
UPDATE: CALCIUM UPTAKE AND RELEASE BY SKELETAL 
MUSCLE MITOCHONDRIA AND SARCOPbASMIC RE TICULUM 
by 
R. P. Newbold" 

lntroclirction 

As inuscle g o c ~  into rigor mortis it contr'icts. If 
unrt:strainetl it contracts isotonically, that is, it sliort- 
viis. If restrained it contracts isometrically, that is, it 
develops tension. For miiscle to shorten or dcvelop 
tension in the living animal or post-mortem, tlie frce 
C a 2 + ~  conccntration of the sarcoplasm must increase. 
This applies equally well to thaw-shortening, cold- 
shortening and rigor-shortening. These different kinds 
of post-mortcain shortening arc illustrated in Figure 1. 
Thaw shortening is the very rapid shortening that oc- 
curs when musclr frozcm pre-rigor is thawed ( Cham- 
hers ancl Hale, 1932; Perry, 1950). Cold-shortening i s  
the shortening that commences immediately when 
vnnsclc, is exposed to temperatures below about 14°C 
within a fcw hoiirs after slaughter (Locker and Hag- 
yard, 1963). Rigor-shortening is the shortening that 
occiirs during the rapid phasc~ of rigor onset in miis- 
cles which do not cold-shorten either because they are 
not capable of cold-shortening or because they arc 
kcpt at temperatures above about 14°C (Rrndall, 
1951; Marsh, 1954; Newbold, 19%).  Rigor-shortening 
also occnrs following thaw or cold-shortening ( Ben- 
dall, 1973b, 1975; Newbold, 1966). In  some muscles, 
when they are under load, a relaxation phase is ap- 
parent after thaw- or cold-shortening has reached its 
peak a i d  before rigor-shortening commences ( Ben- 
dall, 1960, 19'i3n, 1973b, 1975, 1978; Newbold, 1966). 
This relaxation most likely reflects the recapture of 
some of the Ca2-b released during the first shortening 
phase. 

Where docs tlie additional sarcoplasmic Caz+ re- 
quired for contraction come from and where does it 
go during relaxation? The two most likely regulators 
of the sarcoplasmic Ca2f concentration are the mito- 
chondria and the sarcoplasmic reticulum ( SR) ,  both 
of which systems are known to accumulate arid re- 
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1 ease c alcimn 11 ndcr c er tain con cli t io n 5 .  Th ct mcch '111- 
isms of calcium uptake m d  releasc hy  thrw orgaiicalle\ 
weica tliscnssed at thc l<ecipiocal Xleat Confcrcnct~ 
two years ago (Greaser, 1977). 

lfasclcs (lifter in tht. amount? (if mitoclion~lii~i mtl  
SR they contnin, those of the fast, white type contain- 
ing iii(irc SI< antl fcwer mitochond~ia than those of 
tlie slow, red type. In addition, white muscle SI1 
takes u p  Ca2+ faster m c l  in greater amounts than dces 
red muscle SR. 

Th'iw-yhortening occurs in both red ancl white mus- 
cles but, in general, only red m u ~ l c s  cold-shortcm. 
(Chicken 13cctoialis major musclc ( Smith et d., 1969) 
and pig longissinins dorsi muscle ( R c d a l l ,  1975) are 
exceptions in that they 'ire white muscles which coltl- 
shorten ) . To explain w7hy rcd mu\clc.s cold-shorten 
while white onc5 do not Duege antl XIarsh (1975) 
have presentcd evidence which suggests that the re- 
lease of Ca2f fiom mitochondria is rcyonsililr foi 
the shor tening. 

While conipCiiing the properties of red and wliitc 
muscles i t  is worth noting that whitc m11sclc is ea- 

FIGURE 1. 
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pablc of greater glycolytic activity than red muscle. 
Thus, iintler the anaerobic conditions that prevail 
post-mortem, white muscle inetabolizes faster than 
rcd muscle. 

The work tlescribcd in this report relates to three 
questions :- 

IVhich of the cc.11 orgnnelles, the mitochondria 
(a5  suggested by  Rucge and  hlarsh (1975) ) or 
the Sli  ( a s  suggested by Newbold, 1986; hlarsh. 
1966, Cassens and Ne&)ld, 1967; Davey and 
Gilbert, 1974), or both controls the sarcoplas- 
mic Ca2+ concentration post-mortcm? 
What c a u m  the rcleaw and uptake of Ca2+ in 
muscle post-mortem? 

