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| ABSTRACT
The7state§of<gater in mnscle isfimpOrtant to all
‘ aspects of me;t'handl1ng. * The strength of water b1nd1ng by
the muscle prote1ns is of great 1mportance for the quallty
of meat’ and meat products,'as almost all procedures for the
storage and pro{ess1ng of meat ‘are influenced by the water
holding capac1t§ (WHC) . As 1mportant as water “is to the
" quality of meat, the factors 1mmob111¢ing the water fhf
\ muscle are not clearly understood : . r/ﬁff
The major thrust of &hls th;sls has been . to 1ntroduce
.and aﬁply some.new.technlques to'the.study'of changes 1n the
" muscle water of early postmortem beef Theseatechn1ques may
assist in understandlng some of the factors 1mmob111z1ng the
water in muscle. The pr1nc1pal method in this regard has
been the” exam1nat;;n of changes in the sp1n 1att1ce' i
~relaxation times (T ) of the water protons as the;muscre
enters r1gor It. has been oundwthat the Ty measurement can
detect changes 1n the- mysc{e water dur1ng r1§or development.
Although there is a 51m11ar1ty 1n the T, profile ogtalned
from each carcass,.there is a cons1derable
carcassato-carcass variability'in the initlal T, peak;T,,
time to the peak T+ and postpeak T, slope« ThlS var1ab111ty
in muscle water propert1es has been 1nterpreted 1n terms of
the, rate of :i/or development as measured by PH fall ATP
‘metabollsm (as measured by an HgLC method developed_durlng

the course of the work), and isometric tension development.

e



“ ’ &f}} ’

] Included in thxﬁpstudy hbs been the development o£ ab :
: method 19 vhich the change§ in the extracellular spad@ are
used to reveal the 1ntraf1bre water a£f1n1ty of the early
'prer1gor muscle. A term Eés app 1s used to descrzbe the

1ntraf1bre water aff1n1t¥ The smaller the value, the

%'&a C‘

greater’ is’ the 1ntraf1bre water aff1n1ty of thg muscl G?
%Unfortunately, thls method is only appl1cable¥§° the early
| prerjgor- muscle s1nce the‘membrane loses rks funct1ona1rty
near rf@or and cannot exclude the extracellulai marker
‘(1nu11n) whach is needed to rel1ably measu;e Eég app. In theph
early prerlgor per1od the ECS data ‘suggest that the 1n1t1a1
loss of 1ntraf1bre water aff1n1ty by the muscle is reversed
leadlng to an 1mprovement in the 1ntraf1bre wattx agﬁlnlty
~before 1t is lost again. Often this 1eads to a b1moda1 & o
appearance of the ECS app versus time postmortem plo% Thlsw

alteratlon in the muscle water propertxes has been uded to

3

e

';expla1n sodﬁ‘of the changes observed 1n the mechanaca%
properties’ (ten511e and adhe51ve) of early postmortem‘beef
The variation in the 1sometr1c tension prof;I;, i
partlcular the maxlmqm 1sometr1c tension, between carcasses
has been 1nterpreted as indicating differendes in the 1nter—
fllamental spaces of the muscle flbre.‘Thls observatlon has
lead to the conclu51on that factors affectlng the 1nter-
fllamental spac1ng have a pronounced affect on the WHC of
meat. It has also been observed that the effect of ATP on
.muscle water propertles is variable and supports the view

that the hydrolysis of ATP itself is not thevmainyreason for
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postmprtem al;erat1on 1naﬁﬁc but rather it .is the
developmgnt of rxger mortls 1n1t1ated by the depletlon of

ATP that alters the poétmortem WHC of muscle.
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I. INTRODUCTION - : ‘

The introduction to thls report on the state of musclei
water cons1sts of seven parts. These are: (1) a dlscu551on
of the structure and compos1t1on of muscle' (2) a rev1ew of
some of the b10chem1cal and phys1ologlcal events assbc1ated
w1th r1gor-mort1s, (3) a cons1derat10n of. some of the
factors affecting postrlgor meat qua11ty, (4) a dlSCUSSlOﬂ
of several methods used to. assess meat quality; (5) a review
of factors affect1ng prote1n-water 1nteractlons, (6) an
examination of methods,belng used to examine the state -of
- water in meat' and, finally, (7) a statement of the problem,

1nclud1ng the reasons for the work performed.

< —

A. Structure and Composition of 'Muscle
‘Bach of the muscles in the carcass is attached to the

bone by tendons, and all. connectlve tissue components of the

muscle cells are«’

ol Jous ?1th the tendons. Connective
tlssue components 1n¢fude the eplmy51um perimysium and the
endomysium. The epimysium is the large connective tissue |
sneath that encircles the muscle. The perimysium d1v1des the
muscle into groups of muscle f1bres or fa5c1cu11 The
arteries and blood vessels carrylng nutrients and waste to
and from the cell lje within this structure. The endomy51um
contains the capillaries of the blood supply’ system and .

'

surround each muscle fibre. This 1nterrelated strUctuten'

allows the force generated by contraction of the muscle

f1bre to be transmltted to the tendons through the
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connectlve tissue components.
The sarcolemma, lying under the endomysium, surrounds
each flbre and is attached to the endomy51um by a spiral

collagenous sttucture (Lawrie, 1979) The sarcolemma

:cons1sts of three layers- the plasma membrane; a middle

'_layer (the besement,membraqe) cons1st1ng rimarily of

' glycoprotein; and an outer layer of colla@en fibres. ‘The

fT-system is a cont1nuat1on of the plasma membrane and comes

[

1nto 1ntimate contact with the sarcoplasmic reticulum (SR),
Thus, the extracellular space (ECS) comes deep within the
muscle fibre. The SR is a membranous structure which
surrounds each myofibril. Ca?' is retained within the SR by

an ATPabe pump. It is the release of thic Ca’'. as the

\

depolarization wave from a nerve impulse *travels down the
sarcolemma, that initiates gonrractioﬁ. T

The myofibril consists of the A band, vith. a central
cleaE-H—zohe* and the I band, with a central ﬂlvwslon the
Z- llne. The distance between the two adjacent Z-lines is the
funct1qqal gnit of the myofib;ill called the sarcomere. Tte
reason for the banding is seen from a high magnification of
the myofibril. Within the region of the A hand are ;:T}Xe"
consisting primarily of mvosin, Whi-h trnverﬁe the A h-ild
and are relatively thick Fxtendj g from the 7 line tn the
edge ~f the H~zone nre relativaly thin fjlaments (rompnae 1

™

primarily ~f actin, tropomyosin and tha troponin rompley)
Therefore, t%e I band ~eonaiate of -nly the thin filaments

but the A hand is Aomprred Af oot Fhie! 0T ahia f£ilament a
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Within the H-zone,‘where th1n f1laments are absent an M

line can be seen./The M. sUbstance serves to link and

cmalnta1n the proper spat1al arrangements of the thlck

filaments. f- . ' o "Lja'-ifﬁi’
When Ca"lis released from the sﬁb the Ca" comb1nes
with troponin C (Tn C) of the troponin complex. ‘This
1n1t1ates conformatlonal changes in ‘the troponin complex
wh1ch 1nh1b1tstthe funct1on of blocking the interaction of
myosin and actin. Once the inhibitory action of the Tn
complex is, removed contraction can occur. .The contractlon
cycle requires ATP. When ATP comblnes w1th~myosin the rlgor~
complex betﬁeen myosin and actin dissociategt The myosin- ATP
complex fo:med,bgcomes activated by the cleavage of the
terminal phOSphat?, forming myosin—ADP-Pi: This act1vated
complex can form a crossbr1dge w1th actin of the thln
fllament if the blocking action of ,the Tn complex has been ;
removed Upon the release of ADP and Pi from myosin, a
conformatlonal ~hange in the myos$in head occurs which -
results in a movement of the thin and thick fllaments
relative to each other ATP may agaln bind with the myosina

head. Aiesoriating actin anA myer~in, and the cycle mav be

LAY AT Q(Q
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B. Bib&hemiéal and Physiological E;ents Associated with
, Rigof-ﬁortis -
| In beef, bleeding is effected by'seVeripgvﬁhe carotid
artery and the jugular Véilf This stoppage of the

B}

- : ~ .t . . . -
circulation of blood, at déath, initiates several changes.

L4

Perhéps the most obvious i§ cessation of the oxvgen supply
to the cells, ce}safion of ner-ous and hormonal requlation
and aestfuction.of the dsmotic equilibrium of the cells
(Lawrie, 1979). The absence of axygen is perhapes the moet
détrimentA1 circvmstance since it prevents the aernbic
synthesis of ATP. In an attempt to meet the snergy demanie
of the cell, gly'ﬂ]§siﬂ p;éceads, EOHVﬂrriné q1yvhno; i b he
.mﬁSclz tq lactic acid. This leade to a Arop in pH. Tawr e
(1979 4i9ru=séa the final pH ~ttnined, and vhether @ﬁr B
lack of glycogen, ihnﬂfiv:fio” of glyrlytic enzymen o
because tﬁe glysogen is ingenritive nr in=s cacgihl~ ',
strack, it ie generally ahant pH " 4 & R,

Rendall (1973) hag suggested that the Prineipal o,
~f ATY urilization in early prrtmertem myorele ig thae
noncortractile ATPaca a~tivity «Ff 'yesin Whitina (100
shown the SP ATPa e rtivity te Feo Aquita biqh in  tbe
temperatiire rang: <f 20 210 . Thie activ{'y leads

e kien din ATER levelse f ot he pestrortem mirela

Tn early rostm rtem mi ~le the Yevil af A'F man h-
Taintained for eome tigns hy o tenmynt' ea’er fy m AUT A0 A
creot ‘ne rhn"(*h;'-g« (er Tk e Folte v oA ur g]vr*(‘]ycz

\ e Cr, oo I R - raptu ¢

wg



rigor bonds fqrm, resulting in rigid chains of aétomyoéfn.’
Honikel e% al. (1981) yeported that these rigid chains.of
actomyosin begin~formihg when the ATP level falls to about 1
wpole/g or when the pH falls to 5.9. This is the pH and ATP
conéentratiqn required for iniE}ation of'rigpg contraction.
Bendall (1973) has shown that rigor contraction is a weak
contraction and appears ro 1nvolve only a fractlon of the
fibres, However, this contraction can 51gn1f1cantly affect
the sarcomere length of muscles in the postrigor carcass.
Hostetler ot a]. (1972) éxamined the effect of'vérious
methnds nf carcass éuspeﬁsion on sarcomere lehgth énd‘found
that the final length was related to the load on that
muscle. For ex%mp]e. the pastrigor sarcomere length of the
semiheﬁdinosus (ST) varied between 2.4 and 3.3 um, depending
upon the method of suspension. If the- muscle bore more of
the load of the carcass, rigor contraction';és too weak to
contract the “arromern lanqth and at some extreme 1oads
cfrpfrhlnq nf the fibre actually occurred.

One of the moest visible affects of rigor development
and the asscciated bicchemiral and phye<iological changes is
a chmnge in the water holding caparity (WHC) of the muscle.
Hamm (1960, 1974) has Aieﬂusc;ﬂ eeveral factors contributing
'n the lose of WHC. .

As gly~elyei~ proreeds and the pH falls, the
ienelectric point nf ~ctomyosin (pH 5.0) is neared. Since at
the isnelectric paint the charge on the proteins is minimum,

# mavipum mgmber ¢F intevrmalerunlayr ealt JirFages bhetween

M A



positively and negatlvely charged- groups develops. ThlS
t1ghtgn§Jthe §tructure of the fibre and -reduces the amount
of water that can associate with the proteins. Lawrie (1979)
has indicated that the ra;é of postmortem pH fall.can affec£
the WHC. The more rapid the pH fail the greater the loss in
WHC. THis is thought to .be a result of a ‘greater ‘
denaturat1on of the sarcoplasmic proteins (Scopes, 1964)
Uhlch can precipitate oq\ﬁﬁ; myofibrillar proteins. In

" addition to this, Bendall (1960) showed an increased !
tendency for rigor cgntraction yhen thede fall is rapid.
This would tighten the myofibriilar straéture reducing the
WHC. anny (1977) found if the rap1d pH fall occurs at a
high témperature, an increased denatutatinn of the mugecle
proteing leads to a fall in fhe WHC .

While pH fall affects WHC, the major factor
contributing to the loss in WHC is tBe formation of
crossbridges betwaan the . thirck and P;in filaments. As ATP
levels fall and crossbridges form, the interfilamental ”
spacing of the fihre is reduced. This lowers the amount of
water that can bhe agsociated w1th the myoflbrlls (GoLdman ‘
et al. 1979). The fact that pH fall is hot a major -
.‘cdhifibufdkilb.the loss in wHC was shqwntby Hamm (1960), He
;eporéed that two-thirds of the hydration drop in beef
postmortem is due -to the breakdéwn cf ATP and one-third to
the fall of pH  Hoenike) G* A1. (1981) do not think *rhat this
va" Aduer te trhe h:Adr-~lysis nf ATT itmelf, kot yather = result

vy Fooson TVem (Vom0 e toeyv Yy - pre



The general consensus among most authors (Hamm, 1974; Offer
and Trinick, 1983) is that once the repulsive forces between
the thick . and thin filaments are reduced, if constraints to
swelling (the-M-fanq Z-lines*and,croesbridges) prevent a
large interfilamental spacihg, the WHC will be low.

Heffron and Heéarty (1974) have measured'an increase in
the ECS during rigor development. Pearsqn et al. (1974)
_determined from their NMR T, data that approximate}y 17% of
.the muscle water was being transferred from the
intracellular space to the ECS as rigor developed in porcine
muscle. Pennf‘(1977) found that for a given muscle when the
ECS was large, the drip loss was greater. For this reason he
concluded that the increased water in the ECS was
responsible for the increase in drip at temperatures between
20-30°C. At h1gher temperatures denaturat1on of the -
myofibrillar proteins was viewed as the major cause of
increased drip. Note that such movement of water intovthe

ECS wqujd redure the intrafibre water,

" ~ . R - .o p—
v * . . B X

C. Postrlgor Meat Qua11ty _ o T "/fff’fl

LO"th (1960) found ev1dence for a positive cey{:lat1on
hetwean sarcomere length and tenderness. Hostetlern et al.,
(1972}, iu their studies of carcass suspension, fdund some
improvement in meat quality when the sarcomere 1engthe were
inrreased in the range hetween 2.0-2.5um. On the other hand,
when the sarcomere was stretched beyond 2.5um, l1trle

< 7 -~
imryevement in tnnﬂernnwa bfrufred But the amount of



actin-myosin overlap islnot‘the sole reason for toughness.
Bouton ét al. (1975$ found that adhesive forces, which they
view as reflecting the connective tissue component, were
hlgher in contracted fibres. In support of thls, Rowe (1974-
1977a b) showed that the angle between the connective tissue
and the musqle fibre varies with the state of contraction.
He views this to be the major factor relating the toughness
of the meat sample with contraction state.

Hamm (1974) indicated the WHC of meat is closely
related to tenderness, juiciness and colour. In particular,
he showed that an improved tenderness and an 1ncrease in WHC
were associated with a loosening of the protein structure
and a rise in the ultimate pH. Bouton et al. (1571) have
published data which confirm Hamm's findings. On the other
hand, shortened fibres have been shown to have a reduced WHC
and tenderness (Behnke et al., 1973; Bouton et al., 1972). ‘
. The. 1mportance of WHC to meat guality . and meat products
‘hasvbeen empha51zed by Hamm (1974) who listed meat industry
procedures that are sen51t1ve to WHC of the tissue or. that
change the WHC of the myscle. These procedures include

transportatlon, storage, mincing; seltinq, curing, canning,
cooking. freezing, thawing, drying and aging. For these
reasons the study of factnrs affecting the binding ~f wate:

in meat "nd meat productg ie of CAaneidnarahle imperbance e

Yhe mear jndngrry
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Conditioning or ag1ng of the postr1gor carcass has been
observed to 1mprove the quality of the resultant meat. One
of the earliest explanations proposed for this increase in
’ meat quality with aging was from Arnold et al. (1956). They
felt that the increase in WHC observed dhring‘conditioning
was the main reason for an improved tenderness. They found
that.Na*_and Ca** were being released ihto the sarcoplasm as %
the muscle aged and that K* wéé being absorbed, This change
in the ion-protein relationship coh&ribpted to an increased
charge and thereby an impfovemenf in the WHC.

In the poétrigor,period a small rise in pH; after the
ultimate pH has been attained, is often seen. This rise in
PH may be thought to contribute to an increase in the WHC
since a h1gh PH has been associated with a higher WHC
(Lawrie, 1979). However, Hamm (1960) has shown tha thé
increase in pH postrigor could only impart a small
improvement in WHC. Later, ﬁamm (1974) suggested tkat the
increase in WHC durlng conditioning is due to the lobsening
of the myoflbrlllar structure caused by the attack of
proteolytic enzymes in thevregion of the Z-line. It is his
view that proteolysis would not have to be extensive to
increase the WHC. A disruption of only a few bonds is all ’
that may be needed to increase the WHC, if the Z-line is
viewed as the myofibrillar organizatiodal,centre and the
anchor point for the contractile filaments

(Franzini-Armstrong, 1973; Gard and Lazarides, 1979),

agalnns and Wolfe (1982) have descrlbed an aetin- 11ke

s,
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component 1n éie z l1ne whlch is hydrolysed by a calc1um
activated neutral protease (CANP). The hydroly51s of the i

‘actin-like protein may be responsible for deterioration of

the Z-line observeq,duting'aging (Stromer et a7:$/1§€7: Goll

et al., 1970; Hay et al., 1973).

‘ The dlsruptlon of the z line may also be respon51ble
for the 1mprovement in tenderness dur1ng aglng "The
fragmentat1on index, whlch measures the susceptibllﬁty of
myofibrils to gndergo break1ng during homogenization has
been correlated with organoleptic tenderness (Takahashi

et él., 1967} Moller et al., 1973) and is thought to be due
to changes in the structure of the Z-line. The importance of -
the 2-line structure on watet.retention by the myofibril has
been oonfirmed by the work of Offer and Trinick (1983). They
observed considerable diffetences in the response of freshly
prepated mfofibtils from diftetent preparations-to swelling
in solutions of increasing salt concentrations. fhis was
most observable in the appearance of the Z-lines. At times
the Z-line would be weakened by the saltvtreatment and would
expand appreciably, while the 2Z-line from othet'myofibrillar
preparations would not expand at all. The variability in the
integrity of the Z-line influenced the appearance of the
remainder of the myofibril. If the 2-line expanded, the A

.

and 1 bands also expanded to a greater extent Thus the

integrity of the Z- 11ne 1nfluences the expan51on of the A

band as well as the I’ band Fot thls reason the postulate of,“'e

. Hamm {(1974)., in. which the dlsruptlon of a few key bonds

Coe e - -
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. could loosen the structure of the myof1br11 seemsifo be.

