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1. Introduction 

Porcine malignant hyperthermia can easily be 
induced by anaesthesia with halothane [l- 61 in 
certain breeds of pigs particularly those bred for lean 
carcasses. The predominant clinical symptoms of this 
syndrome are gross muscular rigidity, rapid rise in 
body temperature, tachycardia, hyperventilation, severe 
metabolic acidosis and elevated levels of serum metab- 
olites [7,8]. The manifestations of porcine malignant 
hyperthermia are similar to those described for human 
malignant hyperpyrexia, but it is not clear to what 
extent the porcine data are applicable to humans. The 
frequency of occurrence of anaesthetic deaths in 
apparently healthy patients can be as high as 1 in 
15 000 [9]. 

The etiology of porcine malignant hyperthermia is 
fairly well documented [7,8], but the underlying 
mechanism responsible for the series of biochemical 
events leading to the syndrome is unknown. The 
increase of serum Ca*’ in porcine malignant hyperther- 
mia [3,10] suggests that the Ca*‘-accumulating organ- 
elles might be defective in halothane-sensitive pigs, 
but up to date no significant malfunction in these 
organelles has been convincingly demonstrated. The 
report of a difference in the sarcoplasmic reticulum 
in stress-susceptible pigs [ 1 l] is most likely to be due 
to acid denaturation of these organelles as they were 
isolated from muscles having pH 5.4 -5.7. 

Mitochondria of longissimus dorsi (LD) muscle of 
halothane-sensitive (i.e., malignant hyperthermic) pigs 
were shown [ 12,131 to have a much higher rate of 
Ca*’ efflux than halothane-insensitive (i.e., normal) 
pigs, and that the rates of Ca*+ efflux correlate very 
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closely with parameters associated with porcine malig- 
nant hyperthermia. This paper provides evidence 
showing the possible existence of a difference either 
in the structural or functional integrity of the mito- 
chondrial membranes between malignant hyperthermic 
and normal pigs. 

2. Materials and methods 

Bovine serum albumin (fatty acid-free), rotenone, 
sodium succinate and murexide were obtained from 
Sigma Chemical Corp.; crystalline Bacillus subtilis 

(Nagarse) from Teikoku Chemical Co.; all other 
reagents were of analytical grade. 

The halothane-sensitive and -insensitive Pietrain/ 

Hampshire pigs were killed at 75-100 kg and the 
mitochondria were isolated from LD muscle imme- 
diately postmortem using B. subtilis proteinase [14]. 
The Ca*‘-stimulated respiration for succinate oxida- 
tion was measured polarographically with a Clark 
oxygen electrode (Yellow Spring Oxygen Monitor 
(Model 53)) in total vol. 2.50 ml. The reaction medium 
(pH 7.20) contained 220 mM mannitol, 50 mM sucrose 
and 15 mM Tris-HCI in the presence of 5 mM Pi. 
Ca2’ efflux was measured with murexide [ 151 at 
20°C using the Aminco-Chance dual-wavelength/split- 
beam spectrophotometer operating in the dual-wave- 
length mode at 540-5 10 nm in the same reaction 
medium as that described for the oxygen uptake 
experiments except that 2.50 mM Pi was used. Protein 
was determined with Folin-phenol reagent [ 161 
using bovine serum albumin as standard. 
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3. Results 

