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positions after a stretch, but are pushed back by relaxation of parallel
elastic elements, consisting partly of the longitudinal elements of the
SR around the fibrils and partly of collagenous networks around the fibres
and fibre bundles.

Normal contraction, to which cold-contracture is in many ways akin,
occurs as a result of a nervous stimulus initiating an action potential
whieh passes along the sarcolemma and into the fibre along the transverse
tubules of the SR (situated often at the level of the Z-discs of the fibrils).
As the electrical action potential passes the triad system to which the

longitudinal elements of the SR are attached, it causes release of minute

g 2+ 3 2+ X L e
traces of Ca from the latter!/ The Ca concentration within the fibril

then abruptly rises from its resting level of 10—$E to about 10 "H. As

the released Ca2+ diffuses over the actin fi ts it becomes bound to

the troponin /complexes in these filaments an hi s the dramatic effect
of overcoming the repelling effect of the troponin, with the result that
myosin heads (with KgADP1_ bound to them) can attach to any actin monomers
vithin range,, This causes a 300-fold increase in the rate of release of
I‘TEM-)‘?L--from the myosin sites, and brings about a kind of flicking motion
of the myosin heads which thereby shift the actin filaments a step towards
the centres of the sarcomeres, with consequent shortening of the whole
fibre. As the KgADI1— falls off the myosin, a temporary myosin-actin link
is established, which is identical with that formed during rigor. But this
link is abruptly and rapidly broken as a fresh molecule of YﬁLTPa- attaches
to the myosin head and is itself rapidly split to NgLDI1_ and Pi; this
allows the contractile cycle to repeat itself (Lymn and Taylor, 1971).

Relexation sets in as the ionic status quo at the sarcolemma is
restored, because this enables the so-called Ca-pump in the triads of the
SR (driven by energy from ATP-splitting) to start operating and pump back
Caz+ from the neighbourhood of the contractile filaments into its storehouse
in the longitudinal SR elements. As soon as the intra-fibrillar C:'.:+ is
reduced to its resting level of 10—8M, the troponin complexes lose their
bound Ca2+ and can once more exert a repelling effect on the myosin heads,
80 that the muscle relaxes (providing plenty of ATP is still available).

In a very prolonged tetanus, the muscle will eventually run out of a
supply of ATP, so that the system”seizes uﬁi loses its stretchability and
pasgses into rigor, because there is then no means of breaking up the myosin-
actin linkage, formed in the last step of the contractile cycle. Wwe can
envisage this rigor state as cross-linkage of myosin heads to actin monomers

wherever the two are in range of one another (fig. 17B).




The normal rigor process is physically identical with the above, but
takes place on a quite different time scale, beceuse the musculature after
Slaughter of an animal is usually in the fully relaxed state wvith a good
supply of ATP. ATP is then turning over only very slowly, as we said
earlier, at a rate of about 1/300th of the contractile rate. BEven this
low rate will, however, eventually exhaust the ATP supply and the systems
which resynthesise it, and rigor will then inevitably occur. The rigor
process is irreversible in the strict sense, unless MgATP can be made
available, as in artificial glycerolated muscle models, where rigor can
then be reversed in the additiomnal presence of Ca-chelators such as EGT:

(Bendall, 1969).

II. Biochemical changes during the rigor process

a) ATP-resynthetic mechanisms

The most significaat feature of rigor in muscles from well-fed and
rested animels is that the ATP level (5 = 8.5 pemole g-1 in mammals,
depending on the species) remains high and constant for a considerable
time, yet it is being continually split at the ATP-ase sites of myosin,
albeit slowly. It follows that the ATP-resynthetic systems of the muscle
8re able initially to rephosphorylate ADP as quickly as it dissociates
from the myosin sites. In the post-mortem muscle, where the last traces
Of oxygen have been used up within 3 min. of slaughter and bleeding, these
Systems consist of the creatine kinase reaction and the reactions of
anaerobic glycolysis. The first of these can be formulated as:

1) rtgADP"+ pce" + B'* — KgATPz— + creatine

Note that this reaction absorbs 1 hydrogen ion and hence results in an
alkalisation. However, the original splitting reaction neutralises this,
Since it has already produced 1 H1+:

2) MgATP? 4 B0 —% MghDP'™ 4 et

Accompanying the creatine kinase reaction are the complex reactions of
€lycolysis which accept ADP and rephosphorylate it in competition with

the former. In thesg reactions 1 glucose unit of glycogen is broken down to
2 mole of lactateif fith simul taneous resynthesis of 3 mole ATF from 3

mole ADP and 3 mole Pi. During this process 1 H is actually absorbed per

2 mole lactate '~ formed, but for this to happen 3 mole ATP must have

already been broken down to 3 mole ADP %3 reaction 2, thus producing 3 n1+.

Hence the overall net effect is for 2 H to appear per glucose unit used up

(i.e. per 2 lactate' ™ produced), (Scopes, 1971).
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by the muscle to shorten. The degree of shortening will entirely depend
on how many sites at any instant become depleted of ATP. We shall discuss

this aspect in more detzil later.

