
Br. J. Pharmacol. (1988), 94, 509-514

Influence of halothane on electrical coupling in cell
pairs isolated from guinea-pig ventricle
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1 The actions of halothane on electrical coupling between cells were investigated in cell pairs
isolated from guinea-pig ventricular muscle.
2 Under voltage-clamp conditions a step depolarization applied to one cell caused a similar
change in potential in the second. Application of halothane led to the appearance of double peaks
in inward current evoked by step depolarizations. These observations were interpreted in terms of
uncoupling of the cells leading to escape of the second cell from the influence of the voltage-clamp
in the first cell.
3 This suggestion that uncoupling in the presence of halothane led to differences in electrical
activity in the two cells was confirmed in experiments in which independent electrodes were used to
measure membrane potential in the two cells.
4 The voltage responses of both cells of the pair were recorded in response to constant current
pulses. Administration of halothane led to abolition of the response recorded from the second cell
while that of the first was enhanced. The actions are consistent with an action of halothane on gap
junctions to block electrical coupling.
5 Qualitatively similar observations, consistent with electrical uncoupling, were observed with iso-
flurane.
6 These findings may be significant in relation to the arrhythmogenic actions of halothane.

Introduction

Intercellular communication occurs via gap junc-
tions which provide a low resistance pathway that is
important for the propagation and synchronization
of electrical activity in the heart (Weidmann, 1966;
De Mello, 1982). Alkanols such as octanol electri-
cally uncouple mammalian ventricle cell pairs (Spray
et al., 1985; Maurer & Weingart, 1986). The effect of
halothane upon intercellular communication in the
heart is of interest because this anaesthetic predis-
poses to catecholamine-induced arrhythmias during
surgery. Halothane is thought to reduce cell-to-cell
coupling in sheep Purkinje fibres (Hauswirth, 1969)
and cat papillary muscle fibres (Wojtczak, 1984)
since in both studies internal longitudinal resistance
of the preparation was increased by the anaesthetic.
The advent of enzymatic techniques to isolate
cardiac cells (Powell et al., 1980) allows a more direct
investigation of cell to cell coupling as this technique
yields some cell pairs for study. The purpose of the
experiments described in this paper was to examine
the effects of halothane upon coupling between ven-
tricular cell pairs of guinea-pig. Preliminary observa-

tions have been communicated to IUPHAR (Victory
& Terrar, 1987).

Methods

Basic methods are described in the accompanying
paper (Terrar & Victory, 1988). All experiments were
performed at 370C.

Ventricular cell pairs were identified by their char-
acteristic morphology and electrical properties. One
cell of the cell pair was impaled with a glass micro-
electrode containing 0.5 M K2SO4 (resistance 15-
25 MCI) and voltage clamped using a single electrode
system (Axoclamp 2). The use of low resistance
microelectrodes facilitated voltage-clamping. The
function of the electrode was switched rapidly
between current passing and voltage recording. The
other cell was impaled with a microelectrode con-
taining 3M KCl (resistance 30-50 MO) from a second
headstage: membrane potentials were recorded from
this cell while the first cell was voltage clamped, and
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Figure 1 Second inward currents (lower trace)
obtained in a cell pair impaled with a single microelec-
trode by depolarization from -4OmV to OmV for
200ms (upper trace). Records in the absence (a) and 30 s

after administration of 2% halothane (b). Stimulation
frequency 0.3 Hz.

voltage signals were fed to a pre-amplifier incorpo-
rating a bridge circuit (Axoclamp 2). Membrane
potential could be changed by applying a constant
current through the recording electrode.

In some experiments both cells of the cell pair
were unclamped and allowed to assume their resting
potentials which were normally in the range -70 to
-80 mV. Hyperpolarizing current pulses (0.5 to
2 nA, 200ms, Hz) were injected into the first cell
and the resulting voltage responses in both cells
recorded.
These experiments were performed during an eigh-

teen month period and include observations on 34
cell pairs obtained from 27 guinea-pigs. Quantitative
data are displayed as mean + s.e. mean. Values
before and after administration of anaesthetic to
each cell pair were compared and Student's paired t
test applied to the data.

