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Summary 

The interaction of Ca 2+ with mitochondria isolated from longissismus 
dorsi, a predominantly white skeletal muscle, of  normal and malignant hyper- 
thermia pigs was investigated using tightly-coupled preparations. Arrhenius 
plots of  mitochondrial  Ca2+-stimulated respiration for succinate oxidation of 
malignant hyper thermia pigs showed a transition temperature (Tt )  of 26.31 +- 
0.80°C (n = 5), which was decreased by spermine to 15.41 +- 0.69°C (n = 3), a 
value very similar to that  for normal pigs. No difference in either the T t or  in 
the activation energy (Ea) was observed between the two types of pigs when 
ADP was used instead of  Ca 2÷. 

Mitochondria of malignant hyper thermia  pigs were uncoupled at 40°C by 
exogenous Ca 2÷ at 1221 -+ 301 (n = 9) nmol Ca 2+ per mg protein during suc- 
cinate oxidation and the uncoupled mitochondria  showed large amplitude swel- 
ling. Both the Ca2+-induced uncoupling and swelling were prevented by bovine 
serum albumin and by the phospholipase inhibitors, spermine and tetracaine. In 
contrast,  mitochondria  of normal pigs were still tightly coupled even after a 
total addition of  2313 -+ 287 (n = 5) nmol  Ca 2÷ per mg protein and retained the 
original condensed configuration in the presence or absence of  spermine and 
tetracalne. 

Mitochondria of malignant hyper thermia  pigs contained significantly (P 
0.001) higher quantities of  endogenous Ca 2+ and showed a significantly (P < 
0.001) faster FCCP-induced endogenous Ca 2÷ efflux rate than normal when 
monitored spectroscopically with murexide. No significant difference was ob- 
served in either the rate of exogenous Ca 2+ uptake or in the extent  of Ca 2+ 
accumulated in the aerobic steady state during succinate oxidation between the 
two types of  pigs. The rate of mitochondrial  Ca 2÷ efflux of malignant hyper- 
thermia pigs during anaerobiosis was about twice that  of normal. 
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Experimental evidence suggests that mitochondria from musculi longissimus 
dorsi of malignant hyperthermia pigs contained a Ca:÷-stimulated phospho- 
lipase A2 (EC 3.1.1.4, phosphatide 2-acylhydrolase), and that this enzyme if 
present in mitochondria of normal pigs is either latent or in very low concen- 
tration. The significance of the Ca~÷-stimulated phospholipase A2 and its asso- 
ciation with the enhanced rate of glycolysis in porcine malignant hyperthermia 
syndrome and in the post-mortem formation of the pale, soft and exudative 
conditions observed in white skeletal muscles of malignant hyperthermia pigs is 
discussed. 

Introduction 

Anaesthetic-induced malignant hyperthermia in stress-susceptible pigs is com- 
monly used as an experimental model for investigating malignant hyperthermia 
in humans. The manifestations of both porcine and human malignant hyper- 
thermia are very similar [1], the predominant clinical symptoms being gross 
muscular rigidity, rapid rise in body temperature, tachycardia, hyperventila- 
tion, severe acidosis and elevated levels of serum metabolites [1--3]. Porcine 
malignant hyperthermia is characterized by rapid glycolysis immediately post- 
mortem [4]. The ultimate pH value of about 5.4 in longissimus dorsi, a pre- 
dominantly white skeletal muscle, is attained while the muscles are still warm. 
Under these conditions, denaturation of the sarcoplasmic and myofibrillar pro- 
teins occurs [ 5], and this is accompanied by a reduction in the water-holding 
capacity of the muscles [6] which ultimately results in the exudation of a large 
amount of drip and formation of pale, soft and exudative muscle [4,6]. 

In an earlier paper [7] we reported variations in the rate of mitochondrial 
Ca 2+ efflux in different breeds of pigs, and suggested that the Ca 2÷ efflux was 
linked with porcine stress-susceptibility [4,7]. Furthermore, a difference in the 
rate of mitochondrial Ca 2÷ efflux was also observed within the same breed 
between malignant hyperthermia and normal pigs [8]. The higher rate of mito- 
chondrial Ca 2÷ efflux in malignant hyperthermia pigs was postulated to be due 
to the presence of a Ca2+-stimulated phospholipase since both bovine serum 
albumin and spermine, a phospholipase inhibitor [9], restored the values of the 
Ca 2÷ efflux of malignant hyperthermia pigs to normal [8]. 

This paper reports further studies on the mitochondria of malignant hyper- 
thermia and normal pigs, and shows that the differences in the fluidity of the 
mitochondrial membranes is probably contributed by phospholipase A2 (EC 
3.1.1.4, phosphatide 2-acylhydrolase) liberating long chain unsaturated fatty 
acids from mitochondria of malignant hyperthermia pigs. 

Materials and Methods 

Materials. Pigs were kindly supplied by Dr. A.J. Webb of the Agricultural 
Research Council, Animal Breeding Research Organisation at Edinburgh. At 35 
kg the pigs were transported to the Meat Research Institute, Langford where 
they were kept until slaughter at 75--100 kg. 
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Fatty acid-free bovine serum albumin, murexide, rotenone, sodium suc- 
cinate, spermine tetrahydrochloride and tetracaine hydrochloride were pur- 
chased from Sigma Chemical Corp.; carbonyl cyanide p-trifluoromethoxy- 
phenylhydrazone (FCCP) from Boehringer Mannheim; crystalline Bacillus sub- 
tilis proteinase (Nagarse) from Teikoku Chemical Co or from Sigma Chemical 
Corp.; all other reagents were of analytical grade. 