"thy do some ~niiscles cold-shorten while oth- 
er5 do not? 

Fiist, \om(' ftudics of the effclct of inorganic ortho- 
phosphate ( PI )  concentration on Ca2f uptakcx ant1 
rc Ic,isc by SIX <ire considerctl. These studies were UII- 

clert'ikcw hccauw P, is known to increate the CA2+ 
accumulating ability of thc SR greatly ( Lorancl and 
Molnar, 1962, Hasselbach, 1964) and has been ob- 
served to cause the relaxation of contracted, glycer- 
inatcd muscle fibres ( Newbold and Rose. 1957). i l a r -  
tonosi and Fervtos (1954) considered that P, tvas not 
likely to plav a rolc, in Ca2+ uptake and release by 
the SR under physiological conditions, the effective 
concentration of P, being too high. However, the P, 
concentration increase5 rapidly in muscle post-mor- 
tem, reaching a level of about 40 pmoles/g muscle 
whvn rigor is complete. (This concentration is more 
than 50 mM, assuming muscle contains 75% water 
and the PI is evenly distributed in this.) It could 
thercfore play an  important role i n  the control of the 
5arcoplasmic Cazf concentration post mortem. 

Secondly, some studies of the factors affecting the 
uptake and release of Ca2+ by muscle mitochondria 
in the presence of adeno5ine triphosphate ( A4TP) are 
tlesciibcd. These studies were prompted by the fol- 
lowing considerations: Energy dcpcndent uptake of 
Cae' by mitochondria can be supported by respira- 
tion or by 4TP hydrolysi~ Most previous studies have 
heen m d e  on liver or heart mitochondria and have 
I elated to rerpir~~tioi~-linkc~cl rather than ATP-linked 
uptake. In post-mortem muscle, respiration quickly 
ceases through lack of oxygen but ATP is present 
until the full development of rigor mortis. 

psoas musclc ( a  white muscle which does not cold- 
shorten), rabbit soleus and wmimembranosus prop- 
rius muscles combined (red muscle) and os r;terno- 
mandibularis muscle ( a muscle which cold-shorten? ) 
essentially by the method of Martonosi, Donley and 
Halpin ( 1968). Mitochondria were prepared only 
from the ox muscle. The5e snbcellrilar fractions were 
obtained by differential centrifugation of a muscle 
hornogenate in  0.1SI KC1, 5 mM liistitliiie, 1 inZI 
dithicitheitol, pH 7.3, the mitochondrial fraction bcing 
that which centrifuged down at 1000 - 8000 x g and 
the SI1 fraction that which ceiitrifuged down at 8000 - 
28000 x g. Except where noted these fractions were 
used on the day of preparation. 

Calcium uptake and release were measured using 
45Ca and filtcrs with an average pore size of 0.22 p m  
by the hlillipore filtration technique ( Martonosi and 
Fercttos, 1964). Thc medium contained O.lhI KC1, 20 
m \ l  histidine, 5mM hlgC1, and, except where noted, 
5 my1 ,4TP. With SR it urually contained, in addition, 
5mhI azide, 2.5 iiiM phosphoenolpyruvate, 8 units 
pyruvate kinase :ml and varying amounts of P,. With 
mitochondria, the concentrations of succinate and P,, 
when present, wcre 5 mM except where noted. The 
pH of the medium was 6.4 or 7.2, usually 6.4 with 
SI3 and 7.2 with mitochondria. The membrane con- 
ccntration was usually about 100 pg/iml reaction 
mixture and the 45CaC1, concentration 25 phg ex- 
cept with rabbit red mnsclc preparations when it was 
5 ~ 1 1 .  For measurement of the total amount of the 
Caz+ acciumiil~ited by  mitochondria the mediiim con- 
tained 500 p h l  "CaCl,. The incubations were carricd 
aut at room temperature (23°C) unless noted othcr- 
wise. 

Effect of P, on Ca2+ cicczimulution z?rj SR 

Table 1 shows that, in the prescncc of  Pi, SR prep- 

TABLE 1 

AVERAGE AMOUNTS OF CALCIUM ACCUMULATED BY 
SARCOPLASMIC RETICULUM AND MITOCHONDRIA IN THE 

PRESENCE AND ABSENCE OF Pi AND PRESENCE OF ATP. 

source of Membrane 

Amount accumulated 
(nmoles/mg protein) 

IJO P. +P . 