Another totally unexpected effect of ATFP depletion has recently come to
light. Because the Ca=pump of the SR is dependent on energy from ATP splitting,

: > . 3 & 2+ . :
depletion of ATP results in the slow release of Ca ions from their storehouse

in the longitudinal elements of the SR. Thus there is an irreversible increase
in the intrafibrillar Caz+ concentration, sufficient to activate a moderately
Specific proteinase, recently discovered by Busch et al. (1972), which has the
property of attacking the Z-disc structure of the fibril. Disappearance of

the Z-discs hagd already been noted during the conditioning of meat (Davey and
Gilbert, 1969) and was taken to account for the gradual resolution of the
rigor muscle's high resistance to stretch (mentioned in Section I above).

We thus now have an almost complete explanation of this phenomenon.

b) the biochemical and physical pattern of rigor at constant

temperature.
The biochemical pattern of rigor in resting muscles, well stocked with
glyCOgen, is remarkably uniform over a wide range of conditions. The general

pPattern can be well illustrated by the example of a rabbit psoas muscle

)

Passing into rigor at 38° (fig. 2). Here we have chosen to show lactate

bProduction in terms of the pH change to which it is inversely and linearly

related (see table 1)

We note from fig., 2 how the level of ATF stays nearly constant at about
o -1 _ - oo
8 p.mole € until the PC level has fallen below about 4 p.mole g ! and then

falls on an S=shaped curve as it is gradually dephosphorylated and deaminated
Yo IMP (equation 3). While the PC level is still falling, the pH also falls
T e . somewhal do ) -

Steady rate until the former is ' » When there 1

a noticeable

@

‘ncrease in the rate (at about pH 6.7 in this case). This change of rate is a
c : Sa i . : St : ,
Onstant feature of rigor in resting muscles and is particularly well marked

ir & . e e st 7
1 beef LD and sternomandibularis \ﬁIF) muscles. It is due to the fact that

t Pt e " . . :
he ATP-turnover rate at the myosin sites is nearly constant throughout the

wh s By - % -1 -1 . R
ole course of rigor (39 p.mole ATP hr £ in rabbit psoas and about

o ST -1 -1 ., v : : . i
Femole hr 'g in beef LD and STM at 38°). Consequently when resynthesis of

ATP £ : i 4 i i ] '
P from PC fails, glycolysis increases in rate to cope with the increasing
&V&ilability of ADP t

The physical change, i.e. the loss of stretchability during rigor, is

Shown i $ o > : : : N g / .
in fig. 2 as increading resistance to stretch (R.) (= 1/relative
»J

str ER i . R : . :
etchubllltJJ- At this temperature, it sets in at a rapid rate as soon
t

as = & > : . : > e
¥ %0 7 of the ATP has been los and is completed when only traces of ATF




FIG. 2
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Fig. 2. Pattern of rigor changes in rabbit PS muscle at 3B .

S = shortening: RS = resistance to stretch.
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remain in the muscle bout + hr before the

muscle begins to shorten under the intermitte it during
the nes:: nt of R, (see Bate-Smith and 11, 1947 and Eriskey et al.
S
1962, for methods of measuring R,). At this temperature, under an inter-
~ )

mittent load of 50 g.cm ~, shortening (S) can amount to upwards of 257 of the
initiel muscle length.,

There cl is a statisticsal
process in fibres become depleted
of ATP at varying times. This is deducible from the fact that neither
rigor shortening nor loss of stretchability can be induced in rel:xed
model fibre systems until the ATP level 1is uced to less than 0.1 jp.mole ¥

(White, 1970). Thus in the example in fig. 2, it cannot be true that, when

-
0]
H

half the initizsl ATP level bas been destroyed (i.e. when 4.1 p.mole remains

g), all the sarco

o

meres in the muscle are half depleted of iTF; if this were

the case, no shortening or loss of stretchability would occur anywhere 1n

the muscle. Rather it must be so that at this stage ATP is almost entirely
lacking in half the sarcomeres, just as that ¢ of the sarcomeres lack
when'% of the total ATP has been loct, and so on. This also explains the
observed fact that active rigor shortening runs almost anti-parallel to the
declining ATP level, providing the load on the muscle is not large (cf.
Bendall, 1951).