Methods.  Mitochondria were isolated from musculi longissimus dorsi imme- 
diately post-mortem by modifying the procedure of Makinen and Lee [10]. 
3 mg Nagarse was used instead of 5 mg per g wet weight of tissue, and homo- 
genization was carried out with a Thomas teflon-pestle glass homogenizer in 
place of an Ultra-Turrax. In addition, the mitochondrial-containing 14 000 X g 
suspension was first centrifuged at 1000 X g for 10 min, and the supernatant 
from this was recentrifuged at 7000 X g for 10 min. The mitochondrial pellet 
(7000 X g) was washed three times before being suspended in 250 mM sucrose. 
Oxygen uptake was measured with a Clark oxygen electrode (Yellow Spring 
Oxygen Monitor (Model 53)) in a total volume of 2.50 ml. The ADP-stimulated 
respiration for succinate oxidation was determined in a reaction medium (pH 
7.20) containing 1.0 mM EDTA, 30 mM KC1, 6.0 mM MgC12, 75.0 mM sucrose 
and 20.0 mM KH2PO4, and the Ca2+-stimulated respiration in a reaction 
medium (pH 7.20) containing 225.0 mM mannitol, 75.0 mM sucrose and 15.0 
mM .Tris-HC1 in the presence of 5.0 mM Pi- The rates of mitochondrial Ca 2÷ up- 
take and efflux was measured at 21°C using the Amino-Chance dual-wave- 
length/split beam spectrophotometer operating in the dual-wavelength mode at 
540--510 nm with murexide [11] in the same reaction medium as that used for 
measuring the Ca2+-stimulated respiration for succinate oxidation except that 
2.50 rhM Pi was used instead of 5.0 mM Pi. Ca2÷ was also determined by atomic 
absorption using an Instrumental Laboratory Inc. double-beam atomic absorp- 
tion/emission spectrophotometer (Model 251) at 422.7 nm in the presence of 
1% (w/v) lanthanum. Protein was determined according to the method of 
Lowry et al. [12] using bovine serum albumin as standard. 

Electron microscopy was carried out as described by Allmann et al. [13] but 
without using acrolein. Thin sections of the various mitochondrial preparations, 
embedded in Epon 812 were cut with a glass knife and stained with 2.0% 
uranyl acetate in methanol [14] and lead citrate [15] before examination with 
an AEI (Model EM6-B) electron microscope. For examinations of the ultra- 
structural configurations of mitochondria during the Ca2÷-stimulated respira- 
tion the mitochondrial suspension at the end of each polarographic experiment 
was treated with an equal volume of 2.5% glutaraldehyde in 50 mM sodium 
cacodylate and 180 mM sucrose buffer (pH 7.4) for 2 min, and then centri- 
fuged for 1.5 min with an Eppendorf (Model 3200) microcentrifuge. The mito- 
chondrial pellet was fixed for 1 h with 2.5% glutaraldehyde in 50 mM sodium 
cacodylate and 180 mM sucrose buffer (pH 7.4) at 0°C, post-fixed with 1% 
osmium tetroxide in 50 mM sodium cacodylate and 300 mM sucrose buffer 
(pH 7.4) for 1 h at 0°C, and then dehydrated in ethanol before being embedded 
in Epon 812. 
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Results 

Coupling integrity, endogenous Ca 2+ and FCCP-induced release of  endogenous 
Ca 2+ 

Mitochondria isolated from malignant hyperthermia and normal (control) 
pigs by the modified Nagarse method were tightly-coupled. The respiratory 
control index for the ADP-stimulated respiration during suecinate oxidation of 
our routine mitochondrial preparations normally showed a minimum value of 
6 at 25°C. The values of the respiratory control index for the Ca2*-stimulated 
respiration during succinate oxidation at 25ec in the reaction medium (pH 
7.20) containing 225.0 mM mannitol, 75.0 mM sucrose, 5.0 mM Pi and 15.0 
mM Tris-HC1 were found to be much higher than values previously reported by 
us [7] using the reaction medium (pH 7.20) consisting of 1.0 mM EDTA, 30.0 
mM KC1, 6.0 mM MgC12, 75.0 mM sucrose and 20.0 mM KH2PO4. Under the 
present experimental conditions, the values of the respiratory control index for 
succinate oxidation using Ca 2÷ to induce the State 3 to State 4 transition [16] 
was 4.72 -+ 0.56 (n = 18) for malignant hyperthermia pigs, and 5.21 -+ 0.48 
(n = 16) for normal pigs, as compared with previous values of 1.67 [7]. No sig- 
nificant difference in respiratory control index was found between the two 
types of pigs, indicating that the coupling integrity of the isolated mitochon- 
dria was identical. 

Mitochondria of malignant hyperthermia pigs contained significantly (P <~ 
0.001) higher endogenous Ca ~÷ than normal. Fig. 1 represents the direct trac- 
ings of typical spectroscopic experiments with murexide illustrating the dis- 
charge of endogenous mitochondrial Ca 2* by the uncoupling reagent, FCCP 
[17]. The amount of endogenous Ca 2+ estimated by this method was 82.90 -+ 
11.27 (n = 9) nmol Ca 2÷ per mg protein for malignant hyperthermia pigs com- 
pared with 45.44 + 9.25 (n = 9) nmol Ca ~+ per mg protein for normal pigs. The 
amount of endogenous mitochondrial Ca 2+ was also determined by atomic 
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Fig. 1. Measuxement of  endogenous  Ca 2+ in mitochond.ria from museul i  longissimus dorsi  of normal  and 
malignant  hyper the rmia  pigs. The data  are from typical  spectroscopic exper iments  showing  the discharge 
of  endogenous  Ca 2+ from mi tochondr ia  of normal  (A) and malignant  hyper thermia  (B) pigs by FCCP 
( I  nmol) .  The react ion medium (pH 7.20) contained 225 mM mannitol ,  75 mM sucrose and 15 mM Tris- 
HC1, and mttrexide (92 ~zM). Total  protein,  4.98 rag (A) and 4.33 mg (B); to ta l  volume, 2.70 ml; temper-  
ature 21°C. 
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absorption, and the values agreed within 4--15% with the spectrophotometr ic  
values. Mitochondria of  malignant hyperthermia pigs also showed significantly 
(P < 0.001) faster FCCP-induced endogenous Ca 2+ efflux rates than normal, 
the FCCP-induced Ca 2÷ efflux rates were 61.77 +- 10.37 {n = 9) nmol  Ca 2÷ per 
min per mg protein for malignant hyperthermia pigs as compared with 41.23 -+ 
5.83 (n = 9) nmol  Ca 2÷ per min per mg protein for the control. 

