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Abstract

Halothane protects the heart against the reperfusion injury observed after an ischemia. In ischemic or anoxic conditions, a large
ATP-sensitive K* (K ,1p) conductance is supposed to provide an endogenous protection to the myocardium. In this study, we tested the
possibility that halothane acted by modulating this conductance. Isolated guinea-pig cardiomyocytes were successively studied in current
clamp and in voltage-clamp conditions. Action potentials regulation by halothane was tested in control conditions and in situations where
the K, 1p Channels were activated. In control conditions, halothane decreased action potential duration of myocytes but did not
significantly alter the inward rectifying K* current. Conversely, halothane lengthened action potential of cells in which the K o1p
conductance was activated, by inhibiting the K ,p current. In ischemic conditions, simultaneous shortening of long action potentials and
lengthening of shortened ones would be expected to homogenize the absolute refractory period at the border between normoxic and
anoxic zones. This effect, together with a decrease in calcium load, could protect the myocardium against re-entrant arrhythmias. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

For years, halogenated anaesthetics used in cardiac
surgery have been reported to exert cardioprotective ef-
fects (Cope et a., 1997). Halothane was shown to reduce
the occurrence of dysrhythmias after ischemic events (for a
review, see Nader-Djalal and Knight, 1998). The mecha
nisms responsible for this protection remain mostly un-
known. In particular, it is not clear whether or not halothane
acts differently in control and ischemic preparations.

Halothane effects on control preparations have been
well characterized. At the cellular level, the anaesthetic is
known to depress action potential duration in human atrium
(Luk et a., 1988) and guinea-pig ventricle (Hirota et al.,
1989), whereas it increases it in frog atrium (Hirota et al.,
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1986). These effects can be explained by a decrease of
different ionic currents: halothane inhibits the fast Na*
current (1) (Weigt et al., 1997) and the L-type Ca?*
current (1, ) (Pancrazio, 1996) in guinea-pig ventricles.
The delayed rectifier K* current (1) is diminished by the
anaesthetic in frog atrial cells (Hirota et al., 1986) as in
guinea-pig atriad and ventricular myocytes (Hirota et al.,
1989). Conversely, small changes or no effects were re-
ported on the inward rectifier (I,,) in frog atrial cells
(Pancrazio et al., 1993) and in guinea-pig atrial and ven-
tricular cells (Hirota et al., 1989).

In the presence of the metabolic blocker dinitrophenol,
Kwok et al. (1996) showed that the ATP-sensitive K*
(K o1p) current was reduced by halothane in guinea-pig
ventricular myocytes. Such an inhibition would be ex-
pected to prolong the action potential duration.

In the present study, we examined the effects of
hal othane on action potentials of ventricular cells in which
the K ,;p conductance had been activated and compared
them to myocytes in control conditions.

0014-2999,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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2. Materials and methods
2.1. Preparation of single cells

This investigation conforms with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996). Male guinea-pigs (200—300 g) were killed
by cervical disruption. Heart dissociation was performed
on a Langendorff column with well-oxygenated solution
(95% 0O,/5% CO,) maintained a 37°C, as described
elsewhere (Tourneur et al., 1994). At the end of the
process, ventricles were separated from atria and cut into
small pieces that were placed in a trypsinator and gently
agitated in the modified healing solution. The supernatant
solution was filtered on a 50 wm mesh filter and stored at
4°C in plastic tubes. When needed, a few drops of this
solution were dispersed into Tyrode's solution. All cells
were used within 12 h.

2.2. Halothane administration

Halothane was dispensed by a vaporiser (Fluotec,
Cyprane, UK) in an air flow (2 | /min) provided by an air
pump and controlled by a flow-meter. An infrared analyzer
(Ohmeda 5250, Liberty Corner, NJ, USA) continuously
monitored the gas mixture. It started bubbling into the
recording solution at least 15 min before every experiment.
The dilution of 2% halothane approximately corresponds
to 1.2 mM at room temperature (Pancrazio, 1996).

2.3. Solutions (in mM)

Tyrode: NaCl 137; KClI 5.4; CaCl, 1; MgCl, 1; glucose
10; pyruvic acid 5; thiamine 0.2; HEPES 10 (pH adjusted
to 7.2 with NaOH). (used as bath solution).

Ca?*-free Tyrode: same as previous without CaCl,

Healing solution, modified from Isenberg and Klockner
(1982): K-glutamate 70; KClI 20; KH,PO, 10; MgCl, 1;
oxalic acid 10; taurine 10; glucose 10; pyruvic acid 5;
HEPES 10 (pH adjusted to 7.2 with KOH).