Results

Halothane has been found to reduce the amplitude
of the second inward current in response to a step
depolarization in voltage-clamped ventricular cells
(Terrar & Victory, 1986; 1988). In experiments where
pairs of cells were impaled and voltage-clamped,
application of halothane (2% vol/vol, 1.16mM) not
only reduced the amplitude of the second inward
current, but caused the appearance of a double peak
in the current waveform (Figure 1); continued expo-
sure to halothane led to the suppression of the
second peak, leaving a current with a single reduced
peak. This effect was consistently seen in 34 cell
pairs, at doses of halothane from 1.2% (0.75mM) to
2.4% (1.57mM). These actions of halothane were
reversed on washing out the drug.
One possibility to account for these observations

is that halothane reduced electrical coupling between
the two cells, leading to poor control of membrane
potential in the second cell (that which does not
contain the electrode passing current and recording
potential); this might lead to 'escape' of the second
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Figure 2 Records obtained by use of a double elec-
trode technique. Second inward currents (lower traces)
recorded from the first cell of a pair: Membrane poten-
tial of the first cell (upper traces). Voltage response of
the second cell impaled with an independent microelec-
trode (middle traces). (a) In the absence of halothane
(membrane potential in the second cell approximates
that in the first). (b) After 30s exposure to 2% halo-
thane (membrane potential in the second cell is
-78mV at the start of the pulse and has a peak value
during the pulse of + 30 mV). (c) Continued exposure to
halothane uncouples the two cells (membrane potential
in the second cell is -78 mV). (d) Full recovery from
the effects of halothane. Stimulation frequency 0.3 Hz.

cell from the clamp, allowing an 'action potential' (or
similar response) to fire, and this action potential
could give rise to the second peak of inward current
recorded in the first cell during uncoupling. This
possibility was investigated by impaling the second
cell with an additional microelectrode so that mem-
brane potential could be recorded in this cell while
the first cell was being voltage-clamped. An experi-
ment of this kind is illustrated in Figure 2. Before
halothane was applied (Figure 2a), the membrane
potential in the second cell approximated that in the
first voltage-clamped cell, although the effectiveness
of the clamp was less in the second cell than that in
the first; the second inward current showed a single
large peak. When halothane was applied, the steady
potential of the second cell started to become more

negative. When the second peak of current appeared
in the first cell, the initiation of this second peak of
current corresponded with a rapid depolarization in
the second cell (Figure 2b). Two other features of
these complex current and voltage waveforms seen
during uncoupling must be mentioned. The first
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Figure 3 Current injection experiments. Both cells are
unclamped at their resting potentials (First cell:
-74mV; Second cell: -76 mV). Current (1 nA) is
injected into the first cell (upper trace). Voltage
responses of the first cell (middle trace) and second cell
(lower trace) are recorded. (a) Onset of effects of 2%
halothane after application (arrow). (b) Recovery after
washout of anaesthetic (arrow). Stimulation frequency
1 Hz; pulse duration 200 ms.

peak of inward current in the first cell corresponded
to a slow depolarization in the second. Secondly
upon repolarization to -40 mV, in the first cell a
slow tail of decaying inward current was seen. As the
exposure to halothane was continued, the appear-
ance of the second peak was delayed and finally dis-
appeared (Figure 2c). At this time the steady
membrane potential in the second cell had hyperpo-
larized towards its resting level, and only a small
residual depolarization occurred in response to the
voltage-clamp step in the first cell. This sequence of
events was reversed on washing out the halothane:
re-appearance of the double peak occurred, with a
corresponding potential change in the second cell (as
if the cells were partially recoupled), and Figure 2d
shows complete recovery. Similar effects were
observed in ten cell pairs.
The possible effect of halothane on electrical coup-