Uptake, accumulation and release o f  exogenous Ca 2÷ 
In all experiments 120--150 nmol Ca 2÷ per mg protein were added to the 

mitochondrial  suspensions. This was about  10% of the total  exogenous Ca 2÷ 
added to uncouple mitochondria  of  malignant hyperthermia pigs at 40°C [8].  
Thus, in all our experiments the kinetic uptake,  accumulation and release of  
exogenous Ca 2÷ were estimated with coupled mitochondria.  

Table I summarizes the rate of  Ca ~÷ uptake and the percentage of  Ca 2÷ accu- 
mulated by mitochondria during aerobiosis, and the rate of  Ca 2÷ released at the 
onset  of anaerobiosis between mitochondria  from musculi longissimus dorsi of  
malignant hyperthermia and control pigs. No significant difference was ob- 
served in either the rate of Ca ~÷ uptake or in the extent  of  Ca 2÷ accumulated 
between the mitochondria from both  types of pigs. A significant (P < 0.001) 
difference in the anaerobic rate of  mitochondrial  Ca 2÷ efflux was however ob- 
served between the two types  of pigs when the estimations were carried out  
either in the absence [18] or presence of 2.50 mM Pi (Table l). Pi stimulated 
both the rate of  Ca 2÷ uptake and the initial fast phase of  Ca 2÷ efflux but  inhib- 
ited the slow phase of  the biphasic Ca 2÷ efflux. Maximum Ca 2÷ efflux was ob- 
tained with 2.50 mM Pi, bu t  a further increase in Pi concentration only resulted 
in an inhibition of  the Ca 2÷ efflux in the fast phase. 

Effec t  o f  exogeneous Ca 2÷ on succinate oxidation 
Mitochondria isolated from musculi longissimus dorsi of  both  malignant 

hyperthermia and control  pigs showed no significant difference in their coupl- 
ing integrity, and in their State 3 and State 4 respiratory rates induced by 
either ADP or Ca 2÷ [16] during succinate oxidation at 25°C. At 40°C, however,  

T A B L E  I 

Ca 2+ U P T A K E ,  A C C U M U L A T I O N  A N D  Ca 2+ E F F L U X  IN M I T O C H O N D R I A  F R O M  M U S C U L I  
L O N G I S S I M U S  D O R S I  OF M A L I G N A N T  H Y P E R T H E R M I A  A N D  N O R M A L  PIGS 

The  data were  o b t a i n e d  wi th  m i t o c h o n d r i a  ox id iz ing  suceinate  (+rotenone)  in the presence  o f  2.50 m M  Pi 
using mu~exide  to  m o n i t o r  the  kinet ic  up take ,  accumula t ion  and release o f  e x o g e n o u s  Ca 2+. The  sequence  
of addi t ions  to  the m t t o c h o n d r i a l  suspens ion  was  1 ~tM xotenone0 92 ~ murex ide  and Ca 2+ ( 1 2 0 - - 1 5 0  
n m o l  per m g  prote in) ,  and then f o l l o w e d  b y  10 raM succinate  to  initiate the uptake  o f  e x o g e n o u s  Ca 2+. 
Temperature ,  21°C;  t o t a l  v o l u m e ,  2 .70  ml ;  10  m m  l ight  p a t h  cuve t t e .  Th e  values  s.re m e a n s  ± S.D. for  the 
numbers  o f  pigs in pa ren theses ,  n.s. ,  n o n  s ignif icant ;  s.,  s ignif icant .  

Muscle m i t o e h o n d r i a  Ca 2+ u p t a k e  Ca 2+ a c c u m u l a t i o n  Ca 2+ ef f lux  
( n m o l / m i n / m g  p ro te in )  (%) ( n m o l / m i n / m g  prote in)  

