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Das mitochondriale Kalziumtransportsystem im M. sternomandibularis (S t ie r )

A.M. CHEAH und K.S. CHEAH
Agr icu l tura l  Research Counci l ,  Meat Research I n s t i t u te ,  Langford, Br i s to l  BS18 7DY, United Kingdom.

Die kalziumst imul ierte Atmung fü r  Succinatoxydierung (Ste l le  I I )  wies einen A k t i v i tä ts ve r l us t  von 24% auf 
nach einer Alterung von 48 Stunden bei 10°C ( in v i t r o ) ; kein Atmungsrückgang fü r  Askorbat und TMPD- 

oxydierung (Ste l le  I I I )  wurde unter ähnl ichen Bedingungen fe s t g e s te l l t .

Der Kalziumaufnahmegrad bei Nichtvorhandensein von Phosphat lag bei einem pH-Wert von 6,50 höher als bei 
7,20 bei f r i sc h  i so l ie r ten  und geal terten Mitochondrien.

Mitochondrien konnten Kalzium in einem großen Temperaturbereich (35° - 5°C) aufnehmen und abgeben. 
Arrheniusstel len von kalziumst imul ier ter  Atmung und anaerobem Kalziumausfluß zeigten identische Übergangs
temperaturen. Die Aktivierungsenergie fü r  Kalziumausfluß betrug jedoch nur 12,5% derer fü r  die 
Kalziumaufnahme im niedrigeren Temperaturbereich.
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The calcium-stimulated respi rat ion fo r  succinate oxidat ion (Si te I I )  showed a 24% loss in a c t i v i t y  a f te r  

ageing fo r  48 hours at  10°C ( in v i t r o ) ; no decl ine in respi ra t ion  fo r  ascorbate plus TMPD oxidat ion 

(Si te I I I )  was observed under s imi la r  condi t ions.

The rate of  calcium uptake, in the absence of  phosphate, was higher at  pH 6.50 than at  pH 7.20 with f resh ly  

isolated and aged mitochondria. The anaerobic calcium e f f lux  rate,  in the presence of phosphate, was lower 

at  pH 6.50 than at  pH 7.20.

Mitochondria could take up and release calcium over a wide range of  temperature (35° to 5°C). Arrhenius 

Plots of  calcium-stimulated respi rat ion and of  anaerobic calcium e f f lu x  exhibi ted ident i cal  t rans i t i on  

temperatures. The act i vat ion energy fo r  calcium e f f lu x ,  however, was only 12.5% of tha t  fo r  calcium uptake 

1h the lower temperature range.
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Système de transport du calcium mitochondrial dans le M. sternomandibularis (boeuf)
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La re sp ira tio n  stimulée par le  calcium pour l'o xyd a tio n  succinique (Poste I I )  a montré une perte d 'a c t iv ité  
de 24% après le  v ie illis se m e n t pendant 48 heures à 10°C ( in  v i t r o ) ; aucune réduction de la  re sp ira tio n  
pour l'o xyda tion  ascorbique plus TMPD (Poste I I I )  n 'a été observée sous des conditions semblables.

Le taux d 'absorption du calcium, en l'absence du phosphate, a l t é  plus élevé à pH 6,50 qu'à pH 7,20 avec la 
mitochondrie fraichement iso lee e t v ie i l l i e .  Le taux d'ecoulement du calcium anaerobique, en presence du 
phosphate, a ete plus bas a pH 6,50 qu'a pH 7,20.

La mitochondrie pouvait absorber e t l ib é re r  le  calcium dans une large gamme de temperatures (35°C a 5°C).
Les traces d'Arrhenius de la re sp ira tio n  stimulée par le  calcium e t de l'ecoulement du calcium anaerobique ont 
montre des temperatures de tra n s it io n  identiques. L 'energie d 'a c tiv a tio n  pour l'ecoulement ud calcium, 
cependant, n é ta i t  que 12,5% de c e lle  de l'a b so rp tio n  du calcium dans la  gamme de temperatures in fe rie u re .

MuToxoHÆEKaJifeHaH TpaHcnopiHafl cticxeMa k&jibiihh b M. sternomandibularis

A.M. tfflA h K .C . MA

Ce^i>cKoxo3iîücTBeHHHii hcc JienoBaiejiBCKMîi CoBex, HayqHO-HCCJieÆOBaTeJiBCKMH HHCiHxyx Mflca.
Be JIHKOOpHTaHHfl.