Sarcoplasmlc reticulum - 
White rabbit muscle 
Red rabbit muscle 
ox sternomandibularis 

240 ,3000 
40 >zoo0 
80 >3000 

Mitochondria - 
ox sternomandibularis 2000 2000 Experimental Procedures 

Sarcoplasmic reticulnm was isolated from rabbit 5-10 mM 
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arations from each of the three different sources took 
up more than 30 times the amount of Ca2+ they took 
u p  in the absence of Pi. 

The effect of Pi concentration on the rate of Ca*+ 
accumulation is shown in Figure 2. This particular 
set of curves was obtained with SR from ox muscle. 
Similar sets of curves to that shown have also been 
obtained with SR from rabbit white muscle and rab- 
bit red muscle (Newbold and Tume, 1979). Figure 
2 shows clearly that in the presence of Pi the initially 
high rate of Ca2f accumulation falls until a constant 
rate is reached and that the constant rate is greater 
and is reached sooner the higher the Pi concentra- 
tion. 

When the constant rate of Ca2+ accumulation at 
each Pi concentration is plotted against the Pi concen- 
tration in a double reciprocal plot, a straight line is 
obtained (Figure 3 ) .  From the slope and intercept of 
this line the maximum possible rate of Ca2+ accu- 
mulation and the Pi concentration required to give 
half the maximal rate can be calculated. Values ob- 
tained in this way are shown in Table 2. 

F I G U R E  2. 

s o m M  Pi 
I 

I I I 1 # 
5 

TIME (min) 

BY OX MUSCLE SR 
EFFECT OF [Pi] ON Caw UPTAKE 

FIGURE 3. 

I I 1 
0 0 4 0.2 

%i (mM-’) 
DOUBLE RECIPROCAL PLOT OF CONSTANT 
RATE AGAINST CONCENTRATION 

The maximum rate for rabbit white muscle SR is 
25 times that for rabbit red muscle SR and hvo and 
a half times that for ox muscle SR. On the other 
hand, the Pi concentration required for half-maximal 
rate is about 20-25 mM for SR preparations from rab- 
bit muscle, red or white (Newbold and Tume, 1979), 
and 3-4 times greater, (about 80 mhl)  for SR from 
ox muscle. When rabbit white muscle SR is stored 
at 1°C for a few days (that is, when it is ‘aged) the 
Pi concentration required for half-maximal rate of 
Ca2+ accumulation more than doubles in four days of 
aging although the maximum velocity remains the 
same (Newbold and Tume, 1979.) This possibly re- 
flects an increase in the ‘leakiness’ of the vesicles dur- 
ing aging and suggests that freshly-prepared SR prep- 
arations from ox muscles are ‘leakier’ than the cor- 
responding preparations from rabbit muscles, red or 
white. 

TABLE 2 

AVERAGE RATES OF CALCIUM UPTAKE* BY SR AND Pi 
CONCENTRATIONS FOR HALF M A X I M U M  VELOCITY 

Constant rate in the Plaximum lP.1 for half 
presence Of - velocity m a h m  

5mM Pi  2Sm P? 5omH P i  (moles/mg velocity Inn) 

Rabbit white muscle 220 570 820 1003 25 
Rabbit red muscle 11 2 5  14 39 l a  
Ox scernomandibularls 22 120 170 400 ao 

* 
At p~ 6.4 and d c .  
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50 

25 

For comparative purposes, Table 2 also gives aver- 
age values for the constant rates at three different Pi 
concentrations and shows that increasing the Pi con- 
centration from 5 mM to 50 mM increases the rate of 
Ca2+ accumulation by more than 8 times for ox mus- 
cle SR compared with 3-4 times for rabbit muscle 
SR. - 

- 

Efect of Pi on Ca2+ release from SR 

When SR vesicles are loaded with Ca2f a t  23°C 
in the absence of Pi and then rapidly cooled to 0°C 
they release up  to 60% of their accumulated Ca2+ 
within about 8 minutes (Taniguchi and Nagai, 1970; 
Horgan et al., 1973; Newbold and Tume, 1977). This 
cold-induced release of CaZ+ is completely reversible 
(Figure 4. See also Newbold et al., 1973). I t  occurs 
with SR preparations from muscles that do not cold- 
shorten as well as with preparations from muscles that 
do, and so does not provide a simple explanation for 
cold-shortening. 

The amount of Caz+ released in the cold depends 
on the Pi concentration of the medium ( Newbold and 
Tume, 1977). This is illustrated in Figure 5. 

