We studied the electrical properties of intact muscle fibers from normal and
malignant hyperthermia-susceptible (MHS) pigs. Resting membrane potentials, action potentials, and current-voltage relationships were measured
with and without the presence of halothane. There were no changes in the
resting potentials or the specific membrane conductances at any concentration of halothane in either the normal or MHS fibers. The current-voltage
relationships of normal and MHS fibers did not differ. Contractures were observed in MHS muscle when the concentration of halothane was 20.8%.
These halothane-induced contractures were not associated with depolarization of the surface membrane. Contractures were not observed in normal
muscle even at concentrations of 6.0% halothane. In contrast, halothane altered the shape of the action potentials of both MHS and normal fibers.
However, these changes were significantly greater in MHS fibers, occurred
at much lower concentrations, and were partially prevented by preincubation in 10 IJ.Mdantrolene.
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MALIGNANT HYPERTHERMIA:
EFFECTS OF HALOTHANE ON THE
SURFACE MEMBRANE
PAUL A. IAIZZO, PhD, FRANK LEHMANN-HORN, MD, MS, STUART R.
TAYLOR, PhD, and ESTHER M. GALLANT, PhD

Malignant hyperthermia is initiated in predisposed humans and animals by volatile anesthetics
such as halothane. F,pisodes of malignant hypertherrriia ;ire characterixd by hypermeia1)olism
and stiffness of the skeletal muscle a nd may result
in a life-threatening crisis. In intact fillers from
muscles susceptible to rrialigniint hyperthermia
(MHS), intraccllular Ca2+ increases on application
of halothane, arid this increase is well correlated
with thc force of' a concomitantly tlwcloping
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contracture. l ( 1 I'he source of this increased intraiellular (;a2 ' is thought to be the sarcoplasniic reticiilum, because studies on skinned fibers iind on
isolated vesicles of' the sarcoplasniic reticulum
have revealed disorders in the r.egulation of
(;a2+,:3,~l,15,t~i
Besides this explanation of' the pathomechanism of malignan( hypcrlhermia, it has also
been suggestcd that depolarization of the surihce
membrane by anesthetics may he the initiating
everit for the contr;~cti~res.'".~This hypothesis
\Gas based o n a report that '2.0% halothane caused
a significant depolarization o f int,act MHS muscle
fibcrs." Yet, there are other reports of unchanged
resting. membrane poreritials of MHS fibers upon
halothane cxposiire.
Therefore, it was of' interest to fiirther investigate this hypothesis.
-['he present experiments werc designed to
measure the electrical paranieters of' MHS muscle
fihers during halothane-induced conti-actures. We
warited to detei-mine whcthei- there are indced
any changes in tlicse parameters assoc:iated with
the development of a malignant hypertherrnic rcaction. T h e electrical parameters were measured
in he presence of' a wide range of halot.hane concentrations (from 0.0 t o >4.0%) and contrasicxi
with those of normal muscle.
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MATERIALS AND METHODS