The rigor pattern is drastically modified if much struggling occurs

during slaughter, because this leads to loss of PC and a more or less nmarled
fall in pi. For example, in rabbits killed by a blow on the neck there is a
Severe death struggle, which often reduces the initial pH to 6.5 or lower

and the initial &C to less than 6 p.mole g ' with some loss of ATP, The

effect is to curtail the rigor disgram in fig. 2 ags if it started at about

(
17}

2 hr post-mortem instead of at O hr. Loss of stretckability then sets in

8lowly from the moment cf death, because quite a number of sarcomeres are
already depleted of ATP, due to the struggling; rigor is completed within

3 hr post-mortem. This type of pattern is frequently met with in pig LD

S y g : : : 5 - - ~ . miay
Duscles and is quite common in beef pscas and tensor fasciae latae \T¥FL) .
in effect the struggle we described above expends about 0.6 pi units
worth

of glycolytic potentiasl (= 39 p.mole lactate g = 19,5 p.mole

glucose units of glycogen = 3.2 mg glycogen g A similar expense of

c L2 : & s = . . 2 2 1 12 el K
blyc°1ytlc potential can be brought about by exhausting the living animal

0 ; s i FoR R . L Tl
T exposing it to stress conditioms or by injecting it intramuscularly
Wi th &d:‘er; 2lin

Llle

prd

roviding the exhausted animal is killed with the minimal
S » o 1. s . . . . » » 1 |
Struggle, the muscles will nevertheless have high initial levels of ph, IC

and ATP, but the glycogen store will be less, and the ultimate p! will be

\

ralsed from about 5.6 to 6. 2 for this 1 fhis hes much less drastic




effect on the rigor pattern than a vielent struggle ot slaug T does,
cuttins off only ebout 1 hr from the time for completion of rigor at 3&°.
Cases of this type have been discussed by Bate-Smith and lendzll (1949 =nd

Bendall (1960 and 1973, in press). In extreme cases stress pmay lead to much
£

's cause the m at to be more

s such high uvltimate pl

s there are, at any given temperzture, fairly strict relcations

o

rabbit psoas at 38°, for example, of the ATP is lost at pH 6.3 and - 2t

(94) |_.

ATP—turnover and pH fall which give rise to ISk meat.
beef LD, T¥I JT¥ AlD D muscles (see table 1 for abbreviations) lose about

-1 : \ e
the same amounts of ATP (1 and 4 p.mole g ', respectively) at pH 6.5 and

0]

6.2, probably because the resynthetic mechanisms are not so efficient ot

the lower temperature.

Tzble I surnmarises the initial PC and ATF levels, the uvltimate 7 TS
buffering capaclit B) in the muscles of 4 species of mammal. Th re 1
species variations in initial PC and ATP levels, the rabbit FS showing the

1 st levels of both and the beef D the lowest. Frog sartorius, by the

y g -1
way of contrast, has a high initial 1level of PC (24 p.mole g ), but very

rable X. Initial PC and ATP levels, ultimate pH values and
buffering capacity B) in verious muscles ef
mammals. All values corrected to an initial ph

of 7.1, where necessary.

o m
»bvi - C—; EJ.‘ 5.6 ) 6’)

T vy 3 . : .

a. LD = longissimus dorsi; TIL tensor fasciae latae;

STM = sternomandibularis; D = diaphra;
= pectoralis profundus; I'S = psoas

- 10

glycogen and te ultimate piz values higher then 6,0, In

that light penetrztes much deeper into the suridce

8°, the pig LD is similer, even in the cases of extremely rapid
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1 he eff of temperature

'he main of temperature on the biochemical pattern of rigor 1is
15 4 . $ : - . ~ s 1 . +- y - -he ove y > E
that to be expected in general for any chemical reaction: the overall rate
f' 17l a o 1 zZR 4+~ RO TTOUt +he ™ rOT
alls S Tne 2 i B Y cowever, tne rilgoc

has a nearly constant temperature

below this temperature

“ygo decresses rapidly, reaching zero at about 5° in the red muscles of
beef, pig, sheep and rabbit and at about 0° in the white muscles of the
rabbit. In the first type of muscle,

ly negative

J

below 5°, with the result that at 2° the rates of change have become as

high zs at 159,

'S we have pointed out, the fundamental rate-determining process

B

the rate of ATP turnover by whatever .TP-ase may be active (normclly the

nyosin enzyme), This parameter can be calculated if the rates of pi fall
(VI ) and of FC and ATE

loss (V.., V...) are known. The rate of LIP turnove

/

V‘T‘uhle 1_‘ s} 1 g N - ] 4 (7 o 2 e 2 o el o aucn s
7 I shows the relative rates of ATP turnover (V,) at temperatures
4

from 3& to 2°, taking the rate at 38° as 100. The lowest line in the table

al - 1 e ) i % ‘ Y
SU0WS the ideal decline in the rate if l00 were constant at 1.7.

fable II Relative rates of ATP turnover in rabbit and beef

mu3cles at temperatures betw

C "

S
W
o
n

n
N
o
W
s
o

BAbLLIE (IB) <100 883 61.4 49,5 #1.7 3.4 32.4 28.0
l"'e'»‘f ( \

ek, 100 83.3 61.4 49.3 44.2 39.4 35.

Ideal

SO that at 20 ¢

for beef [

t can be seen at a glance how anomalous the actual rates become below 25°,

he observed rate in the rabbit psoas is 3x the 1ideal and tha




Now these anomalies cannot be explained if ATP turnover throughout

the temperature range is solely determined by the slow, resting lgiTP-ase

=]

on the myosin sites, because this enzyme shows no anomalies and has a
constant 9 of 1.7 from 38 to 0° (Bendall, unpublished observations).