ling between cells was further investigated in cell
pairs in which hyperpolarizing current pulses were
injected and the potential changes evoked in both
cells were recorded. Records from an experiment of
this kind are shown in Figure 3. Halothane caused
an attenuation of the voltage response in the second
cell, whereas the voltage response in the first cell was
enhanced; these effects gradually reversed on
washout of halothane. Quantitative analysis of data
obtained from 6 cell pairs after the halothane effects
had reached a steady state is shown in Figure 4,
where the amplitude of the hyperpolarizations is
plotted as a function of injected current. Squares
show the responses in the presence of halothane and
circles in the absence; open symbols show the
responses of the first cell and closed symbols those of
the second. Again it is clear that halothane reduced
the voltage response in the second cell to unde-

0

20-

0 1 2
Current (nA)

Figure 4 Voltage response for each cell of a pair
plotted against current injected. Mean values for 6 cell
pairs: (A, A) show data points in the absence, and (O.
*) show results obtained in the presence of 2% halo-
thane. Mean values are shown with vertical lines indi-
cating s.e. mean. Response of first cell is represented by
(A, 0), and that of the second cell by (A, *). The
voltage response of the first cell was significantly
increased in the presence of halothane with 1, 1.5 and
2nA injected current (P < 0.01). The response of the
second cell was significantly reduced by halothane at all
levels of injected current (P < 0.001).

3

tectable levels (P < 0.001) while increasing that of
the first cell (P < 0.01 at 1, 1.5, and 2 nA).

These actions of halothane could result from
modification of the level of intracellular calcium.
However, in 8 cell pairs loaded with EGTA to buffer
the cytosolic calcium at a low level, 2% halothane
still caused uncoupling.

Experiments were also performed where 6 cell
pairs were exposed to 3% (1.2mM) isoflurane. This
anaesthetic produced complex current waveforms as
observed with halothane, consistent with the hypoth-
esis that isoflurane also reduced the coupling in cell
pairs.

During the course of these experiments it was
noticed that the decay of the second inward current
was slower (P < 0.001) in coupled cell pairs than had
been previously recorded in single cells. This is illus-
trated in Figure 5a which shows the mean half-times
of decay of 31 single (6.2 + 0.2ms) and 32 double
cells (13.2 + 1.1 ms). The half-time is a convenient
index of decay but it is not intended to suggest that
decay is governed by a single exponential process.
Figure 5b shows a more detailed analysis in a repre-
sentative cell pair and on a single cell; it is clear from
the semilogarithmic plot that, as suggested by the
measurements of half-time, decay was slower in the
cell pair.
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Figure 5 (a) Half-times of decay of second inward
current recorded from 31 single cells and 32 double
cells. Data represented on the bar graph as mean with
s.e. mean shown by vertical lines. (b) Decay of second
inward current (as a fraction of the peak value) plotted
semilogarithmically against time (ms): (C) show the
decay of current recorded from a cell pair; (0) rep-
resent the decay of current recorded from a single cell.
Stimulation frequency 0.3 Hz.

Discussion

The main finding of this paper is that halothane
reduced electrical coupling between myocytes of cell
pairs isolated from guinea-pig ventricle. A blockade
of gap junctions could allow the second cell to
'escape' from the voltage-clamp in the first cell. Acti-
vation of depolarizing inward currents (including
that carried by sodium) could generate the observed
depolarizing spike and in turn lead to the complex
changes observed in the first cell. On further expo-
sure to halothane the second cell may escape fully
from the clamp and assume its normal resting poten-
tial. This hypothesis is supported by the observation
that halothane reduced the response of the second
cell to hyperpolarizing current injected in the first. In
contrast the voltage response in the first cell is