Biopsies of external intercostal muscle were takcri
from 15 purebred Pietrain MHS pigs and 12 normal Yorkshire pigs. In several cases, tjiopsies of
the conimoti digir.al extensor muscles were also
taken.
Several weeks prior to the biopsies the animals
were classified as MHS or normal by a halothane
challenge.’4 ‘l’he biopsy procedures were performed while the animals were niechanically ventilated and anesthetized with lhiamylal (Bio-tal, Bioceutic Lab., St. Joseph, MO). From each ninscle,
several small hundles of 50- 100 fibers, intact
from tendon to tendon, were prepared. One of
these bundles was then susperidecl in ;I plexiglas chamber (2.0 ml) with one tendon fixed
and the other fastened to force transducer (Akers,
Horten, Norway). Subsequently, a preparation
was stretched 10-20%! beyond its rest length.
Hence, the fibers had striation spacings bet,ween
2.2 and 2.5 pm. Prior to the study, each preparation was allowed to equilibrate in the experimental
chamber for approximately 60 rnin. During this
period, if a preparation elicited a spontaneous
contracture it was discarded. Each preparation
was visually inspected throughout the experiment.
Those preparations which appeared to have many
cut fibers or many fibers with clots were discarded.
The bathing solution contained 13.5.0 ml\l
NaCI, 4.0 111111 KCI, 0.8.5 rnM MgCl,, 2.35 mi24
CaCI,, 1.0 m W NaH,P04, 12.0 rnM NaHGO,, 5.5
mM glucose, 7.6 rrU2.l sucrose, and 9.6 mM sodium
gluconate. The pH was acijusted to 7.2 by gassing
this solution with a mixture of 9596 0, and 576
CO,. All experiments were conducted at 37°C.
Halothane was applied to the bathing solution via
a Auothane vaporizer (Fluotec, Fraser, Sweatinan
Inc., Buffalo, NY). The coricentriition of halothane in the bathing solution was determined as
previously described; Samples of the bathing solution were rdken throughout each experiment.
T h e number of aliquots which were takcri
(ranging between 5 and 20) depended on the duration o f each experiment. Halothane concentration was expressed as partial pressure in the bathing solution. When dantrolene (Dantriuni, Eatori
Labs, Norwich, N Y ) was used, it was added to the
bathing solution (10 y M ) 30 rnin prior to the addition of halothane by using sonication and cxhaustive stirring. We only investigated the electric~l
properties of the fibers on the surface (first layer)
of a bundle. Merntn-ane potentials were recorded
with glass microelectrodes which had tip dianieters of 0.5 ym, resistances of <15 MR, tip poten-
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tials of <5 mV. and were filled with 3.0 h1 KCI.
The microelectrodes were shielded arid capacity
compensated. Action potentials were initiated by
brief pulses (0.1-0.5 msec) of depolarizing current injected via an intracellular microelectrode. A
second microelectrode was used to record the action potentials. These two microelectrodes were
sepai-atcd by a distance of :>:1,00 kin. Each action
potential w a s stored iising a Nicolet 4094 storage
oscilloscope (Madison, W I). Subsequently, the
maximum rate of rise, peak potent.ia1, rnaxiniuni
rate o f fall, arid the time required tor 90% repolarization of each response was determined. Force
was registered simultaneously. Currcnr-voltage relationships wcrr determined with the three-microelectrode techniquc prniously described . I 2 T h e
electrical properties of‘ a muscle were not invesligated during progressive contracture or relaxation.

Scheffe’s riiultiplc contrast (nonparametric) test
was used to determine statistical differences within
the da1.a.
RESULTS

Whenever MHS muscles were exposed to halot ha n c: ;it bath concentrations ?0.8%,, they cl eveloped contrac:l urcs. ‘ I h c amplitides of the contractures recorded from lhe iritercos~al bundles
lverc greater than those recorded from the extensor muscle (which may indicate a difference in
contracture threshold). However, the changes in
the action potentials due to halothane administration recordcd from both muscles were identical
and independent of the contracturc amplitude.
‘Thus, the action potential data from both muscles
were pooled. Chntractures hvere not observed in
normal niusdes even when the concentration of
halothane i n the bath reached the maximum levels
(4- 6 c/c 1.
-1’he resting potentials of MHS niriscle fibers in normal bathing solution wcre not significantly different from those of
normal muscle fibers: mean values were -82.7
4.9 mV ( n = 308;
k SD) for MHS fibers and
-X3.4 ? 4.8 mV ( n = 206) for normal fibers. ‘Fhis
is illustrated in Fig. 1, which shows h e mean resting niembrane potentials recorded from MHS and
normal fibers upon increasing concentrations o f
halothane a n d after the washout of halothane.
I’here was no signiiicant difterence in any of these
mean potential values. This held true when the
cornparisoils were intragroup bctwceri the various
halothane concentration ranges or intergroup be-