Henee ss soon as anomalies appear some additional ATP-ase must be activated.
The clue to the nature of this ATP-ase is given by the phenomenon of cold-
contracture (Locker and Hagyard, 1963) which sets in in most muscles of the
red t;pe as the temperature is reduced below 11° and appears to reach a
maximal rate at about 2.5° (Bendall, 1973) or perhaps lower (Lacourt, 1972).
Contractures can be produced, as far as we know, only if the actin-

mvosin contractile ATP-ase is activated, which happens when the Ca2+ concen-
tration in the intra-fibrillar space rises from 10—8 towards 10-bk, due to

PR B ‘ = ’ - "
elezse of Ca from the triads of the SR, as we showed in the first section.

H

Hence it has been deduced that this is what occurs to en increasing extent

&

the temperature is reduced below 259, the Ca release only reaching a
critical contractile level below 11° (Newbold, 1966; Horgen et al., 1972).
This indeed seems 2 highly plausible explanation of the anomalies, particu-
larly if the Ca-pump of the SR has the extremely high Q1C° which some research
has indicsted (Hill, 1972). If this wesre so, the pump would work extremely
slowly at low temperature and so would be unable to cope with the inevitable
passive diffusion of Ca2+ out of the triads.

That Ca-release is implicated in cold-contracture can also be concluded
from results obtained during thaw- contracture which is more rapid and energetic

i

than colid-contracture but has features in common., In thaw-contracture, the
muscle, previously frozen in the pre-rigor state, ie thawed out more or less
rapidly, and as the temperature rises through the critical range of O to 10°,
it contracts vigourously. As the contracture starts, there is a marked and
rapid change in the rate of Ca-flux across the sarcolemmal membrane (Kushmerick
and Davies, 1968) which later reverses; the reversal coincides with the
spontaneous relexation phase seen in loaded musclcs, thawing rapidly (Bendall,
1960)., Thus the Ca-pump is able to recapture Ca2+ as soon &s the muscle
temperature reaches about 15°. The same must apply to cold-contracture as
well, which is reversible by merely raising the temperature above 119,
providing the muscle pH is above 6.5. In rabbit semitendinosus, for exanmple,
this cycle of cold-contracture and relaxation can be repeated at least 3

times by raising or lowering the temperature between 2 and 15%



II Cold-contracture and rigor shortening compared.

In contrast to cold-contracture which sets in as a muscle is cooled
under condi of moderate t¢ and ATP level, rigor shortening
begins only as the ATP starts to sherply during the fast phase of

rigor and is always succeeded immediate

Unlike cold-contracture,

it ig irreversible. As we have said, it seems

to occur whenever the level in a sarcomere

®
(-

p.mole g (WVhite, 1970). Although it cen develop quite Ligh tensions in
excess of 120 gecm , it can do only small amounts oif work, and is, moreover,
nNighly temperature dependent in the reverse sense to cold-contracture.

Thus the work done at 18° during rigor shortening of rabbit psoas is onl;

.
- . 1 L : R e ey 2 S

01 ml.g ', rising to a maximum of 0.6 mJ.g at 38° (lendall, 1960).
This compares with the maximal work done during cold contracture of beef

diaphragm muscle (see later) of 2.2 mJ.g .
3trangely enough, a long-drawn out contracture, akin to rigor
shortenins at higher temperatures, occurs in beef and pig muscles at 2°

L

Or below and can be quite clearly distinguished from the cold-contracture
Phase proper, either in tension experiments (Lacourt, 1972) or under
isotonic conditions, when the load on the muscle is chosen correctly.

The best examples of the two phases of cold-shortening are obtained with
muscles of high initial pli, because then the two phases do not run into
One another. As Lacourt's (1972) results clearly show, tension builds up

during the initial cold-contracture paase as soon as the temperature falls

{7

below 11°, but this tension rapidly falls again soon after reaching :

Daximum, i.e, the muscle relaxes spontaneously. Tension then redevelops

slowly after a short delay, and follows the time course to be expected

s 1

i 1 3 . b . N N -
if this phase ke ripgor shortening at higher temperatures, were dependent

14
o ] 4

on the falling level of

(see figs. 3 and 4). It can develop considerably
WOre tension than the cold-contracture phase proper. The second shortening

W e 3 . : P . R { 3 - T 4

Plase was overlooked by earlier investigators (Locker and iagyard, 1963;

arsh and Leet, 1966), probably because they usually studied free shortening,
w}
wilere the -~ n 4 s a4 3 £ o 3