Pipette solution: KCI 140; MgCl, 2; EGTA 1; glucose
10; pyruvic acid 5; HEPES 10 (pH adjusted to 7.2 with
KOH).

A high dose of Glibenclamide (20 uM) was used to
inhibit K,p channels. The final solution was freshly
prepared from a 100 mM stock solution in dimethyl sul-
foxide (DM SO).

SR47063 [4-(2-cyanimino-1,2-dihydropyrid-1-yl)-2,2
dimethyl-6-nitrochromene] stock solution (10 mM) was
obtained by sonication in ethanol. This solution was di-
luted in Tyrode before each experiment, at alower concen-
tration in current clamp (2 wM) than in voltage-clamp (3
wM) to ensure cell excitability.

Control experiments permitted to verify that SR47063
effects were completely reversed on washout and that the

proper effect of ethanol and DM SO on the action potential
could be neglected (not shown).

2.4. Source of products

Hal othane was used as the clinical solution (Fluothane,
ZENECA Pharma, UK). SR47063 was kindly provided by
Dr. Gautier, Sanofi Research (Montpellier, France). Other
chemicals were purchased from Sigma (St. Louis, MO,
USA).

2.5. Recording techniques

Cells were placed in an experimental chamber (2 ml)
mounted on an inverted microscope (Leica DM-IL, Ger-
many) and studied at room temperature (20—23°C). A 300
pm-wide capillary tube was brought up to 100—200 p.m of
the cell which was perfused at a constant rate (10-50
wl/min) with a dead volume of less than 500 nl. Hard
glass microelectrodes (1-2 M Q) were pulled on an hori-
zontal puller (DMZ, Zeitz Instr., Germany). A digital patch
clamp amplifier (VP500 Bio-Logic, France) ensured stimu-
lation and data storage. Voltage and current signals, fil-
tered at 10 kHz, were digitized at 1 and 2 kHz, respec-
tively.

2.6. Simulations

A standard experiment started up with current clamp
measurements and was followed by the voltage-clamp
study of the same cell.

In current clamp, action potentials were elicited by 3 ms
current steps (0.4 Hz).

The voltage-clamp protocol (0.25 Hz) was composed of
a series of voltage steps from the holding potential of —80
mV (Fig. 1). The two first steps aimed at inactivating the
inward currents 1, (step to —40 mV, 50 ms) and I,

200 pA |

1%5
Fig. 1. Standard voltage-clamp experiments. (A) Voltage-clamp stimula-

tion (see Section 2). (B) Current trace recorded in control conditions. The
Na* current trace is truncated. Dotted line represents the zero current.
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(step to 0 mV, 300 ms), respectively. The steady-state
current, |, was recorded at each of the eight following
20-mV steps (100 ms) from +20 to —120 mV. The
time-dependent K* current (1), which is very sensitive to
temperature (Kiyosue et al., 1993), was not recorded in our
experimental conditions.

In every mode, recordings were carried out following
the sequence (eventually repeated): control, halothane,
washout.

2.7. Analysis and display of results

In current clamp experiments: the resting potential, E,,,
was averaged over 20 ms before every stimulation. The
action potential duration was measured at 10, 20, 50 and
90% of repolarization (respectively APD10, APD20,
APD50, and APD90).

In voltage-clamp experiments: an estimation of I,
was given by the difference between the negative peak and
the steady-state current at 0 mV (arrow in Fig. 2C). The
steady-state current, |, was averaged over the last 20 ms
of each of the eight final steps of the protocol. Analysis
was performed by custom routines written under LabView
software (National Instruments, USA) and results were
plotted with Origin (Microcal, Northampton, MA USA).

2.8. Satistics

Data corresponded to the average of 10 (current clamp)
or 20 (voltage-clamp) successive recordings and were ex-
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pressed as mean + SE.M., n indicating the number of
experiments. We used non-parametric Fisher tests to evalu-
ate the effect of each drug on a single preparation and
Mann—Whitney tests to compare results obtained on differ-
ent preparations.

