








































is tenuous to say the least. Only in the extreme case of beef D are the 
values for myoglobin content and speed of contracture in agreement and

we have a classical case of a slow, red muscle which cold-contracts 
vigourously. On the other hand, the LD muscle disobeys this rule completely, 
because it has the highest contraction speed of all, is not particularly 
red and yet also shows a high rate of cold-contracture. The other two 
beef muscles, TFL and STM, show intermediate contraction speeds, yet nave 
similar myoglobin contents to the LD, but are only capable of quite feeble 
cold-contrac ture.

Similar contradictions exist amongst the pig muscles where the red 
portions of VL and BP show quite vigourous cold-contracture, yet BF(R) 

bas more than double the contraction speed of VL(r ), and is also less red.
The white portions of these muscles show only feeble phase 1 cold-contracture, 
althou^i they are capable of shortening considerably in phase 2 (rigor).
Both white portions have high contraction speeds. On the other hand, the 
two rabbit muscles benave classically; the fast, white rs shows no cold- 
contracture at 2°, whereas the very slow, red semitendinosus cold-contracts 
quite fast.

One can only conclude that the red-slow/white-fast rule applies only 
in the most extreme cases of very red and very white muscles, the former 
shoring vigourous cola-contracture and the latter no cold-contracture at 
a11, It has been suggested (horgen et al., 1972) that very slovr red muscles 
£>how co Id-contracture because they have only very sparse sarcoplasmic reticula, 
s^d hence very inefficient Ca-pumps which will allow extensive Ca-releise ¿t 
low temperatures (Bendall, 1973), whereas very fast, white muscles have the 
very opposite. This may be true in some extreme cases, but it does not 
aPPly to either the beef or pig muscles studied here. If it were true then 
the redder muscles, allowing escape of more Ca^+ at low temperature, would 
he expected to have higher ATF-tumover rates (V.) during rigor than the

these are related to an extremely low contraction speed, so that here

whiter, where
4-« _ho muscle in
ojid very white, should have the most efficient Ca-pump of all, yet in fact 

ah°ws nearly the same ATP-turnover rate during low temperature rigor as 
D does.
The rigor turnover rates of ATP are, indeed, somewhat of a thorn in the 

‘■‘ide of t.,e Ca-release hypothesis, because they are not only similar amongst 
muscles which show quite different speeds of cold-contracture, but they are 
U^°° DGarly constant throughout the whole rigor-process in any given muscle.
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This, in spite of the fact that both beef LD and STH muscles, for example,
show quite definite relaxation phases at the end of phase 1 ; during such
relaxation one would expect V. to fall due to reduction of the intrafibrillar 

2+  *Ca level, but nothing of the sort can be detected, at least by present 
analytical methods. No doubt these contradictions will be resolved by 
further research.

TUB H.PORTaNCE OF RIGOR SHORTENING AND COLD CONTRACTURE IN THE PRACTICAL 
HANDLING OF i .EAT.

The practical importance of muscle shortening during all types of rigor 
cannot be overstressed, as the New Zealand workers have repeutably shown 
(Locker and Jagyard, 1963; Marsh and Leet, 1966; Davey and Gilbert, 1969), 
becuuse of its effect on the toughness of meat. It is the degree of 
shortening which brings about toughening, and not the means by which 
shortening is achieved; the results of herring et al. (1565) on the 
toughness of various muscles of normally treated beef carcasses, hung 
up in the traditional manner by their hind-limbs, amply confirm this 
conclusion. They found that those muscles which had been able to shorten 
during rigor because of the carcass posture, notably those on the back of 
the thigfc, were- all tougher than the relatively stretched muscles, such 
as those on the front of the thigh. By altering the posture of the carcass 
during rigor, by lying it on its side with the legs flexed, the relative 
shortening was reversed and with it the toug'hness, muscles on the back of 
the thigh then being more tender than those on the front. Incidentally, 
these findings should be a warning to any butcher who thinks it a good 
idea to bone out meat while it is still hot. Extensive rigor shortening 
will occur in the meat in this state, with resulting toughening: post-rigor.

In the above experiments there was no question of cold-contracture, but 
merely the effect of posture, so that the flexed muscles were found to have 
nearly uniform, but 'short' sarcomere lengths and the extended muscles 'long' 
sarcomere lengths. When cold-contracture, due to very rapid chilling of the 
carcass, is superimposed on the posture effect, both flexed and extended 
muscles tend to be tougher than normal. This is because, even in an extended 
muscle, some sarcomeres shorten quicker than others due to unequal rates of 
cooling, and thus shortened nodes, alternating with lengthened portions, 
tend to form throughout the musculature (cf. the model experiment of harsh 
and Leet (1966; to demonstrate this point). At KRI, we have shown now 
unequally sarcomeres within adjacent fibres do in fact shorten during 
cola-contracture, even when the muscle is restrained from any overall
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shortening (Voyle, 1969; Restall and Voyle, unpublished observations). 
Longitudinal sections, examined over at least 2 mm length of muscle, 
show every conceivable pattern of shortening, including node formation,
passive crimpling and extended sarcomeres. Even in rigor at 15°, we nave 
noted considerable variation in sarcomere length in restrained muscles, 
but not to the same extent as in cold-contracture.

