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The importance of 
calcium ions for in vitro 
malignant hyperthermia 
testing 

Intracellular Ca + + levels in skeletal muscle are elevated during 

the in vitro contracture response of  muscle from subjects with 

malignant hyperthermia. The role of Ca § in tile bathing 

medium and the consequences of  substit,aion of Sr + + for Ca § + 
in the response to agents associated with malignant hyperther- 

mia were examined. When Ca § § was omitted from the bathing 

medium the contractures induced in human vastus lateralis by 

halothane (three per cent) or succinylcholine (50 mM) were 

reduced by 80 and I00 per cent, respectively, while contractures 

induced by caffeine (8 raM) were ot, ly reduced by 50 per cent. 

Substitution of Ca + + by another divalent cation, Sr + + , com- 

pletely restored contractures induced by caffeine, but only 

partially restored contractures induced by halothane or succin- 

ylcholine (to 50 and 30 per cent of Ca § § -containing medium, 
respectively). Mepacrine (10 I.tM) was effective in antagonizing 

contractures by caffeine, whereas verapamil and nifedipine (10 

IzM) were not. These results support an essential role for 

extracellular Ca + + not fulfilled by Sr + + in contracture induc- 

tion by halothane and succinylcholine, but not by caffeine. 

Les taux de Ca + + intracelhdaire clans le muscle squelettique est 

~lev~ Iors de la contracture in vitro du muscle des sujets atteints 

d'hyperthermie maligne. Le r~le du Ca + +dans le bain o~ le 

muscle est dtudid et les consdquences de la substitution du Sr + § 

au lieu du Ca § § en rdponse aux agents associEs avec rhyper- 

thdrmie maligne a Et~ examind. Quand le calcium a EtE omis du 

bain, les contractures induites chez l'homme par I'halothane 
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(trois pour cent) ou la succinylcholine (50 tzM) ~taient rdduites 

de 80 d I00 pour cent respectivement alors que les contractures 

induites par la cafdine (8 raM) out EtE rEduites de seulement 

50 pour cent. La substitution du Ca + § par un autre cation 
divalent, Sr + +, a complbtement restaurd les contractures 

induites par la caf~ine mais a restaurE seulement partiellement 

les contractures induites par I'halothane ou la succinylcholine 

(d 50 et 30 pour cent respectivement). La m~pacrine (10 tzM) 

Eta# efficace pour antagoniser les contractures dues ~ la eaf~ine 

alors que le vErapamil et la nifEdipine (10 tzM ) ne I'Etaient pas. 

Ces rEsultats dEmontrent le r61e essentiel du Ca ++ extra. 

cellulaire dans les contractures induites par I'halothane et la 

succinylcholine mais non la cafEine. 

Malignant hyperthermia (MH) is currently diagnosed by 
the in vitro contracture response of  biopsied skeletal 
muscle to halothane and caffeine. ~'2 Halothane and 
succinylcholine act in synergy in vivo to induce MH,3 and 
in vitro to induce contractures in skeletal muscle. 4'5 

The contracture response correlates with elevated 
myoplasmic Ca + § concentrations. 6 The source of  Ca + + 
has been suggested to be either release from the sarcoplas- 
mic reticulum by a decreased threshold of  the Ca ++ 
release process, 7's or leakage across the sarcolemma. 9 
Since the threshold of  the contracture response to halo- 
thane and caffeine is reduced in muscle from MH 
susceptibles, an understanding of  the source of  Ca + § in 
this response is of  importance in interpreting the results 
obtained in isolated organelles. 

Several other agents are known to substitute for, or 
interact with, Ca ++ and may be of  use as probes in 
contracture studies. Strontium (St + +), a divalent cation, 
completely substitutes for Ca ++ at most sites involved in 
the excitation-contraction coupling mechanism, although 
Sr § § is less efficient than Ca + § in activating the contrac- 
tile proteins.l~ Despite a lesser effect on the contractile 
proteins, Sr ++ can fully support caffeine contractures in 
frog skeletal muscle. ~ Organic Ca ++ antagonists reduce 
halothane contractures in human skeletal muscle 9'~2 and 
caffeine contractures in the cat, ~3 but have not been 
examined as regards caffeine or succinylcholine contrac- 

CAN J ANAESTH 1990 / 3"/: 6 Ipp695-8 



696 CANADIAN JOURNAL OF ANAESTHESIA 

tures in human skeletal muscle. Mepacrine antagonizes 
contractures induced by halothane and succinylcholine. 14 
The effects of mepacrine on caffeine contractures have 
not been examined. 