Resting Membrane Potentials.
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FIGURE 1. No effects of halothane on resting membrane potentials in either MHS or normal muscle. The mean resting membrane potentials
2 SD) were plotted at zero halothane and at
six graded halothane concentrations (bath partial pressure, "/o).
The mean values before, during, and after halothane were not
statistically different for each group or between groups (P >
0.25). The solid squares refer to the MHS muscle fibers and
open squares to the normal fibers. The numbers next to the
symbols represent the numbers of fibers which were sampled.
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FIGURE 2. The effects of halothane on action potentials elicited
in MHS (A) and normal (B) intercostal muscle fibers At low concentrations of halothane, the conformation of the action potentials of MHS fibers was more affected than those of normal fibers Action potentials of normal fibers were not significantly
altered until the concentration of halothane was >3 2% In general, halothane caused a decrease in the rate of rise, peak potential, and the rate of repolarization

tween the animal types ( P values > 0.25). Dantrolene (10 k M ) had no effect on the rcsting potential of the MHS fibers ( P > 0.25). T h e mean
resting potentials were -82.2 2 5.2 rnV ( n = 9) in
the presencc of dantrolene alone, -81.3 k 2.6
mV ( n = 34) in thc presence of dantlolerie arid
l.2-3.2% halothane, and -80.8 rfr 3.7 mV (ri =
16) in the presence of dantrolene and >3.2%
halothane.

recorded from normal fibers o r those from MHS
fibers. Halothane altered the shape of actiori potentials recorded from both MHS and normal iibers by decreasing the maximum rate of rise, the
peak, and the maximum rate of fall (see 'fable I ) .
Howcvcr, the concentration of halothane r y u i r d
to cause such changes was much lower for the
MHS fibers (see Fig. 2). Halothane had a minimal

In the absencc of halothane
there was no difference between action potentials

Action Potentials.

Table 1. Effects of halothane on action potentials
Animal type

Resting potential (rnV)

Control conditions
Normal
MHS
Halothane 1 75-2 7%
Normal

-79.4
-81.0

MHS
Halothane 2 7-3 2%
Normal
MHS
Halothane 1 75-2 7% + 10
pM Dantrotene
MHS
Halothane 2 5-3 2% + 10
pM Dantrolene
MHS
Note Values represent means
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4 0 (46)

Maximum of rise (Visec)

372 9
2372

Peak potentials (mV)

171 2 (30)
101 8 (12)

135
100

-81 8 i 4.0 (47)
-81 5 i 3.4 (47)

387 1 k 1 9 6 9 (47)
171 4 k 111 l ( 3 7 )

135
- 21

?

82 8 i- 5 0 (12)

473 4 2 221 8 (12)
106.4 2 23 8 (15)

11.0
-15.6

2

~

82 7

2

* 4 1 (107)

* 4 8 (21)

2
2

-79.2

2

2.2 (23)

282.8

-81.8

5

3.5 (12)

248.9 i- 123.5 (12)

Numbers

?

94.9 (23)

+

?

?

i-

155(46)
158(107)

Maximum rate of
repolarization (Vlsec)

103 4 i 28 0 (29)
1066*368(90)

167(47)
1 9 3 (47)

80 9
48 1

15 1 (12)
8.2 (2:)

79.0 i- 38.1 (10)
31.2 i- 9.7 (21)

+

28 6 (47)

= 1 9 2 (39)

12.07 -t 7.6 (23)

60.0

?

18.7 (15)

8 8 (12)

62.2

?

22.5 (12)

2.7

5

of values are given in parentheses
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effect on the maximum rate of rise in action potentials of normal fibers but significantly slowed
the rate in MHS fibers ( P < 0.01). Thus, the mean
rates of rise were significantly different between
the action potentials of MHS and normal libers at
all halothane concentrations above 1.75% ( P <
0.0 1). Similarly, halothane had very little effect on
thc peak of the action potentials of' riorrrral fibers,
but significantly rcduced the peak of the action
potentials of MHS fibers ( P < 0.01).
Halothane reduced the rate of repolarizat.ion
in both MHS and normal fibers. The niean tnaximum repolarization rates wero significantly different between the MHS and normal fibers at
halothane concentrations between 1.75 and 3.2%
( P < 0.01). At higher halothane concentrations
(>3.2%) the maximum rate of repolarization was
not significantly diff-erent between MHS arid normal fibers, because at these levels even the rates in
normal fibers were significantly dccrcased ( P <
0.01). T h e parameter which was affected most by
halothane was the total time requircd for the
membrane to repolarize to 90% of the prestiniulus
value (Fig. 3). T h e time required for 90% repolarization was significantly increased in norrrial fibers
when the concentration of halothane was greater