Mitochondria of both halothane-sensitive and 
-insensitive pigs showed no significant difference in 
their coupling integrity and in their state 3 and state 4 
respiratory rates induced by either ADP or Ca2+ 
during succinate oxidation at 25°C. At 4O”C, how- 
ever, a marked difference in these parameters was 
observed when Ca’+ wasused instead of ADP. Figure 1 
represents typical polarographic experiments show- 
ing the effect of Ca*+ addition to mitochondria from 
halothane-insensitive (trace A) and halothane-sen- 
sitive (trace B) pigs, and the effect of bovine serum 
albumin (BSA) in counteracting the Ca*‘-induced 
uncoupling in mitochondria from halothane-sen- 
sitive pigs (trace C) during succinate oxidation at 
40°C. Figure 1A represents a typical experiment of 
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mitochondria from halothane-insensitive pig show- 
ing that these mitochondria were not easily uncoupled 
by Ca*’ at 40°C. No uncoupling was obser-ved even 
after a total addition of 2297 + 288 nmol Ca*‘/mg 
protein (mean value of 3 experiments from 3 pigs). 
In contrast, mitochondria of halothane-sensitive pigs 
showed a much lower capacity to accumulate Ca2+ 
under the same experimental conditions, and were 
uncoupled by the second addition of Ca*+ (trace B). 
Uncoupling was observed after a total addition of 
1297 * 163 nmol Ca*‘/mg protein (mean value of 
4 experiments from 4 pigs). Addition of BSA restored 
the mitochondrial coupling integrity (trace C), and 
under these conditions these mitochondria from 
halothane-sensitive pigs could accumulate almost the 
same amount of Ca*‘/mg protein as those of halothane- 
insensitive pigs without showing any sign of being 
uncoupled. The mean value of 3 experiments from 
3 halothane-sensitive pigs showed that these mito- 
chondria could accumulate 1964 If: 224 nmol Ca*‘/mg 
protein in the presence of BSA without being 
uncoupled. 

Figure 2 illustrates typical experiments showing 
the effect of BSA (traces B and D) on the rate of 
mitochondrial Ca*+ efflux of halothane-sensitive 

Fig.1. Effect of Ca2’ on succinate oxidation by mitochondria 

of halothane-insensitive and -sensitive pigs at 40°C. Trace A 

illustrates a typical experiment showing the state 33state 4 
transition induced by Ca’+ during succinate oxidation by 

mitochondria of halothane-insensitive pig. Four additions of 

300 nmol Ca’+ were added without causing uncoupling of 

mitochondria. Total protein, 0.50 mg; total Ca* added, 

2400 nmol/mg protein. Trace B represents a typical experi- 

ment showing the effect of Ca’+ on mitochondria of halo- 

thane-sensitive pig during succinate oxidation. The second 

addition of 300 nmol CaZI completely uncoupled the mito- 

chondria. Total protein, 0.48 mg; total Ca*+added, 1250 nmol/ 

mg protein. Trace C illustrates a typical experiment showing 
bovine serum albumin (BSA) completely counteracted the 

Ca*+-induced uncoupling in mitochondria of halothane-sensi- 

tive pig represented by trace B. No uncoupling was observed 

even after a total addition of 1050 nmol Cati (3 additions of 

300 nmol and 1 addition of 150 nmol). Total protein, 0.48 mg; 

total Ca’+ added, 2188 nmol/mg protein. Rotenone (2 PM) 

and succinate (10 mM) were added prior to Cati addition in 

all the experiments represented by traces A-C. BSA (1.0 mg) 

was added before rotenone and succinatc in trace C. The 

numbers alongside the traces (A-C) represent the rates of 

oxygen uptake expressed in natoms O/min/mg protein. 
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Fig.2. Effect of bovine serum albumin (BSA) on mitochon- 

drial Ca2+ efflux of halothane-sensitive and -insensitive pigs. 
The rate of rnitochondrial Ca*+ efflux was estimated with 

murexide at 540-510 nm with the AmincoChance spectro- 

photometer. Murexide (92 PM) was added to the mito- 

chondrial suspension in a 10 mm lightpath cuvette containing 

rotenone (2 GM) and P; (2.50 mM). Reaction was initiated by 

addition of Ca* (600 nmol) and succinate (IO mM). Fiaurc 2 

shows the final kinetic traces of Ca2+ eftlux where differences 

were observed between the h~ot~ane-sensitive and -inscnsi- 

tive pigs. The numbers alongside the tracesrepresent the rates 

of Ca’+ efflux expressed in nmol/min/mg protein at 20°C. 

Traces A and C represent typical kinetic traces of CaZC efflux 

of halothanc-sensitive and -insensitive pigs. Traces B and D 

show the effect of BSA (0.3 mg) on the rate of mitochon- 

drial efflux of halothane-sensitive and -insensitive pigs, 

respectively. 