€re the ¢ old=contracture phase encounters no resistanc from a load and
can t) ; . . X . e T . :
4n Therefore become so extensive that further shortening during rig;or 1s

revente ') : . > . .
Prevented, In the practical handling of meat, second phase shortening is

pr 3 X ~ : N .3 3 . .
Probably of more importance than cold-contracture, because the musculature

on s 3439+ ,
N & rapidly cooled carcass is in fact under varyi
not able to

tension and

e
o)
o
-
D
4]
P

shorten freely. For these reason we shall describe the

The may :
4aenomrenon in some detail




III Pattern of rigor during cold-contracture

experiments of Lacourt (1972), most of ours were carried out
under isotonic conditions, i.e. shortening under loads varying from zero to
nearly the full isometiric tension the contracture can develop at 2°, The
muscle strips of about 0.5 cm2 in cross-section, and 0.8 cm in diameter, were
submerged in a bath of RZO-saturated paraffin (density 0.8) with streams' of
bubbling over them. The strips were pre-loaded with 7 - 10 ,»;cm_2 end
varying afterloads subsequently added in such & way that the exztra load was
just supported on the bottom of the bath until the strip developed enough

tension to 1lift it. The following beef muscles have been examined in detail:

T~ 1Y >

LD, T¥L, 501 AFD D. Simultaneous measurements of pH, PC and .TF were made
in separate strips of the same dimensions as the above.

The two phases of shortening and their dependence on load can be
demonstrated by comparing the shortening by strips of the same nuscle
under varying loads (see fig. 3, STM and fig. 4, D). In fig. 3 the shorte .ing
pattern of an STE muscle strip under zero load is compared with that of =
strip under a load of 39 gcm—z, which in this muscle is near optimal for
maximum work performance in phase 1. We see that sirip A under zero load
shortens rapidly, from the moment it is immersed in the 2° bath, by about
329 of 1_ (4 hr) and then very slowly for the next 23 hr (final shortening
42%.). The loaded strip, on the other hand, initially shortens more slowly
(by 25% lO); shortening then abruptly ceases and relaxation sets in, the
muscle lengthening under the load back to 95% 1 (2,5 hr). At 3 hr a sécond
slow phase of shortening sets in and continues for the next 21 hr at a low

rate, the final shortening being 42% 1 _, identical witl. the shortening of

c o’
the unloadedSt:rljg The initial shortening/relaxation phase seems to tak
place while the ATP level (top half of figure) remains nearly constant and
high, whereas the second shortening phase coincides with the slow loss of
ATP from about 3 hrs onward, By the time the ATP level has fallen by about

1 p.mole g , second phase shortening has overtaken that in the first phase

S

(7 hrs). Prom 7 to 24 hr shortening continues from 27 to 42 10, while the
level fzlls by another 3 p.mole g_1. The phi has dropped meanwhile

from 7 to 6.5 (at 7 hr) and to 6.02 (24 hr - not shown in figure). Another
strip of 5Tk was loaded in this experiment with 62 3cm_2, but failed to 1lift

the load in the first phase, and shortened by less than 1 1O in the second

Tne experiment with a D muscle in fig. 4 differs in severzl respects
from that with the STM muscle., First, D muscles can lift far greater loads
than OTM muscles ( > 210 gcm-é); secondly all 4 strips in fig. 4 show two
pheses of shortening quite clearly, even strip A which was loaded with only

gem ~; lastly, second phase shortening comes to an abrupt end zbout 5 ur
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Pattern of changes in strips of beef STM muscle at 2°.

Strip A under zero load: strip B loaded with 39 gcm-z.
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Fig. 4. Pattern of changes in strips of beef D muscle at P
Strips loaded with; A 7; B 86; C 150; D 210 gem 2.

Start of phase 2 shortening shown by arrows.
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after imrersion. The effect of load on speed of shortcning in phase 1
very cbvious in this experiment; also we see how the higher loads resirvict
Phase 1 shortening drastically, whereas they have no effect on phasc

where 11 the muscles finally shorten b 40 to 43 1 , Durin~ second

: . ; -
pbhase shortening, the ATF level falls here by about 1.2 p.mole g and

the pu from 6.95 to 6.5,
To prevent all shortening in D muscles loads in excess of 250 gem™

are needed, compared with only about 60 in STV muscles and less than 40

gem — in TFL muscles, LD muscles behave similarly to D muscles in some
respects, but cannot 1lift such heavy loads (maximum = 120
[ ﬂ‘!‘ ° 3 o 1

w1k, they frequently show a relaxation phase at the end of phase 1, whercas

D muscles generally do not. It is puzzling that the TFL of beef animals is

80 easily prevented from cold shortening; indeed it rarely shortens in phase 1

by more than 1 lo' even under zero load, though the second phase can Le

quite extensive, but only at very low loads, where it can reach 350 1 .