CTHMyjiHpoBaHHoe KajiBiiHeM flhixaHHe npn okmcJieHHH cyxiiHHaia ( ygaciox n ) noica3aji cHHæeHne 
aKTHBHOCTH (  2A% )  nocJie co3peBaHHH b TeueHHe *̂8 gacoB npH I0 °C  (  in  v i t r o ) ;  He HaôJi®' 
ÆaJIOCB OTKJIOHeHHii B flHXaHHH npH OKHCJieHHH aCKOpûaia H ‘MED ( ygaCTOK 1!! ) npw TaKHX 
see ycnoBHflx. JItih mmioxohipmh, BtinejieHHBix HenocpencTBeHHO nocjie ydoa h qepe3 Hexoxopoe 
BpeMH, xeiin norJiomenHH KajiBiina npn oicyxciBMH (poecbaxa dojiee bhcokhü npn pH 6 ,5  HexeTin 
iipn pH 7 ,2 . Teiin aHaopodHoro Bu^eJieHHH KaJiBiiHH b npHcyTCTBHH $occE)axa dtix dOJiee hh3KHM 
npH pH 6 ,5  ueM npn pH 7 ,2 . Mhtoxohæphh Moryx norJionaiB h ocBodoænaiB KaJiBiiHiï b uinpoKOM 

7IHana30He xeiinepaxyp ( ot 35°C io  5°C ). FpatfMKH Appemiyca æjih CTHMyjiHpoBaHHoro icaJiB-- 
UHeM nuxaHHH h aHaspodHoro BHsejienHfl xajiBUHH noxasajin HseHTHHHtie nepexojiHbie xeMnepaxy" 
ptl. AKXHBHafl 3HeprHH Æ-JIfl BH^eJieHHfl KaXBIIHH, OHHaKO, COCXaBJIHJia XOJIBKO 12,5% BHeprHH 

norjioqeHHfl xaxBiiHH npw dojiee hhskhx xewnepaxypax.
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Mitochondrial calcium transport system in M. sternomandibularis (ox)

In troduction
The release o f Ca2+ from mitochondria was recen tly  im plicated in  the cold-shortening o f muscle (1) and in  
porcine s tre s s -s u s c e p tib ility  (2 ). Cold-shortening o f M. sternomandibularis (ox) was proposed to be due to 

anoxia-induced Ca2+ release from mitochondria a t low temperatures which prevent the sarcoplasmic reticulum  
from fu l ly  compensating the Ca2+ release from these organelles (1 ). The Ca2+ released from mitochondria of
M. longissimus dorsi during anaerobiosis was suggested to be the 't r ig g e r ' fo r  the u ltim a te  formation o f pale, 
s o ft and exudative (PSE) muscle, and o f malignant hyperthermia syndrome in  stress-susceptib le  pigs (2 ).

This communication reports the e ffe c ts  o f post-mortem ageing on the m itochondrial calcium transport system of

M. sternomandibularis (ox ), o f pH and o f temperature on the ra te  o f m itochondrial Ca2+ uptake and release.
The data show tha t mitochondria o f M. sternomandibularis could take up and release Ca a t low temperatures.
The energy o f a c tiva tio n  (EA) o f Ca^+ release from mitochondria in  the low temperature range was very much 
lower than th a t o f sarcoplasmic reticulum  (3 ), implying th a t the anaerobic release o f m itochondrial Ca could 
very well be im plicated in  the cold-shortening phenomenon, as f i r s t  suggested by Beuge and Marsh (1 ).

M ateria ls and Methods
Antimycin A (type I I I ) ,  murexide, rotenone and sodium succinate were obtained from Sigma Chemical Corporation;
N,  N , N ' ,N '-tetramethyl-p-phenylenediamine d ihydroch loride (TMPD) and sodium sa lts  o f L-ascorbate and EDTA from 

B r it is h  Drug Houses; c ry s ta ll in e  B ac illus  s u b s til is  proteinase from Teikoku Chemical Company, Osaka; a l l  other 

reagents were o f a n a ly tica l grade.