3. Results
3.1. Halothane effects on myocytes in control conditions

The effects of halothane (2%) on a typical action poten-
tia (APD90 =480 + 82 ms, n=8) are illustrated in Fig.
2A. Action potential amplitude and duration were de-
pressed in the presence of the anaesthetic (2) and returned
to their initia level after washout of halothane (3). Fig. 2B
shows that halothane rapidly decreased APD20 (208 + 12
vs. 3156+ 63 ms, n=8, P <0.05 and APD90 (344 + 16
vs. 479+ 82 ms, n= 8, P <0.05). APD10 (181 + 38 ms,
n=238) and APD50 (442 + 81 ms, n=8) were aso re-
duced (by 50+ 7 and 135+ 15 ms, respectively, n= 38,
P < 0.05). These effects were reproducible (two applica-
tions in Fig. 2B). Em measured in control conditions
(=724 1 mV, n=8) was not altered (—72.6 + 0.5 mV,
n=28, P<0.05), which suggested that 1 was not af-
fected.

Indeed, voltage-clamp experiments reveadled that
halothane (2%) did not significantly modify inward nor
outward I (n=5, P <0.05, not illustrated). The zero
current potential under halothanewas — 73+ 2mV (n= 4,
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Fig. 2. Effect of halothane on a cell in control conditions. (A) Superimposition of action potentials in control (1), in the presence of 2% halothane (2) and
after washout (3). Dotted line represents 0 mV. (B) Time course of the action potential duration at 20% (APD20, open circles) and 90% (APD90, solid
circles) of repolarization, showing the result of two successive applications of halothane (2%, horizontal bars). Arrows labelled (1), (2), (3) refer to the
corresponding traces in (A). (C) Principle of 1, estimation. This current was measured as the difference between peak and steady-state current at the end
of the pulse (arrow). (D) Time course of |, recorded at O mV during one application of halothane (horizontal bar).
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P < 0.06), not different from its level in control conditions
(=714 1 mV, n=17). As shown in Fig. 2D, the anaes-
thetic strongly reduced 1, a O mV (by 40 + 11%, n = 4,
P < 0.06). These effects were rapid and could be repro-
duced severa times on a same cell.

3.2. Evolution of some myocytes

We observed rod-shaped cells with clear-cut striations
that were characterized by abnormally short action poten-
tidls (APD90=132+21 ms, n=15) despite a normal
resting potential (—75.3+ 0.5 mV, n=25). These my-
ocytes initially displayed ‘‘normal’’ action potentials ((1)
in Fig. 3A) that progressively evolved, during the course
of the experiment, towards a state of short duration ((2) in
Fig. 3A). This spectacular change is illustrated in Fig. 3B,
where the dramatic decrease in APD90 took place within a
few minutes, after 30—40 min spent at a ‘*normal’’ level.
The voltage-clamp study of these cells (Fig. 3C and D)
revealed a marked increase in the outward part of | (at
+20mV: 1781 + 552 pA, n=13,vs. 54 + 15 pA, n= 17,
P < 0.0001) whereas the inward part of this current did not
evolve. Glibenclamide (20 wM) instantly decreased this
current (Fig. 3D) so that a strong inward rectification was
restored (n= 3). This pharmacological property together
with the loss of inward rectification are characteristics of
the K,rp current. Interestingly, in the same time, I,
recorded at O mV became twice smaller than the current
measured in control conditions (289 + 48 pA, n= 13, vs.
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499 + 59 pA, n=17, P <0.05). After this spontaneous
evolution, the electrical properties of the cells remained
stable for 30 min. These particular cells exhibited electro-
physiological properties similar to those of myocytes sub-
jected to a complete metabolic blockade (Nichols et al.,
1991).

3.3. Halothane effects on cells displaying short action
potential

Fig. 4A shows the surprising effect of halothane in a
cell with short action potential (1). Halothane slightly
decreased the amplitude (2) and particularly increased the
action potential duration (APD90 =201+ 19 ms, n=5,
vs. 132+ 21 ms, n=5, P < 0.05). These modifications
were rapid (Fig. 4B) and affected al levels of repolariza-
tion (increase of 18+ 8 ms, 30+ 14 ms and 57 + 17 ms
for APD10, APD20 and APD50 respectively, n=5, P <
0.05). The resting potential was not altered by halothane
(=73.44 07 mV, n=5, P <0.05). One can notice that,
under halothane, action potential did not recover the typi-
ca long plateau characteristic of guinea-pig ventricular
myocytes.