¢
This contrasts with Lacourt's (1972) results with veal TFL which appears

to be the most energetic of the muscles he studied. A possible reason is

the low mean initiel pH of TFL (€ 6.8), although initial pH values in this

Tange have little or no effect on shortening in either D or LD muccles.
Another way of expressing the relative strengths of shortening in the

two phases is to plot the work dome against the load on the muscle. This

is shown in fig. 5 (graph a - phase 1; graph b - phase 2), where we see

that D is by far the most energetic of the muscles, doing a maximum of

2.2 mJ-é-1 during the first phase at a load of 150 gcm—z, whereas LD can do

only about 1 mJ (at 60 :cm—2), STM about 0.7 mJ (at 22 ~cm_2) and TFL about

( =< : SR b
el mJ (at 10 gem 2). Above these optimal loads, the work done falls rapidly,
becoming zero at loads the muscle is just unable to lift, i.e. when the load
8 Just equal to the isometric tension the muscle can develop. This point

18 at loads of about 260, 130, 60 and 20, respectively, for D, LD, STI and
TrLi
Second phase shortening (fig. SCV does more work than phase 1 in all 4

nnug - : e IR hs
Uscles, xcept at very low loads, where so much shortening occurs in phase 1

tl e : / 4 . % S
8% phase 2 i3 limited (in general, it seems that overall shortening 1is

Ire . ~ 1 ) wor) o | f
Stricted to about 45% 1 ). In D muscles, for example, phese 2 work, at a loead

of 15 g . : ey by -2 i1 3
150 gem “, is 1.4x that in phase 1, and at a load of 210 gem = it is more
The e : 2 ‘
4 5x. LD muscles behave similarly. Though not as energetic &s D muscles,

tie -1 . . Yo o
"€ can perform a maximum of 3.4 mJ.g = at optimal loads, of which 3 mJ.g

'S done in the second phase which we have likened to rigor shertening at
Nehep temperatures, The latter, however, cannot do as much work; for example,
:-::lrSh ( 1 9D
peI‘fOr

4) found thet LD muscles chortening under load during rigor at 3%8°

76

med a maximum of only 0.75 mJ.
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Fig. 5. Work done by muscles, shortening at 2°: A, work done in

cold-contracture (phase 1); B, work done in rigor-shortening

(phase 11)
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fect of load on the speed and extent of phase 1 shortening is
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rontractions of frog muscle, for
example, (Hill, 1965} cf. Bendall, 1969), lowering the speed in an
aporoximately exponential manner. Both speed and extent become zero, of
course, when the load on the muscle the isometric tension which can be
developed. In this respect phase 2 shortening differ

demonstrates., Providing phase 1 shortening has not been too extensive, the
Speed of shortening in phase 2 is far less dependent on load than that of
Phase 1, 1In fact, in the case of the D muscle in fig. 4, the speed of

Sécond phase shortening was almost identical at loads of &6, 150 and 210 om <
(curves B, C and D respectively) Like the {irst phase, however, phase 2
shortenin, is abruptly and completely inhibited as the load gets close to

A . : S -2 e \ K P
the isometric tension (about 260 gem ~, in this case). Phase 2 also differs

~

from phase 1 in that it appears to be quite independent of pii. In one case
3

of a TFL muscle, for example, a load of 40 gem ~ com

L)
-

etely prevented phase
! shortening, ang phase 2 did not set in until 7 hr after immersion in the
bath, By this time the muscle pd was below 0.3.

some of the important factors involved in cold-contracture are set out
in table III.

Table III, Important parameters in cold-contracture

in beef muscles at 2°

my
pH AL 1
Muscle v @ v D 7 © lMax. work 0 g o 7 hr L.mole g
3 A pd S (nJ.g™ ) in o il 23 47 hr
phase
1 2
LD Bh. 00 34 4,0 2.5 6.8 8,67 558 | 0.3 - 2.2
m*lv . i - - - - B
'L 7.0 .07 0 0.1 0.5 6.78 5.78 5.66 1.5 s

STH B3 .00 08 0.7 0.8 T:12 B.08 5,17 30 .3
BB N0 V63 02,2 7.5 £.85 6,08 580 :0.3 .2

: : : -1 -
a. Vv, = rigor ATP-turnover rate in p.mole hr g

> , : ; -1 : =y
b. VH = rate of pH fall in units hr = (6.85 - 6.2)

’ . : -1
R Ml = speed of phase 1 shortening in muscle lengths nr

We note that the ATP-turnover rate and rate of pt fall are remarkably

Simiy. y ] ; i i %) ]
Milar from muscle to muscle, whereas the shortening rates and the raximal

WOork i< : . s o 45 s ; o X
OTk which can be done in the two phases of shortening differ widely. It is
noticeable th

aftey o- . . g e . s
ter 23 hr immersion at 2°, In TFL and STH muscles, indeed, = of the

inj+ts ’
1tial ATP is still left at 23 hr. Note that higher initial pH values than

at neither the ultimate pi nor the ultimate ATP level is reached

'

the e . :
~ Tean ones shown here can occur in LD, TFL and D muscles, but they are rare.
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RivL A N OF COLD-CONTRACTURE TO MAXIMAL CONTRACTICHN SPLED AMD TC RuDiiuod

The interrelation of redness (= myoglobin content), speed of contraction
and 2bilitv to cold shorten is an extremely vexed one which cannot be discussed
fully here. evertheless the present results, like those of Lzcourt (1972),
point up some of the znomzlies. As we shall see, it is true in extrere