M. sternomandibularis (ox) was obtained w ith in  30 minutes o f s laughter. M itochondria, both fresh and aged a t 
2°c in  s itu  were iso la ted  as previously described (4) using B. s u b s til is  proteinase, except th a t the muscle 

was minced w ith a mincer p r io r  to homogenization w ith a Thomas te flo n -p e s tle  glass homogenizer. For post
mortem ageing experiments o f iso la ted  m itochondria, the m itochondrial suspension in  0.25 M sucrose (20 mg 

p ro te in  per ml) was aged in  v i t r o  fo r  48 hours a t e ith e r 2°C or 10°C.
Oxygen uptake was measured po larograph ica lly  w ith a Clark oxygen electrode (Yellow Spring B io log ica l Monitor 
(Model 53)) in  a to ta l volume o f 2.50 m l. The reaction medium contained 220 mM m annito l, 50 mM sucrose and 
15 mM Tris-HCl (pH 7.20) in  the presence o f 5.0 mM P^. The e ffe c t o f temperature on Ca2+ uptake and release 
was investigated using the Clark oxygen e lectrode. Ca2+ uptake was monitored by the Ca +-stim ulated resp ira 
tio n  (State 3 ra te ) , and the amount o f Ca2+ release-was estimated a t the end o f each polarographic experiment 
by allow ing anaerobiosis to occur fo r  10 minutes p r io r  to  rapid cen tr ifu g a tio n  in  an Eppendorf (Model 2300) 
m icro-centrifuge fo r  2 minutes. The amount o f Ca2+ in  the supernatant was estimated w ith  murexide w ith the 
Aminco-Chance spectrophotometer using the wavelength p a ir a t 540-510 nm. The e ffe c t o f pH on the k in e tic  
uptake and e ff lu x  of Ca2+ was monitored by the murexide technique (5) w ith the Aminco-Chance dual-wavelength/ 

split-beam spectrophotometer operating in  the dual-wavelength mode a t 540-510 nm.
Protein was estimated with Folin-phenol reagent (6) with bovine serum albumin as standard.

Results
1. Ca2+-stim ula ted Respiration
The comparative data on the e ffe c t o f ageing on the Ca2+-stim ula ted re sp ira tio n  fo r  the ox idation o f succinate 

(S ite  I I  substrate) are i l lu s tra te d  in  Table 1.
Ageing o f mitochondria fo r  48 hours ( in  s itu  and in  v it ro  a t 2 C) produced the same extent o f decline in 
State 3 re sp ira tio n  and Ca2+/0  ra t io  values. However, mitochondria aged fo r  48 hours in  v i t r o  a t 2°C show a 

higher loss in  re sp ira to ry  contro l than mitochondria aged in  s itu  fo r  48 hours a t 2°C. This was due to the 
3 0% increase in  State 4 re s p ira tio n , which was hardly affected in  mitochondria aged in  s itu  fo r  48 hours a t 2°C. 
Raising the in  v i t r o  storage temperature from 2°C to 10°C resulted in  a fu r th e r decrease in  State 3 re sp ira tio n  
(from 99% to 76%), in  Ca2+/0  ra t io  (from 80% to 36%) and resp ira to ry  contro l index (from 77% to 32%), and an
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increase in  State 4 re sp ira tio n  (from 130% to 224%) when compared w ith the values observed fo r  mitochondria 

iso la ted  a t 30 minutes post-mortem.
Table 1 : E ffe c t o f post-mortem storage on the Ca2+-stim ula ted re sp ira tio n  fo r  succinate ox idation (S ite  I I )  of 

M. sternomandibularis (ox) m itochondria.

The data represent average values from a t leas t two separate m itochondrial preparations from d if fe re n t animals- 
The State 3 and State 4 re sp ira to ry  rates were calculated from the electrode traces from a t leas t two separate 

additions o f Ca2+ in  each m itochondrial preparation. Rotenone was added p r io r  to succinate. Final 
concentrations : rotenone, 10 nmol; succinate, 20 ymol; Ca2+, 600 nmol (each a d d itio n ) ; temperature, 25 C.

Time
Post-mortem

Storage
Condition

Respiratory Rates 

State 3

(nmol 0/min/mg pro te in ) 

State 4

Ca2+/0
Ratio

RCI

30 minutes - 1 0 2  ( 1 0 0 %) 23 (100%) 3.9 (100%) 4.4 (100%)

48 hours 2°C ( in  s itu ) 100 ( 98%) 24 (104%) 3.3 ( 85%) 4.1 ( 93%)

48 hours 2°C ( in  v it ro ) 101 ( 99%) 30 (130%) 3.1 ( 80%) 3.4 ( 77%)

48 hours 10°C ( in  v it ro ) 77 ( 76%) 56 (224%) 1.4 ( 36%) 1.4 ( 32%)

The State 3 re sp ira tio n  induced by Ca2+ fo r  S ite  I I I , w ith ascorbate plus TMPD as substrate (Table I I )  was

unaffected when mitochondria were aged under the same conditions as fo r  succinate ox ida tion . 2+However, ageing o f mitochondria fo r  48 hours in  v it ro  resu lted in  a s l ig h t ly  greater loss in  the Ca /0  ra tio  
values (12% a t 2°C and 18% a t 10°C) than ageing in  s itu  (6 % a t 2°C) when compared w ith values observed a t 30 
minutes post-mortem. The same trend also occurred w ith the re sp ira to ry  contro l index, where the loss in  th is 
parameter was due to a greater increase in  the State 4 re sp ira tio n  w ith mitochondria aged in  v it ro  (23% fo r 

2°C and 29% fo r  10°C) than aged in  s itu  (11% a t 2°C).