The voltage-clamp recordings obtained on these cells
(Fig. 4C) showed that I initially exhibited a small inward
rectification that considerably intensified under halothane
(I inhibited by 82+ 8% a +20 mV, n=5, P <0.05)
(without any change of the inward current), recalling the
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Fig. 3. Spontaneous evolution of the electrical properties of some myocytes. (A) Superimposition of action potentias recorded at the beginning of a
standard experiment (1) and after cell evolution (2). Dotted line corresponds to 0 mV. (B) Time course of action potential duration at 90% of repolarization
(APD90): evolution from a state of ‘* normal’’ action potential towards a state of abnormally short action potential. The dramatic shortening spontaneously
occurred but then stabilized for 30 min. The arrows labelled (1) and (2) refer to the corresponding traces in (A). (C) Current—voltage curves of 1 obtained
from cells displaying normal action potentials (squares, n= 17) vs. short action potentials (circles, n = 13). For each curve, standard error of the mean
(SEE.M.) is represented as error bars. (D) Time course of I a —100 mV (diamonds), —40 mV (down triangles) and +20 mV (up triangles). These two
last traces crossed over, indicating the progressive loss of inward rectification. Glibenclamide (20 M, horizontal bar) strongly decreased the outward

current without affecting the inward current.
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Fig. 4. Effect of halothane on a cell displaying abnormally short action potentials. (A) Typical short action potential recorded after cell evolution in control
conditions (1), in the presence of halothane (2) and after washout (3). Dotted line indicates the level of 0 mV. (B) Time course of action potential duration
at 20% (APD20, open circles) and 90% (APD9O0, solid circles) of repolarization. Application of halothane (2%) is indicated by a horizontal bar. Arrows
labelled (1), (2), (3) refer to the corresponding action potentia in (A). (C) Current—voltage curves of 1 recorded in the same cell in control conditions
(squares), under 2% halothane (circles) and after washout (triangles). (D) Time course of I at +20 mV. Arrows labelled with open symbols (square,
circle and triangle) refer to the corresponding curves in C.

effect of glibenclamide. Halothane effects were rapid as Simultaneously, the anaesthetic reduced the small Ca?*

illustrated by the time course of | a +20 mV in Fig. 4D. current at 0 mV (not shown).
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Fig. 5. Effect of halothane in the presence of SR47063, a specific K 1 opener. (A) Superimposition of an action potential in control (1), under application
of 2 wM SR47063 (2) and under 2% halothane in the presence of 2 WM SR47063 (3). Dotted line corresponds to 0 mV. (B) Monitoring of the action
potential duration at 20% (APD20, open circles) and 90% (APD90, solid circles) of repolarization, under application of 2 wM SR47063 (upper horizontal
bar) and 2% halothane (lower horizontal bar). Arrows labelled (1), (2) and (3) refer to the corresponding tracesin (A). (C) Current—voltage curves obtained
on the same cell in control (squares), under 3 wM SR47063 (circles) and under application of 2% haothane simultaneously with 3 wM SR47063
(triangles). (D) Steady-state current at +20 mV (1) under applications of 3 M SR47063 (upper horizontal bar) and 2% halothane (Iower horizontal
bars). Arrows labelled with open symbols (square, circle and triangle) refer to the current—voltage curves in (C).
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3.4. Halothane effects on cells pre-treated with SR47063, a
Karp Opener

To evaluate the contribution of K 51, channels to such a
regulation of action potential duration, we applied a spe-
cific K,rp opener (SR47063) on myocytes, which dis-
played long action potentials and tested the effects of
hal othane on these cells.

Fig. 5A shows the opposite effects of halothane (2%6)
and SR47063 (2 wM) on an action potential recorded in
control conditions (APD90 = 823 + 69 ms, n=4). In the
presence of the low dose of SR47063 (2), the action
potential amplitude and duration were decreased (APD10
= 288 4+ 20 ms, APD20 = 487 + 47 ms, APD50 = 661 +
76 ms, APD90 =695+ 78 ms, n=4, P < 0.05) without
any noticeable effect on the resting potential (—76.3 + 0.1
mV vs. —76.1+ 0.5 mV in controlled conditions, n= 4,
P < 0.06). In these conditions, halothane restored the ac-
tion potential amplitude and duration (Fig. 5B) at al levels
of repolarization (APD10 =296 + 21 ms, APD20 =531
+ 21 ms, APD50 = 733 + 22 ms, APD90 = 770 &+ 23 ms,
n=4, P<0.05) while the resting potential was not
markedly modified (—77.1+0.1 mV, n=4, P <0.06)
((3) in Fig. 5B). Halothane and SR47063 effects were
rapid (Fig. 5B) and could be reproduced several times.
These results suggested that K ,rp channels were involved
in halothane effects on action potentials. This hypothesis
was confirmed by the voltage-clamp study of these my-
ocytes.