The present study examined the role of extracellular 
Ca + + in contractures induced in human vastus lateralis by 
agents triggering or used in the diagnosis of MH (halo- 
thane, succinylcholine, caffeine). The methods employed 
include altering the ionic conditions of the bathing 
medium and adding agents affecting myoplasmic Ca § 
levels. 

Methods 

Materials 
Succinylcholine chloride, mepacrine, verapamil and ni- 
fedipine were purchased from Sigma Chemical Co. (St. 
Louis, Mo). Halothane was obtained from Ayerst (New 
York, NY). Caffeine was obtained from Eastman Kodak 
Co. (Rochester, NY). Strontium chloride was purchased 
from Johnson Matthey Chemicals Limited (England). 

Human muscle biopsies 
Approval by the Hahnemann University Human Studies 
Committee was obtained for this study. Patients were 
selected for biopsy based on suspicion of MH. Pharmaco- 
logical studies were conducted on tissue remaining after 
diagnostic testing with halothane. The magnitude of the 
response of muscle strips to halothane, caffeine and 
succinylcholine was essentially unaltered if the response 
to halothane alone during the diagnostic test was <1 g. 
Control strips (also initially used for diagnostic testing) 
bathed in a Ca + + buffer with no antagonists added were 
always paired with experimental strips for each biopsy 
specimen to verify the reproducibility of responses under 
these conditions, as these strips would again be exposed to 
halothane. Preparations were washed three times and 
equilibrated for 30 min before conducting the pharmaco- 
logical studies on muscle strips exhibiting < I g contrac- 
tures to halothane on initial exposure. The preparation and 
stimulation of the muscle strips (1.5-2.5 cm (length) by 
2-4  mm (width) by 2-4 rnm (thickness)) was the same as 
previously described. 4 Muscle strips were mounted at an 
initial resting tension of 2 g and stimulated with supra- 
maximal pulses at 0.2 Hz in a 5 ml tissue bath containing 
Krebs solution at 37 ~ C bubbled with O2:CO2 (95:5). 
Preparations were equilibrated for a minimum of 30 min 
following diagnostic testing and before beginning drug 
additions. When modified Krebs solution containing 
Sr ++ (2.5 mM) in place of Ca ++ (2.5 mM) was used, 
preparations were washed at least three times and equili- 
brated for 30 min in this medium before testing. Follow- 
ing the equilibration period verapamil, nifedipine, or 

TABLE I Effects of various agents and conditions on caffeine 8 mM- 
induced contractures in human skeletal muscle 

Experimental Control Experimental 

conditions n (In Ca 2+ medium) ~ condition s 

Contracture in g (mean -+- SEM) 
Ca2+-free medium 4 2.1 --. 0.3 0.9 - 0.3"1" 
Strontium (2.5 mM) I I 2.7 +-- 0.5 2.4 - 0.5 
Verapamil ( 10 IJ, M) 3 1.6--+0.1 1.3--.0.4 
Nifedipine (10 tiM) 4 2.1 ---0.2 2.9 .4- 1.0 
Mepacrine (10 It, M) 5 2.7 -+- 0.6 1.8 -+ 0.6* 

*Less than control (P < 0.05). 
'tLess than control (P < 0.01). 
aFor each medium or drug lested one muscle strip (control) was exposed 
to caffeine in a CaZ+-containing medium. A second muscle strip from 
the same biopsy specimen was bathed in: (I) a Ca2+-free; (2) a Sr 2+- 
containing medium, or (3) a Ca2+-eontaining medium containing 
verapamil, rtifedipine, or mepacrine and was then exposed to caffeine. 