The occurrence of phase 2 shortening after phase 1 cold-contr>cture 
is complete, adds a further hazard to any attempt to cool carcasses very 
rapidly, because it greatly extends the dangerous period during which the 
muscle temperature should not be allowed to drop below 10°, if shortening 
and consequent toughening are to be avoided. In beef carcasses, this nay not 
Le a serious problem, because there is such a mass of musculature that rapid 
cooling is likely to occur only in a superficia^layer, but it is certainly 
hazardous in calf or lamb carcasses and in pig. The results
presented here strongly suggest that all types of carcass would be optimally 
tender if they were hung at 12° for at least 15 hr to allow the completion 
°f rigor, before any attempt was made to cool them below 10°. After 15 hr, 
it is safe to chill as rapidly as practicable (cf. Bendall, 19 71).

There is, at present, no satisfactory theoretical explanation of why 
cold-shortened muscles should be tougher than muscles at rest length.
The question is bedevilled by the fact that muscle lengtlis, and sometimes 
sarcomere lengths, have usually been measured on the uncooked meat, x/hereas 
tne toughness measurements have been made after cooling. Quite apart from 
other objections, this method fails to takB into account the more or less 
severe cooking shrink the muscles undergo, due to heat shrinkage of their 
c°Hagen. Furthermore, the denaturation and coagulation which occurs during 
cooking causes extensive cross-linking of the denatured proteins into 
confirmations quite different from those in the fresh material.

Uncooked, cold-shortened muscle is in fact not much toutfier and often 
nore lender than unshortened muscle (Drs. E. Dransfield and i). II. Rhodes,
‘‘RI - unpublished observations).* This is expectable on the sliding filament 
hypothesis, because when a fibre has shortened beyond of its rest length 
lts constituent actin filaments overlap each other and, moreover, its myosin 
filaments become distorted by pulling themselves up against the Z-discs 
(see fig. 1 ), The resuii is that the number of rigor cross-links which 
Cah be formed between actin and myosin filaments is vastly reduced, and 
consequently the resistance of the fibre to stretch or compression falls.
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This effect has its reflection in tension experiments with living muscle, <uTwe
where the^tension falls to zero when the sarcomere length is reduced to 
the point at which myosin filaments begin to bang into the Z-discs, thereby 
drastically reducing the contractile links which can form between myosin 
heads and actin monomers (.Gordon et al., 1966).

The situation is probably very different after cooking, because the 
highly distorted sarcomeres in the shortened nodes are in an ideal state 
to form tough, compact coagula as the muscle proteins are denatured. It 
is noteworthy, indeed, that in very highly shortened regions of the muscle, 
the sarcomere lengths are often less than the length of a myosin filament 
(i.e< 1.6 pmj, indicating that more than 50?i shortening nas occurred locally, 
in spite of the overall shortening being perhaps less than 40^ of the 
initial muscle length. At present this seems the best explanation of the 
toughening which accompanies shortening, but it is far from adequate.
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SUIlmRY

The fundamental biochemical and physical background of rigor mortis 
io discussed in detail. It is shown that the physical basis of the 
loss of stretchability during rigor is the formation of cross-links 
between the heads of the molecules in the myosin filaments and the 
monomers which make up the actin filament. This occurs as the ATP 
level falls from its resting level of 5 - 8 { .mole g_1 to < 0.1
M.mole g . Loss of the last traces of ATP causes a localised 
contraction, accounting for rigor shortening.

The oiochemical events are dominated by the slow turnover of IigATF2“ 
at the ATP-ase sites of the myosin heads. This turnover is counter­
balanced at first by resynthesis of ATP from PC and glycolysis 
(lactate formation; fall of pH), until the PC supply runs out, when 
the ATP level falls, due to splitting to IKP, Nh|+ and P ^

Temperature has anomalous effects on the rate of turnover of ATP,
30 ^k&t the rate falls fast at first and then ever more slowly as 
the temperature is reduced below 15°» In beef muscles the rate at 2° 
ls as high as at 15®, thus foreshortening the rigor process in a 
manner not predictable from simple thermodynamic theory.

Cold-contracture accompanies the anomalous biochemical behaviour 
e't ^ow temperatures. It is thought to be due to release of Ca2 "̂ 
ions from their storehouse in the SR, this release stimulating the 
contractile actin-myosin ATP-ase, previously dormant.

The extent of cold-contracture varies inversely with the load on the 
muscle, and so does its speed. Its duration is confined to about the 
flrst i  hr after cooling to 2°. It is sometimes followed by a relaxa­
tion phase which is in turn supplanted by further slow contraction 
(phase 2 rigor shortening). The latter often exceeds in extent the 
cold-contracture and can perform more work. Phase 2 is not highly 
load or pii-dependent.

ihe bearing of these changes on the practical handling of meat is
Uo^ed, particularly in relation to the toughening which accompanies 

extensive shortening of the muscle.
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