increased. This enhancement might be due to an
increased fraction of membrane current passing
through the first cell. Alternatively halothane may
block potassium conductances in this preparation
and the increased voltage response in the first cell
could be the result of an increase in input resistance
secondary to this blockade. The coupling coefficient
is often used as a quantitative index of junctional
conductance in electrically coupled systems. In the
current injection experiments described, the coupling
coefficient is the ratio of the voltage response of the
second cell to that of the first. It is clear from Figure
4 that halothane reduced the coefficient of coupling
between the cells of the pairs. However, the use of
coupling coefficient as an index of junctional con-
ductance has been questioned. Socolar (1977) sug-
gests that the coefficient is only qualitatively useful
in systems with weak coupling and well defined
topology of cell connection. He suggests that at high
values of junctional conductance the coupling ratio
is rather insensitive to changes in junctional conduc-
tance. This is not applicable in our studies as we
observed a dramatic reduction in coupling with
halothane. This occurs in the range where coupling
ratio provides a good index of junctional conduc-
tance.

Vassort et al. (1986) has observed that alkanols
increase internal calcium in squid axons. He sug-
gested that the uncoupling effect of general anaes-
thetics in cardiac cells could be explained by an
increased intracellular calcium concentration as the
level of cytosolic calcium is a major factor control-
ling gap junctional conductance. Procedures that
elevate cytosolic calcium such as calcium or sodium
injection and ouabain administration caused cell
uncoupling in Purkinje cells (Weingart, 1977; De
Mello, 1972; 1975; 1976). The action of halothane in
our experiments appears to be independent of any
changes in cytosolic calcium as uncoupling occurred
in cells loaded with EGTA to buffer cytosolic
calcium at a low level.

Acidification of the cytosol can cause cell
uncoupling (Reber & Weingart, 1982). However, this
effect of acidity might be caused by a rise in cytosolic
calcium (De Mello, 1983) and Noma & Tsuboi
(1987) propose that although proton concentration
does affect the gap junction conductance the thresh-
old for the pH effect is higher than that for calcium
and its physiological role is unclear. While we
cannot rule out an effect of halothane upon intracel-
lular pH, nuclear magnetic resonance (n.m.r.) studies
of Murray et al. (1983) in isolated rabbit heart
suggest that halothane does not modify intracellular
pH in cardiac muscle.
The other main finding of these studies is that the

decay of second inward current is slowed in double
cells compared to single cells. More rapid kinetics of
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the second inward current have been observed in
single cardiac cells than appeared to be the case from
previous multicellular recording (see e.g. Discussion
in Mitchell et al., 1983). One proposal is that an
increase in series resistance between the cell mem-
brane and the recording electrode may be important
in multicellular recording (Siegelbaum & Tsien,
1980). However the significance of this effect has
been questioned (Noble & Powell, 1983). The pre-
sence of contaminating outward currents has been
suggested by Marban & Tsien (1982) who saw
speeded kinetics of the second inward current in
Purkinje fibres when these outward currents were
blocked with Cs. In guinea-pig ventricle there seems
to be little contamination of Isi by transient outward
currents. We have observed that kinetics of the
second inward current are slowed even by the tran-
sition from single to double cell recording. The
reason for this is unclear but may be due to a failure
to voltage-clamp the entire surface membrane of
both cells.

The implications of the uncoupling action of halo-
thane are important as this anaesthetic can cause
arrhythmias during surgery. Halothane has been
shown to interfere with conduction in the A-V node
(Atlee & Craighead, 1977) and in Purkinje fibres
(Hauswirth, 1969). An action of halothane to reduce
gap junctional conductance might explain the
impairment of conduction and contribute to the
genesis of re-entrant arrhythmias. One problem with
this suggestion is that isoflurane is not a potent
arrhythmogenic agent but still caused uncoupling of
the cardiac double cells in our studies. However, the
concentration of isoflurane used was high (3%,
1.2mM) and the action of this anaesthetic upon elec-
trical coupling at lower doses may be different.
Further studies will be necessary to investigate these
possibilities.

This work was supported by the M.R.C. J.G.G.V. is in
receipt of an M.R.C. studentship. We thank Mr Clive
Garnham for expert assistance in the preparation of iso-
lated ventricular cells.
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