Malignant  h y p e r t h e r r n i a  275 ,5  ± 62 .9  (n ffi 12)  92 .3  ± 4 .0  (n ffi 12)  214 .5  ± 31 .5  (n = 31)  
Control  273 .4  ± 56 .7  (n = 14)  92 .3  ± 3.6 (n ffi 14)  1 1 9 .4  ± 19.1 (n = 27)  
t -Test  n.s. (P > 0 .05 )  n.s, (P > 0 .05 )  s. (P < 0 .001 )  
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Fig.  2.  E f f e c t  o f  e x o g e n o u s  C a  2+ o n  s u c c i n a t e  o x i d a t i o n  b y  r n i t o c h o n d r i a  f r o m  m u s c u l i  l o n g i s s i m u s  d o ~ i  
o f  n o r m a l  a n d  m a l i g n a n t  h y p e r t h e r m i a  p igs  a t  40°C .  T r a c e  A i l lu s t r a t e s  a t y p i c a l  p o l a r o g r a p h i c  expe r i -  
m e n t  s h o w i n g  t h e  S t a t e  3 -S t a t e  4 t r a n s i t i o n  i n d u c e d  b y  C a  2+ d u r i n g  s u c c i n a t e  o x i d a t i o n  b y  m i t o c h o n -  
d r i a  o f  n o r m a l  p ig .  F o u r  a d d i t i o n s  o f  6 0 0  n m o l  Ca  2+ p e r  m g  p r o t e i n  we re  i n t r o d u c e d  w i t h o u t  c a u s i n g  
u n c o u p l i n g  o f  m i t o c h o n d r i a .  T o t a l  p r o t e i n ,  0 . 5 0  rag ;  t o t a l  Ca  2+ a d d e d ,  2 4 0 0  n m o l  Ca 2+ p e r  m g  p r o t e i n .  
T r a c e  B r e p r e s e n t s  a t y p i c a l  e x p e r i m e n t  s h o w i n g  t h e  e f f e c t  o f  C a  2+ o n  m i t o c h o n d r i a  o f  m a l i g n a n t  h y p c r -  
t h e r m i a  p ig  d u r i n g  s u c c i n a t e  o x i d a t i o n .  T h e  s e c o n d  a d d i t i o n  o f  6 2 5  n m o l  Ca  2+ p e r  m g  p r o t e i n  c o m p l e t e l y  
u n c o u p l e d  t h e  m i t o c h o n d r i a .  T o t a l  p r o t e i n ,  0 . 4 8  m g ;  t o t a l  C a  2+ a d d e d ,  1 2 5 0  n m o l  p e r  m g  p r o t e i n .  
T r a c e  C i l l u s t r a t e s  a t y p i c a l  e x p e r i m e n t  s h o w i n g  b o v i n e  s e r u m  a l b u m i n  (BSA)  c o m p l e t e l y  c o u n t e r a c t e d  
the  u n c o u p l i n g  in  m i t o c h o n d r i a  o f  m a l i g n a n t  h y p e r t h e r m i a  p ig  r e p r e s e n t e d  b y  T r a c e  B. N o  u n c o u p l i n g  
w a s  o b s e r v e d  even  a f t e r  a t o t a l  a d d i t i o n  o f  2 1 8 8  n m o l  C a  2+ p e r  m g  p r o t e i n  ( t h r e e  a d d i t i o n s  o f  6 2 5  n m o l  
a n d  o n e  a d d i t i o n  o f  3 1 3  n m o l ) .  T o t a l  p r o t e i n ,  0 . 4 8  rag .  R o t e n o n e  ( 2 / $ M )  a n d  s u c c i n a t e  ( 1 0  m M )  w e r e  
a d d e d  p r i o r  t o  Ca  2+ a d d i t i o n  in  al l  t h e  e x p e r h n e n t s  r e p r e s e n t e d  b y  T r a c e s  A - - C .  1 m g  b o v i n e  s e r u m  a l b u -  
m i n  (BSA)  w a s  a d d e d  b e f o r e  r o t e n o n e  a n d  s u c c i n a t e  in  T r a c e  C. T h e  n u m b e r s  a l o n g s i d e  t h e  T r a c e s  (A-C) 
r e p r e s e n t  t h e  r a t e s  o f  o x y g e n  u p t a k e  e x p r e s s e d  in  n a t o m s  O p e r  m i n  p e r  m g  p r o t e i n ,  a n d  e x p e r i m e n t a l  
t r a c e s  r u n  f r o m  r i g h t  t o  le f t .  

F ig .  3 .  A r r h e n i u s  p l o t s  o f  C a 2 + - s t i m u l a t e d  r e s p i r a t i o n  o f  m i t o c h o n d r i a  f r o m  m u s c u l i  l o n g i s s i m u s  do r s i  o f  
m a l i g n a n t  h y p e r t h e r m l a  a n d  n o r m a l  pigs .  T h e  C a 2 + - s t i m u l a t e d  r e s p i r a t i o n  w a s  e s t i m a t e d  w i t h  a C la rk  
o x y g e n  e l e c t r u d e .  T h e  d a t a  r e p r e s e n t  t y p i c a l  r e su l t s  o b t a i n e d  w i t h  m i t o c h o n d r i a  f r o m  m a l i g n a n t  h y p e z -  
t h e x m i a  (A)  a n d  n o r m a l  (B) p igs .  C h a n g e s  in  t h e  s lope  o f  t h e  A r r h e n i u s  p l o t s  we re  d e t e r m i n e d  b y  l eas t  
m e a n  s q u a r e  ana lys i s .  By  a c o m p u t e r  p r o g r a m m e  the  r e s idua l  s u m  o f  s q u a r e s  was  c a l c u l a t e d  fo r  c o m b i n a -  
t i o n s  o f  p o i n t s  f i t t e d  t o  t w o  s t r a i g h t  l ines  f r o m  the  u p p e r  t o  t h e  l o w e r  t e m p e r a t u r e  e x t r e m e s .  A c h a n g e  in  
s lope  was  c o n s i d e r e d  t o  o c c u r  a t  t he  f i rs t  m i n i m u m  fo r  t he  s u m  o f  t h e  r e s idua l  s u m  o f  squa re s  f o r  t he  t w o  
s t r a i g h t  l ines .  

a marked difference in the mitochondrial coupling was observed following the 
addition of  Ca 2÷ in that mitochondria from malignant hyperthermia pigs were 
more easily uncoupled by Ca 2÷. Fig. 2 illustrates typical polarographic experi- 
ments showing the effect of  Ca 2÷ addition to mitochondria of  control 
(Trace A) and of  malignant hyperthermia (Trace B) pigs, and the effect of 
bovine serum albumin in counteracting the Ca2÷-induced uncoupling (Trace C) 
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in mitochondria  from malignant hyperthermia pigs. No uncoupling was ob- 
served with the control  pigs even after a total  addition of  2313 +- 287 (n = 5) 
nmol Ca 2÷ per mg protein. In contrast, mitochondria of malignant hyper- 
thermia pigs were uncoupled under the same experimental conditions, by  the 
second addition of Ca 2÷ (Trace B). Uncoupling was observed after a total  addi- 
tion of  1221 -+ 301 (n = 9} nmol Ca ~÷ per mg protein. Addition of  bovine 
serum albumin maintained the coupling integrity (Trace C) of mitochondria 
from malignant hyperthermia pigs even after 2038 -+ 236 (n = 4) nmol Ca 2÷ 
per mg protein were added. No significant difference was observed in the mito- 
chondrial coupling integrity between the two types of  pigs when ADP was used 
instead of  Ca 2÷ at 40°C. 