(trace A) and -insensitive (trace C) pigs. BSA reduced 
the high efflux rate ofhalothane-sensitive pigs (trace B) 
to the low rate characteristic of halothane-insensitive 
pigs (trace D). The mean value of Ca2+ efflux rates 
from 4 haiothane-sensitive pigs were reduced from 
227 * 24 nmol/min/mg protein to 114 f 18 nrnol/ 
min/mg protein by 0.3 mg BSA. Under the same 
experimental conditions, BSA (0.3 mg) had no effect 
on the rate of Ca2+ efflux from haIothane-insensitive 
pigs. Like BSA, spermine also reduced the mitochon- 
drial Ca** efflux rate of halothane-sensitive pigs to 
that observed for halothane-insensitive pigs. The mean 
value of Ca*+ efflux rates from 4 halothane-sensitive 
pigs were reduced from 227 +I 24 nmol/min/mg 
protein to 149 -t 8 nmoIlrnin~nlg protein by 1 .O mM 
spermine. The same concentration of spermine had 
no effect on the efflux rate of mitochondria of 

halothane-insensitive pigs. 
The effect of various temperatures on the 

$ ,.,L 
32 3-4 3-s 36 

103/T 

Fig.3. Arrhenius plots of Ca’“-stimulated respiration of 

mitochondria from halo~~e-sensitive and -insensitive pigs. 

The Ca*‘-stimuIatcd respiration was estimated with a Clark 
oxygen electrode from 40” to 5°C. Figure 3 represents typical 

results obtained with mitochondria from haiothane-sensitive 

(A) and -insensitive (B) pigs. 

Cab+-stimulated respiration of LD muscle mito~hondr~ 
of both halothane-sensitive and -insensitive pigs is 
represented by their respective Arrhenius plots (fig.3). 
Halothane-sensitive pigs (A) showed a much higher 
transition temperature than that of -insensitive pigs, 
the average values for 3 pigs of each type being 
26.6 t 0.6O”C and 17.6 + 0.65”C, respectively. 

4. Discussion 

The existence of a difference either in the structural 
or functional integrity of the mitochondrial mem- 
branes of halot~lane-sensitive (malignant hyp~rthermia 
prone and stress-susceptible) pigs is probably respon- 
sible for the higher rate of mitochondrial Ca2+ efflux 
and lower capacity to accumulate Ca” at higher 
temperature in these pigs. The composition of the 
membrane lipids of halo~ane-sensitive pigs could be 
different from those of nonnal as shown by the differ- 
ence of 9°C in the transition temperature of the 

Arrhenius plots of Ca”-stimulated respiration (fig.3) 
between the two types of pigs. It is well known that 

309 



Volume 95. number 2 FEES LETTERS November 1978 

the unsaturated : saturated fatty acids ratio in mem- 
branes is the determining factor for a phase transition 
at a particular temperature [ 17-221. The higher 
transition temperature coupled with the relationship 
of unsaturated to saturated fatty acids in regulating 
membrane-bound enzymic systems [20,21] suggests 
that halothane-sensitive pigs might contain more 
saturated fatty acids in their mitochondrial mem- 
branes than normal pigs. The functional integrity of 
the Ca” transport system of llalothane-sensitive pigs 
could also be affected by modification of the 
Ca”-binding sites by fatty acids released as a con- 
sequence of the Ca”-stimulated phospholipase, 
resulting in the marked difference in both the Ca2+ 
efffuxrates([ 12,131 and ~g.2)and~a~+accumulation 
at high temperature (fig.1). This suggestion is based 
on the evidence that BSA (0.3 mg) and spermine 
(1 .O mM) restore the values of the Ca*+ efflux rates 
and Ca*+ accumulation of halothane-sensitive pigs to 
normal. Uncoupling of mitochondria by free fatty 
acids [23,24] could be coLlnteracted by BSA, which 
restores oxidative phospI~o~lation by binding with 
free fatty acids [24,25]. Spermine, on the other hand, 
affects either the kinetics of Ca2+ transport by inter- 
acting with the Ca2’-binding sites of the mitochondrial 
membrane [26] or inhibits the phospholipase activity 
[27]. No signi~can~ difference was observed in either 
the rate of Ca” uptake and release or the ATPase 
activity of sarcoplasmic reticulum isolated from halo- 
thane-sensitive and -insensitive pigs. From the evidence 
presented, it thus appears that the Ca*+ transport 
system in mitochondria probably plays an important 
role in the underlying mechanism of the porcine 
malignant hyperthermia syndrome and perhaps also 
of human hyperpyrexia. 
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