..supported by . the above results and may be the major reason

L

-for the 1mprovement in WHC durlng the postrlgor perlod

,dlfferent structural components,o£~meatrandwthe1r~abllley to-

. K

‘”7';e«aaned bg Stanley et al. (1971 1972) They found the tiié;ﬁ?”"”

"lmethod fO‘be capable of determzning var1at1ons in the

S D._Hethods of Assesszng Meat Qualxty

Harrls (1976) rev1ewed several methods used to aSSeSS

meat- qualxty.‘The methods were ex%mlnea in relat1on to their -

ability to discriminate between the strength of the

L e e

reflect organoleptlc tenderness. RN

L4
Bratzler, the sample is subjected to a combination of

tensile, compression and shear stresses., The tensile stresss =

is considered to correlate-best with the myofibrillar

‘component of tonghness (basically the degree of actin-myosin

“interdigitation) being-assessed. In.the force defcrmation

curve, the 1n1t1al yleld point is affected mbst by the
treatments thatvcan influence the muscle f1bres, such as
aging, ccoking and mycfibrillar contraction. The final yield
point is affected by changes in the connective tissue due to
an1ma1 age and muscle connective tlssue dlfferences.

Unfortunately, correlations of these measurements.with taste

panel assessments have been inconsistent.

) The ten51le stress applled parallel to the flbre axls_

‘ uszng the Instron Unlversal»TeStlng Hachzne was f1rst ;.f:fsﬁy”

'?)‘”

L
. : - o . .
. PR .- Cwt g
Pt vl =TSNl oy v

.'Tlllv v
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_tensile properties of uncooked meat which were highly
correlated with meat tenderness. Bouton et al (1975) showed’
that the contract;on state has. l1tt1e effect on the. tensile |
peak force, but 1ncreases in contraction lead to an 1ncrease
1n fhe elongat1on requlred before the sample breaks. Elno
' and Stanley (1973). showed that ‘this pattern can- change wlth
aging. They observed a fall in the breaking strength whlch
stablized 4 days'postmortem. hlso the break elongation
Tflffégtfé}ﬂ was'differEnt' Pt was at a m1n1mum by day two,lbut
o 1ncreased by day elght to about 65% of 1ts former value
7”91 Locker and wWild (1982) have hand loaded (100 g
4'1ncrements) muscle strips. and have recorded yleld po1nts. An
1n1t1al y1eld was recorded at the welght which contributed
to an extension of 7% in about 10 min. They concluded from
their results'that the mechanism of yielding differs between

-unaged and aged meat samples. In unaged samples the yield is

: viewed as a failure- of actin fllaments or th®ir attachments,
followed by elastic extensien of gap fllamentsvw1th1n-the

‘I-band. In aged samples both actin and gap filaments have

been weakened by proteolvsis and fail together at low loads,
. "resulting in a clean break at thevI-band.

‘Theése results fmplv that;a.tensile'force applied
‘parallel to the fibre axis is responsive to both postmortem
"aging ‘effects. and the contractlon state, but the )
:“lrelatlonshtp between elongatlon and ten51le force can be

' qu1te complex.-f':' ol _d"f,



Ten51le . stress measurements on cooked meat made

 perpendicular to the fxbres (adhes1on measurements) show

.effects wh1ch Bouton et al. (1975) belleve are an index of

,the connectlve tlssue strength. The adhesion values are
larger when the myofibrillar contraction state is 1ncreased
This - supports the results of Rowe (1877b), who showed w1th

‘ adpe51on measurements that f1bres made up of short -

”sarcomeres are. stronger than flbres made Up of long R

sarcomeres. The swelllng of the muscle flbre upon _
"contractlon 1ncreases the angle between the collagen sheath
and the muscle flbres, thus 1ncreas1ng the strength of the
flbre-“Carroll et'al (1978) examlned changes 1n the
ultrastructure of 10 day muscle f1bres. They used a video-
'camera to record the effects of ten51le stress applled
parallel to the flbre axis and observed a rupture of the

_muscle fibre components followed by a ten51on1ng of the’

connectlve tlssue components. Approxlmately tw1ce the force‘

“ 5

was necessary to rupture the strands as was requzred to °f'f

rupture the myscle fibres. When the force was appl1ed

' perpendlcular to the flbre axis, rupture occurred at- the
endomy51al - per1my51al connective tissue junction and the
muscle fibres remained relatively undisturbed. This
observation supports the Bouton et al. (1975) conclusion
that adhesive'measurements primarily reflect the connective

tissue compgnents in the muscle.

13
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Taste panel assessment of meat (subject1ve -evaluation)
‘is the~most reI1able means of assesslng meat gual1ty.
*-'~HOWever suchlas;e;shents are slow, true consum1ng and Very’
| ’expen51ve. Harrls (1976) th1nks that Judgement 1mpl1es
1nterpreta§ion by ‘the human braln of all the phy51cal or. ~ °

' phy51ologlcal information reach1ng it. Slnce human

1nterpretation is’involved unavoidable variations in P

Judgement between taste panellsts will exist.. For th1s
reason’ the correlatlon between SUbjeCtlve and objectlve

o>

methods may never be very hlg

/f'ﬁ.~ProteinQWater Interactions ‘

Chou and Morr (1979) reviewed the factors which
contrlbute to proteln water interactions. The degree of
hydration of prote1n molecules depends upon the number of
molecules that can associate with the amino acid groups in
the prote1n. The amino -acid res1dues have been classified.

*finto three groups‘ (1) polar amlno aC1ds With 1onlzed 51de.

_.gchalns which b1nd the greatest amount of water; (2)
'nonlon1zed polar amino ac1ds-wh1ch bind an intermediate

~amount of water; and (3) hydrophobic groups which bind
litrle or no water.

Another order of water binding that has been suggested
reflects the type of polar side chain and the water activity
(Aw) at whlch the b1nd1ng can occur At low Aw conditions,
the sequence of the polar groups in order of decreasing

water b1ndJng is: amino, carboxyl_and hydroxyl groups. Af¥
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1ntermed1ate Aw "b1nd1ng of the water can be fac1l1tated‘by

e

peptzde l1nkage§' andpat hhgh Aw there 1s format1on of

mu1t1layers of.water.

LR
.

s LT Although the polar am1noqac&ds ate the przmary 51tes L

for protelnlwater 1nteract1ons, it is necessary that these

b1nd1ng 51tes be sterlcally avaxlable for 1nteractlon with
k

water. If a polar 51de cha1n 1nteracts with other amxno ach

- e - P

‘side groups or is bur1ed w1thin the prote1n molecule, 1t

will be unable to interact with the same number of water

~moleculesbvasuwell,.alteration in the charge of ionized

groups by changing the pH will influence the net charge on
the protein, which in turn alters its attractive and
repulsive .forces. For example, at or near the 1soelectr1c
point the repulsive forces between the protelns 1n meat are‘A

reduced and salt brldges are enhanced whlch dramat1cally

reduces the WHC of the meat.

Solutes at h1gh concentratlons can enhance ;iv,r'l;j
& saltlng in" ) prote1n-water 1nteract1ons~or reduce these
1nteract1ons ( salt1ng out™ ) as a result of a competltlon of

the solutes and protelns for the avallable water; In meat

the addition of salt enhances the WHC. Chloride ions are

- believed to bind to the filaments (likely the cationic amino

groups) and enhance their negative charge; and thus the
electrostatic repu151on between the f1laments. ThlS should
increase the amount of water that can enter between the ’
filaments (O{fer and Tr1n1ck 1983). The response of the

protein to water b1nd1ng may also 1nvolve the type of
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'f;.solute._ngy and Peterson (1977) have shown that the flxed

aniens in the cell (ﬁ- and xrca:boxyl groups) have d1fferent

ﬁaff1n1t1es for dlfferent cations. The same is true for the
f1xed eatlons (e—amlno, guanidyl and 1m1dazole groups) for
anions. They have shown that K* is preferred over Na*' for
the fixed anions in the cell. 'Thus K’ will tend to break

‘o salt br1dges better‘fhan Na* }Nkleb CI “is preferred by the'
f;xedgcat1ons over SO,*". For th1s reason salts containing
Cl- enhadee s:elling more than those containing $O4*". Thus
the nature ofﬂ;he ions’can effect differences in rhe waper
imbibed by the tissue. Godt and Maughan'(1§77) suggested
~that the counterions surrounding the charged filaments in
the muscle may contribute to a swe111ng of the fibre due to'

3. Donnan osmOtlc force’, where water - entere thn fllament
lat§1ee, dlldg1ng the excess concentration of counter1on=.
Clearly, dlfferent levels of protein- water 1nreracf10ns
exlst Chou and Morr (1979) deflne the dlfferent types of
’water whlch are 1nteract1nq w1th or under the influence of
prqre;ps_ae follows: . | |

Structural water: engages in hydrogen ronding to th-
protein molecules and gtakilizae the nati-n cbructire Af v
protein.

Monolayer water: is the first absorbed laver of wa' -
around ﬁhé protein molecule and is atta~hed te spacific
water-binding sites (throuqh hydrogen bonding or R1Pole
dnteractlon) A typical protein will have batucan 1 an1 "y

1
monolayer water.



Unfreeaable ‘water: does not freeze at a sharp
transition temperature and may represent the total water
;molecules dlustered around each polar graup of the prote1n
molecules (thus 1ncludes stfuctural and monolayer water)
This. type may account for up to 45% of the water present in

IR

some protein systems.
Capillary vater: is held‘physically or by 'surface
forces on the"proteinzmolecule. It.is the major portlon of

k4

the water in meat and meat emulsions, and is freely

»
available for chemical reactions as well as for solvent
functions. However, considerable force is required to remove

it from the protein mass.

Hydroévnamﬁc';yaratlon water: would:mainly apply to
proteins in solution and would be water that would dlffuse_“
with or be transportegd- along dur:ng movement of the
prote:ns.

- Hydrophoblc bydration water: is- in the v1c1n1ty of
prote1n hydropboblc groups. It is he]1eved to adaopt a

-

claf‘hrake tyDe errucrture

¥ . Mathods of Examining ghe State of Water in ﬁeat
The princips] methed ~f examining the water preperties
~f meat hag heen W measurement . Hamm (1960) defined WHC -
Fhe abilitv of meat to hold fast its own or adAed water
during the application of any forece (pressing, heating,
rirding, e'w.). Thus, thr wate: expressed from the tiser

T e et Y ey by verer vithin the micela o all e
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within the tissue, WHC js a very imprecise term sincé the
valuevof WHC measured depends upon the method chosen.

Hamm (1960, 1974) identified sevérai‘qethods that have
been useé. Most consist of an application of pressure to the
muscle'tissﬁe{ and iqvblve centrifugal methods, filtration
or a pressing of the tissue between plates. Offer and
Trinick (1983) discussed Vﬂriaﬁﬁlity in the results achisved
at different pressures. At a p%essUre near 4x10* Pa most of
the water of the meat ie exprec~ed anA there is little
didtinction betreen samples. At lower pressures (atount 10°*
Pa) a variation 'n the WHC betwe~n samples is more liknly tn
be detected. The wager expreﬁs;d ie thouaht to be both the
extracellular water and rha& part »f the intrarcalluylor fre-
Wafer that is situarad between the mynfibrile.

A se;ond group of WH methods memsure som= relevan'
te hnnlagi~ally imrnartant property ~f the meat ey h ae Ari

~n erapking VYoee oy wﬁiq}‘t nf w='er alanr'ed [..Y the mMeat .

Pnkan (97R4) ~"ated rhat vhen rhe differen' m a re
nf W' are ~rwpar e ! v velated vt gieeh [ Aam ‘ers ne T
or N efgnificn 7 yaelericmr e avre ~hie by e
ab~olvte figur ' A A Ty o o -
Voo ter ‘n-

e f he m 8 e fvl prnte el e it mAd b waminag
the [ R B PN : e ! e MOt Ne 'tnn t 1 (v
Tene ol th ot P vt [ T [T '

f - |'S(~|r ' o 1
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relaxation'(Tz=~240 msec)'component (approximately 15%) to
be derived from the water in the extracellular space. They
thought that the water in this environment would be the
closest in its phy51ca1 properties to a dilute. agueous
solution, but because of the water's interaction with -
’ connective tissue components, the T, value would be
shortened. A more rapidly relaxing (T,==10- msec) water‘;
proton fraction (about 20%) was thought to be strongly bound
to prote1ns. This factor could be detected upon freezing the
muscle to -8°C at whlch point 80% of ‘the signal was lost
ThlS was attrlbuted to the freezing of 80% of the water
leadlng to a T, of the magnitude of ice, too short to e
seen in their spectrophotometer. This would be a /o
nonfreezable water fraction. The remainder of the muscle L
water (65%) was assigned to water assoc1ated with the
myofibrils and SR and was vxewed as an tntermedlate relaxing
fraction (T;=~40 msec).

Hazlewood et al. (1974) provided a simjilar
irterpretation of their T, results. The water associated
vith " he macromolecules was found to be about 8% of the

tote ! ti’Lua water and djd not evchange rapidly with the

regt f the intracell lar wvater. The wat~r in the myoplasm
WAae v o T fy b ion (N Y of the tirsye water), vhile A
S [P N A S 1Y e ""f;""d tO the

o ,f,/

g§§”
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1q\musc1e,Aviews;of?Tz ﬂatavhave become more controversial
'and‘compléig Ad?ordingitb'Fﬁng and Puon.(5981)‘the short T,
(mii*;§e¢)’i§ dug'to protons on. proteins and other o
macf%mo%gcﬁieé? THE .next faeteétmiﬂu&rlb msec) fraction is
iﬁ?ﬁfﬁbﬁ%edv;on;e;qgiygly mobile proteins in tissue protein
. . y N

and lipid. Hoﬁever,_Péemoéller*andAPintar (1979) and

Peemoeller et al. (1980) proposed that the decay in this

time period is due to protons in large molecules (=30%) plus

protons in water (=70%). Fung and Puon (1981) did argue that
,ithe T: at 140 msec could not entirely be attributed to
organic moleculés as the above iuthors had suggested, but
had to reflect in part tﬁe tissue water. However, Fung and
Puon (1981) argued that the slow decaying part of thé proton
spin eéhdes is not dve to extracellular water as previously
reported.

Very few studies examining changes in WMR signal as
rigor develops have been performed, howeve; one of the more
interesting was conducted on porcine muscle by Fearson
et al. (1974). They observed a single exponential decay from
immediately postmortem to .5 hr postmortem. Then, for & °
hr , nonexponentiality was ~bserved in ‘the spin-spin
relaxation gdercay. Thig was inte'preted in ferms of +twe water
fracticrns which were phyeirally eepnrated. The more rap‘ély
relaxing fraction was intracellular and the development of
none-pon~rtiality was ~t+t iby'ed to water being transferren

‘

. - Chee Tapyrmee )V ' Fha st w0 rnace, 1 ie

Since those early interpretations of the state of water

N



iotereeting thet one of the~reasons Fong and Pﬁoﬁ f198i)
dismissed the ECS as the source of the slow fraction was the
fact the contribution of the slow fraction increased as
rigor developed. Tﬁey stated they knew‘of no evidence to

.show that there is- a postmortem red15tr1but1on of the water

» P - . way o, " e a P L T S " ap r

1nto the ECS. For th1s reason they dlscounted the results of
Pearson et al. (1974). This must have been an error, as
Heffron and_Hegarty (1974) and Penny (1977) have both:
observed the ECSdincreasing with postmortem rigor‘
development.

‘Pearson et alJ. (1974) also examined the spin-lattice
relaxation tiJes (Ty) but viewed them to be invariant during
rigor development. Chang et al. (1976) eoﬁ?irmedithat others
have made similar observatidns. Howeyer,‘Chang et al. (1976)
found that when they measured the spin-lattice relaxation.in
a large time domain, T, was sensitive to the postmortem
changes in the muscle. In reviewing tHe~litereture.an |
interesting observatjon was made concerning the work of
Belton et al. (1973), who had examined the'variation-of T,
with load on the muscle tissue. The experimental design
consisted of placing the muscle‘in the probe”immediately
after excision and measuring T, under no loadﬁgekger this,
successive loads were placed on the muscle. Inexplicably, to
them, tPf T, rose and tell. The results appear surprisingly
‘similar to those/of’cﬁané'et al. (1976) and those in- this
study. Tt is iikely that the exberiment extended over a few

hours, allnwing the frog muscle to enter rigor, which could

-



‘have Eéuged £hé:£ésult§ thef‘reboffed. ' ' ':"f"”
Another approach that has been used to examine the
water in\musclé is that of laser Raman spectroscopy. Pezolet
ef/al. (1978) used this technique in examining the muScle"w
f1bres of the barnacle. They concluded that no more than 5%‘-
'of the waéer can béﬂ stggdéured" 1ntracellu1ar watefiuThey‘ -
~arrived at this conclusion because they found no appreciable

differences in the spectra in the regioﬁ of the O-H (or
O—’H)'stretching’modes of water between unfrozen fibres and
pure water. This agrees with the observations of Hamm
(1960), where adsorption isotherms, vapor pressure, freezing
point and d1ssolv1ng power experlments were used to show
that not more than 4-5% of the total muscle water can be .
~tightly bound to muscle proteins.