# minacl

&
cases tiat the reddest muscles of an animal ape slower, but cold-chorten
ly than the whitest ones, though the relationship

is fzr from strict. Our own limited results with beef and pig wuscles ure

sumnarised in table IV, where we have used the raximal, Ca-st
giTr=-actin-nyosin ATT-ase activity (Jm; of myofibrils as th
)
-~
-+ . 2 &
of contraction speed. This activity was assayed with 4 mi' Egil. 1S

1A DLIC LY o Cd
speed and ATP-turnover rate with speed o

cold-contracture in muscles of beef, pig and

o

M content B 2
V. Load T TR V V
uscle . nmole m A

genm per g

Beef LD 0.%4 50 280 9400 105 8.5
0 265 7700 &6 10
0 250 5800 65 £.9
) 0,63 50 420 2700 30 8o

Pig TVL(R) 1.5 0 190 %200 36 -
VL(W) 0.36 0 45 8000 89 -

R 1.05 0 100 6800 76 -

BF() 0.20 0 41 7600 &4 -
abbit K 0 0-50 10 14300 160 9.0

0.25 3 200 3000 33 -

a. VL = vastus lateralis; BF = biceps femoris;
oT = semitendinosus; R = red portion; W = white portion
Ve | P

s11

muscle lengths per hr.

= gpeed of cold contracture (phase 1) in

c. V = max, ATP=zse activity-in p.mole hr g .

Pais varies directly with contraction speed.
v .

d. V. = observed ATP-turnover rate during cold-

-1 =1
S P

contracture in p.mole

- 20 -




The table shows that in beef muscles the relation be

A
(”"o clobin content) and either speed of Cunt?rr?ign[gi of cold contr;otumfr(\g’)
is tenuous to say the least. Only in the extreme case of becf ire the

values for myoglobin content and speed of contracture in agreement and

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

We have a classical case of & slow, red muscle which cold-contracts

Vigourously. Cn 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
s, TFL and 3TM, show intermediate contraction speeds, yet have
Similgy myoglobin contents to the LD, but are only capable of quite feeble
cold-contracture,

Similar contradictions exist amongst the pig muscles where the red
Portions of VL and BF show quite vigourous cold-contracture, yet BF(R)
has 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,
although 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 behave classic ally; the fast, white IS shows no colc-
contracture at 29, whereas the very slow, red semitendinosus cold-contracts
quite fagt,

Une 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
showing vigourous coli-contracture and the latter no cold-contracture &t
8ll. It has been suggested (Horgen et al., 1972) that very slow red muscles
show cold-contracture because they have only very sparse sarcoplasmic reticula,
and hence very inefficient Ca “vy which will sllow extensive Ca=-relecse ot
low temperatures (Bendzll, 1973), whereas very fast, white muscles have the
very opposite. This ray 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 Cn3+ at low temperature, would

b Dected +n 1 . / i & . , .
© €xpected to have higher ATP-turnover rates (V.) during rigor than the

whiter

» Whereag table IV shows that V. is rem irkably similar from muscle
to Muscl T 3 0'(5‘ 2 P " . 2
St P B ¢ ¥ In contrast, rabbit IS5, which is very fest

A
an ™ whi = ‘ haih i . : .
d very Whilte, should have the most efficient Ca-pump of all, yet in fact

1%t shows

learly the same ATP-turnover rate during low temperature rigor as
beef | does,

m : § = = ) " - Y R
The rigor turnover rates of ATT are, indeed, somewhat of 2 thorn in the
si f ¢ . b gl o
de of tie Ca-release hypothesis, because they ire not only similar amongst
muscles wh £ 3 2 Spe - % 1 , "
les which show quite different speeds of cold-contracture, but the

also nearls . . ; :
*0 nearly constant throughout the whole rigor-process in any gsiven nuscle




This, in spite of the fact that both beef LD and STV 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 intrafibriller
2% & ol ¢ 7 . :
ca level, but nothing of the sort can be detected, at least by present

analytical methods. o doubt these contradictions will be resolved by

urther research,

e e 4o g SRS o e F TR I T e e g i S Sy 5
T8 IFPCRTANCE OF RIGOR SEORTENING AND COLD CONTRACTURE IN ThHE IRICTICAL
LANDLING OF KEAT.

Cui

The practical importance of muscle shortening during all types of rigor
cannot be overstressed, as the New Zealand workers have repectably shown
(Locker and lagyard, 1963; Marsh and lLeet, 1966; Davey and Gilbert, 19€¢9),
3e of its effect on the toughness of meat. It is the degree of
shortening which brings about toughening, and not the meens by which
shortenin- is achieved; the results of Herring et al. (165) 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 zble to shorten
during rigor because of the carcass posture, notably thoce on the back of
e thigh, were. all tougher than the relatively stretched muscles, such
ags tr.osce on the front of the thigh. By altering the posture of the carcass
durin; rigor, by lying it on its side with the legs flexed, the relative
shortening was reversed and with it the toughness, muscles on the back of
high then being more tender than thoese 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

imniform, but 'short' sarcomere lengths and the extended muscles 'long'

o
@
v
~
(=]
=

sarcomere lengtins., %hen 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
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 I.arsl