Arrhenius plots o f  Ca 2÷- and ADP-stimulated respiration o f  succinate oxidation 
Fig. 3 represents a typical Arrhenius plot  of  the Ca2÷-stimulated respiration 

of  mitochondria  isolated from musculi longissimus dorsi of malignant hyper- 
thermia (A) and control  (B) pigs. In both  cases, discontinuities in the Arrhenius 
plots were observed, showing a distinct difference in the transition temperature 
(Tt) in succinate oxidation. Mitochondria of  malignant hyperthermia pigs 
showed a T t of 26.31 -+ 0.80°C (n = 5), and this was 9°C higher than the Tt of 
17.29 + 0.77°C (n = 4) for the control pigs. The activation energy (Ea) above 
the Tt was 40.38 -+ 15.69 kJ /mol  (n -- 5) for malignant hyperthermia pigs as 
compared with a value of  50.72 +- 2.89 kJ /mol  (n = 4) for the control. Below 
the Tt, the values of Ea were 101.97 + 24.81 kJ /mol  (n = 5) for malignant 
hyperthermia pigs, and 127 + 26.47 kJ /mol  (n = 4) for the control. Thus, the 
Arrhenius plots of the Ca2+-stimulated respiration for succinate oxidation 
showed that  there was a significant difference (P < 0.001) in the Tt between 
the two types  of  pigs, bu t  with only small and non-significant changes in the E~ 
either above or below the Tt. When the experiments were repeated using ADP 
instead of  Ca 2+ with the same mitochondrial  preparations, no difference was 
observed in either the T t (Fig. 4) or E~ between the two types  of  pigs. The 
average value of  Tt for two pigs of  each type  was 16.74°C and 17.68°C for 
malignant hyperthermia and normal pigs, respectively. The Ea above the Tt  was  

58.74 kJ /mol  for malignant hyperthermia pigs as compared with a value of  E ,  
of  51.65 kJ /mol  for the control,  their corresponding Ea values below the Tt 
were 141.89 kJ /mol  and 132.47 kJ/mol ,  respectively. 

Effect o f  spermine and Mg 2÷ on Arrhenius plots o f  Ca2+-stimulated respiration 
o f  succinate oxidation 

Fig. 5 illustrates typical Arrhenius plots of a set of experiments showing the 
effect of various temperatures on the Ca:+ stimulated respiration of  mitochondria 
from musculi longissimus dorsi of malignant hyperthermia pigs (A), and the 
effect  of  spermine on the Tt (B). The Tt of  malignant hyperthermia pigs was 
lowered by spermine from 26.31 + 0.80°C (n = 5) to 15.41 + 0.69°C (n = 3), 
and by  Mg 2÷ (4.0 mM) t~o 17.27°C (n = 2) and this new Tt in the presence of 
spermine or Mg 2÷ was very similar to the Tt of  17.29 +-0.77°C (n = 4) for 
normal pigs. The Ea of  59.26 -+ 3.88 kJ /mol  (n = 3) and 143.00 +- 27.10 kJ/mol  
(n -- 3) above and below the Tt in the presence of spermine was also practically 
identical to the values of  50.72 -+ 2.89 kJ /mol  (n = 4) and 127.02 -+ 26.47 kJ/  
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Fig. 4. A r t h e n i u s  p l o t s  of  A D P - s t i m u l a t e d  resp iza t ion  of  m i t o c h o n d r i a  f rom m u s c u l i  l o n ~ i ~ i m u s  d o ~ i  of  
m a l i g n a n t  h y p e r t h e n n i a  and  n o r m a l  pigs.  The  A D P - s t h n u l a t s d  r e sp i r a t i on  was  e s t i m a t e d  w i t h  a Clazk 
o x y g e n  e lec t rode .  The  d a t a  r e p r e s e n t  t y p i c a l  r e su l t s  o b t a i n e d  w i t h  m i t o c h o n d z i a  f r o m  m a l i g n a n t  hypez-  
t h e r m i a  (A)  and  n o r m a l  (B) pigs.  The  s t r a igh t  t ines  were  d r a w n  as desc r ibed  in  t he  l egend  to  Fig. 3. 

Fig. 5. Anrhen ius  p lo t s  o f  Ca2+-s t imula ted  resp iza t ion  of  m i t o c h o n d r t s  fzom m u s c u l i  lonEi~. imus dors i  o f  
m a l i g n a n t  h y p e r t h e r m i a  pigs  d e t e r m i n e d  in  the  absence  (A)  and  p resence  of  spe rmine  (B). 

mol (n = 4) observed for normal pigs. With mitochondria of  normal pigs how- 
ever, spermine, as expected, was ineffective in altering the Tt and the Ea 
(Fig. 6). The average Tt was 15.93°C (n = 2) and the Ea (n = 2) above and 
below the Tt was 43.04 and 145.17 kJ/mol, respectively in the presence of  
spermine. 

