 msec to allow for charging of most of membrane
capacitance. In Fig. 3 (a) are shown the currents elicited by depolarizing pulses in
normal conditions or with the additional series resistance, and in 3 (b) the two [—V
relationships are drawn. Increasing the series resistance caused a 40% reduction in








































