However, Pezolet et al.'(1978)lalso found, when the
Raﬁah-spectra of ﬁfozen fibres were takeé, they could
calculate that'approximgtely 20% of the intrécellular water’
remained unfrozen._This agrees with the results obtained by
Belton et al: (1972). Thus the distinction between monolayer’
water and the unfreezéble water reported by €hou and Morr
(1979) is supported byvthesg results,

Differential scanning calorimetry was used by“Augin
et al. (1980) to examiné the state of water in muscle. From
the shépes of the melting curves, three types of water were
identified: (a) unfro?en water: (b) free or bulk water which
shows a melting point clnse to that of pure water; and (c)

intermediate water whish shows a large depression in melting
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;“’POint'énd was considéred to'be‘partly retained on protein
molecules. They examined muscle at varlous water contents

“‘and concluded that the water bound to the protexn does not

change w1th water content.. The var1at1on 1n water content is

e v sap - '~u“’¢"

¢ 2 wege o =

a&mpst eRCLUSively: &5nEfned’ 1o” a-yarietadn-in the* dmount 3

free watei//( ’ _ :

G. Statement of the Problem ' "}f';*f" R ?:F
The state of water in muscle has been shown by Hamm

(1960, 1974) to be 1mportant to . all aspects of meat

handllng. He 1nd1cated the strength of water binding by the

musc le protelns is of,great 1mportance for the qua11ty of
meat and meat products, as almost all procedures for the
storage and proce551ng of meat are influenced by ‘the. WHC. As

. important as water is to the, quallty of meat, Hamm (1974)

‘clearly showed that the factors 1mmob111zlng the water in-
muscle are not clearly understood |

A few key papers created the 1nterest in this project.

" The Pearson et al. (1974) paper presented data which showed
NMR was capable of, detectlng differences” in the propertles’
of the muscle.watggvas.the muscle enters r1gor, The proposal
that the ECS was taking up the water iost by the fibre could
help to explain differences in the WHC of meat if different
amounts of water were be1ng translocated to the ECS during
r1gor development. In support of the concept of water
enterlng the ECS, Heffron and Hegarty (1974) measured an

"increase in the size of the ECS as. rlgor developed, but no
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'-vdlfferences in ECS were measured between carcasses. Penny
";(1977) measured changes in the ECS and produced ev1dence'

"that for a ngen carcass, the amount of dr1p 1ncreased as

the ECS and temperature of the meat sample 1ncreased

r.-However,cthe results,were puzzl;ng in that the carcass wlth_

‘.l".,'s Sre0. o 8,00 O [ _-‘,..,‘ ° ‘e

e >

the’ lowest drip loss had the largest percentage of ECS and

conversely, the carcass wlth\the h1ghest drlp loss had‘the

_,smallest percentage of ECS The observatlons of Chang et al.

S e s -

(1976) that T, was sens1t1ve ‘to changes in eheamuscle water'“

as- rlgor developed in rat muscle, prompted an interest 1n

. Mwn ':‘_m-,-.m

.

'th1s technaqué’to monitor the musclerwater. Addltlonally,

LA © » € e

-

thelr statement, "It .would he 1nterest1ng td f1nd omtcwhat‘ ﬁ

mechanism(s) are respons1ble for’ the rise and fall - in> AT, ,-!

menoouragpd examznataon,of these changes 1n T w1th beef

RN

~since it takes longer to enter rigor and” prov1des tlme to

more carefully assess changes in the T, prof1le as rigor

A comparison of the T, and ECS “data may help to explaln«

if vater movement intd ‘the ECS would contrlbpte to the T,

profile. With the possible translocation of water w1th1n the

muscle during rigor development, it was felt.that the

mechanical propertles of the muscle may also change.:Bendall.

(1973) reported .on the measurement of exten51b111ty u51ng

hand loadlng methods or a mechanical loading and.unload1ng "

of the muscle strip. However, Stanley et al. (1971, 1972)
and Bouton et al. (1975) demonstrated better ways to monitor

changes in the mechanical,properties of muscle. The



””’Fadvantage of ten511e and adhes1€e measurements 19 that both
‘ ethe strength of the yzeld poznts and extensxb111ty can be _}

'-measured s1multaneously.; 7 L S
- As a result.of the foregozng, the obgect:ves of the

C study w,ere <|‘;°.T S S e e . ._ﬂf..'»_.-

Cowl .

1. Exam1ne the Ty prof11e ‘of several carcasses to see -

e
.
LWl s o e oo

1f°that: measurement-can.dexect changes in fhe“mﬁscIe water T

~

LI PR,

durlng rigor development, and also measure carcass to
carcass variations ‘in muscle water properties,

2..Develop-a metﬂoduof“meagpring“the‘ECS'which'may~pelp”

explaln the T proflle, as well as provide- 1nformat19n

b had R L

v Vregard1ng the proposal that translocatlon of water to the

ECS 1s occurr1ng dur1ng rlgOt development.

3.,Determ;ne 1f~changes in the mechanical properties of
vthefmpscle may be related to water translocation during .

h;:&§¢¥ deQEiopmehﬁ.

-



T B m-rgmu.s mn uz'ruons

A. Introduction . o R

The material§ and'methods sectionrhas'been;divided into
>_¢wo'parts. The flrst~part;.!Methods used to monﬁtor rigor
l_development", details the methods whlch were used to
_characterlze the muécles and measure those selected
'fb1ochem1cal and physzolog;cal prqpertles of. mdscle wh1ch .

changed during r1gor development. The data generated from

these measurements monitor the rate of rigor development and

L O
e,

the tlme‘needed to reach rlgor maxlmum Other tests
Bescribed here were used to measure the response of the
' muscle to mechanlcal stress. These measurements are needed
~to correlate the onset of r1gor mort1s to the state of water
in the muscle..The fiber’typing was used to aid in defining
the compler nature of'the'muSCIe'sampled. The extra.detail
included under "Measurement of ATP and metabolites" is
included to»olearly explain this new HPLC method for
nucleéotides. |

The second part, "Methods used to monitor the state of
water'( deals:yith those methods used to measure properties
of the intra and extra muscle fibre water. NMR T, values
were measured durlng rlgor onset and resolutlon in order to
determine water mob111t1es. Other phy51ca1 and chemical
measurements were undertaken to reveal the- factors affectlng

the mobility of the water,

T 26
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-«r}ggfggthodsquednxo“gbhitor‘Rigorvnevelopmentf_’i:f" .
:Animals;gmuscle and muscle treatment

Musculus semltend1nosus (ST) obtained from steers and
helfers slaughtered at - Ga1ners Ltd (Edmonton Alberta) was
the pr1nc1pal muscle exam1ned 1n thlS study due to 1ts ease .
of removal at the abbato1r. S1nce the outer and 1nner
portions of the ST dlffer con51derably in thelr f1bre types,H‘
(Hunt and - Hedrlck 1977a) -the large central port1on of the
ST was sampled, unless stated otherwise in the text Most
samples were from Grade A anlmals aged between 1. 5 to 2
years, although some ‘of the muscle samples (as spec1f1ed)
'were from older animals.. o

In the port1on of this study where the~mechanical
properties of early postmortem muscle. were being examlned
two condltlons were malntafhed for comparxson purposes. The
first cond1tlon refers to tﬁ!se muscles remqved w1bh1n one ‘n
hour of slaughter brought ‘to the laboratory and allowed to |
enter rlgor unrestralned These samples were labelled . |
of f-carcass (OFC) and were stored 1n a Labllne temperature.
‘controlled room. The temperature in the room was regulated
to conform to the temperature decrease (measured at a depth
of 2 cm) within a carcass.hanglng in the ch111 .cooler. For
the second condition samﬁles were removed from the carcasses
at the pack1ng plant at regular intervals during the
development of rigor- mortls and brought to the. lab. These

'samples would be restralned from contractlon due to the load
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placed on the muscle by the welgbt of the carcassr .and _were
labelled on _carcass (ONC)

- . In subsequeat studies where NMR was one of - the methods

Lsed to examlne early postmortem muscle, mUScles were.
removed from the carcass and allowed to enter rigor at room
temperature unrestralned These samples would ‘be similar to

’the OFC" samples exam1ned ‘above but wzthout the temperature

-control correspond1ng tqQ the coollng rate 1n ‘the pack1ng

- o 0 e

~r

-plant.’ ‘v'_r. .

‘Fibre typing
The f1bre typlng method’ usedfwas the- procedure of Guth

"and gamaha (1969) for differentiation of muscle fibre types
based on difference in ATPase act1v1ty. A muscle sample was
removed, wrapped in tinﬁtoil, lapeiled and frozep rapidly

- in isopeptahe cooled in liquid nitrocen. For f1bre typlng

" of muscles also to be used for NMR studiesi the sample was
taken from a site.adjacent to the location of the NMR
sample.-At the‘time'6f sectioning thé frozen“muscle ﬁas
removed from the tin foil and embedded in, dlmethyl
cellulose on the m1crotome cmpck' The muscle was oriented’
as an upright cylinder so that transterse sections could be
cut and the dimethyl cellmlose supporting the muscle was
then frozen in the iiquid nitrogen-cooled isopentane.
Sections (14 um) were thep cut{jn an American Optical
Cryostat (model 845). Thé sections were lifted from the
}miﬁe with a- brush and placed on a room temperature slide.

The sections vere air drjed for approximately 30 min and
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: then placed in a f1x1ng solutlon (5% formaldehyde; 200 M
sod1um cacodylate, 68 mM CaCl, and 340 mM sucrose) Th1s

step was found to be necessary to prevent loss of the
sectlons during the subsequent sta1n1ng procedure. The %
f1xat1ve was removed by two 1 min r1nses in 0 1M Trls HCl

18 mM Cafl. (pH 7.8). The staining procedure consisted of: f
15 min alkali preincubation (0.1 M 2-amino-2-methyl-, N
zﬁvl—propanol,AIBﬁmM CaCl. pH 10,4); rinsing.in-twofchangeS‘of"
0.1 M Tris-HCl 18 mM CaCl; pH 7.8; 60 min 1ncubat1on in .

0.1 M 2- amlno 5~ methyl=~1- propanol, 18 mM CaClz, 2.7 mM ATP

(pH 9.4) at 37°C; three 30 sec washes in 70 mM. CaClz, one 4
min rinse in 2% cobaltous chlor1de- 30 sec r1n51ng in four
changes of 0.1 M 2-amino- 2—methyl 1- propanolopk 9. 4; one

3 min rinse in 1% yellow ammonium sulfide; f1n1shed by
washing in water Qbr 3-5 min.'The sections were‘then oot
dehydrated in graded alcohol solutions (70, 85 95, 98%
ethanol) and then after 5 min of clearlng in xylene, were
mounted in Permount. They were’ then photographed using
Tri-X Kodak f11m and the pr1nts vere counted The method of
Guth and Samaha (1969) reveals three flbre types (white,
intermediate and red) D1fferent1ation between the wvhite

- and intermediate fibre types proved to be'qu1te varlable:
The ‘shades of grey characteristic of the lntermedlate'
fibres made it difficult to decide whether some'fibres
should be cla551f1ed as white or 1ntermed1ate. If the

1ntermed1ate angd whlte fibres were counted ‘togéther, good’

reproduc1b111ty between photographed mlcroscope fields
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‘could be achleved The results were expressed as percent‘

 white- 1ntermed1ate and percent red fibres.

- pH measuhemenfs
In those studies where mechanzcal propert1es and
rsotonlc contraction of muscle were examined, the pH wasb
measured by inserting a comblnatlon glass electrode into a
_small slxt that had been cut in the muscle with a scalpel.
~ That method had the advantage of accuracy because the
surface was freshly cut, Howewver, since slight variations
‘.occqrred between regions of the muscle, several readinos
were taken ‘and averaged. |
In those studies where the-muscle’entered rigor at
room temperature and where comparisons of the rate of pH
fall were.of greater importance than individual pH
measurements, -a Corning“surface combinatinn electrode was
gently pressed:against the surface of the muécle. Tbe.
muscle was put in a plastic bag, which was closed with a
tie about the electrode. A Fisher ACCumet Model 320
Expanded Scale Research pH Meter was nttached to a recor-er
and the pH monitored continuouely fnar =2' Jeagt a 24 hr

period at room temperature,

Sarcomere length measurements
Muscle =amples (250 mg) yere homooen¥7ed in a 50 mr,
/zﬁﬁra1ner of the S~rvall omnimixer at 'an intermediate fpeed

for 10 sec with 17 oL cf a Rinnver - ocke snlyticon containing

oMM OEDTA L T T 7 ac o 3ing ke Che e s Tia s HofF- . -
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~Hegarty (1974) About 20 different fibres were photographed

u51ng an Olympus Model BH phase contrast m1croscope (40x
objective). The developed negatlve film (Trl -X, 400 ASA)

was pro;ected onto a screen and the sarcomere lengths
measured The magn1f1cat1on factor of the mlcroscope onto'“'
the f11m was obta1ned by photographlng a graded etched .
sl1de. The magn1f1cat1on qf the f11m onto the screen was |

obta1ned by puncturing the film wlth the fine points of a

cal1per set at 1 cm and then measurlngwthe separa51on'on

the screen.
;
Isctonic contract ion measurements

-

Muscle strips were cut tc about 5 cm in' lehgth and
trimmed to a measured c;rcumference of from 2 2 to 2.3 cm,
ng1ng a range of cross-sectional areas from 0 «38 to
0.42 cm’. The cross-sectional area cafculated from the
measured circumference was used to calculate the load in
g/cm? placed on the muscle by suspended welghts. The
c1rcumference (C) was measured by wrapp1ng a flat nylon
string about the mus~le qtr1p, marklng it and’ measur1ng the
digtance between the marks with a dial caliper. The
croes-cectional “rea (A) war calculated from
A= C’ v 0.0795. The muysc]n strips were tied at each end
?5°4.0 ~m apart with silk surcical sutuie (size 0),
leaving 3 lcop an one end to attach ; veight. For most
dete'minakriong 2, & ang 10 g weights were artached to give
lre? v Jung nf arpreximatoly 5, 12.8 ang ?5 g/em?*. The

-y I noov e, rv!lq(\:’h\,ed el uaem +tiaA t~ g o]?ss rod
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spanning the top of a hydrometer jar and the muscle strip
and weight were suspended.in the jar, which was filled with
liquid paraffin to prevent dehydration of the muscle over

the period during which the muscle contraction was

measured. Paraffin oil was chosen to bathe *he muscle since
none of the water soluhle componente of the musclelare
leaéhed, nor is the pH fall of the muscle alvered, as it
might be by aqueous buffers (Bendall, '976). cfontraction
was determined_by measuring the length of the muyerle mtrip
at reguln} time intervals, reading dire-~tly against a striyp
of grarh paper k;peq o the side of the hydr mweier Jar. T
muscle was allowed tn contra !t at renm temperature nnlass
nthervige indicated. Results are axpressed as the
percentage f centractjon vereus rime, uging the evtendel
Tength (ad *nitial stretching ' the miugale drre 'm the

weight *ie' tr tV'e myscle nlrig cemarred) 26 he Fera

]“nqth, t~ whiesth "“"hﬂ[’ [ Tty rytenm . vy
C"‘""YaC"iO'\ woh o oy~
7C:(wnet['fc"ter75ﬁ AT s Yy sy amat gy R

ATt remnNta

The mveile =1y ipe were Tvtr, meae ryed »nd tied an

Aeervibed in the wethrde ... i::r\'rw'i" et rgaction, T Y e
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was done iplthese expeniments.
Isometric ten‘SI‘On‘ measurements

Isometric tension development was measured nsjng an
Instron Universal Testi%g Instrument (modelﬂiiBZ) pnc a
500 g tension load -cell.- A muscle strip (c1rcumference
ahout 1.5 cm; length ] cm) was removed from the ST The v
muscle strip was clampe3 1n‘the upper stalnless steel<clamp
of }he support device (Figs 11.1). This device was ‘built by'
the Technical Serv1ces Machine Shop at the Unlver51ty of
Alberta. The clamps were des1gned to exert a force of 70 g,
which war {nund necessary to restrain the muscle from ’
<lipping 1ﬁ the clamp. Aftq{ zeroing the. Instron and the
external rec~rder, the upper alamp holding the mUScle strip
was attached to the 1oad cell. The muscle strip and clamp
were then 1mmersed in a beaker of paraff1n and the Instron
was halanced to this load. The muscle strip and upper clampq
were mounted in the clamp support device and the muscle
strip;clampod in the lower clamp such that the two c{?mps
were epaced 3 cm apart on the mustle etrip. The muscle
strip an? clamping device were then rlaced in thehliqpid
paraffin fillad lucite rell (Fig. T7.2) bolted to the
Instren "ase. A preload tension was placed on the muscle'
strip to prevent eagring. The - ross sectionallarea was
tanenre? in the gama manner == 1 hat ;"ﬁiqéted'under

o vt . T T
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Figure 11.1 Clamping device with clamns
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Figure 11.2 Lucite cell used to support the clamping device




 Mechanical measurements

“The tensilé:prbpertieé and the'extensibility ofvraw
muscle strips were e?amineé using the Insfrop Uni;eisél
Testing Instrument (model 1132). Muscle strips (5 cm) were
cut parallel to the fibre axis and were'formed-iqﬁb.
dumbbell shapes (Bouton and Ha:ris)'19723,b) t&ﬁprevent'
breakage of the sémplé_when mounted in the jaws of the
'vclimpsg'The narrowest point'was cut.to have a circumférence
of betweep 0.8-1.1 cm and was measured using the same
tethnique outlined under‘igotonic contracﬁion meth S
After the%mUScle sémples were cut they were immediately
covered'wi;h a plastic film to prevent dehydration before
mounting in the clamps. The sample was placéd in the same
lucite cell described under the iggmetfic'tension methods.
The test was performeé*in the air at room tempei7{:;;\;§nce
the test was rapid énd little drying of the mus;le_coula
occugfbetﬁeen preparation of the sample and completion of

the measurement. After the muscle strips were clamped in

the stainless steel clamps (3 cm apart),' the crosshead was

o

o

set to move at chm/min by means of a decade reducer and
the chart was sét to run directly proportional ts ﬁhe
crossﬁead (5 times greater). As the crosshead rose, the
tensile properties of the muscle could be measuréd from the
response of the 500 g tension load cell and the
extensibility measured by determining the distance the
crosshead moved. The crossheaa was elevated until the

muscle parted or exhibited a2 "final yield",



37

The; adhes1ve properties of the muscle were measured in
the same way as those above except that- the muscle str1ps-
were cut and- mounted so that the forces developed were
Aperpendlcular to the fibre axis and the c1rcumference was.
1ncreased to the range of 0.9-1.3 cm. Extreme care was
taken«1n the preparatlon of the muscle strlps to avoid the
major perimysial sheets of muscle mentioned by Rowe (1977a)
which can result in 51gn1f1cant within- sample var1ab111ty.

All the mechanical measurements were run in tr1pl1cate.