Effect of spermine, tetracaine and Mg 2+ on Ca2÷-stimulated respiration of 
succinate oxidation 

T h e  a b i l i t y  o f  b o v i n e  s e r u m  a l b u m i n  t o  p r e v e n t  t h e  Ca2÷- induced  u n c o u p l i n g  
in mitochondria of  malignant hyperthermia pigs (Fig. 2, C) implied that free 
fatty acids were most likely to be responsible for the mitochondrial uncoupl- 
ing. It is known that bovine serum albumin could easily counteract the un- 
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Fig. 6. Ar~henius plots of -~.tua~ed resp~a~on of mitochond!"ht from muscu~ longL~shnus dorsi ol 

normal pigs estimated in the absence (A) and presence of spennine (B). 
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coupling of mitochondria caused by free fatty acids [19--21],  and restore oxi- 
dative phosphorylation by its ability to bind with free fatty acids [ 1 9 - 2 3 ] .  As 
only the mitochondria of malignant hyperthermia pigs were observed to be un- 
coupled by exogenous Ca 2÷ and not by exogenous ADP at high temperatures, it 
seems very likely that one of the sources of free fatty acids was the action of 
the Ca2+-activated phospholipase A: in mitochondria from musculi longissimus 
dorsi of  malignant hyperthermia pigs. This explanation was supported by data 
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Fig. 7. Effect  of  spermine an~ Mg 2+ on  Ca2+-stimulated zesplration by  mitochondrla  fzom muscul i  longls- 
s imus d o t s / o f  malignant hyperthermia  p i ~  at 40°C. Trace A illustrates a typical  exper iment  showing the  
e f fect  o f  Ca 2+ on  m/tochond~ia  of  malignant hypertherm/a  pig during suceinate oxidat ion.  The second 

2+ addit ion of  7272+ n m o l  Ca per mg protein comple te ly  uncoupled  the  m i t o c h o n d ~  T o t s / I ~ o t e i n ,  0 .55  
rag; total  Ca added,  1 4 5 4  n m o l  per mg  protein,  Trace B shows a typical  exper iment  of  sp~rmine com-  
plete ly  counteract ing the  uncoupl ing  in mi tochondz ia  of  m a l l ~ m t  hyperthermia  pig i l lustrated in Trace 
A.  No  uncoupl ing  was  observed after a total  addit ion of  2 9 0 8  n m o l  Ca 2+ per mg protein (fopz addit ions 
of  727  nmol ) .  Total  protein,  0 .55  mg; spermine,  1 .0  raM. Trace C nlustrates a typical  exper iment  showing 
Mg 2+ preventing the  uncoupl ing  induced by  Ca 2+ in mitochon&da of  n~a14_anant hyper thenn ia  pig du~dng 
suecinate ox idat ion .  No uncoupl ing  was observed after a total  addit ion of  2908  n m o l  Ca 2+ per mg  pro- 
tein,  but  the  last addit ion of  727  n m o l  Ca 2+ per mg  protein resulted in the mitoehondrta  showing  signs of  
becoming  uncoupled .  Total  protein,  0 .55  mg; Mg 2+, 4 .0  raM. Spermine in Trace B and Mg2+::in Trace C 
were added into the m i t o e h o n d r ~  suspension pxior to the addit ions of  rotenone  (2 ~M) and succinate (10  
mM).  All  other  exper imenta l  details as dascribed in the  legend to Fig. 2. 

Fig. S. Effect  o f  tetraealne and sperm/he on  Ca2+-stimulated respiration by  mitochondz~a fr0m museu/ i  
longissimus dond of normal  pigs at 40°C. Trace A inustrates a typical  polerographic exper iment  showing 
the  State 3 to  State  4 transit ion induced by  Ca 2÷ during suce~late  ox idat ion  by  mitoehondrla  of  normal  
pigs, and Trace B and Trace C w h e n  the exper iment  described in T ~ c e  A was repeated in the;presence of  
te tmcaine  and spe~mine, respectively.  No Ca2+-induced uncoupl ing  was observed in the  presence of  tetra- 
caine (B) and spermine (C) even after a total  addit ion of  2 6 2 4  n m o l  Ca 2+ per mg  protein.  Total  protein 
in each exper iment ,  0 .61  rag; tetraeaine,  0 .5  raM; spermtne,  1 .0  raM. All  o ther  experimental  details as 
described in the  legend to Fig. 2 and Fig. 7. 
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obtained using two phospholipase inhibitors, spermine [9] and tetracaine 
[24,25] ,  and Mg 2÷, the cation specific for the Ca2*-binding sites [26--32] and 
for protecting the structural integrity and stabilization of  mitochondrial  mem- 
branes [33--35] .  

Fig. 7 illustrates direct polarographic tracings of  typical experiments showing 
the effect  of  spermine (B) and Mg 2÷ (C) in preventing the mitochondrial  un- 
coupling of  malignant hyperthermia pigs (A) Caused by the addition of  exo- 
genous Ca 2÷ during succinate oxidation at 40°C. The first addition of  727 nmol 
Ca 2÷ per mg protein gave a respiratory control  index value of  3.45 (A). The 
second addition of  a similar amount  of  Ca 2÷, however resulted in uncoupling of  
the mitochondria.  Uncoupling was observed after a total  addition of  1221 -+ 
301 (n = 9) nmol Ca 2÷ per mg protein. When spermine (B) was incubated with 
the mitochondrial  suspension in the reaction vessel for 10 min prior to the sub- 
sequent addition of  exogenous Ca 2÷, no uncoupling was observed even after a 
total  addition of  2489 -+ 315 (n = 5) nmol Ca 2÷ per mg protein. The average 
value of  the respiratory control  index was 3.05 (B) as compared with a value 
of  3.45 (A) obtained following the first addition of  727 nmol Ca ~÷ per mg 
protein in the absence of  spermine, before the mitochondria were uncoupled 
by the second addition of  727 nmol Ca 2÷ per mg protein. Uncoupling of  mito- 
chondria by exogenous Ca 2÷ was also prevented by tetracaine. Under these con- 
ditions (not shown), the average value of  the respiratory control index ob- 
tained by three additions of  727 nmol Ca 2÷ per mg protein was 2.57, which was 
slightly lower than the value of  3.45 observed in the presence of  spermine (B). 
When the experiments were repeated in the presence of  Mg 2÷ (C), no uncoupl- 
ing was observed after a total  addition of  2279 -+ 399 (n = 3) nmol Ca 2+ per mg 
protein, but  a progressive decline in the value of  the respiratory control index 
was observed. The first addition of  727 nmol Ca ~÷ per mg protein gave a respi- 
ratory control  index of  4.48; the subsequent  separate additions of  similar 
amounts  of  Ca 2÷ resulted in values of  the respiratory control  index of  3.60, 
2.76 and 1.44, respectively. Even though the average value of  respiratory con- 
trol index of  3.08 in the presence of  Mg 2÷ (C) was almost identical to the value 
of  3.05 observed in the presence of  spermine (B), the mitochondria were show- 
ing signs of  becoming slightly uncoupled following the last addition of  727 
nmol Ca ~÷ per mg protein, i.e. after a total  addition of  2909 nmol  Ca 2÷ per mg 
protein in this particular set of  experiments. This was not  the Case with the last 
addition of  727 nmol  Ca 2÷ per mg protein when the experiments were carried 
out  in the presence of  spermine (B). 