mepacrine was added and remained in the bath throughout 
the remainder of the test. These agents were all dissolved 
immediately before use. Control preparations were ex- 
posed to the same volume of solvent as the experimental 
group, either 5 I~l ethanol (nifedipine and verapamil 
studies), or 100 la.I distilled water (mepacrine studies). 
The studies with nifedipine were done with the overhead 
lights turned off and the organ baths and stock solutions 
wrapped in aluminum foil, as this agent is very light- 
sensitive in solution. Five minutes after verapamil, 
nifedipine, or mepacrine addition to the bath the prepara- 
tions were challenged with halothane three per cent, 
succinylcholine (50 mM), or caffeine (8 mM). Halothane 
at three per cent in O2:CO2 (95:5), when used, was 
bubbled through the chamber. The halothane concentra- 
tion in the gas phase was confirmed by gas chromato- 
graphy. Succinylcholine was dissolved in the appropriate 
bathing medium (Ca + § free, or containing Ca + + orSr § +) 
and injected into the bath to a final concentration of 50 
mM. For the succinylcholine and halothane interaction 
studies the flu'st agent (either halothane or succinylcho- 
line) was added to the bath. After five minutes, the other 
agent (succinylcholine or halothane) was added to the 
bath and the maximum increase in baseline tension (con- 
tracture) recorded during a second five-minute period. 
This response to the second agent added (halothane or 
succinylcholine) was used for the values in Table 11. Due 
to the presence of both agents in the bath, the contractures 
during the pharmacological studies may be larger than 
those in diagnostic testing. 4 The results from MH- 
susceptible and -nonsusceptible patients (about half were 
from each population) were pooled, as there were no 
qualitative differences in the effects of agents or altered 
bathing media that could be attributed to diagnostic out- 
come, in agreement with previous studies with ketamine. ,5 
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TABLE It Effect of a Ca:+-free or a Sr 2+-containing bathing 
medium, or a Ca2+-containing medium with organic Ca 2+ antagonists 
on halothane- and succinylcholine-induced conlractures in human 
muscle fibre bundles 

Experimental 
Experimental conditions n Control ~ condition ~ 

Contracture in g (mean + SEM) b 

Ca 2 + -free Medium 
Halothane 3% 6 0.5-+0.1 0.1 +- 0.0~: 
Succinylcholine 50 mM 4 0.7+-0.1 0.0 +- 0 .0 '  

Strontium (2.5 raM) 
Halothane 3% II 1 . 0+0 .2  0.5-+0.11. 
Succinylcholine 50 mM 13 0.9+-0.1 0.3+-0.1t" 

Verapamil (10 p~M) 
Halothane 3% 4 2.0 +- 0.5 1.0 +- 0.4t  
Succinylcholine 50 mM 4 0.6 -+- 0.2 I.O -+ 0.7 

Nifedipine (10 p,M) 
Halothane 3% 4 I. 1 -+- 0.3 I. I --+ 0.6 
Succinylcholine 50 mM 4 1.0--+0.2 0.9+-0.2 

Less than control (*P < 0.05; I"P < 0.01; :I:P < 0.001). 
~ each medium or drug tested one muscle strip (control) was exposed 
to halothane and succinylcholine in a Ca2+-containing medium. 
A second muscle strip from the same biopsy specimen was bathed in: (1) 
a Ca2+-free; (2) a SrZ+-containing medium, or; (3) a Ca2+-containing 
medium containing verapamil or nifedipine and was then exposed to 
halothane and suecinylcholine. 
UThe values indicate the maximum contracmre within five minutes of 
adding the second agent. 

Data analysis 
A two-tailed paired t test was used for statistical compari- 
sons of the experimental and control strips from each 
biopsy specimen. 

Results 
The caffeine-induced contractures were antagonized by 
about 50 per cent in a Ca++-free medium (Table I). In 
contrast to caffeine contractures, halothane and succinyl- 
choline contractures were almost completely blocked 
when Ca ++ was excluded from the bathing medium 
(Table H). 

When Sr § was added to the Ca++-free medium 
caffeine-induced contractures were completely supported 
(Table 1). Adding Sr § § to a Ca § +-free medium resulted in 
about 50 per cent of the contracture response to halothane 
and 30 per cent of the response to succinylcholine (Table 
I1) as observed in normal Krebs solution. 

At a concentration of 10 p,M, the organic calcium 
channel antagonists verapamil and nifedipine had no 
effect on caffeine contractures (Table I). Likewise, 
succinylcholine contractures induced in preparations 
from humans were also not affected by verapamil or 

nifedipine (Table 1I). However, halothane contractures in 
the presence of succinylcholine were antagonized by 
verapamil, but not by nifedipine in human preparations 
(Table 11). 