Other physical measurements of texfure

The Warner Bratzler shear test was performed accord1ng
to the procedure of Hawrysh et al. (1979). The semitendi-
nosus was cooked to an internal temperathre of 65°C as: ..
measured by a thermocouple inserted into the midpoint of
the muscle. After measurements were made of the cooklng o
'loss, the meat was cut into .5 inch sllces.parallel to the
fibre axis. Two scalpels. fixed 5 inches apart were then
used to cut the first slices into- strlps .5 inch wide.\Th%ér>
provided a strip of .5 x .5 inches and as long as the depth
of the muscle. Thoee strips near the core of the‘muscle;
where the uniformity in cooking‘promed to be the most
consistent, were chosen. The Ottawa Texture Measuring
‘system, equ1pped with a 50 1b load cell set on the most
sen51t1ve range, was used to measure the sheaqyforce of 10
strips from each samiple. The peak heights from a chart
recorder were measured and. the mean of these measurements

vas recorded.
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Photogr-aphy of muscle strips szr'etched to Initfal yield

- In-an attempt ta examlne the appearance of the muscle
fibres at In1t1al yleld, muscle strips of,apprOxxmately the
saﬁeﬁdimensions as those for the tensile testawwere tied at
both ends wi‘th' silk‘surlgical suture ‘at A distahoe of 3 .cm
apart and stretched to the same length as at;the initial
yield in the Instron. Tgs'stgetched muscle st;ips were
fixed for 2 hr in modified Karnovsky's fixative (dissolve
2 g paraformaldehyde in 25 mL 0.05 M cacodylate buffer pH
7.2, -on a hotplate; clear solution by adding 1-2 drops 1 N |
NaOH; cool; add 10 mL 25% EM-grade glutaraldehyde;'dilute
_to 50 mL with 0.05 M cacodylate buffer pH 7. 25 The fixed
uscle fibres were disrupted in a 50 mL contalner of the
. Sorvall omn;mlxer at an intermediate speed for about 30
seconds in 50 mM cacodylate buffer and were photographed
using the Olympus Model BH- mlcroscope qquipped with phase
contrast optics. In taklng the photographs of a given
fibre, to obserye the effect at the yield p01nt, the stage
had to be moved along the length of the fibre to the ooint
‘where the yield effect was evident, It appears that only a
small part of a fibre, likely corresponding‘to the
narrowest portion of the muscle strip, shows etidence of
yield. The remainder of the muscle fibre appears "normal”
with respect to the sarcomere lengths and the alignment of

the structural units of the sarcomere across the muscle

‘fibre.



Measurement of ATP and its me A

ATP- metabol1tes in mea.vvere reported’ by Bendall and
Davey (1957) and Davey (1961). A rap1d method to measure
these metabolltes was developed in thls lab durlng the
'course of this work Prev1ously,‘attempts at u31ng thin
'layer chromatography, elutlon of the nucleot1des after
scraplng of the plate and quant1tat1on by uv absorbance
proved tedious and\unrellable. qhzyme assays, although
rel1able, could not conven1ently be used to analyze all the
ATP metabol1tes present dur1ng r1gor development. The method
of Khan and Frey (1971), u51ng the uv absorbance ratios. at
258 nm and 250 nm [recently reappra1sed by Attrey et al.

- (1981) 1. .measures the conver51on of adenos1ne to inosine
~containing components. It does not reveal the changes that
‘IMP is under901ng during postmortem aglng nor the: exact3
levels of ATP, AMP and ADP present in the muscle, hence itv

was unsat1stactory A h1gh performance 1i u1d

.~chromatograph1c method (Currie et al 1982) was developed

wh1ch has" proved to be both rellable n.d rap1d 1n prov1d1ng
quantxtat1ve results for 1n051ne, hypoxanthlne, NAD ‘
(n1cot1nam1de adenine d1nucleotldé) AMP (adenos1ne_
5'-monophosphate) IMP (inosine 5'-monophosphate) GMP
(guan051ne 5'—monophosphate), IDP (inosine 5'-d1phosphate)‘
ADP (adenosine 5'-d1phosphate),’ATP (adenosine
5'-triphosphate), and GTP (quanosine 5‘-triphosphage)

| Two dlfferent HPLC 1nstruments were used durlng the

course of this work THe procedure was developed UtlllZlng a
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‘Beckman Gradient Liquid}Chromatograph (model 332) equipped
with.a:Tracof mode1 970 variable wavelength detector,and a
Hewlett Packard model 3388A Integrator. Most of the

* ~ong RS

‘analytical work was performed on a Va;}an sidéfliqgid

dhromatog;éph withbaAfiied wavelengtﬁi(254’nm5 detector and
a HewléttvPéckard.3380 integrator. The HPLC was fitted with'
a Whatman Sblvecon‘precolumn whiéh is essential to pré;ént‘_

dissolﬁtion.of\the silica in the analytical column. The

4 o

strong anion';xchénge column was a Whatman Partidil-10/25
‘SAX ﬁrdtécted by ; Whatman AS Pellione; SAX éhérd colﬁmn.
| The-analytical column was not suitable for immediate
_use in that~uvfimpufities were elﬁted‘during the 'upper part

.of the gradient. The regeneration procedure outlined by

Whatman in its booklet on column care resulted in a stable

‘baseline. s @

Mobile phase and chfomatographi c pndcédune
Bﬁffgrs (A and B) were prepared from KH,PO. using
water from a Millipore Milli Q systém.“Buff§r~A was .015 M

KH, POy, ;091 M KCl-éf‘pH 4.1. The KCi concentration was
obtained by addingA1 mL of 1 N HCl to’1,L’of'the KH, PO,

' buffer‘éha adjusting the p;\;;\3)1 with KOH. Buffer B was a
§-5 MyKﬂzPO. solution at'pH 4.5.(See'xppendi¥ A). All
solutions were filtered through a ,45 uM membrane filter
(Millipore) before use. The HPLC was programmed to elute
the compounds of interest énd be ready for reinjection .
within 60 min. The flow rate was 1.5 mL/min. The program"‘

cdnsisted'of Buffer A for 7 min, a gradient from 0-100%

n
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Buffer B in 10 m1n, 100% Buffer B for 18 min and a gradlent

form 100% to 0% Buffer B in 5‘m1n. After 20 min of Buffer
,ﬂb-,_q

the ne.ésﬁample (20 uL) was 1n3ected 'v - ' ;Q

Pr'eparat lon of meat _samples for in Ject ion

-- .-_‘:n’,

The meat samples (3 -4 g) were collected at>var1ous

ey
tlmes postmortem,, ap
. \ﬂy

“”Jln tin f011 labelled th@ the

bl

the development of the procedure, ATP and its degradat1on
products were extracted elther by pulveé}21ng the meat
.sample to a powder with a sta1nless stegfrmortar aqd'pesfle.
‘cooled‘in dry . ice or by,shaving small pieces of f the.sample
and weighing 1. 0-1 5 g into the 50 mL éentainer of the
SorvaIl omnlmlxer. The nucleot1des were extracted by add1ng
10 %Z”bf\gglgﬁii C) 0.5 M HClO, to the ‘sample and then |
homoﬁ“htz1ng for Goxsec w1th the homogenlzer contalher
1mﬁersed un an ice bath. The confent of the homogenlzer was
filtered to remove the prec;pltated proteins, and thej
filtrate extracted with an:eqﬁal volume of 0. 5 M -
tri-N- octylamine/Freon 113 to. remove HClO. from the

nucleotldes (see Appendix B).

Quant itat fon and standardizat ion of ATP metabol ites
Iﬁ;preparing the standard solutions 10-15 mg ef the
appropriate standard were &issolved in water and made up to
a 50 mL volume. Dilutions of these standards were made to
provide solutions giving valPes of 0.1-15 nmoles/injection.
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| The’concentrationS‘of the ATP degraoation products
. were ceicﬁletea‘irom the integrated peak areas of the 
absorbing‘meterials eluting,from the colnmn._The.factors
geed to convert bhe areas into cogcentrationslwere’the
éeéression coefficients obtained from the calibrationp
‘curves of the stendard solutions. All calibration curves

were linear in the 0.1-15 nmole/injection (20 aL) range.

‘ Elut fon profiles

Flgures 11.3- II. 5 present the elution profiles of a
meat sample at various times postmortem. Inosine and
hypoxanthine were not completely resolved, but reproducible
"results were obteined in repetitive runs (Table II.1). The
column must be freed of impurities from the»phosphate
buffers to prevent 1nterference of these components eluted
-on the grad1ent with IDP IDP and ADP do not shon baseline

separatlons at equ1valent concentrations, however the ADP

peak is very sharp and the IDP is generally in low

"vconcentratlon so that quantitation of IDP is p0551b1e

Injections of standard NAD. (Odelzed) and NADHY
(reduced) showed that both forms,nave i ntical retention
times. An NAD/NADH ratio would be valuable in determining
the oxidative state of the cell. Unfortunately, whenr scans
of NADH in water and 0.5 M HClO, were compared, the acid
was observed to oxidize the NADH to NAD. If a nethod to
extract the nucleotides without oxidizing NADH were
possibley a shi%t in the detector wavelength to 340 nm or a

simultane~us multiple wavelength detector would allew an



43
Table II.1 Reproducibility of extraction and‘chrdmatography

of a 0.6 hr postmortem meat sample

-

—

e 'ehjﬁ";"f” ’ Concentration. . o
oo e ~ (umole/g muscle wet‘i?ight)*
S _ N \ -
Compound Extract: 1.07 g 1.61 g . R@péat-1;gf é
‘ , . - -‘.l
Inosine L 0.08 0.08 N 0.07
‘gypoxaﬁthine . 0.07 0;08‘ ”\Ny.07
Nicotinamide adenine : , ‘ ;\\ :
dinucleotide : 0.59 0.60 0.61
Adenosine 5'-monophosphate - trace tqace: #race
Inosine 5'-monophosphate 0.76 10.80 0.77
Adenosine 5'-diphosphate 0.71 9.7% - 0.75
Adenylosuccinic acid - GDP trace. trace trace
Adenosine 5'-triphosphate | 4.10 4.34 4.24

~ )



fa

wr

1

. )



1

LM

R

o



Figure IT1.4, Fluytion profile of 271" =an¢ "etabolites c¢f miJl

prerigor tee'! muscle. The nyp' g n' are: inosirs (1)
bypevanthires (2), NAD (2), ¢ AT S
7, P T s deaylotee - Cra) g

‘ y o



Figure T71.5. Elution perile-gf ATP and metabolites of
postrigor beef muscle. The numbered peaks are: inosine (1),

Pypoxanthine (2), NAD (3), AMP (4), IMP (5), GMP (§), IDP

(7). APP (8), ~denylosuccinic acid and GDP (9), UDP and CTP

Cred D wrE (1Y gTR (19)
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easy measure of the NADH in this peak.
C. Methods Used to Monitor the State of Water

Nuclea: magnetic resonance spectroscopy

Introduct ion

The experiments were pefformgd 6n a Bruker SXP4-100
NMR spectrophotometer operatiné at 60 MHz using a 14 KG
Varian électromagnet'and V3506 flux stabiliéer. The
experiments were coﬁtroll;d by a Nicolet 1180 coﬁpﬁter and
2§3A programmable pulser. The muscle sample was cut into a
small cylinder (8 mm x 10 mm) as soon as the muscle was
brought into the 12b trom the meat packlng plant. The
sample was 1nserted into the NMR tube” (10 mm x 83 mm) by”*
placing the muscle into the top of the tube;, capping the ™
tube and then centrlfuglng about 20 sec in a small table
top centrifuge. Thisbpfbcedure oriented the fibres
vertically in the ‘tube.

The nature of the NMR experiments performed in the
current study can be béSt described in terms of the
behavior of the nuclear magnetlzatlon in‘a rotatﬁﬂg 3-axis
coordlnate system. The spectrometer magnetic field H, is
applied along the z axis and the x' and y' axes rotate
around the z axis at the carrier frequency of the
spectrometer. Because of the fact the ensemble of nuclei
(e.g. water protons) is characterized by an excess - . '//’b

K/

porulation aligned with ¥H, (lower energy state) and
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randomly distributed about'Ho, a fésidual magnetizatibn or
net macroscopic magnetization (M,) along the z axis exists.

E}n the pulse Fourier-ﬁransform experiment a high power
radiofrequency (rf) pulse of short duration (Hi) is applied
along the x' axis. This rf pulse will cause M, to rotate
about the x' axis. The angle of rotation (a) is given by
Equation 1:

a = yH, tw (1)

where Yy is the magnetogyric rat@o of the nucleus being
investigated,;H..the intensity of the rf pﬁlsé,%and tw the
length of the pulse (generally in the range of
. microseconds).

_The NMR signal is detected along the y' axis. Thus
when the nuclei under investigation are at equilibrium the
sigﬁal is 0 since there is no residual magnetization oh the

y' axis. With an appropriate combination of H, and tw, M

2
can be rotated through 90° so that it becomes colinear with
the y' axis, giving rise to a signal which is equivalent to
M.. However, this situation is a nonequilibfium éondition,
and the systém returﬁs‘to'equilibrium by two relaxation
processes. The magnetization in the x'y' plane relaxes by
spin~spin relaxation (T,) which arises from molecular
interactions which cause the individual nuclei té precess
at slightly different frequencies and thus get out of phase
witly each other in the x'y' ‘plane. The time constant frr
relaxation in the x'y' plane is given by Rquation 2.

/

/
MY Y M e~ 7 (2)
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The magnetization returns to equilibrium along the z axis
by spin lattice relaxation (Ty). The energy gained by fne
nuclei during the H, pulse is exchanged with the lattice.

The time constant for relaxatlon along the z axis is
g1ven by - Equatlon 3: )

M= M—e i ) (3) |

In order to measure'each of these relaxation pfoCesees
multiple’ pulse technlques are utilized. The Tz relaxatlon ‘
is measured using a "spin echo” technlque. This consists of
- applying a 90° pulse followed by a succession of 180° - ]
_pulses. A single 90° pulse cah not be used to measure Tz
since H, fleld inhomogeneities also contrlbute to the.
nuclei precessing at sllghtly different frequenc1es..Thusg§;
the loss of phase coherence by the nuclei 'in the x°' y' plane
would not be due to T2 mechan1sms only. The seguence of
180°° pulses used in the sp1n.echo experiment is to cancel
out the contribution of H, field inhomogeneities to the
measured T;. . '

The Ty relaxation ieﬁ;eaeu;ed using an inversion
recovery sequence. The fifStul80°cpulse inverts M, into the
negative z direction, Af;ef different times (r) the size of
M, upon its return to its equilibrium position is obtalned
using a 90° pulse to brlng the magnetization into the y'
axis so that the NMR signal can be measured

Mathur- DeVre (1979) 1nd1cated that biologitcal macro-

molecules nduce a characteristic water structure in their

close v1c1n1ty due to weak macromolecular-water
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interactions. As a result there is a hydration layer

associated with macromolecules. The water molecules
. i

contributing to the hydration layer are dynaﬂically

oriented, and exhibit restricted motion due to a
‘ ~ o .
significant decrease in the translational and rotational

modes Qfgmotioh°caused by macromolecular-water

interactions. Consequently, #he moBility and the extent of

ordéring of the hydration water molecues are distinctly
different from those characterizing the fast and random
motion of the bulk water.

"The relaxation rates of water molecules are governed

. by the strength of local magnetic interactions between

water‘nucle?“and moleculaf motipn and proton exchange
rates. Since the hydration water differs from the bulkv
water in these properties, the relaxation ratés of eéch of
these water fractions differ. In detérmining the T, of
muscle sample the relaxation_rate of the hydration water

- . .
can not be measured independently of the bulk or free

.water. For this reason the T, observed is actually given by

Equation 4&:

(Ti)opg = Xp(Tide + Xp(Ty)p (4) .
Xf is the fraction of free water with the spin ‘lattice.
relaxation time (T)g. xhvié the fraction of hydration
water with the spin lattice relaxation time (T,)),. Although

the fraction of free water X{ is much greater than the

fraction of hydration water Xj the term XA(T,)h can be an

important contributor to (T,),p Since the (T,); is very
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short due to the restrlcted motlon of water molecules in.

the hydrat1on layer. .

NMR T, determinat ions

The spin-spin relaxatlon times . (T ) were’ measured
bu51ng the Carr-Purcell- Melboom-Glll Method ("spin echo .
experiment). Th1s consists of apply1ng a 90° pulse folloued.
by a succession of 180° pulses. Figure 1I1.6 presents the
results of one such experiment on postmortem muscle_(54'h).7
The curve exhibits the nonexponentiality characteristlc of
meat samples, suggesting more'thanfone fraction of water..
The problem with this method is how go draw a best fit line
that reflects the T, associated w1th these dlfferent water
vfract1ons. This problem makes the accurate assessment of T,
»dlfflcult and fﬁ%’th1s reason the‘determ1natlon of T, was

¥ . ,
abandbned. . )

e .

The spin lattice relaxation times (T,) are determined
by applying a series of pulse Sequehces of the type
180°-r-90°; By repeating this pulse sequente at differing r
values the exponentlal regrowth of magnetlzatlon (M, ) can
be detected The r values generally were varied from 1 sec\‘
to 3.5 sec in 100 msec 1ncrements. The T, was determ1ned by
least square fitting and gave a standard error of 0.3-0.5%.
Typically, the experiment was repeated at 15 min intervals

over the first 26-28 hr postmortem period. The measurements

were at an ambient probe temperature of 24+1°C. These



2000

10

B,

et e e e e W " TN, —
50 100 150 200

T (ms)




{

Figure 11.6. Plot J‘wlog(lw—lf) vs 7(s) following the Carr -

) * Purcell - Meiboom - 6ill Method for an NMR T, determination

’ S

of 54 h beef muscle.
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parameters\were chosen as a result of the following
observations;

The temperature of the meat was ma1nta1ned at ‘a
constant value (24%1°C). In one experlment where,the N
temperature was varied to examine temper)fyre effects 1Pon.
T, a Bruker B- ST100/700 temperature~coétroller was used.
The actual temperature was measured. by a thermocouple "'a
glycerol- COntammg probe. Flgure II.7 represents the ' ~
effect of temperature change on the T, values of myofibrils
rehydrated to 82% moisture. It is ev1dent that varylng
temperature causes a change in T,, Therefore, constant
temperature was ueed in all pther muscle T, expérimeata.