The effect  of  inhibitors of  phospholipase As was repeated using mitochon- 
drial preparations f rom control  pigs (Fig. 8). In the absence of  a phospholipase 
inhibitor, no uncoupling by exogenous Ca 2÷ was observed after a total  addition 
of  2313 + 287 (n = 5) nmol Ca 2÷ per mg protein, and the average value of  the 
respiratory control  index was 3.66 (A). The mitochondria were still coupled 
when the same total  amount  of  exogenous Ca 2÷ was added during succinate 
oxidation either in the presence of tetracaine (B) or spermine (C); the average 
value for the respiratory control  index under these conditions being 2.95 (B) 
and 2.91 (C), respectively. The decrease in the values of  the respiratory control  
index in the presence of  the phospholipase inhibitors was principally due to an 
increase in the State 4 respiratory rate. 
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Effect of phospholipase inhibitors on mitochondrial configuration 
The mitochondrial  configuration of  both malignant hyperthermia and con- 

trol pigs were examined (Fig. 9) under various conditions at the end of  the 
polarographic experiments during succinate oxidation at 40°C in the presence 
of  exogenous Ca 2÷. Thin sections of mitochondria prepared either in the 
presence of  spermine (Fig. 9B) Or tetracaine (Fig. 9C) showed that  the mito- 
chondria were intact and were either in the or thodox or condensed configura- 
tion [36] but  not  drastically swollen as observed in the absence of a phospho- 
lipase inhibitor (Fig. 9A). A few swollen mitochondria were however observed 

Fig .  9 .  T h i n  s e c t i o n s  o f  m i t o c h o n d r l a  f r o m  m u s c u l i  l o n g i u i m u s  do l~ i  s h o w i n g  t h e i r  u l t r a s t r u e t u r a l  c o n -  
f i g u r a t i o n  d u r i n g  s u c e i n a t e  o x i d a t i o n  a t  4 0 ° C .  T h e  e l e c t r o n  m i c r o g r a p h s  A---C were  p r e p a r e d  f r o m  m i t o -  
c h o n d r i a  o f  m a l l g n a r t t  h y p e r t h e r m i a  p igs  w h e n  u n c o u p l e d  b y  e x o g e n o u s  Ca  2+ dux lng  succin&te o x i d a t i o n  
(A) ,  a n d  w h e n  t h e  C a 2 + - i n d u e e d  t u l c o u p ] i n g  w a s  p r e v e n t e d  b y  e i t h e r  s p c r m i n e  (B) o r  t e t r a c a i n e  (C).  T h e  
e l e c t r o n  m l c r o g r a p h s  D - - F  w e r e  p r e p a r e d  f r o m  m i t o c h o n d r i a  o f  n o r m a l  p igs  as  i l l u s t r a t e d  in  F ig .  8 .  D ,  
m i t o c h o n d r i a  o f  n o r m a l  p ig  a f t e r  t h e  S t a t e  3 t o  S t a t e  4 t r a n s l t i o n s  i n d u c e d  b y  C a  2+ (see F ig .  8 A ) .  E,  a s  
d e s c r i b e d  in  D e x c e p t  t h a t  t h e  expe1~ment  w a s  r e p e a t e d  i n  t h e  p r e s e n c e  o f  s p e r m i n e  (see F ig .  8C) .  F ,  as  
d e s c r i b e d  i n  D e x c e p t  t h a t  t h e  e x p e r i m e n t  w a s  r e p e a t e d  in  t h e  p r e s e n c e  o f  t e t r a c a i n e  (see F ig .  8B) .  F i n a l  
m a g n i f i c a t i o n  f o r  a l l  e l e c t r o n  m i c r o g ~ a p h s ,  8 5 0 0 X .  
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in the presence of tetracaine (Fig. 9C) but the extent of swelling was not as 
drastic as that in the absence of any phospholipase inhibitor (Fig. 9A). 

Mitochondria of normal pigs, on the other hand assumed a condensed con- 
figuration, and were found to be intact and not swollen (Fig. 9D) during suc- 
cinate oxidation in the presence of 2313-+ 287 (n = 5) nmol Ca 2÷ per mg 
protein at 40°C, a condition where the mitochondria still fully retained their 
coupling integrity (see Fig. 8A). in the presence of either tetracaine or sper- 
mine, the mitochondria were still coupled (Fig. 8, B and C), and thin sections 
prepared under these conditions showed that the mitochondria were intact 
and were also in a condensed configuration without showing any sign of 
becoming swollen (Fig. 9, E and F). 