When the p H  is not adjusted to be the same a t  0°C 
as at 23°C a small part of the Ca2f released on cool- 

FIGURE 5. 
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EFFECT OF Pi CONCENTRATION ON 
COLD- INDUCED RELEASE OF Ca2+ 

FROM OX MUSCLE S R  

FIGURE 4. 

ing is released because of the change in pH brought 
about by cooling (Newbold and Tume, 1977). The 
results cited below were obtained in experiments 
where the pH was kept constant. 

With rabbit muscle (red or white) SR preparations 
about 40% and with ox muscle SR preparations about 
50% of the Ca2+ accumulated in the absence of Pi was 
released in the cold. No release accumulated from 
rabbit white muscle SR when the Pi concentration 
was 20 mM or more, whereas with ox muscle SR al- 
most 30% of the accumulated Ca2+ was still released 
when the P, concentration was 50 mM (Figure 6). 

These results raise the possibility that rabbit white 
muscle does not cold-shorten because it metabolizes 
so quickly post-mortem that, by the time it is ex- 
posed to cold-shortening conditions, it contains enough 
Pi to prevent the cold-induced release of calcium. 

From Figure 6. the effect of Pi concentration on the I n 

I I 1 cold-induced release of Ca2+ from an aged SR prep- 
30 aration from rabbit white muscle is seen to resemble 10 20 

TIME (min) its effect on fresh SR preparations from ox muscle, in 
Ca2* ACCUMULATION BY A N D  COLD-INDUCED that 205& of the accumulated Ca2f is still released 

RELEASE FROM OX S R  when the Pi concentration is 50 mhl. This, like the 
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FIGURE 6. 
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Ipi I ( m ~ )  

EFFECT OF Pi CONCENTRATION ON 
COLD-INDUCED Ca* RELEASE FROM S R  

QRABBIT WHITE MUSCLE S R 
()RABBIT RED MUSCLE S R 
OOX MUSCLE S R 
B'AGED' RABBIT WHITE MUSCLE S R 

high PI concentration it requires for half-maximal 
velocity, again suggests that freshly prepared SI3 from 
ox muscle is 'leakier' than freshly prepared SI3 from 
rabbit muscle. 

This leakiness is unlikely to have developed during 
preparation since, although ox muscle loses its Ca2+ 
uptake activity faster than rabbit white muscle SR 
during aging, it still retains about 50% of its Ca2f up- 
take activity on the day after preparation by which 
time rabbit red muscle SR is virtually inactive. 

C&+ nccmmulution by mitochondria 

As has been noted earlier, only Ca2+ accumulation 
by mitochondria in the presence of ATP will be con- 
sidered here because ATP is present in muscle during 
post-mortem shortening. Figure 7 (also Table 1) 
shows that ox muscle mitochondria can accumulate, 
on avc'rage, about 2OOO nmoles Cazc/mg protein when 
5 mM ATP is present, whether or not S mhl PI or 5 
mM succinate ( a  respiratory substrate) or both are 
also present. This lack of effect of Pi on the calcium 
accumulating capacity of mitochondria is in inarked 
contrast to the very large effect it has on the calcium 
accumulating capacity of SR. 

As  for the effect of P, on the rate of Ca2+ uptake, 
tinder the condition\ used in the e x p a  iiuents suin- 
marizecl in Figure 7 (500 ph'I 45CaCll, p H  6.4), tlic 
rate i n  the absence of both P, and succinate w a s  slow- 
cr than that in  the presence of onc or both of thesc 
~ u b s  t an w s  . 

Figure 8 shows the effect of P, concentr t' 
the rate of uptake at 23°C. Comparing the results in 
this Figiiie with those i n  Figure 2 it is clear thCit P,  
crlnccmtration affects the rates of Ca2 1 accumulation 
by mitochondri,i and SH in different ways. With mito- 
chondria. increasing the P, concentration f i  om 5 mM 
to 50 m\I h f s  the rate at ~ l 1 i c h  Ca2c is accumri- 
lated whereas, with SR, the rate in the presence of 
50 mM P, is 8 times the rate in the prcwnce of 5 mM 
P, (Table 2 ) .  

a 1on on 

111 Figure 9 the effects of P, concentration on the 
accumulation of Ca2f by  mitoclionclrici and SI3 at 
0°C are compared. Thc main points of intercst are the 
rapid inciease in the ratc of C A ~ +  accumulation 
b y  SR as the P, concentration incieases and thc 
large ainomnt of Ca2+ that can be accumi~1,ited by  
SI< at 0". 