Chang et al. (1976), studying'rat muscle entering
rigor, reported nonexponentlallty in their plots of log(I,
~14) vs 1. The slope of this ‘curve equals 1/2. 303T1. They
suggested that only the latter part of the® curve (values |
obtained frem T values greater than 1 sec) were sensitive
to the water in_postmortem-muscle. The T, from this part of
the ~urve was referred to as T,B. Hpmever, T,A (measured
with short 7 values) remained practieally unchanged with
time postmortem,‘They considered T,A to reflect the
weighted average dof ai}‘the water protons,

‘During the developme"t of the T, methodology severa
muscle samples at various times postmortem were examined to
see i1f T,A and T,B could be measured successfully using the
instrument in this study. Tn these studies, the nonexponen- -

Fiality of the log (Lo-Ig) vs 7 plots reported hy Chang

S

-
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et al. (1976) was not observed. Figure I11.8 shows one such
plot of a late‘bferigor sample. Such a sample shouldushow
maximum differences ‘between T,A and T,B. The plot uszngn
both short and long r values for the exper1ment reveals no
nonexponentiality. Myofxbrlls at varying water contents and
PH values were examined oyér thé sahe.range of r values ‘
and, aé indicatéavin Fig@:e,ll;as a represéntative sample

at pH 6.0 and 82% moistufb'exhibited no nonexponepntiality.

.The' differences between the results of Chang et al. (1976)

and those }eported in this theSis,cannot be_explained..The

longer 7 Values (1 sec to 3.5 sec) have beén'used in these

NMR experiments to be certéin that the greatest sensitivit@i
to alterations of the watér in the szcle was achieved.

A

Additionally, the longer r va1ués allow the diode mode of

‘the spectrophotometer to be used wherein-an averaging of

the signal leads to a greater precision of the points being
plotted. | | .

Edzes and Samulski (1978) developed a selectiQe
hydration inversicn technique in whfchlthe contribution.pﬁ
cross relaxation (a transfir of sp;n energy between a bpund
water proton and a proPon‘;t the macromolecularzggxﬁace) to
the relaxation process can be assessed. The method is based
66 a differenre in the length of the 180° pulse. A strong
'B0” pulse (high amplitude, short pulse lengtﬁ) results in
the complete inversion of both the water and macromolécular
haoﬂotizatioh However, a weak 180° pulse (low ampl1tude,

1nnq Prvlra length) w111 vompletelx~1nvert the water

-



Figure.II.S. Plot of log(I -I() vs 7(s) on (a) late prefigor
meat ysing short r values (0 005 s - 1 -5 s; m-=-=) and long

T values (G’B 5 - 2 75 S; A-A-a): (b) myof1br1ls at pH 6.0

and 82% wat;?\{o 0-&{~351ng a w1de range of T values (0.2 s

\

- 3.6 s). SN
.
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magnetlzatxon but it no longer inverts :the macromolecular
.-magnetlzat1on. The 90 measurlng pulse length is the same
in both cases. Such eiber1ments, espec1ally in low water |
~ content samples, show cons1derab1e deviations from

.exponent1al1ty when using a long 180° pulse length The

dev1at1on is partzcularly evident for short T values. EdzeS"

and Samulsk1 (1978) calculated that cross relaxatlon may

o

contr1bute as much as’ 40% of the obsevyed water relaxatlon
‘rate ‘in ch1cken muscle meat.\The macrom:lec;lar and water
'magnetlzatlons were measured from\the free induction decay:
(FID)-ampl1tudes at 10'and 200 usec after the‘pulse. This
was near the dead t1me ‘of the spectrophotqmeter detector
used .in thlS study and so such early measurements could not
rellably be made. dees ‘and Samulsk1 (1978) reported that,
although the macromolecular magnet1zatlon decreases rapidly
in the 1n1t1al part of the decay (1nd1cat1ng cross
relaaation) both phases decay with approx1mately the same
relaxatlon rates at longer 7 values. In Flgure 11.9 the .
magnetlzat1on was plotted vs T values ranging from 5 msec'ﬁ
to 700 msec for both long (108.5 usec) and short €4.056 |
usec) 180°. pulse lengths. The f1rst datum po1nt (see arrow)
us;ng th: long 180° pulse length has the greatest
dev1at1on, suggest1ng 2 cross relaxation process ;s one.of
the mechanisms—of relaxation. The computer printqut of the
least squares fit of the datalusing the loug (TOB.S‘gsec)
180° pulse indicated (ln.the "observed” mlnus'”calculatedl

column) a positive deviation of allrpoints up to r values



Figure I11.9. Plot of log(I -I() vs T u51ng long (108 5 us,

e-e- 0) and short (4.056 us; a-a-a) 180° pulse lengths. (
. ’ . «
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)
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of 450 mseéc. The dev i ion was'verj small but maylin £;¢t'

' support the oonclﬁsi::%}hat some cross relaxation vas

observed The. results presented 1n Figure 1.9 do however,

' confirm the observations of Edzes and Samulski (1978) that

the T, observed is’ 51m11ar when either short or long 180°

‘pulse lengths are used in meat samples8 Cross relaxationf

would not be expected to be- a major factor in meat where

. the water content is near 75%. - S
In»Figure II.IOHtwo»different muscle sonfﬁes~with'2

samples from each source were run to determine |

reproducibility in the T, profile of a given muscle with

time postmortem. The intention of the experiment was te

~determine the reliability of the sample run on the'NMR as .

being representative of the muscle as a whole. Although

some differences do GXISt between samples of a muscle £ rom

each muscle source, the general appearances of the" plots

are comparable and were viewed as reflecting the postmortem

properties of the muscle in question The vertical | |

displacement of the recorded T, valpes,for samples from the

same muscle.may reflect variation 4in sample preparation.

‘The actual T1,§alue“is influenced by water éontent. The

samples that were cut oht.were not immediately inserted .

into the seafed NMR tubes and thus may have lost slightly

differing amounts of m01sture due to some surface

dehydration.
J



' A
Figure II1.10. Plot of T, (s)'vs time postmortem (h) for
duplicate determlnatlons from carcass A (e-e-eo) %Pd carcass

B (m-m-m), The standard error of each point is #0:3-0.5%.

A
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NMR of model systems
\ Myofibrils from aged semitendinosus were prepared

according to the procedures of Hay et al (1973) ffom an
~initial 300 g of’meat. A port1on of the preparat1on was
washed thoroughly with water to remove the'salts'and then
the mfofibtils were sqspendeo'in water_aod freeze deigdﬁ\
Solutions, having eepH range from 5.5 to'8.5,'weve» .
prepared, consisting of .15 M RC1l, 50 mM Tris-maleate, 1 mM -
| NaN, and at times 500 uM EGTA or Ca®*. This would provide
Ca“ or EGTA concentrat1ons of approx1mate1y 0.4 umole/g in
the final myofibril preparation. Approximately 75 mg of
freeze dried myofibrils were added to an NMR tube

(10 mm x 83 mm) followed by an appropriate amount of buffer
to obtain the desired moisture content. The myof1br1ls and
lthe buffer were then mzxed with a glass rod w1th1n the NMR

tube. The contents were allowed to equilibrate for a

minimum of 24 bhr at room/temperature before measurements

i
3

were made. This step was found nécessary to improve . [~
reproducibility of T, values between duplicates of the same

sample treetment. In experaménts where ATP (.25 -g) was
added to the mnpfibfils'in the &Mgﬂpube, the N@R.readiﬁgs
were Begun'immediately efterwﬁixing without any

equilibration time, !

NMR of aged and cooked meat samples
The aged meat samples (7 days) obtained from the
Department of‘Anlmal Science, Unlver51ty of Alberta,

couftesy of Dr. Hawrysh\of the Department of Home Economics

-3
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and Dr. Price of the Departmentvof Animél Science, Qere
primarily from beef possessing a high ultimate PH. Many of
the samples exhlblted the propert1e= of dark-firm-dry beef.
T, valuyes were determlned for these samples in both the raw
nrAd rooked (interna) temperature, 65°C) states,

Additional meat‘samples possessing a "normél" range of
ul“irate pH were obtained from local supermarkets. Only the

"o "lues ~f the vav meat warae Ascessed for these samples.

‘ .
‘ther physical anA "hemi~n) mereuramentg related to water

'

P

“ree ' T ing capac ity
The ewelling rapacity of meat has been defined by Hamm
(1974) as the apnirapnpeye uptake of fluid from any

“urrovtSice (eid vae 1tirg i an increase ~f weight ang

"rJume o1 tre mioecle. 1, ‘ndicmteAd that swelling capacit:
v q‘:'lly [ KA Y ('1 te vy "' IC‘" ‘;’it}‘ "EHC. Thﬁ‘ Swelling
R ¥ AT e re e uscla strips inecuba’ - "
| re LKA IR AEIPNEI YN f- w:v'g
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6.5 x 6.5 cm'piece of filter paper (Schlg&cher and Schull,

2040b) in triplicate. The filter paper

stacked between plexiglass sheets (1 x

placed in a lab press and a pressure of 250 pounds p

square inch was aprlied fnr § min. The

7

kept at a constant moisture "ﬂnfgnr hy

over a raturated solutinn ~!' KC' in 3

arplied preegsure recults in 'he musrle

a circular prttv. T e juices resultiing

L 4

and muscle wvere

8 x 8 cm) which wnrre
er

vy

. o

filter paper wag
storing the parer
‘esiccetaor, The

int o

Feing eqeezed

from the compressi~n

are ~bks-rhed hy the filter rarer 2nd » rowvnd. bhrown 1l pea’
spot ie fAarmeA The » e~ rellarmtg the WHC ~f the g:a"\r1r~
large vina reprecante low WHC . The artual avrea of the
spot left hy the water r~lease is ohtained bty rarking 't
Ak Yy Yinay wyth a pev'l'i) 5mm'Riat’91y after '@ remm~ral !
the preec and v a tr'al a ea moarursd it} a3 p animeter
The area o' the apn' Jaft bty t'e vatty in alen maszgy ="
cubtracted f om the tnra) ver tn g’ ve n Ar e wh'~rh 3§
prorortigral v o bhe o uesjght AfF yspey t fy 1 'be o0opm
The ar-ag nttai e i vhie m nn ¢ f Y . :
CHmgre f v e et e

Tve Che ebg qn V t1er

T feo [ oA e e ' |7 2 KA N AT
ver e A vAc Yoy, Tv e peabme ke wn ve [ '
pre oV e ogp toedd oo s iy ipge b o a0 - '
v 1 1 . T fover 0
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the addition of solid Tris (tris hydroxymethylaminomethane)
or trifiuofoacétic acid (concentrated) aﬁd the sample ‘=
homogenized. U51ng this approach approx1mately 7
homogenates were obtalged spannlng a range in pH of
approxlmately 3-8. An allquo; (300 mg) of these homogenates
was veighed and the filger paper press method, outlined
above, was followed tp.measurg“phe_ygggpwholdingucaDaCity- -
At each of the homogenate pH's. The planimeter areé was "
rlotted versus pH.- .

The second method was a centrifugation procedufe in
which the weight of expressed juice was calculated as a
percentage of the initial weight. The procedure of Bouton
et al. (1971) was followed in wh1ch muscle samples in
Auplicate (appr~x. 2 g) were plaCPd in polycarbonate tubes
and centrifuged ar 28 000 rpm for 1 hr in the #230 rotor of
the Bectwan 7.2-6"B ultracentrifuge. The expreqepd juice wase
remevad from the mue-lo samrle by inserting Kimwipes into

the tube 'o eoa* ur the juice A high percentage nf

Trrreee Juire 'm0 Ricative  f a sample having a lew M

The rantrif qal techpnigy - wa- nged fay thé racull g
rep vrted in thie thee'm cin p the sample ganipulatic: anAd
the :ven TrASMYamente e Ty ha rl "nimete: werae verv o Flige
v ey g 7\"(7{1';"'\']“‘ the Frese mretherA "ia ot “a"'

ry e B R R I AR T ‘techning e
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Differential scanning calor'im@\tr\(\J
m scié at various

Approximately 10 mg of the

postmortem were hermetically sealed in?a'capsule a%i‘grozen
by pouring liquid N, into the cooling tower of the Dupont
Model 910 DSC. The freezing rate of the sample was
determined to be 0.5 C°/sec. After equilibration at -50°C,
the temperature was increased at a rate of 10 C"/min up t~r
140°C. The two penvfeéo;éér wag ert to run at a time base
of'ﬂ.O min/cm and the sersitivity »f the pens was adjrsted
to 50 mV/cm and 20 mV/cm in order to detect the major and
minor transitions, respectively. The major transiticn was
the endcthern

This beqk area was measured by a planimeter. The mg of
freezable water in the s~rmple was calculated bv comparinn
the measured area of the endathearmic peak near 077 tn a
plet of planimeter ares ~f pre water vs mg water fr-m
previons determinariéns. The Aifferences hetween the mg !

tetal warer jv the muscle sample and the freezable water

chtainred from 'he endothermi~ peak gave the nofreez-~hl~s

water canten' f the tissue. Thi~ nenfreszahle water -
~rryrpese? an A [ﬂr"f-\.nlagf\ nf the to':1 +igsu- ;f"qh',

"he mi oy Fry co@gy 3 g8 A vinnd ern the ont v ey’
[ mbe L o Gy E ot )

pnr' re



.

Moisture determinations

Two methods of m01sture determ1natxon were used The
[ 3% \
%7 \

‘ flrst was simply we1gh1ng tr1pl1cate samples 1nto

.Q

dlspOSable aluminum dishes and then heating at 11Q_C
" / . ., . [

-

overnight. The loss in weight represented mojsture>andfwas

’ P

expressed as a percentage of the initial wet weight. ;
Additional m91sture data were obtained from the drylng of
the muscle st:1ps used in the extracellular space,
ﬂeterminations. . . ‘a
The second method exahined was‘the&Karl FiSCher';ethod
found in sections 32.086-32.049 of’ the Offlt1a1 Methods of
the Assoc1at10n of the Official Agr1culturd§ Chem1sts
(AOAC). Surprisingly, the method using Nﬁu-dlmethyl—'
formamide (DMF; reagent grade) as the solven; for the
titration could not be used 51nce no rea;tlon between’the
Karl Fischer reagent and the water in the extractroccgrred.
1f methanol was substituteé for fofma%ide in the tftra{ion,
a normal titration could be performed. Thus, théyhdzc
method for 9xtract10n of water from a meat sample u51n§ DMF
wae fnllowed, but the solvent in the t1trat1oﬁ was |
methannl, dried by d1st111at10n over magnesrum mgtal.‘The
"arl Fierhe' reaction takes place in two steps: ’
TN T, 0 O HgN-SO. ¢+ CgHgN + H,0 = 2C4HN-HI nbn N-€0O,
and ' : v "
“"gH¢N-SC, + EU,0H - PgR;N(H)SO.CHa

heown by tha ahove raactions, for each mole of

' b mf ieAdineg, 1 mnle of gulfur dioxide, 3 moles

éﬁ_v

Py
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of pyridine and 1 mole of'methanel are required. An
explanatien%fér ;hefp;@blems wiéh the titration ueing DMF
as the so;veps may-be that insufficient methanol was

present to carry the. reaction to completion. B -'3
~The mosé&reliable-feeults were obtained with,the.even
method. The~high moistpre;éontent of the meat sahpie
resulted in such a large dil&tion factor that a 0.7 mL
variation in Karl FiscHer reaéent would relate t%/é*ili

—tp—

variation in the moisture content of the meat.

Eﬁ?fnacel lavlan space meésunements
Heffron and Hegarty (1974) measured the extracellular
space (ECS) of muscle entering rigor ‘using a Ringer-Locke
solution containing O.3%findlinl The size of tﬂe ECS they
measdred steadily increased'to-a maximum-at ?igor. The

v “"

experlments reported in fhevpresent study employed thelr

method with minor modfflcatlons. pH wasnma1nta1ne§ at
7.2, rather than 1ncubat1ng at £4zﬁ:;JoE the mudcle strip,
so that a comparison of the ECS could bhe made at diffe'ent
times postmorteﬁ without adding another variable (pH), The

<

incubation bhuffer nrepared f r the rr=limiparv m~rhidieg nan

changes in the TCE rangiated nf 1 0 g iqnlin, 9.0 g NaCl,
.42 g ch‘ P g glucoce 0. 5 g NaHCO /1000 mL adjusted
pH 7.2, The/inul1n was measured by the method QfTPapplus
and Elliott’ (1956), which invol-ed hoﬁeqenizﬁt¥o of s
bletted mudcle strib in &Y TOA, ~a~|v=fnw?ﬁn the
preciritated prot-ins and fe’@rmininy t'r o nlin o ~ran

. : ot . . :
- AN IE BRI E I R 1 ™n ':a\mp" : : . ! HEETIRIN I
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U was added to a solut{on of 0.,125% resorc:nol in ethanol :
(1 0 mL), 30% HC1 (3.0 mL). The solutxon was 1ncubated in aa
80°C bath for exactly 10 mln. Followlng a coolihg per1od of
exactly 10 min, thé‘absorbance was read at 450 m%ﬁ “The !v
results, plotted in Flgure I1.11 ,'show #hit the size of the
ECS is not reasonable. It appears that 1n311n or other

b
3

TesorC1nol positive contam1nants vere bexag absorbed into

‘~

4

the sarcolemma or resorcinol-positive: substances vere

pass1ng through the membrane and 1ncrea51ng the amount of

N K}

1nu11n apparently in the muscle. When the procedure of
Heffron and Hegarty -(1974) was followed in which the muSEle
strlp (follow1ng 1ncubat1on in' inulin) “was’ extracted using .
the Ringer- LOcke solut1on for 18 hr at 1°C éndmthe oy
extracted inulin determined, more reasonable va}ues for;the
FCS were obta1ned (Figure 17.11).