Table I I  : E ffe c t o f post-mortem storage on the Ca2+-stim ulated re sp ira tio n  fo r  ascorbate plus TMPD oxidation 

(S ite  I I I )  o f M. sternomandibularis (ox) m itochondria.

Experimental d e ta ils  as in  legend to  Table 1 except th a t antimycin A was added p r io r  to ascorbate jilus TMPD  ̂

Final concentrations : antim ycin, 0.5 yg per mg p ro te in ; ascorbate, 10 ymol; TMPD, 500 nmol; Ca + , 300 nmo1 

(each a d d itio n ); temperature, 25°C.

Time Storage Respiratory Rates (nmol 0/min/mg pro te in ) Ca2+/0 RCI

Post-mortem Condition State 3 State 4 Ratio

30 minutes - 205 (100%) 123 (100%) 1.7 (100%) 1 . 6  ( 1 0 0 %)

48 hours 2°C ( in  s itu ) 202 ( 98%) 136 (111%) 1.6 ( 94%) 1.5 ( 94%)

48 hours 2°C ( in  v it ro ) 202 ( 98%) 151 (123%) 1.5 ( 8 8 %) 1.3 ( 82%)

48 hours 10°C ( in  v it ro ) 201 ( 98%) 159 (129%) 1.4 ( 82%) 1.3 ( 82%)

2+2. Ca Uptake and Release
The e ffe c t o f pH and o f Pi on the ra te  o f Ca2+ uptake and release from mitochondria iso la ted  a t 30 minutes 

post-mortem, and a fte r  ageing o f mitochondria ( in  s i tu ) fo r  48 hours a t 2°C are i l lu s tra te d  in  Table I I I  a,lC* 

Table IV respective ly .
2+Table I I I  : E ffec t o f pH and o f Pi on Ca uptake o f mitochondria from M. sternomandibularis (ox).

P. (mM) Ca2+ Uptake (nmol/min/mg p ro te in ) a t pH 7.20 Ca2+ Uptake (nmol/min/mg p ro te in ) a t pH
30 minutes Post-mortem 48 hours Aged a t 2°C 30 minutes Post-mortem 48 hours Aged at 2

N il
2.50

195 (100%) 
760 (390%)

190 (100%) 
405 (213%)

348 (100%) 
745 (214%)

298 (100%) 
486 (163)%
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The ra te  o f Ca2+ uptake, in  the absence o f P.., was higher a t pH 6.50 than a t pH 7.20. (2.50 mM) stimulated
Ca2+ uptake o f both fresh and aged mitochondria a t both pH 7.20 and a t pH 6.50, but the extent of s tim u la tion  

was much higher a t pH 7.20.

Table IV : E ffe c t o f pH and of Pi on Ca2+ e ff lu x  o f mitochondria from M. sternomandibularis (ox)

Pi (mM)
o.

Ca E fflu x  (nmol/min/mg p ro te in ) a t pH 7.20 Ca2+ E fflu x  (nmol/min/mg p ro te in ) a t pH 6.50

30 minutes Post-mortem 48 hours Aged a t 2°C 30 minutes Post-mortem 48 hours Aged a t 2°C

N il 43 (100%) 80 ( 1 0 0 %) 61 ( 1 0 0 %) 1 0 0  ( 1 0 0 %)

2.50 250 (581%) 274 (343%) 147 (241%) 2 0 0  ( 2 0 0 %)

The ra te  o f Ca2+ e ff lu x ,  in  the absence o f P ., was also higher a t pH 6.50 than a t pH 7.20 w ith fresh and agedi 2+ 2+
mitochondria (Table IV ). P̂  enhanced the fa s t phase o f Ca e ff lu x .  The ra te  o f Ca e ff lu x  in  the presence

o f P. (2.50 mM) was lower a t pH 6.50 than a t pH 7.20 w ith fresh and aged mitochondria. Ageing o f mitochondria

enhanced the ra te  o f Ca2+ e ff lu x  a t both pH values in  the presence and absence o f P^.