Ca2+ release from mitochontli iu 

Using ox muscle mitochondria pre-loailed with 
Ca2f to 10-:30% of their capacity in the presence of 
ATP, the effect? of a number of different treatments 
on Ca2+ release have been examined. These loaded 
preparations are very stable and can be stirred in air 
at  23°C for sever'1l hours without releasing Ca2+. 

1. Cooling. For reasons that are not clear the re- 
sults obtaincd when loaded mitochondria have h e n  
rapidly cooled to 0°C have been inconsistent. Some- 
times loaded mitochondria have been gently stirred 
at 0°C for 21 hours without any apparent releas[> of 
Ca2+ at any time, sometimes they have released a 
small amount of Ca2f very slowly over the first 1-3 
hours, sometimes they have released a small amount 
of Ca2+ in the first 10-20 minutes and then have re- 
leased no morc or have recaptured the Ca2+ previ- 
ously lost. In spite of these inconsistencies, it is clcar- 
ly apparent that if there is any cold-induced loss of 
Ca2+ from loaded mitochondria i t  is very much small- 
er than the large, rapid loss that takes place from SI3 
on cooling. This conclusion is supported by thc find- 
ing of Drahota et (11. (1965) that rat livcr mitochon- 
dria do not lose more than 1-2% of the Ca2+ taken up 
at 30°C in thc> presence of ATP and P, when they are 
cooled to 0°C. The small release o b s e r ~ ~ d  in our ex- 
periments may possibly have been due to the prey- 
ence of SK in the preparation. 
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FIGURE 7. 
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Ca2+ UPTAKE BY MITOCHONDRIA IN PRESENCE OF ATP, pH6.4 

FIGURE 8. 

E 
a! " ij 1000 
z 

\ 
E" 
- tu" 
E 

Y e 5  

500 

0 Zero 

n 5 A 10 
a A 25 
;t 0 50 
U 
0 

I 
20 

I 
00 - Ib 30 4b 

T IME (min) 
EFFECT OF Pi ON RATE OF Ca2+ UPTAKE BY MITOCHONDRIA 

pH 7.2 

- 75 - 



AMERICAN MEAT SCIENCE ASSOCIATION 

FIGURE 9. 

MITOC HONDRl A 

0 Zero 

TIME (min) 
EFFECT OF Pi ON Ca2+ ACCUMULATION BY SR AND 

MITOCHONDRIA AT O'C 

In a few experiments, mixtures of mitochondria and 
SR vesicles were used, one of the membrane systems 
loaded with Ca2f and the other not loaded. For ex- 
ample, mitochondria were loaded with Ca2f (600 
nmoles/mg protein) in the presence of ,4TP and 5 
mM Pi for 20 minutes, by which time 95% or more of 
the Ca2+ had been taken up. An amount of sarcoplas- 
mic reticulum equal in protein content to the amount 
of mitochondrial protein was then added and, after a 
further 10 minutes, the reaction mixture was rapidly 
cooled at 0°C.  Similarly, mitochondria were added to 
Caz+-loaded SR and the mixture was cooled. The re- 
sults of such an experiment are shown in Figure 10, 
from which it can be seen that there was no cold- 
induced loss of Ca2+ from the mitochondria in the 
presence or absence of SR. It can also be seen that 
the cold-induced release of Ca2+ from SR was not 
affected by the presence of mitochondria although, in 
time, there was some uptake of the released Ca2+, 
presumably by the mitochondria. 

2. Freezing und thawing. Preliminary results indi- 
cate that mitochondria or SR loaded with 1500 - 3000 
nmoles CaZ+/mg protein in the presence of Pi lose one 
third to one half of their accumulated Ca2+ during 
freezing and thawing, more with mitochondria than 
with SR. This Ca2+ is not subsequently taken up 

again. When loaded to only a limited extent (250 
nmoles Ca2+,/mg protein) in the presence of 5 mM 
Pi mitochondria and SR both release caIcium during 
freezing and thawing. The released CA2+ is taken up 
again rapidly and completely by SK, slowly and less 
completely by mitochondria. 

3. Anaerobiosis. Buege and Marsh (1975) have 
suggested that, under the anaerobic Conditions pre- 
vailing in muscle post-mortem, Ca2+ is released from 
the mitochondria and that, at  low temperatures, the 
SR is not able to take up this Ca2+ as fast as it is re- 
leased. This implies that Ca*+ is released from the 
mitochondria for several hours, for cold-shortening 
can occur when muscle is cooled several hours after 
slaughter (Locker and Hagyard, 1963). Several re- 
ports have appeared of the release of Ca2+ from 
mitochondria under anaerobic conditions ( Lehninger 
et al., 1969; Thomas et al., 1969; Cheah and Cheah, 
1976) but these have all related to release from mito- 
chondria in ATP-free media. 