Discussion 

Our present data suggest that mitochondria from musculi longissimus dorsi 
of malignant hyperthermia pigs contained a Ca2+-activated phospholipase A2, 
and that this enzyme, if present in normal pigs is either latent or in very low 
concentration. Mitochondria contain phospholipase A2 [37--43], and this 
enzyme can be activated by low concentrations of Ca 2÷ [44]. However, the 
total activity of the enzyme and its exact location is still not fully established. 
The enzyme might be localized in both the outer and inner mitochondrial 
membranes with the majority of the enzyme on the outer membrane [39], or 
in the intermembrane space between the inner and outer membranes [45] or in 
the inner membrane [41]. Mitochondrial phospholipase A2, on stimulation by 
Ca 2÷ [41,44] caused the hydrolysis of the phospholipids in the mitochondrial 
membranes, resulting in the liberation of unsaturated fatty acids and lyso- 
derivatives of the mitochondrial phospholipids [41,46,47]. The fatty acids 
released would bring about the uncoupling of mitochondria [20,21], and the 
free fatty acids and lyso<lerivatives of the mitochondrial membrane phospho- 
lipids would cause the destabilization of the mitochondrial membranes, result- 
ing in swelling of the mitochondria [24,48--52]. 

A change in fluidity of the mitochondrial membranes has been demon- 
strated by the Tt of Arrhenius plots from either ADP or Ca2÷-stimulated respi- 
ration [53,54]. The 9°C increase in the Tt observed in mitochondria of malig- 
nant hyperthermia pigs in the Ca2÷-stimulated respiration could be explained 
by hydrolysis of phospholipids of mitochondrial membranes by Ca2+-activated 
phospholipase A2 releasing unsaturated fatty acids. The overall effect of phos- 
pholipase A2 action would be a net increase in the content of saturated fatty 
acids in the mitochondrial membranes of malignant hyperthermia pigs which 
would in turn result in an increase in the Tt (Fig. 3, A and Refs. 53, 55). The 
involvement of a Ca2*-activated phospholipase A2 in mitochondria of malig- 
nant hyperthermia pigs was substantiated by the ability of spermine to decrease 
the Tt to a value (Fig. 5) which was not significantly different from that of 
normal (Fig. 6). This was further supported by the similar T t obtained for the 
mitochondria of both types of pigs when ADP was used instead of Ca 2÷ to 
stimulate respiration during succinate oxidation (Fig. 4), as mitochondrial 
phospholipase A2 could not be activated by ADP. 

Stabilization of the mitochondrial membrane of malignant hyperthermia pigs 
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by Mg 2+ could only partially overcome the fatty acid-induced uncoupling of 
the mitochondria through the action of the Ca2÷-stimulated phospholipase A2 
activity, even though the concentration of Mg 2+ employed in our in vitro experi- 
ments was about 4-fold excess of that under physiological conditions, in which 
the free Mg 2+ is probably close to 1 mM [ 56]. As a consequence of mitochon- 
drial membrane stabilization, the Tt of mitochondria from malignant hyper- 
thermia pigs was decreased by Mg 2÷ to 17.27°C (n = 2), a value which was 
similar to that observed in the presence of spermine, and also to that of normal 
pigs. Experimental evidence from the use of spermine, a mitochondrial phos- 
pholipase A2 inhibitor [ 9] and a stabilizer of mitochondrial membranes [29,57, 
58], and Mg 2÷, a stabilizer of mitochondrial membrane [33--35] and not a 
phospholipase inhibitor [59] implies that the Ca2+-stimulated phospholipase 
A2 in mitochondria from musculi longissimus dorsi of malignant hyperthermia 
pigs is directly responsible for the higher T t observed in the Ca2÷-stimulated 
respiration during succinate oxidation. 

Porcine malignant hyperthermia appears to be a primary disorder of skeletal 
muscle [60,61], with the sympathetic nervous system being implicated only as a 
secondary response in the syndrome [ 62]. This was substantiated by the failure 
of curare or anaesthesia to prevent musculi longissimus dorsi of stress-suscep- 
tible pigs from producing much higher levels of lactate than normal [63]. 
Furthermore, musculi longissimus dorsi of anaesthetized stress-susceptible pigs 
was .found to be more sensitive to anoxia induced by administration of pure 
nitrogen or by exsanguination than similar muscle of normal pigs [64]. Lactic 
acid levels were also found to be significantly (P < 0.05) higher in biopsy 
samples of stress-susceptible pigs breathing oxygen than similar muscle of 
stress-resistant pigs [ 64]. 

It is most likely that the mitochondrial Ca2+-activated phospholipase A2 
plays a central role in the series of biochemical events in porcine malignant 
hyperthermia and in the ultimate formation of the pale, soft and exudative 
conditions associated with muscles of stress-susceptible animals. At high tem- 
perature, the mitochondria of malignant hyperthermia pigs are uncoupled by 
fatty acids released through the action of the Ca2+-activated phospholipase A2 
acting on the mitochondrial phospholipids. The fat ty acids and the lyso-deriv- 
atives of the mitochondrial phospholipids caused the mitochondria to undergo 
large amplitude swelling, and accompanied simultaneously by a faster Ca 2÷ 
efflux than normal. A similar situation would also occur when the mitochon- 
dria were de-energized during anoxia. It is most likely that the fatty acids 
released from the mitochondria of malignant hyperthermia pigs could induce 
the sarcoplasmic reticulum to release their endogenous Ca 2÷. The release of 
additional Ca 2÷ from the sarcoplasmic reticulum could also be induced by Ca 2÷ 
[65] released from mitochondria of malignant hyperthermia pigs or by phos- 
pholipase A2 modifying the lipids of the sarcoplasmic reticulum. Through a 
combination of a faster mitochondrial Ca 2÷ efflux rate and an inactivation of 
the sarcoplasmic reticulum by fatty acids [66] an overall increase in the level of 
Ca 2+ occurs in the myoplasm. The excess Ca 2+ then stimulates glycolysis by 
activating the phosphorylase kinase [67] and the myofibrillar ATPase resulting 
in more glycogen being degraded to lactate than under normal circumstances. 
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