/

and leet (1966, to demonstrate this point). At KRI, we have shown how

F
B
!

jually sarcomeres within adjacent fibres do in fact shorten during

cola=-contracture, even when the muscle is restrained from any overall

SRR o B
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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. GEven in rigor at 15°, we nave
noted considerable variation in sarcomer length in restrained nmuscles
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 irop below 10°, if shortening
and consequent toughening are to be avoided. In beef carcasses, this may not
be a serious problem, because there is such a mass of musculature that rapid
cooling is likely to occur only in a superficipl layer, but it is certainly
hazardous in calf or lamb ca S n( b% ] ig ) asul ts

in f 1 carcasses and in pig. The results

Presented here strongly suggest that all types of carcass would be optimall
tender if they were hung at 12° for at least 15 hr to allow the completion

of rigor, before any attempt was made to cool them below 10°, After 15 hr,

\

it is safe 10 chill as rapidly as practicable (ef. Bendall, 1971).

There is, at present, no satisfactory theoretical explanation of why
cold-shortened muscles uld be tougher than muscles at rest length.
The question is bedevilled by the fact that muscle lengths, and sometimes
Sarcomere lengths, have usually been measured on the uncooked meat, whereas
the toughness messurements have been made after cooking., Quite apart from
Other ObJGCtiors, this method fails to take into account the more or less
Severe cooking shrink the muscles undergo, due to heat shrinkage of their
¢ollagen. 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.

Uncookod, cold-shortened muscle is in fact not nuch tougher and often
BOre tender than unshortened muscle (Drs, E. Dransfield and . Ii. Rhodes,
FRI ~ unpublished cb;crvutions).' This is expectable on the sliding filament
hyPUthesiS,

3

because when a fibre has shortened beyond 35j% of its rest length

its : L T . .
Constituent actin filaments overlap each other and, moreover, its myosin

fila : . . A
afents become distorted by pulling themselves up against the Z-discs

(8ee £fi. +\ A 3 .
1ig. 1) The result is that the number of rigor cross-links which

can pe ¢ ’ i : o : .
be iormed between actin and myosin filaments 1s vastly reduced, and

Consec £ ; 3 2 :
ueguen,¢j the resistance of the fibre to stretch or compression falls.

0o




reflection in tension experiments with living muscle,

falls to zero when the sarcomere length is reduced to

the point at which myosin filaments begin to bang into the Z-discs, thereby
draatiesliv reducs the contractil links which ce : i betw 7091
irastically reducing the contractile links which can form between myosi
heads and actin monomers (Gordon et al., 1966).

tuation is probably very different after cooking, because the

distorted sercomeres 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 pm indicating that more than 50§ shortening has occurred locally,
in spite of the overall shortening being perhaps less than 407 of the

initial muscle length. At present this seems the best explanation of the

toughening which accompanies shortening, but it is far from adequate.

The author wishes to acknowledge with thanks the expert assistance
he has received from kr, C. C. Ketteridge throughout this work, and
recently also from Miss E, Ii. Alderson., He has also received much

pful advice from Dr. K. S. Cheah,
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1. The fundemental biochemical and physical background of rigor mortis

is 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 n osin filaments and the
onomers which make up the actin filament. This occurs as the ATI

level falls from its resting level of 5 - 8 p.mole g = to € 0.1
\ -1 - . , ;
H.mole g '. Loss of the last rraces of ATI causes a localised

contraction, accounting for rigor shortening

m - : :
ihe’ biochemical events are

by the slow turnover of lgATP”

-

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 pi), until the PC supply runs out, when

the ATP level falls, due to splitting to INP, Xn;+ and P..

ct

Temferature has anomalous effects on the rate of turnover of ATP,
SO0 that the rate falls fast at first and then ever more slowly as

the temperature is reduced below 19° In beef muscles the rate at 2°

18 as high as at 15°, thus foreshortening the rigor process in a

manmner not predictable from simple thermodynamic theory.

Cold~contracture accompanies the anomslous biochemical behaviour

8%t low temperatures., It is thought to be due to release of Cag+

1ons from their storehouse in the SR, this release stimuleting the

contractile actin-myosin

previously dormant.

1
}

The extent of cold-contracture varies inversely with the load on the

mu : . . - . T < A San' a4 atinss 4 a
uscle, and so does its speed. Its duration is confined to about the

FS u V1AL

H

4

i nd 2 1 o - S - : . = Y
*TST 7 hr after cooling to 2°., It is sometimes followed by a relaxa-

tion phase which is in turn supplanted by further slow contraction

p)‘.ﬂ:,e

2 rigor ;) The latter often exceeds in extent the
colu~C(ntructup3 and can perform more work. Phase 2 is not highly
loag . noendo s
&€ Or pii-dependent.
ST o : : e A X _
1€ bearing of these clhianges on ine practical handling of meat is

di il % g . ; g 2 o 2 R
Glscussed, particularly in relation to the toughening which accompanies

extensive shortening of the muscle.
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