SR47063 (3 nM) activated an outward current revers-
ing close to —80 mV (Fig. 5C), suppressed by gliben-
clamide (Tourneur et a., 1994). Altogether, these proper-
ties recalled those of K ,1p channels. Halothane inhibited
the outward current (by 61+ 9% a +20 mV, n=25,
P < 0.05) and, like SR47063, did not exert any significant
effect on the inward steady-state current nor on the rever-
sal potential. Even with the progressive increase in the
time-independent outward current induced by SR47063,
halothane could rapidly suppress the current recorded at
+20 mV (Fig. 5D). Halothane effects were reproducible
as illustrated by the three successive applications in this
experiment.

4, Discussion

In the present study, we compared the effects of
halothane on the electrical activity of guinea-pig ventricu-
lar myocytes in control conditions and in situations where
the K ,1p channels were activated.

Halothane reduced action potential duration at al levels
of repolarization in control conditions. The resting poten-
tial was 10 mV more positive than the K* equilibrium
potential E, (—82 mV) in agreement with other studies
(Spindler et al., 1998). This value was not significantly
affected by halothane, as already reported by Hirota et al.

(1989). Voltage-clamp experiments confirmed that
halothane did not modify the inward rectifier K* current
(1), in opposition to its analogue sevoflurane (Stadnicka
et a., 1997). In our conditions, halothane did not activate
Karp Channels. As a result, the prevailing effect of
halothane on action potentials probably came from |,
inhibition, as already demonstrated by Hirota et al. (1989).

During our experiments, we observed myocytes that
were apparently healthy (clear-cut striations, normal rest-
ing potential) but which displayed very short action poten-
tial duration for tens of minutes. Compared to control
myocytes, the inward rectification was almost suppressed
as a consequence of the development of a large gliben-
clamide-sensitive current reversing near E., thus likely
flowing through K ,;p channels. Moreover, the Ca* cur-
rent measured at 0 mV was decreased by 58%. Similar
changes had been described by Belles et a. (1987) on
particularly long whole-cell recordings realized at 34—36°C
and using oxygenated solutions. The spontaneous evolu-
tion of the inward Ca?" current and of the large K*
current is probably not due to anoxia (Friedrich et 4.,
1990), since oxygen is much more soluble in water at
lower temperature. It could be due to the loss of metabo-
lites during the cell perfusion, or to the production of free
radicals (Tokube et al., 1998). The reason why some cells
exhibited abnormal electrical properties is not clear and
might be linked to the dissociation process, the probability
of such an evolution to occur being different from day to
day in similar conditions.

Halothane prolonged action potential duration of cells
that had spontaneously evolved (Fig. 4B), despite a de-
pressing effect on the residual Ca?* current. To determine
the role of K,p channels in this regulation, we applied
SR47063, a specific K ,1p opener (Tourneur et al., 1994),
on myocytes displaying long action potentials. The consec-
utive shortening of action potentials was partly abolished
by halothane (Fig. 5B). Indeed, in the presence of the
opener, K ,rp channels were not fully activated and the
anaesthetic still decreased the relatively large Ca?* current
(not shown).

In summary, when K,;p channels were activated
(spontaneously or chemicaly), action potential duration
was lengthened because of halothane-induced inhibition of
these channels.

Activation of K,;p channels (Isomoto and Kurachi,
1997; Babenko et a., 1998; Kersten et al., 1998 for
reviews) provides an endogenous protection by decreasing
the Ca®* load during anoxia or ischemia (Cole, 1993;
Grover, 1997). However, K* accumulation favours the
occurrence of ischemia-induced spontaneous arrhythmias
and repetitive response arising around the border zone
between normal and anoxic tissue (Janse and Wit, 1989;
Picard et al., 1999). This could explain the anti-arrhythmic
efficacy of K ,1p channels blockers to impair arrhythmias
on pig (Wirth et a., 1999), dog (Billman et d., 1998) or
guinea pig (Tosaki and Hellegouarch, 1994).
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Halogenated anaesthetics are known to reduce the oc-
currence of ventricular dysrhythmias following ischemic
events (Nader-Djalal and Knight, 1998). By analogy with
the beneficia effects of K* channel blockers, our results
suggest that halothane may act by restoring the homogene-
ity of the refractory period in border zones, in addition to a
decrease in Ca2" load, and other effects including vasodi-
lation and prevention of free radicals production (Glantz et
al., 1997).
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