Obtaining rPDr06nP1ble colof development usﬁng the
resorcinnl method for inulin proved dlfflcultﬂand the
exttaction procedure required several agditgonalvsteps, SO
alternative methods were ekamined.:siqfe the tissue would
swell to a considerable extent in the Ringer~Loéke buffer
described above, some new buffers were examined. A HEPES
Puffer system similar to that used ir the Animal Science
Department for ion transport work (except for the addition
nf inulin) was tried. The bufférs consisted of 1;0 mM
€2C1,. 1.2 mM NaH,PO,, 1.2 ™M MgSO., 5.9 mM ;CJ., 10 mM
MaRCT, 20 mM WEFES, 116 mM NaCl, ©.0 mM acetate and 156 mM

ARSI L 2 AR AN SIS B B o | carboxylic 2087 in



Figure II.11. Plot of ECS app (mL/100 g) vs time postmortem
based on the resorcinol determination of inulin in a 6% TCA
extract of an incubated muscle Strip (4-4-a) and the

recarzin 'l Aetermination of inulin in an '8 h Ringer - Locke

e \ (AN 8 v f mn :“- ek e Y "”gg-.fle s'—r;r- (-nm--')'
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the'final solution) The other buffer system examxned was

taken from the procedure of Vaccar1 and Maura (1978) and
included 107 mM NaCl 6.0 mM KC1, 0.7 mM NaH PO.,‘3 75 mM
Na,HPO.; 166 mM inulin (with 5 x 10‘ dpm/mL inulin ['*C]
‘carboxyl1c acid in the final solutlon) pH 7.4. The inulin
['+C] carboxyl1c acid was from Amersham and was pur1f1ed by

ge usion chromatography and had a molecular weight of

. A comparison’ of the results obtained from the two
buffers is shown in Figure I1.12. It was observed that the
swelling of the tissue was the same for both ‘buffers but
the tissue in the HEPES buffer contracted during the
incubation step (particularly the early postmortem muacle
strips). The contraction of the muscle strips may be the
reason why there is a d1fference in the early postmortem
ECS 3ﬁorn The tissue in the HEPES buffer did not exhibit
the drop (minimal ECS at 5 hr) in ECS app (see below) after
the initial rise (peak near 2 hr) that was obserued with
the tissues incubateq/ﬁn the phosphate buffer. Perhapsothe
ral- ium adhed to the‘HEPES buffer promotes contraction of
'he muerle strip which in turn affects the ECS measurement.
As a result of these observations, the buffer of
Vaccari and Maura‘(1978)twas,adopted except that the
incubation times were increased to 75 min. Figures II.13
and 11,14 shew the incubation profiles of both prerigor and
prstrigar mnscle stripe. RCS dw (see below) reflects the
amount of inulin take: up by the musclevstrir; After 75 min

N R R TR T S A TH TP S PR NP preriager and neetrriqor mnerle



Figﬁre'II.12. Plot ¢f ECS app (mL/100 g) vs time postmortem

ueing WEPES huffer (v-m-%) and phoephate huffer (o-@ *)"
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strips, a plateau on tﬁe'gfaphs has been reaché&,
indicating the inulin has'totafly permeated the mus¢le'
strips. The differenées in the appearance of the ECS app
and ECS dw between the -prerigor and péstrigor samples in
these incubatioh'profiles will be discussed.in-the ECS
results section; |

For the above reasons, the following procedure for. ECS
measurements was followed. Approximately 75 mg of husc;e
was weighed out in triplicate and incubated for exactly
75 min in a buffer consisting of 107 mM NaCl, 6.0 mﬁ KC1,
0.7 mM N‘aH,Po'.', 3:75 mM Na,HPO,, 156 mM inulin (with
5 x 10* dpm/ml. inulin ['*C] carboxylic acid in the final
solution), pH 7.4. After the incubation was coﬁpleted at
room temperature, the muscle strip was placed on a filter
paper to remove Qhe excess liguid and reweighed in a
scintillation via{n The sample was dried at 110°C overnight
and rewveighed. The tissuve was §oJuhilized by adding 0.15 mL
water and in-ubating the tissue at room temperature for a
minimm of ¢ hr, followed by addiri6n ~f 1 mlL, NCS tissgye
selukilizar (Amevgham), The vials were shaken overnight,
after which ' ime the tissue was €olubilized. G1agia1 acetir
acid (50 wl.) was added to the vial contente to redyce a
problem with chemiluminescer~e. After 10 mL of aquasol (Ne;
énqland Nucrlear) ware added, the rontenfé wére'shaken én¢
coyunted in the liqntd "-r*infil‘a*imf ~ounter . Nuenched '*C
=r;vdarﬁs er- used t obtain values relatring percent

S e e Torchanos !l rat e There yalyes were entored nen
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the compqter_and a'quadratic equaséaﬂ éomputed which
related the channel ratid to the ef?iciency of the count.
The saﬁpLes were counted for exactlyjlxmin. The channel
ratio an& the°coun£s per minute (cpm) gere entered into the
computer and a program was developed inxﬂ§ich the
efficiency for each channel ratio was d%&{?ed into tﬁe cpm,
giving the disintegrations per minute (dé;iﬁ The dpm for
each sample was then entered igto the compﬁéer to calculate
the ECS app and ®CS dw outlined below. .

The results were expressed in two ways. Tﬁe'first
expressed the ECS as mL/g dry weight. The formufg used to
calcvlatre the BCS in this way was: |

total dpm/g muscle (dry weighé)
(1) FCS Aw = rvemrmmmeee e oD
dpm/mL incubating solution
A measure of the size wé the ECS after swelling ie given
with thi= method of calenlation,

The second method of calculation :ér based on the
following reasoning. The muscle str;P_yds incyubated under
ronditions 'hat prevented normal metaroliem in the cel!' and
28 3 recult the tigssuve had » tendency 'o take ur fluid fre-
*he in-~ubating solutiorn Thig swelling ~culd he due to th
vptake of €fluid by both the RCS nnd 'he intracellnlar ars
(1CS). The éxaét'distribntiﬂn of the flnid uptake between
the two spaces is not known, but the ul, of swelling <oy !
ha ~vrreoagged accor 'irg t the following eguatinn:

(2) T pye VY Sy ey oo 0 S 72 S R SNT) S K OC A

whe:
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uL swelling = tissué‘weight_(mg) after swelling -
tissue weight (mg) before swelling (assuming,the'
density = 1) | '_' .
, ML ECS, = uL of extracellular spacé after swelling qf
the incubated tissue. |
ulL ECS, = the true extracellular space of the tissue

. ' A 4
expressed in uL.

. 4 ,
ul. ICS, = uL of intracellular space after swelling of

the incubateé tissue.
uL ICS, = the truve intracellular space of the tissue

expressed in uL.
The marker (inulin ['*C] carboxyl1c acid) should be unable
to pass through the membrane and into the 1ntrace11ular
spaces and therefore should only be located within the
extrac$;lular space. As a result, the total dpm can be
expressed accoréing to the eguation:
Total dpm = uL ECS, x .dpm/ul incubating solution

+ (uf, ECS,-vL ECS,) x dpm/ul incubating solution
Whirh ean bhe eimplified' to:

Total dpm

(3) WL BOS, = ‘=mmmmmco—mmcmo i oo -
, dpm/vL incubating solution

Combining equations (2) and (3) and stating that

(ul. ICS,~uL 1CS,) is equal to the change in the size (uL)
nf the intracellular space (AICS) in the. tlssue belng
studied, gives the follow1ng expre551on: |

: e .. T%}al apm - RN o

v e - ,
(4) nl ECS;SXICS = e e DR R S e svekling -
dpm/uL incubating solution

PR

e r LA

e \ . P e
h



Since uL ECS,-AICS equals the apparent ECS, the apparent
‘extracellular space (ECS’app) can be calculated on a
volume/weight of tissue basis from the following
expression:
uL ECS.-AICS
(5) ECS app = —~---=-====---------
tissue ‘weight (mg)

This value is'plotted as m1/100 g tissve.

77



I1I<{ RESULTS AND DISCUSSION

¢

The results and discussion section has been divided

A. gintroduction

into three parts. The first part presents the daté generated
from each of the methods used to*monitor rigor‘devélopmgnt;
A discussion of the results obtained from each of these
methods is included. The second part deals with the state of
the wat;r in muscle. The NMR T,, extracellular space, '
swelling capacii?, water holding capac1ty and the nonfreeze-
- able water data are presented and discussed. In the third
part the changes in the biochemical and physiological
properties of muscle (part one) are discussed in relation to
the changes in the state of water (part two) as the muscle

from each carcass studied entered rigor.

B. Biochemical and Physiological Effects of Rigor -

Nevelopment
e ,

Fibre typing ( \\W///

Table ITT.1 contains thé fibre typing data obtained
from the Nﬁ semitendinrosus (ST) of 9 carcasses, numbered 10
through 18, Carcasses 10 to 13, 17 and 18 were ;ampled from
the large central portinn ~f the ST. The percentages of
whire~ihgermediate and red fibres from the carcasses were
similar (white fibre range 72-76%). Carcasses 14 and 16 were

nurposely s?mp]ed from rthe outer ST and contained 90 and 85%

78
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Table III.1 Fibre typing data -

Carcass | % White and '
Number . Intermediate % Red
10 N 7445 265

11 76+0.2 ' 24+0.2
12 . 74+0.7 26+0.7

13 7342 27+2
14 90+4 10+4
15 . 62+0 7 38+0.7
16 85+5 15+5

¥
17 7245 28+5

18 7448 . 26+8

—— VT m—————— e it
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4
wh1te-1ntermed1ate fibres, respectlvely. These values
compare very well with those reported by Nuss and Wolfe
(1980/81) and Hunt and Hedrlck (1977a) for the-outer ST of
‘86.4 and 84%, respectively. Tﬁe sample from carcass 15 was
obtained froh the inner ST_acd was high in its red fibre
content (62% white- 1ntermed1ate f1bres) This value is
similar to the f1nd1ngs of Hunt and Hedrick (1977a) for the
same location 'in this muscle (63.9%).

The fairly narrow range in the fibre types of carcasses
" sampled normal}y (the central portion.of the ST) indicate
that the results reported in this study should not be
significantly influenced by variations in fibre rype.

Hunt and Hedrick (1977a) qrouped the carcasses in their
study as: (1) normal in color and exudation; (2) normal in
color but soft and exudative; (3) pale, soft and exudative;
and (4) dark chﬁtihg. They observed that carcasses in the
iZEEE} three grouplngs had a greater content of 1ntermed1ate
(aR) fibres. Since it was not possible to d15t1nguzsh
betyeen white (aW) and intermediate (aR) fibre types in this
study, no correlations hetween the percentage of
intermediate (an) 'ihre types and other parameters measured
could be assessed. A ~omparison between the percentage of
white-intermediate fibres angd the 1n1t1al T, (a measure of
water mobility) »~f the nine carcasses d1d not reveal a
significant ¢orrelation (r=~-0. 086. d. f. 7). Nor was a
=‘Qn1f1cant cnrrelation (r=,.142; d.f.=4) between the

revcantans ~Ff °h|'°-'nf°rmﬂﬂ1ar° fibres and ewpressed jnice
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of the six nofmally sampied carcasses found. These fiﬁdihgs
should not .be viewed aS'éghflicEing with the results of Hunt
~é§d'Hedrick (1977b). Firstly, (aR) fibres were not compared
‘and;.secondly, none of the carcasses fibre-Eyped'were viewed
. as soft and exudative or dark cutting. The latter point.may
- be the major reason no correlations were found. =

Hunt and Hedrick (1977b) reported that the rate and
extent of glycolysiS'isAQirECtly associate? with the
variation in muscle quality. Although they indicated that
glycolytic rate is related to the fibre type in postmertem
musc&e, the measurement cf glycolytic rate (by pH and ATP
measﬁremehtsf would more likely correlate wirh exudation and
water mobility than with fibre typing. Thus, in this study
the relationship between glycnlysis and exudation or wate:
mobility is assessed using pH and ATP measurememte rathe

than by predicting olye~lytic rate by fihre rype .

pR fall

Figures III 1 ard TT1.2 depict the p" fall as a
function of time for faréafces\numhered e ;. The H
profiles of carragcee Q .IP ar'~'f‘raeov\'pd n ('nnjnnfﬂ-i"' with
the isometric tensinn Aata in Figquree TT71 .7 ta ITT 17 €in e
complete pH pfbfi1es were nt rerorled for Parﬁacc;g tomnAg 2
only the nltimate pH's ~nf & K& - na ”.ﬁs; respectively, are
re%orteﬁ. Table IEI T, inAdicates t'on r"rat 1 brzithe initin®

rate of pH fall. th- ripe te e~~h *h wlt ‘'ma' e r:;H ar ' thn

\Jlti"y!"“‘e r'” M R X ¢ : . Yo r The .ty : o e
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Table I11I1.2 pH reSpoase in postmortem musCIé

Carc¢ass Rate éf Initial pH “”Uifiméie;:gTiQe (h) to:
Number "' pH Fall : at’'1 hr. PH" . ::Ultimate pH
(pH units/h) I
3 — —= ~1 44§fg§' f; ——

2 e - 5.55 1g

3  0.46 6.50 -  5.50 20

4 1.33 a 6.20 5.42 16
5" - 0.36 6.40 , ;5.46 1

6 0.36 "6.36 . . 5.42. 16

;7 0.42 6.26 " 552  p.
R 0.86 . 6.02 5.67 20
9 ., 0.97 © 6.10  <5.38 »28
10 1.33 7 s5.85 «5.20 . >36

1 0.53 6.46- ~  5.12 = 16“,
12 0.23 6.18 5.46 18
13 0,42 6.74 ! 5.42 23.5
14 0.23 6.11 5.38 t.‘, . 21.5
15 0799 6.82 5.52 17
X 0.38 6.41 5.42 15

17 0. 2R 6.68 5.27 10

P AT 6.85 5.65 8
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Figure III.2. Plot of pH vs time postmortem for carcass 7
(¥»-v-v) and carcass R (= ®» &). Plot of evpressed juice (%)
vs time postmortem for carcass 7 (e-e-e) [standard deviatjon
early prerigrr ~+25%: standard deviation late prerigor and
postrigor ~*11¢ cf the mean] and carcass R (A 4-4) [standarAd
déviaéioﬁ early breffébv ~+7% of‘tﬁé meaﬁ: steﬁdard

Asviatics ate rreviager nd P e of 2 mann )
1y '



Figure 111.3. Plot of PH vs time postmortem for carcass 9
(m-m-m) . Plot of isgmet'ric _tlension vs time'postmortem for
carcass 9 (a-a-4)_. Plot of e:-(pressed juice (%) v§ time
postmortem for carcass 9 (e-e-e), Standard deviation early
prerigor =#2BY of the mean; standarA deviation late prefigor

And rostrio r +2% of the mean.
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"FigUfé’III.4.'Rlot Qf“pH‘vs time postmortem for carcass 10
(n~m-w), Plbt of isometric tension vs time postmortem for
carcass 10 (a-a-a), Pl&t of expressed jﬁice (%) vs time
postmortem for caréass 10 (e~e-e), Standard deviation early

prer&gor >+30% of the mean; standard deviatinn late preriger

and postrigor ~+&% of the mean.
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Figure 1II1.5. Plot of pH vs time po&tmortem for carcass n
(m-w-w). Plot of ‘isometric tension ¥s time postmortem for

; . , , |
carcass 11 (4-4-4), Plot of expressed juice (%) vs time

postmortem for carcass 11 (e-e-e). Standard deviation early

prerigor ~220% of the mean; <tandard deviation late prerigor

and postrigor ~$B% of the mean. :
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Figure II1.6. Plot of pH vs time postmortem for carcass 1?
'.'Z.(h.nj.‘.."):“piét "O‘f‘ igr)'met;rjc }Eehsiﬁlnn\)s time F\%éi’ﬁ"'\rfem fOf

carcass 12 (a-a =) Plot of expre=sed juire (¥) g time
postmortem for carcass 12 (e-e-e) . Standard deviaticn éarly
prerigor ~+17% of.the .mean: srandard Aeviati n 1ate puwepja-.

-

and postrigor ~+1€Y of the meon
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Prrt <f PH v& time postmorkem for carcass 13

Figure . TT7%.:

(m-m-w) Plor ~f icnmetric tension vs time postmortem for--

carcass 13 (a-4-4)_ pint ~f expressed jdice.(%)_vs t ime
postﬁdftem for carcase 13 (e-e-e), Standard deviation early

prerigor =+20Y of the mean; standard.deviation-laté prerigor

an'l gy sk cdyer s Y T v ha mpan .
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Figure TIT.R. Plot ~f pH ve time [ stmnrtem for carcass 11
(m-w~-m)  Plot of igsemetrir tenginn -« time postmortem for
carcass 14 (4-2 4) . Plot ~f expreesed juice (%) vs ti.mo
pestmorten f;‘. "hrecass 14 fe-e ) Grandzrd devistion early

Uvre i‘.1;~| ok n Mmear et tea 1o ' i |



. Figure III1 9. FPlot of pll ve time postmort%y for carcas§ 15
(w-m-®»)  Plot nf jgometric fension vs time postﬁortem for :
rarcass 18 (4 4-a). Tl ~f-expressed juice (%) vs time
pestmortem for carcass 15 (e-e-e). Standard deviation early
prerigor ~+23% of the mean; standarAd deviation late prerfgér

and ¢ 'l x4+ 16% of the magn
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Figure III.10. Plot of pH vs time postmortem for carcass 16

4('@i-53;”P13536Tﬁi§5me?r{6'tens@odwvsmtimenpastmortgm for

carcass 16 (a-a-a). Plot of expressed juice (%) vs time - -
posgmortem“for carcass 16 (e-e-e), Standard deviatior early

ara, \e

Y

%

N ; % ey B : EER . .
prerigor x+19% of the mean; standard deviatlon"late prerigor -,
and postriéor ~+11% of the mean. '
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Figur§ 1II.11J Plot of pH v%ltdhe.pdstﬁprtem for carcass 17
(-5-—§).'Piot‘of ibometric ténsion“vé'timé postmortem for
ﬁca;céss-17 (A—f-A). Plot of expreésed juice (%) vs time
- pdsfmoftéﬁ”fb; céré}ss 19 (f-i-i);gétaﬁgérd deviation early
pfefigor ~48% of the meéﬁ; standard devia;ion late prérigor