Mepacrine has previously been shown to antagonize 
contractures to halothane and succinylcholine in prepara- 
tions from humans. I'+ In the present study mepacrine 
antagonized caffeine-induced contractures in human skel- 
etal muscle (Table I). 

Discussion 
The present study investigated the role of extracellular 
Ca ++ in contracture induction in skeletal muscle by 
agents associated with MH, including halothane, succin- 
ylcholine and caffeine. When the divalent cation Sr ++, 
w h i c h  h a s  p r o p e r t i e s  s i m i l a r  to C a  + +,  w a s  a d d e d  to the  

bathing medium, contractures were larger than those in a 
Ca++-free medium. Contractures in a Sr+§ 
medium were about 100, 50 and 30 per cent of the 
maximum contractures to caffeine, halothane and succin- 
ylcholine, respectively. Therefore, Ca + + was essential 
for maximal contractures to halothane and succinylcho- 
line, with the latter agent the most dependent (70 per cent) 
specifically on Ca ++. Contractures induced by halothane 
were unique, as they had a total of three components: ( I ) a 
Ca + +- and Sr § § component (about 20 per 
cent of the total contracture); (2) a general divalent cation- 
dependent component that was supported by either Ca + + 
or Sr § + (about 30 per cent of the total contracture); and, 
(3) a component with an absolute dependence on Ca ++ 
(about 50 per cent of the total contracture). 

Previously, other investigators had demonstrated that 
contractures to h a l o t h a n e  9'16 and ca f f e ine  t6 ill muscle from 
MH-susceptible patients were dependent on Ca .++ in the 
bathing medium. None of these studies examined the 
effects of divalent cation replacement using Sr + +. Sr § § 
was used in the present study to distinguish if specific 
Ca + +-requiring processes were involved by contracture 
induction in human muscle. The present study suggests 
that Sr ++ fully substitutes for Ca § in contracture 
induction by caffeine, and only partially substitutes for 
Ca ++ in contracture induction when contractures are 
induced by halothane or succinylcholine. 

Mepacrine (quinacrine) exhibits a species-dependent 
effect, as halothane contractures are antagonized by this 
agent in human,t4 but not rat 5 muscle. Recently we have 
observed that mepacrine does not antagonize halothane 
contractures in MH-susceptible porcine muscle (unpub- 
lished observations). Caffeine contractures are decreased 
(P < 0.05) to about 65 percent of control by mepacrine in 
rat preparations (unpublished observations; n = 10), in 
agreement with the effects of mepacrine on caffeine 
contractures in human preparations. These results suggest 
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that species differences must be accounted for with each 
drug tested when interpreting contracture studies. 

Organic calcium channel antagonists have been used by 
other investigators to probe the mechanisms underlying 
MH. Our results are in agreement with those of  others 9'~2 
who demonstrated that verapamil and diltiazam, respec- 
tively, antagonized contractures to halothane. In contrast, 
the two organic calcium channel antagonists tested had no 
effect on caffeine contractures in human skeletal muscle. 
Using the rat diaphragm model previously described, 5'15 
we also did not observe a significant effect of either 
nifedipine (10 p,M; n = 7) or verapamil (10 p,M; n = 5) 
on caffeine contractures (unpublished observations). 
Since in the present study verapamil was only effective in 
antagonizing halothane-evoked contractures, it is possi- 
ble that the antagonism of halothane contractures by 
verapamil may be independent of actual Ca ++ channel 
blockade. 

Contractures induced by halothane and succinylcholine 
differ from those induced by caffeine in that Sr § + does not 
completely substitute for Ca + + in the bathing medium 
(suggesting an essential role of  sarcolemmal Ca ++) for 
halothane and succinylcholine. Contractures to succinyl- 
choline differ from those induced by halothane in the 
Ca + +- and Sr + +-independent component (absent in suc- 
cinylcholine contractures) and in the antagonism of 
halothane contractures by verapamil. The only contrac- 
ture component common to halothane, succinylcholine 
and caffeine contractures is that supported by Sr ++ . The 
results suggest that extracellular divalent cations play an 
essential, yet complex, role in contracture induction by 
these agents. 
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