'1

: Z T A L
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than 3% ( P < 0.01), but much lower halothane
levels (<lL%,)
induced similar changes in MHS fibers. At halothane concentrations >2.00/0 the
MHS fibers required up to 8 nisec to repolarize to
90% of the prestimulus membrane potential (see
Fig. 3). 'The niean 90% repolarization times were
significantly different between the MHS and normal action potentials at halothane concentrations
greater than 1.75% ( P < 0.01). All halothane-induced changes wcrc fully reversible after wash-out
(e.g., Fig. 3 ) . Occasionally, ~ r ~ o v e m c nartefacts
t
were noted when an action potential was elicited,
but these movements occurred after the membrane had already repolarizeri.
Dantrolene, which is known to reverse M H episodes in vivo, also attenuated the effects of
halothane on action potentials in vitro. At a given concentration of halor hane, action potentials
elicited in those MHS fibers pretreated with 10
piV dantrolene had higher rates of rise and fall
than those elicited in fibers which were not treated
(Table 1). In two preparations, the presence of
dantrolene prevented the contracture response
to halothane but did not totally eliminate the effects of halothane (1.2-3.0%) on the action potentials (see Fig. 3). At very high halothane c:oncentrations (>3.2%~),dantrolene had little or no
protective value; contractures were present and
action potentials were significantly alt.cred ( P <
0.0 1 ).
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Current-Voltage Relationships. No differences
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FIGURE 3. The 90% repolarization times of action potentials
elicited in normal and MHS muscle fibers as a function of the

halothane concentration. The mean repolarization time (msec,X
2 SD) was plotted at zero halothane, at six graded halothane
concentrations (bath partial pressure, %), and after halothane
washout. The solid squares refer to the MHS muscle fibers,
open squares to the normal fibers, and solid circles to the effects of 10 pM dantrolene on the 90% repolarization time in
MHS fibers. The 90% repolarization times were significantly different between normal and MHS action potentials at all
halothane concentrations above 1.75% (P < 0.01). Dantrolene
shortened the repolarization time of action potentials elicited in
MHS fibers during halothane exposure. The numbers next to the
symbols indicate how many responses were evaluated.

Effects of Halothane

were observed between the specific membrane
conductanc:es (reciprocal value of the specific
membrane resistance) of normal and MHS fibers.
Halothane caused a consistent but statistically nonsignificant decrease of the specific rnernbrarie conductance in both normal and MHS fibers. The
mean conductance values were 122.0 +- 29.0 pS/
crn' ( n = 22) for MHS fibers and 117 I
47.0 pS/
cni2 ( n = 50) for normal fibers in normal solution,
and 99.0 rt 26.0 t ~ S / c n i(7t~ = 12) for MHS fibers
and 94.0 5 37.0 pS/cm2 ( n = 12) for normal fibers
exposed to 0.7- 2.8$%halothane.
The steady-state current-voltage relationships
were calculated over a wide range of' potentials
(from -152 to -24 mV). N o significant differences were observed between t.he relationships
of normal and MHS fibers in the absence of
halot.hane (Fig. 4), which indicated no difference
in C1- or K, conductance. Halothane (0.7-2.8%)
had no effect on the current-voltage relationship
of normal fibers, but decreased the slope mea-
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FIGURE 4. Current-voltage relationships of normal and MHS
muscle fibers with and without halothane (0.7-2.8%). There
was no difference between the current-voltage relationships for
normal fibers without halothane, normal fibers with halothane, or
MHS fibers without halothane. Only the current-voltage relationship of MHS fibers in halothane, at potentials more negative
than -80 mV (anomalous rectification), was altered. Plotted
points represent mean values.

sured from MHS fibers at potentials more negative than -80 mV. In the presence and absence of
halothane the currents recorded from hlHS fibers
were statistically different only at ~-152 mV (P <
0.01). When halothane was present in the bath,
the membrane potentials of MHS fibers could not
be controlled by the voltage clamp unit in the potential range more positive than -50 mV, whereas
in normal fibers depolarization was possible to
-20 mV. Large movement artefacts occurred in
MHS muscle fibers at potentials more positive
than -50 mV.
DISCUSSION