*

and postrigor =%4% of the mean.
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Figure I1I1.12. Plot of pH Vs time postmértem‘for carcass 18
(w-m-w) Plot of isometric‘tension‘vs time postmortém for
carcass 18 (a-a-a). Plot of exéressed juice (%) vs time
péstmortem for carcass 18 (e—~e-e) ., Standard deQiation eariy

prerigor =*+16% of the mean;'standard deviation late prerigor

and postrigor- ~+10% of the mean.
ooEEe ) .
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variable, rarnging from 5.85 for carcass 10, to 6.85 for
carcass 18. The pH at 1 hr would be a function of acid
prbduction'in t£e antemdrtem[natlslaﬁghter and 1 hr prerigor
.muscle. The initial rate;of pH fall varied from 0.23 pH
units/hr for carcasses 12 and 14 to 1.33 pH units/hr for
carcasses 4 and 10. The initial rate of pH fall is a measure
bf the initial glfcblyic rate. It was obtained from thé pH
data reéorded over épproximately the first 1.5 hr postmortem
periéd. The ultimate pH was a bigh of 5.67 for carcass 8 ~nd
a lo§ of 5.12 for carcass !'1. %hn time to rea~h rig-r wag an
early as B hr for carcass 18 and greater than 36 hr fo-
carcass 10, No significant correlations between the pH at !
hr and ultimate pé (r=-0,194;: 3.f.=16) or initial rate f p'’
fall and ultimate pR (r=+0.178; 4,f.-16) ware ~btaineA 1~
lack of correlatinn in the above parameters is not
Qnexpecfed, since the ultimate pH is thought to relate tn
lack of glycogen, inactivation of the glvcolytic enzymes. v
the glycogen heing insengitive to atta k (lawrie, 1979),
Thegse factrrs would not ke e'xpoc"ed to influence the initi !
pH or rate ~f initia) pv? a;c1=n= einc- the glys gen and rn
levels wil) narmally he quite hiah at thie 'ime an-' t' g~
glyTelytir arctjvity wrnld nor be inhikited T'e pit at 1 Iy
war gignificantly rorrelated with t;e time tn raearh '
PH (r= N_574; 3,f.-16) Thig gignifirant nrga i e
rorralation rdicsre that a vopi 7 pH fal) .fn a Yoew 1 'y

pretmart om0 viY 0 0 et jpoa 7 ten el by g ompa b
o oo

) ‘ A ¥
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correlation (r=0.559: d.f.§16) between the initial fate of
pH fall and tlme to the ultimate pH. This correlatzon means
that a rap1d rate of pH fall would likely result in an
extended time to reach the ultimate pH. A part of the
‘explanation for these suipfiéingAcérrelations may be due to
the continuous récording of pH. With this method, even thgh
slightest lecolytic rate could be detected. This wbulé
increase the lrngth of time-measured to reach the ultimate
pH dince other technigues wovld be insensitive to these’
slight ~hanges, Terhaps, bec;use of this method, the results
in thie gtudy 8o not totally agree with ¥han and Lentz
('°73). Tn their gtydies the pH's ~f the carcasses were
measured by ingerting an electrode d1r«nrlf\1nto the,muscle
atr Pho abattrirs. (As rigor procpoded the temperature would'
drnp and the glycolytic rate would be reduced, thus the timr
to rigor would increase cnﬁpared to this gtudy, where the
mest samples were at room temperature.) The initial pH' s of
10 rarcasces wrre hetween 7.7 ond 7 1, and another 10
rarcac eT were ;okva"n .8 and 6.9, In thnee ~arcasses
having a '~w initial rH 't wag far'nd that the lartic acid
fFormed by qly~~lyesise “ae preoduced before and or duri"a

slaughter rathe' than prstmert-m, Glygnlytic ~hirger vere

cemplate within [ hy fy & mo ~f thnge gamp]“q' To W0 oah
pert o glaughter 1l moaat the mrmj v py Change ATy ed //
postwartem rath v ttan kefer: and ay Turing elaughter vy
NV catengfe e Pt ofa T onbinead fo np ote 37 h

" ' ' o CEF



97

.

calculated 5etween the inifial pH and tﬁe time to ultimate
pH to support the cbnclugion of Khan and Lentz (1973) that a
rapié pH fall hefore and/or durina slaughter r~sults in a
‘Ehnrtened time t~ rigor or that » high inftia' pll reanlte ir
an extended time to the wnltimate p''.

| The resu’'ts nof Khan and lTent=z (1073} are rengonahle if

the extent of glycolysis is s'milar frrm carrass to ~~rcass

1)

Under these circumstances, if gly olyeis is j itiat -4 early
(before and ‘nr du’ing slayghte'), the inirial v ic 10w and
the time to reach the yltimate pH ir ghortened ‘orversel
if the initial p' ie bhigh, the time "= rea h 'he ulrimat-
will he mxtanded hefrore a comrarabl- ‘e Sl ol 41y ytd
p-ti itv hag haen ohtain~d,

In thi~ study a low 1 hr rH rarrelated “ith ~n er
time to t'e ultimnr~ pH. Theee re-ulte imply that eomre
rarcasses prssess a hinhly rotive glycrlyti= machine:
Car~asses of rhis tyre wi'l he capmrhle of g'yrnlyri-
artivity under crnAdi'icne that "oﬁl?-VP"'°' cAarcaTeern

rrsepeeing '~u Jayel 3lycr~ly i s Teiby dtonacrive (e 1V oay

lew v 81, 1w glyrnsan lavel v For "hig rpas~n " a
rim- o r a~h rhp cYeimate 10 0 0 VT ah? 7Y celyrar
~ar é:c:r‘,eg ool R e o ton'ed [P ~ ) ly | R ' Vv o f

AN Tank- (1771} gnd +lig yagnlte §jn Fh e ~v A (r ignr s -

rer LIRS I ' - 1 Ta'le TI1T.7) aqr e [ N Y Vo L
‘(.'.‘ "pr-"'v' eyt v l— ’-.”nﬁy\ -~y mean
~Ff b he ' : nt t Cer oy I EIEETS E
Yo
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of pH fall between carcasses. Fisch;r and Honikel (1978)
found that the ultimate ?H and rédte of!r%gpr,development
reflected meat varying in quélit& betweéh\£wol;xirgmes. Meat
from carcasses exhibiting a rapid pH fall and%low ultimate
pH wae similar to Qﬁgi(p;le, soft and exudative)vporkq The
other extreme was mebt from carcasses where thé EH fall was

Hedrick ('977a,b,~) ~ttribute their classification of beef

carcasge< (normal in rolor, firmness and exudaﬁiqn;,normal

P
I

in color but goft and exudat{Qﬁy prle ‘h ececler, soft and
exudaﬁgbe: »nd dar? in Qoior, firm and dry), in part, to
differences in the r;te and extent of pH fall. Clearly,
differenr-e in the initial pﬁ. rates of pH fall and ulfimare
pﬁ dhould he expected iv an examination of several
”“( ?9SPQ. Additionally, the.Measure of pH is a useful fooT
for rndﬁcarinq diffarencens in the bhis~heminal activities

V'9v'ween rarcagsees. ,
ra

-

The ~arly postrigo' perind also showad soméqdifferences
in the pH recnrded. Twe ~arcaeses ‘9 and 10) .possessed such
e¥'an~ivs ql-eo'yti activity +ha" the PH vas still A: prring
at 28 hr nAd M hy reepect’ ely, at whirch times f“é
rernrding of pH vae et~rped. Thus_  the alll fespnnse of thesge
rarcareens fAallrwing the nlvimpte pH is not kn~wn. All athe:
“ar-acca aithey evhihite ' 5 ~angtant pH or a pH that
el'ghtly in vre ced Aurips the garlyv pos*+.igor period, Trie
rope ® in v roatricey wae fiver 'epor had hy Wierbic“‘

T e ! " H1eTSY o pased Ehat Cal
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réleased from the muséle proteins (due to K* displacement of
the Ca’;) reacts wiéh,fféenorthophosphoric acid from ATP
breakdown. Théy suggested that the insoluble calcium ortho-
phosphate salt could decrease the acidity of the muscle‘and
thus raise the pH. . This appears very unlikely.

Cassens et al. (1975) suggested that the trauma of
excision of a prerigor muscle may contribute to the lowgyino
of the initiai PH. All samples measured in this study were
excised from preriger muscles and therefore a concern about
the validity of the pH measurements may be raised. The fact
that a gignificant negative r~rrelation (r- 0 §71: 4.f.~16)
was found between the initial rate of pH fall and the
initial pH should indicate that the initial pH measured w-s
primarily a result of the inharent glycolytic activity of
the rarcass. This significant correlation may be a result of
the muscle always heing rem~ved from the carcass at the sam-
point on the kill line and in the sames manner. All mys-~les
sud’enly contracte? upon ex~isicn byt were ob;ervad to rel -

a3 hecome p]i“bl" wit"in a few min'tes Altboyrah exrigimn

mav coctribivte te gapbd redycticn in the initial r'' comparn»
tr the eame n n-wriced wygmrleg. the i f ymivy i eampl’
shentld rermit + mercing ™ ml comparige: o~ pl fal' fram o
carcaag ro the naw'  1f a crompeyi-an n' PH f='1 bhetrw~~.
rarcagee " wn;v the ~n'y ivtant nf vhi- er'\)dy, a T o rn
accurat- reec vrding ~f the H cold bhe made an th Tt

"ArYi'Tpen The ~trh n-gbhndp nan ' f]|"wp-.‘ !‘7'"‘]"1'!!' te } o
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excised samples seemed more relevaﬁt to the study.
—
Isometric tgnsion |

The isometric tension data for»samples from‘ten
carcasses are included with the pH profiles in Figﬁres'III.3
to II1.12. Table II1.3 shows a considerable divergence in ’
the times required to attain maximum rigor tension (8.5 tql
22.5 hr) and the valués for maximum rigor tension (25-98
g/cm*). The initial tension ranged from 3.0 g/cm? (carcass
12) to 18 g/cm? (ca;cass 17). The;e was no significant
correlation (r-0.52; 4.f.~8) between the initial loading and
the maximum teneion. This would imply that the initial
leading did not significantly affect the maximum tensionh
generated in the muscle, The maximum tension did not -
correlate with time to maximum tension (r=0.17; d.f.=8) nor
with ultimate pH (r=0.216; d.f.~R) nor with the initial
rate of pH fall (r=0.046; d.f.=8). These results confirm the
observatien of Nuss and Wolfe (1980/8') that maximum rigqr
tensien is not related to the raté of pH derline nar the
Vvimate 'l of the muscle,

Thayre was a einificant correlaticrn (r=0.95; d.f.=8)
hetween the time tr reach the ultimate pH and the time to

reach maximum rignr tension. Thig correlation emphasizes the

{' .

jmpor’ ance of continuourly monitdring the PH fall during
rivrr development. Thie allows even a very small change in
r:!" [ W

ve rled. Without cortinurus monitering, samples

g Y v vemar VY vy b )\11 v "Qen v'@oorﬁed -~ e haVi"Q a’\



Table III.3 Isometric tension data

PRE N

101

Initial Max i mum

Time to
Carcass Tension Tension " Maximum
Number (g/cm?) (g/cm?) Tension (hr)
9 5 | 63 12.4
10 7 70 17.5
11 7.5 98 18.5
- 12 3.0 63 16.5
13 7.5 62 22.3
14 5.5 2?25 17,
15 11.5 80.5 17.5
16 9.5 82 16.0
17 18" o1 10
18 6 79 8.5
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ultimate pH at’ the times indicated. Other methods of
‘mé;suring the pH probably would have resulted in the
ultimate pH being assigned to a’ much éarlZEr time. This
.obserQatioh may mean that'as 1ong'as the pH is_falling (Gue

to glycolysis) sufficient ATP is being generated to maintain

and in some instances increase tension in the muscle strip.

Sarcomere measurements

Figure 111.13 deplcts the sarcomere lengths of ST at
various times postmortem following two dlfferent sampllng
procedures. Samples removed from the carcass shortly after
slaughter and allowed to enter rigor unrestrained (OFC)
contfaqted continuocusly, ceasing only when thg sarcomere
length was about 1.6-1.7 um. Samples removed froﬁ the
carcass at the abattoirs at various times postmortem (ONC)
and examined in the lab did not contract. Sarcomere lengths
near 2.5-2.6 um were routinely measured throughout rigér
development for these samples. This must mean that the ONC
samples were prevented from contractlng The results
reported here support thosge repOfted for M. biceps femoris
(Currie and Wolfe, 1979), Most of the muscle samples
examined in this study were OFC and would~be.expected to

exhibit the samd change~s as described abave.

Isotonic rcontraction
Figure III1.14 shows the response of three prerigor

mur le atrips from one ~arcass to three different loadings.



Figure\III.13. Plot of sarcomere length vs time postmortem
for an off-carcass sample (e-e-e) and an on-carcass sample

(m-m-w). The standard deviation of each data point is

indicated on the graph.
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Figure III.14, Plot of % isotonic contraction vs time

postmortem for muscle strips at several different loadings

]

of 5 g/cm® (e-e-e), 12.5 g/cm® (a-a-a) and 25 g/cm® (m-m-m).
Theéé ;fe data from one experiment. A plot of pH vs time
postmortem (v-v-v) is incluéed for comparison Bétween pH and
the initiation of isotoni. contractinn at the various

loading This fiqure ha= - i rely hapn publighed (©yryic

S.
b
"'\f‘ "II'\" LIRS B
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Initially the load‘placed on the strips at the time of
mounting lead to an extensxon. Thls is represented by a
“reduction in the percentage contraction. Muscle strips Whlch
bore the greater loads~extended the most 1n1t1ally and
contracted ‘the leas{ when the contraction finally occurred
Lighter loads ptoduced less extension and permitted more
-contraction. The tesultsypresented in Table III.4 show
differences in -the pcrcentage contraction. A comparison nrf
the percentage contraction for sampf?s in the 5-7 g/cm®
loadings showed values ranging from 15~35%. Thus the
}variability betveen maximum-rigor tension for differeht
caccas§es using isomctric tension measurements is supported
- by isctoﬁic data as well. Unfortunately. the carcasses
‘'examined were not the same for isotonic nnd isometric
measurements so direct comparison ~f the cesulfs car not ‘-
made., Table IIf.4-also reveals the p¥ ac which the
contracticn-uhéer different loadings was initiated. Thean
recults reveal a correlation Fetween the 10aé'nc 2nd tt-

at which coantrrction was ini'iated (r- ° "R: A f_~1K5)Y_ F

lightly lnadrd mumcle g'rire (5 7 g/rm ', the contra "' -
rommenced at » rH range nf ¢ 1 6.3;'for intermedi ta
1nadirge (10 16 g/-m*} . +rhe pH range was 5.9 f.1: and for

heavy leadji ge (22 28 g/cm’),'the pH wag 5.8, 'te perece

~ontracrtion 8 O he “reatest b tweenr t'ie ‘rage Yooy iqeng
devel)lnrwenr (in the region of PH © 8} and viag v mawicun {0
Fi a\r T T 14) . thve ota b oo é})e AR e R M A

Sy e

"v ’ il . nor e



Table I1I1.4 Isotonic contraction data .

pH at which ', L.

Loadin: Contraction Contraction
Sample (g/cm{? Initiated (%)
| 5-7 ~
1 ® 6.2 25.2
2 6.1 32 .
3 6.2 35
4 6.2 35
5 6.3 37
6 6.2 15
7 6.1 17.5
N 16 -
8 6.0 %4.5
9 6.1 21.8
10 6.1 28.5
11 6.0 1150
12 o 5.9 11.5
?2?-28
13 5.8 20
14 5.8 8.0
15 5.8 S.0
16 5.8 16.5
v 5.8 9.0
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‘prodqud, no cbntraction'occurs._The rigor bonds remain and
are c;pable of supporting th; loads tested without |
extending. - -

These 655ervatioﬁs (the delay in th; initiation of
contraction in relstion to the load placed on the muscle)
may be related to the number of c:osskridgés that exis£
during the diffefent péribds_of rig~r development. This
hypothesis'is supportéd by the far~t that tb@_ATﬁ levels are
often'grﬁé;nr than 6.3 sméles,/q (in myscles that ﬁave nn
vltimate pH of 5.35 & R5). The ATP functions as a
plasticizer, allowing extensinn of the muscle strip. As
rigor -development progresses, the ATP levels fall and the
drops. Hay et al. (1073) obﬁelrv.od that ét low pH the ra’"
ségnestering ability of the rarrnoplasmic reticulum is 1~
and t™us frée Ca’* levels ir the fibre rise (Nakamura,

19°3) ‘When the a2+ levele inrvraae, ~roeshridges herqgi:

frym Th rnombhey of ree Frridaes wonld bﬂ faw in +t"w v

rvane C € 1 6 2 "% th- 1T that ~Ald '@ 1ifre? ‘uarin-
th injtiatrion f riger ~en) e tinn wnnlAd ke mall Thy e s
pH 1§.58.8. rven thna hes inr' 1 ~37 tagted (4% - ~0- ') 0]
"o Jiftedl e’ nme no the noum e f ¢rrag ridqge~ 1° qveo
Fig re TTT 1F pre - ent= the -~ agpnlte bt ~ined foam
rraryqn " s~ la atyrijpe hat weyrem woetra'ned From o ntrp
figrmetyy 4 'l\SS’“h). At Aiffar nt ' imee pretoartem rhie
vertraint 'n the gusE'r ~trire cae relesgel Al ~f th
early prer g~ v e by Ty Verpnrs ) from congtra '

) * v
¢ " v ' . Vi o ! v )
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fEiguré IIIz1$. Plot of % contraction vs time postmortem
(e-e-@) for’ muscle frllowing the removal of the restraipt to
contract at the time prsrmortem represented by the data
points on the Qraph. A plot of pH vs time postmortem (m-m-m)
ig inc'ude” to indi-ate the time rigor was a*tained. This

Figqure Voo we e been publietad ‘Cyurrie and Wolfe,

-~
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.tﬁe contraction pecame smaller. This observation would be
expécted if‘the'availabilityrof ATP wvere the_limiting factor
contributing to contraction in late prerigor muscle.
Contraction would only continue during the period of time
ATP was being produced by the ‘muscle strip. Thus, the muscle
strips which were released in the éarly prerigor pefiod
would.have sufficient ATP and Ca®* to contract'maxémally.
The muscle strips released shoftly Befdre rigo; maxiﬁUm
would have lost most of their ATP, partly a réQUIt of
lsupporting an isométric tension during the time of muscle
restraint. The contraction of these muscle strips upon
release would be dependent upon the rate and duration of ATP

production,

Mechanical measurements

Typical responses of muscle at three different
postmortem periods are presented in Fiqures III.16-II1.18.
The early prerigor tensile response resulted in an initial
yield at about B80% ~f the final yield tension and extension
(Figure I71.16). As the muscle neared rigor, the point of
initial yield value dropped dramatically so that the yield-
perint was about 20% of the final yield tension and extension
(Fégure 111.17). When an aged sample (14 Aays) was examined
by similar methods, the initial yield was again within
80 -00% ~f the final yield tension and extension (Figure
TTY.'R). It rar be i-nferred'frc»m the reasults that different

machanjemes e Ipyrplued in the *acveijle mtrntrh resprnge gt
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Figurs III.16. Typical tensile response of a prerigor muscle
strip. Initial yield (I.Y.) ‘and final Yiéld (F.Y.) points

are indicated on.the graph.