Using a Clark oxygen electrode it was shown that, 
with ox muscle mitochondria in a medium containing 
succinate and Pi (pH 7.2) but no ATP, Ca2+ was 
lost slowly when conditions became anaerobic, 75% 
of the Ca'+ taken u p  previously being released in 
about 5 hours. On the other hand, in a medium con- 
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FIGURE 10. 
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taining ATP and P, ( p H  7.2) there was no Ca2+ re- 
lease in 5 hours, either at 23°C or when the tempera- 
ture was reduced to 2-3°C after conditions had be- 
come anaerobic. This finding does not fit the Buege- 
Marsh hypothesis. 

4. MitvchondriaZ inhibitors. Neither azide, an in- 
hibitor of respiration, nor dinitrophenol (DNP) ,  an 
uncoupler of oxidative phosphorylation, has any effect 
on the uptake of Ca2+ by SR (Fanburg, 1964; Fan- 
burg and Gergely, 1965) or on the cold-induced re- 
lease of Ca2f from SR. They do, however, almost 
completely inhibit Ca2+ accumulation by mitochon- 
dria (Vasington and Murphy, 1962). Hence, in most 
of our studies of SR 5 mM azide has been included 
in the media to inhibit the activity of any mitochon- 
dria present in the SR preparations. 

The addition of DNP to Caz+-loaded mitochondria 
causes the release of Ca2+ (Drahota et al., 1965). The 
effect of adding DNP (0.4 mM) to ox muscle mito- 
chondria loaded with Ca2+ is shown in Figure 11. 
At 23'C virtually all the Ca2+ was released in less 
than an hour. At 0°C it was released more slowly. The 
results obtained when DNP was added to a mixture 

containing equal amounts (mg protein) of SR and 
CaZ+-loaded mitochondria are also shown in Figure 
11. In the presence of SR, Ca2f was released more 
slowly than in the absence of SR, both at 23°C and 
O"C, presumably because some of the released Ca2f 
was taken up by the SR. Similar results to the above 
were obtained using azide (5 m M )  instead of DNP. 

5. Apyrase. When, after loading mitochondria or 
SR with Ca2+ in the presence of ATP, the enzyme 
apyrase ( 5  units/ml) was added to break the ,4TP 
down to AMP and Pi, Ca2f was released from both 
membrane preparations, about half of the previously 
accumulated Ca2-t being released in 2.5 minutes. 

Conclusions 

On the basis of these results it is suggested that: 

1. Thaw-shortening which, as has been noted earlier, 
occurs in both red and white muscles, is due to the 
release of Ca2-+ from SR and mitochondria. 

2. The relaxation after the first shortening phase in 
thaw-rigor is due to an increase in the Ca2+ uptake 
activity of the SR as a result of increasing tempera- 
ture and increasing Pi concentration. 

3. Cold-shortening is probably due to the release of 
Ca2+ from the SR, for cold induces a substantial and 
reversible loss of Ca2+ from SR but little or no loss 
from mitochondria. 

FIGURE 11. 
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4. The relaxation following cold-shortening is 
brought about by the increase in the Ca2f-accumulat- 
ing ability of the SR with increasing Pi concentration. 

5. Rigor-shortening, which occurs while ATP is be- 
ing lost, is due to the loss of ATP and the release of 
Ca2+ from both SR and mitochondria. Loss of ATP 
would lead to loss of activity of the Ca2+ pump of 
the SR and to reduction of the Caz+-binding capacity 
of the mitochondria (Drahota et nl., 1965). 

6. In  muscles that do not cold-shorten the cold- 
induced release of Ca2+ from the SR is completely 
inhibited by P,, and sufficiently high concentrations 
of P, for complcte inhibition are reached soon after 
slaughter. 

I t  is realized that the cold-induced release of Ca2+ 
from SR does not explain Buege and Marsh‘s (1975) 
observation that cold-shortening requires anaerobic 
conditions and does not occur in muscle stored in 
oxygen, but in view of the evidence that, in the pres- 
ence of ATP, mitochondria do not release Ca2f under 
anaerobic conditions, this observation cannot be ex- 
plained in terms of mitochondria, either. Thus the 
problem of cold-shortening remains an intriguing one. 
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