Skeletal muscles of a human or swine susceptible
to malignant hyperthermia may go into contractures upon exposure to various anesthetic agents.8
It has been suggested that this anesthetic-induced
reaction involves an initial depolarization of the
surface
However, we observed no
change in resting potentials of MHS fibers due to
halothane exposure. This was true even when we
exposed these fibers to very high concentrations
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of halothane. Our observation is contrary to reports by Gallant and
but is consistent
with previous reports by Bradley et al.,' Lopez et
al.,'" and more recent studies by Gallant.3a In addition, under rest conditions we did not detect any
differences in action potentials or the currentvoltage relationships (including the inward K+
rectifier) between normal arid MHS fibers. Thus,
we also did not confirm the report of an abnormal
specific membrane resistance in MHS &em2 T h e
reasons for these discrepancies are not clear but
may be related to the condition of the muscle fibers at the time of the measurements. One needs
to continuously monitor the condition of MHS
preparations, because this muscle is injury sensitive and deteriorates more rapidly than normal
~nuscle.*Thus, in the present study we used more
than one criterion to determine the viability of a
given preparation. For example, we monitored
isometric force simultaneously and noted that
upon washout of halothane the contractures completely reversed. Nevertheless, it is now apparent
that depolarization is not required for contracture
development in MHS fibers.
Halothane altered the shape of action potentials of both normal and MHS muscle. However,
an elevated intracellular Ca2+ concentration above
the mechanical threshold was not required to produce such changes; they were detected in the absence of contractures (e.g., in normal fibers or in
MHS fibers in the presence of dantrolene). This
result is consistent with those of others dealing
with the effects of volatile anesthetics on action
potential characteristics in normal muscle.
Halothane had an effect on the surface membrane
which was independent of a malignant hyperthermic reaction (e.g., cont.ractures), but the magnitude of these effects may be amplified by an episode. We detected significant differences in the
effects of halothane on action potentials from
MHS and normal fibers. Action potentials of normal fibers were not altered until higher halothane
levels were achieved and the Ki currents and/or
the inactivation of Na' channels appeared to be
most significantly affected.
In MHS fibers, low halothane concentrations
significantly altered all phases of the action potentials (rise, peak, and fall). This would indicate that
halothane alters both the time-dependent Na+
and K+ currents in these MHS fibers. It was previously reported that the extent of dysfunction related to malignant hyperthermia is different between the intercostal and common digital extensor
m ~ s c l e s However,
.~
we observed no difference in
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the effects of halothane on the action potentials of
these muscles, but we did note larger amplitude
contractures in the intercostal preparations.
The most pronounced difference between the
effects of halothane on the action potentials recorded from the normal and MHS fibers was in
the rate of repolarization. This very slow repolarization (up to 8 msec) in MHS fibers could be due
to one or more of the following possibilities: (1) an
abnormal inactivation of Na+ channels, (2) an
abnormal K+ current, or (3) an increased C 2 +
current. In addition, we suggest that more than
one type of K t current may be affected. For example, the difference in the current-voltage relationships between normal and MHS muscle fibers
in the presence of halothane, in the range of
potentials more negative than -80 mV, may indicate a reduced activity of the anomalous rectifier. In other words, halothane administration
reduced transverse tubular potassium conductance without affecting the resting membrane potential.

We do not believe that these halothaneinduced changes in action potentials of MHS fibers are involved in the initiation of malignant hyperthermic episodes. However, the slowing of the
rates of rise and/or fall of the action potentials
could contribute to the halothane-induced twitch
potentiation observed in both M H S and normal
muscle^.^ In such prolonged action potentials, the
time during which the membrane potential remains above the mechanical threshold would be
lengthened, and this in turn would produce increased twitch tension.”
We conclude that contracture development
in MHS muscle is not related to alterations of
the surface membrane by anesthetic agents. Halothane did not alter steady-state properties of
MHS or normal surface membranes. Halothane
altered the dynamic electrical properties of the excitable membrane, and these effects were more
pronounced in MHS skeletal muscle fibers but
were not related to the occurrence of a contracture.
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