2+3. E ffe c t o f Temperature on Ca Uptake and Release
Mitochondria could take up and release Ca2 4  over a wide range o f temperature (Figure 1). The Arrhenius p lo t
o f Ca2+-stim ulated re sp ira tio n  ( i .e .  Ca2+ uptake) showed a tra n s it io n  temperature o f 17°C, an energy of
a c tiva tio n  o f 54 kJ/mol in  the higher temperature range above the tra n s it io n  temperature, and an energy of2+
a c tiva tio n  o f 142 kJ/mol below the tra n s it io n  temperature. The Arrhenius p lo t o f anaerobic Ca e ff lu x  showed
a tra n s it io n  temperature of 16°C. The energy of a c tiva tio n  above the tra n s it io n  temperature was 50 kJ/m ol,
which was almost id e n tica l to th a t fo r  Ca2+ uptake. The energy o f a c tiva tio n  below the tra n s it io n  temperature

2+was 18 kJ/mol, a value only 13% o f th a t fo r  Ca uptake in  the lower temperature range.

104/  T

2+Figure 1 : Arrehenius p lo t o f Ca uptake and 
release o f mitochondria from M. sternomandibularis 

(ox).

2+ 2+Ca uptake was monitored by the Ca -stim ulated

re sp ira tio n  o f succinate oxidation using the
Clark oxygen e lectrode. Ca e ff lu x  was measured

2+
using murexide a t 540-510 nm. The ra te  o f Ca

2+uptake and release was expressed as nmol Ca per 
minute per mg p ro te in . Other experimental 
d e ta ils  are described in  M ateria ls and Methods.

Discussion
The e ffe c t o f post-mortem ageing on Ca2+ transport was investigated using mitochondria from M. sternomandibularis 
as i t  has already been established th a t a high proportion o f mitochondria in  th is  muscle remained stab le  a fte r  
prolonged storage in  s itu  (4 ). The Ca2+-stim ula ted re sp ira tio n  fo r  S ite  I I I  was more stable than fo r  S ite  I I  

fo llow ing  ageing o f mitochondria a t 10°C in  v i t r o . This was due to an increase o f uncoupling o f the 
mitochondria fo r  S ite  I I  substrate ox idation by the increase o f the State 4 re sp ira to ry  ra te . The la t te r  
condition was probably affected by the enhancement o f lipase a c t iv i ty  a t the higher temperature thereby causing 

The m itochondrial membranes to  become more 'le a k y '.  S ta b il i ty  fo r  both S ite  I I  and S ite  I I I  systems were
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almost id e n tica l when the mitochondria were aged a t 2°C fo r  48 hours ( in  s itu  and in  v i t r o ) .
2+

The Ca released from mitochondria a t the onset o f anaerobiosis was b iphasic, showing an in i t ia l  fa s t phase 
followed by a slow e ff lu x  phase as described fo r  mitochondria iso la ted  from M. longissimus dorsi o f s tress- 

susceptib le and s tre ss -re s is ta n t pigs (2 ). P.. stimulated both the ra te  o f Ca2+ uptake and e ff lu x .  In the
absence o f , both the Ca2+ uptake and e ff lu x  rates were higher a t pH 6.50 than a t pH 7.20. However, the 
e ff lu x  ra te  was lower a t pH 6.50 w ith both fresh and aged mitochondria in  the presence o f 2.50 mM P .. Post
mortem ageing ( in  s itu  fo r  48 hours a t 2°C) o f mitochondria in h ib ite d  the ra te  o f Ca2+ uptake but stimulated 

the ra te  o f Ca e ff lu x  a t both pH 7.20 and a t pH 6.50. Mitochondria could take up and release Ca6 over a 
wide range o f temperature. The energy o f a c tiva tio n  fo r  the anaerobic Ca2+ e ff lu x  (18 kJ/mol) below the
tra n s it io n  temperature was about 13% o f th a t fo r  Ca2+ uptake by m itochondria, and was also about 22% o f tha t 

2+fo r  the Ca -stim ula ted ATPase a c t iv i ty  o f sarcoplasmic reticu lum  a t the lower temperature range (3 ). Our
2+present data suggest th a t the anaerobic release o f Ca from mitochondria o f red ske le ta l muscle, which 

contained fa r  more mitochondria than sarcoplasmic re ticu lum , could very well p a rtic ip a te  in  the cold-shorteninfl 
o f muscle. This view, f i r s t  suggested by Beuge and Marsh (1) was substantiated by the present study and also 

by the recent report th a t mitochondria o f M. sternomandibularis (ox) could take up 4 times more Ca2+ per mg 
prote in  than the sarcoplasmic reticulum  in  th is  p a rtic u la r muscle (7 ).
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