A

Figure I1I1I.17. Tyé@%al tensile response of a near rigor

[eani

muscle strip. Initiél\yield (I.Y.) and final yield;(F.Y.)v‘

points are indigated 4n the graph.
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Figqure J71T7.18. Typical tensile response of a 14 day
posttgor muscle strip., IMitial yiel? (T.Y.) and fina’

vield FTLUY,) peintr v todicatad o0 Fhe araph,
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prerigor, rigor andﬁpost;igér posﬁmortem.peribds.

Several-muscies~(biCeps'femoris, vastus laferalis, ST)
were examined‘and;‘although the actual tension and.extension
values differed between muscle types and'carcasses, the
geQFra} profiles were ‘the same. The ééat-samples reported
here were not from tHe same carcasses as thnse examined
using NMR. In order to 8implify the results and discussion
in this section,hqnly one set of figures from the ST will h~
considered. The pH f;ll of the mnR"Tés entering rigor
correlated with diffefent features of the mechanical
ﬁeasurement profiles. Therefore, the mechanical measurementec
are plo;ted along‘with pH fall to simplify the presentétion.

The changes in the tensile rasponse of the muscle as 3¢
approached rigor are presented in Figure TIT.19. A plot of
tHe tension at initial yield vergug time nostmertem reveale-
th~t the force to initia) yiel? gr~Anallw in-reased to peal
at about ¢258" g/cm?, The " ~f the mierle at this point =¢
in the range nf & 8K 5. "% Fﬁ]]'ginn thie. a deéré"éé U
vqy\gilé streng'b nf t'e m g lac ‘ae nlgerved et i) kb
minimnm valves (ahefr G0N0 4 ~m*) vare yornrlad, e in-idan:
with rigory mav imam. Qamplnﬁ analy~ed k- oy~ 3 rigar mawirom
indirared =n~me v"ria‘i]ify in the rige nf the {nitigl yiel
With *hie gample tha tencion increamed ‘o level of f at
'00 5em” . The toensile streng'h ~f rthe muer'e at fin:’
yield (Fiqura 117 10) renq ‘réﬂ Aareatcyr frree than Y he

i dal yie'd fFrr fai) o vae The fina) velAd taneinan miypyey
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Figure TI1.19. The tensile profile [tension at initial

(e ~4%#) and finai yield (a-a-4) generated due to longitudi -
nal stratch vs ;ime/‘pﬁ’s‘tmorteml of' early postmortem beef
mus-le. The standfrd deviation of the points blotted is
*+10 15% of the m‘ban. pH (®-m» =) yg time éostmor rem is also
plotted. This figure has previcgg): wean b lichad (0 e

Y TIRN )

el
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the separation bepweeh initial and fiﬂal yield tension was
the most evident. ’ ‘

| The,extehSib}iity of the muscle (Figure 11I1.20), showed
a similar pfofile to that of thé tensile properties (Figure
I11.19). The extensibility of the muscle was gréatest when
the muscle pH was between 5.85-5.95. This corrglates with
the observat}oﬁ that the final yieid or breaking point
profile was also the highest.ét this point.'?&ter this the
mugs’!‘f&ﬁfﬁly became iesé éxtensible, with a §udden_drop in
the extension needed to exhibit initial yield. However,lthe
_exten;ion needed for the final yield did not drop.to as low
a valﬁe_as the initiai yield extension. Even some of the
‘postrigor sampleé did not lose the ability to extend once
the initial resistance to §tretch.was overcome. This °

e

supports the results of Hegarty (1972), who showed that

“»

»

mouse muscle in rigor was paftially extensible. Other
postrigor ;amples which we examined did become very
inextensible (such a sample is:préﬁgnted in Figure,III;éo).
The adhesive strengfh"of the prerigor Samples'(Figurés
‘111;21 and III.22)_¢hanged with time, but a marked consrast
between samples undergoing slow ;igor development and fast
rigor development was evident ‘when differeht carcasses were'.
coméé}ed. Both types of muscle samples showed an.increase in
their adhesive properties when the pH had dropped to the
region of 5.85-5.95 (indicated by a rise ih the te&sion
needed to exhibit both initialiand final yield). The
ad“nsiv; etrength of both samples also droéped as the pH

S,
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Figure II1I.20. Tensile extensibility profile [the extension

at initial (e-=e-e) and final yield (a-a-a) due to

longitudinal stqetéh::jm;' e pqstmortem] of early postmortem

beef muscle. The.stﬁsl?f-“ 5w1at1on of the p01nts plotted is
‘ =+15-20% of the'meén. A tfbical value from an irnextensible
postr1gor muscle strip is indicated 1n the graph (') pH vs.
time postmortem is also plotted. Thls fxgure has previously

been published (Currie and Wolfe, 1980).



Figure II1.21, Adhesive profile [ten§1on at initial yleld
(e-0-4q) and final. yleld (A A-a) generated due to stretch
pPerpendicular to the flbre axis vs tlme postmortem] of early
postmortem beef muscle undergo1ng slow pH (l -w) fall The
standard dev1at10n of the points plotted is x+25- 30% of the
mean. This figure has previously been-publlshed’(Currae-and

Wolfe, 1980). . -
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Figure 1I1I1.22. Adhesive profile [ﬁension at initial yield
(e-e-e) and final yield (a-a-a) geﬁerated'due to stretch
pé}pépdicular to the fibre axis»vs time postmortem] of early
sostmortem"beef muscle undergoina rapid pH (m-w-m) fall, The
standard deviation of the péints piottédfis‘2125—30% of thé
mean. This‘figure has previously been published~(Currie and

Wolfe, 1980). :
4



‘cont1nued to\fall but near the po1nt of rigor maximum the
response to the stretch was d1fferent The adhes1ve tension
of muscle strips from samples experlengang‘apslow pH tall
(Eiguré I11.21) remained low througjout rigor; whereas ~
Isamples undergping.rapid pH fall (Figure III1.22) showed a
neu Increase in strength, peaking at rigor. -After rigor
maximum the-tension again.dropped.tQ lower values. In d
Figures 111.23 and I1I1.24 only the extension to.initial
Yieid isfpresented. The final yield profile has a greater
magnitude but .is identical. Both figures indicate that the
adhesive extensibility of muscle undergoing slow and fast pH
fali‘rises tp a peak at rigor'maximum. Although the bimodal
' cufve is common to both sample types, it was also observed
- that 5/e extensxb111ty was greater for the samples
undergo1ng slow pH fall (compare Figures III 23 and III 24).
The results,from the 14 day postmortem samples of 'sT
are included'in Table-III'S. The initial yield ;s within
80 90% of_the f1na1 qupd ten51on and extens1on for each
sample. Carroll et al. (1978) examined the ST (10 days
- postmdrtem) during tensile stress using a video camera:
attached 5; a microscope (200x). Additiénal samplesiof the
same muscle were fixed under stress,to examine. the fibres

~ w1th a scanning elecf@on m1croscope (SEM) Their estimated

-

rate of extension (1.0-1.5 cm/mln)'GOmpares ﬁell with our
b}
2.0 cm/m1n crosshead moVement on the Instron Unlversal .

A:Testlng Machine. The SEM of the raw ST 1nd1cated an 1n1t1al

2
rupture at the muscle fibre level, goncomrtant with the

@ : ' 119
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'I'af:le IIT.5 14 day postmorfem ST d‘ata
'_ NMR T1 _Water . Final . Initial Cooking
(raw) <Content OTMS Yield Y-ield Loss pH .

1 ‘6.744': 73.8 0.1051.018h.10761203 943:154“15.4”‘p59
2 0.750 75  0.133:.027 1302¢382 1113:424 26.5 5.94
3 %.718  73.6 0.166%.018 1145317  998+270 16.2 5.71
4 0.800 74.8 0.190%.027 15352271 11423343 15.8 5.75
5 0.772  75.2 0.132:.018 1444%301 12304358 18,7 5.75
6 0.762 73.8' 0.129:.015 1136:256i'1108£372 15.7 5.64
\7 ~d.77g7 78.6 0.100:.010 1133%183  884£313 15.6 5.72
8 0.874 75.3 0.102:+.014 1219%505 11174464 14.5 5.75
9 0.815 75.4 0.1424.016 11382288 9012166 16.5 5.75
10 0.772 75.2 0.138+.013 13792403 16.2 5.71°

1113486

N




Figure I11.23.. Adhesive extensibility profile (the extension
N ét.initial yield (®-®-@) due to stretch perpendic,uiar to the
fibre axis vs time postmortem) of early postmortem beef
Wuscle undergoing slow pH (m-»-m) fall. The standard
deviation of the points plotted is =:15;20% of’ tﬂe mean.
This figure his previously béen publisded (Currie and Wolfe,

1980) .
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appearance of strand material. It was'obébrvedi using the

-

video ﬁa;era, that as the sg;ess was inrreased, the muscle
fibres completely rupgured and only tﬂe stranded material
(endrmyeivm and perimysium) remained intact. iF wés found ,
that appreoximately twice the force was necessary to rupturr
the gtrande 3¢ wae feqnireﬂ te rupture théqmuSnJe.fihros 
“nfertonately, the SEM a"d video tape photogriphé do notb
rev-al tbo ~pp~arance ~f thae e:r"nmavoé at the point\ﬁoar
the rvptnre nf the fibre, As a result, 'he pature of the
yield (hreak: or extended rarcomeres in rhﬁgfibre).can not
be agressed Tt woyld =rem rearnnnable that fupfure of fhé
firre Pefrra tensioning of the Fonnect;ve rigsué componedfc
world be ohserved as an injtial yield oﬂ the Unngrsal
Testing Machine with little ex'enci~_ Ag would be predicted
by the obheervartinng of farv~l' ¢ =7 5(‘978), a lrw inftrial
vio'A ¢ int gy half th»> fical yiald (or lower, as oBsetved

N eay gy iagco: emplec) vga ot rheer ‘ad Thig gugiesta that

‘ . . L . .
the Veoabage  f the raw mynfitvilla: rompenant at rhie agirg

trr i A vre earily and thye - AnlA wet he detented. Tt e

re b bl b v ky thig tima tha prstrerten 79ﬂrad%*i3n of
reoe UL S & Pl S SRR S A R IR Y Nt orred
oo LA IR B ¢ )

e T ot s e e FiRy coat juitie yral”
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The appearance of the stretched regions of sarcomereaen
near the time rignr bonds are bheginning to form (e.g Fi-~
111.27) indicates A-bande that have hrnsdened, which may

support the proposal that weaknesres ‘n the arti' myv-ain

interarti ne ‘fewer rroigh: idges) and weaknesmee in "=
regi n ~f t'e 'Yor o onY ey Py bag rrainne
[ T S . ' ' ' * ~ f

N RS A

The rec ' ‘ [ ¢ v I Ve Y e gy e
el yeycne |
The fiyet ie that rigns A vale mant 1psAe ba ma tor

~hanges 31 Ftha moc-1n Thie "®m memy IR R 5 ' ha

marhani al rr prrtie~ nf the 0 - = The » ~p ¢ liahle on
heprAam-a v;g; A e o rraAnAYTEY e v a8t Cmey (] crmoy bty
'
rigar bhendg, T e prepnt in) byt vhe o2 0 v T b b hy v
trymsnmit fone pgre e rvicg ot ot he wlm ! ! roe
“han~eag ' o Ao v o -~ Yheooy Wheoyr Yoo f
PR i ey b the muane e vmy b anme e
LI B ~n nw roy Voom 3 V- [ P [ - PN s ' [ -
Vs Fmnd e LI R A T O U U S . N
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C. State of Water in Muscle

WM T

Figures T771.34~I11.%6 rontain the data obtained froem

eighteen corcacses where T, is plotted versus time

restmertem (hr)  Most of the rurvee demonstrate an injitial

riee in T, to a peak frllewed by a decline. The peak T, for

a given rarrass ig near riger (agsgessenr by ieometric tengi.

developmant) kit not always raincident with it. The

temperntuyre rf 'ba mueclae -

the N''R (24°C) wyasg wlightly

highety than +1e terperature af the mrerle (22°C) in othe:

megacurement - |

Thie may have

develeprment in 'hé NMR. T"he
dierl-remw-n' ~nf the reak T,
Takle TT' A rragent~ the Py
avioeptine Af cample 'S the
ultim te ¢t IQ-\mr'Ic 15 may
~inre the 'ibr: o tiring data
Frrce tage of yad fikrag in
nther menar v “mwant m mhde in t
Frem SA Tl ¢ ramaral naynalld
“tuldice o f Ta bonge Tt ract
Frop vt e f rye Ve vl ey yn
vhen h At i ome ey inkeron
LR S R P R c one=y iy
naty i neel vy )

v 4

slight'y ~rccelrrated rigor
reault ~f thig rould be some

t~r ard gho-ter timers restmor' -

At the NMR T, reak. With +ha

pH wae lerw nnA ne~ring the

Fe eyr-rte? vt ha in engigte

[Tar'e TYT 1) ahwe a high

thae compla, "he pp r~f'leea

h* fry roavycace 185 weore
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Table I111.6 pH at peak T, compared to ultimate pH
" ~

.o

Carcass Numbe - pH at Peak ‘ Ultimate pH

1 S . 5.65
2 - - 5.55
3 5.51 : 5.50
4 5.46 . 5.42
5 5.46 5.46
6 5.64 5.42
7 5.52 5.52
8 5.68 5.67
9 5.50 - <5.38
10 5.22 . 75.20
t1 5.18 C 5.2
12 5.48 5. 46
13 5.58 §.42
14 5.50 5:38
15 .10 5.52
16 2.42 5.42
: "

e <7 £.27
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Fixure JJJ.35. NMR T, profile for carcass 7 (e-e-e), carcass

1
.

" vt ), ~arrass § (s-a-a), rcarrcass 10 (#-0-@), carcaes 11
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signific%ht negative correlation between the initial rier
T, (the difference Metween the peak T, valu~ and th~ T,
value upan ~xtrapolation ‘o zer- time:- AT ,) aa th alr
immediately f0110Q3nq the peak. Three rtegn'ta ‘ave b:-n
confirmed from the dnta plotte’ in Fiavgres 177 34 101 7
(r--0.564; d.f.=16). Tt a5 gene'al 'y rtee yed ttag §' °

was large, the sl~r- nr faima] e 7t et

rostpeak revrrefd,

Ths cartvrelat inp Ay Yol tm b the = f watenr Y
p;'nvigﬂ;v nd pegtrigory muec e - Frll-~wn- A 3§ « ongn
rarvacete a Tney«an in w ‘o mahs Vi Thor n 1T ay e

Kt

yrelate~ Fn a ];\vgr- Yy e T tAte meph il iy - | SR T FE
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The rate of pastmortem rigor dev~-lopment measured hy r¥

fall “n@e not ~crrelsate with AT,

The rmprrelation

rreffi-iant vral~ting the ‘nitia' rate ~f pH Eal] t~ AT, i€
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must be involved,
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The moisture contents of carcasses 6-18 are presented

in Table TJT.7. The rarrelation between the initial T, anA

the percent moisture was significant

Thus the position of

positive rorrelatinp

(t-0.576; A.f.=11)
th= T, profile for a given rarcase ja
determined primarily by the water content of t'e fibr-. Thr
is understandable since a higher
meisture content in the musnle would ];aa te » hiahe: frre

wa'~vy content and thns a higher measured T,.

The.iniﬁial ATP roncentration may influence tha 10t in)

T, value. This eupporition isg supported by srveral

cheervatinng, Firet,

concentration and the
- 10)

(r=--0.528: A f

v

rhe rorrelatjon between the

initrial T, s nearly significant

igitian

Ay

The nrgative giagn of the correlation

rneffircient is expected in the Jiaht ~f the repnrt by Hamm

(19AN) that ATP

hrlding capacity of the muscle proteins. Thus, when ATP

concentrations are high, the "free’ vater “ontent nf the

r

muséle . could Fe less,

ronsiderati - n

résulting in a lewer T(. A gar

j* the ejgrificant correlation hatwerc:

nA

B

reak T, and the voigturrs ~ontaent  The ra yelats n

creflicient (r-0 €80y A . 11) ‘e nesrly siqg if ' cant at

D0 pratahilivy 'eval AT thie tite the AIT ig  ery |

thee "he m-iatnre rontenk way ~ontk {bute v ve to the 1

valne than in +the Pa']y portmo: tam mupte s 1oy Nltheorgh

errk 23 TU ‘ﬂnéenr“ari ni an® b owtste of cpafiby
y v n fy 1 . i ! ' .

ie a major facter contribyting to the wnley

he

fart -



Table 1II1.7 Percent moisture and initial and peak T,

145

Carcass Number

Peak T,

% Moisture

Initial T,

6 .908 .927 79.0%.6
7 .863 .880 79.6%.1
8 .866 .904 79.5¢+.2
g .885 .920 76.8%.4
10 .770 .834 77.2+.8
11 .01 1.05 79.5+.6
12 .950 .986 78.0t.6
13 ,940 .992 79.6%.6
14 .867 .900 77.8%.5
15 .925 1.03 80.8%.9
16 .902 .964 78.8+.7
17 .842 .868 76.2¢.1
19 .850

B30

- 75.2%.5
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contributing to T, in the muscle is the moisture content.
This observation (that T, is primarily a meas re of the
muscle water cnntaent) has bren sipported from the
meacurement of T, in the ST fream 12 carcasses ‘obtained fy-n
the Department of Animal Srience) aged 7 days. The
rnrrvelation reefficient (r-=0,514: A f ~30) relating 1, »nd
moisture was highly significan'. A mensure of the ', of the
ST from '0 na}nasses (obtained from 3 serermarknt) ~jed 14
dave was «ignificant (vr-0_735: 4. f -R) Tneh et A]. (1074},
in their ~yamination ~f neaplaetic an’' nennenplngti- rigeyes=
frem mice AarAd himans, algn foaurnmd P hat 1, “alime mvn enlateAd
Airnctly to the watar content

The importance of the T, measurements in this study ‘e
not the detarmination of the initial T, aor peak T, for a
carcass. Tge major vseful function of the T, determinat  r
fs to provide a sensitive measure of tha effecte nf th

binmhemical and physiclogical ~hanmes ecrurrj q in +the

mnente Arying riger deavelorment on the mue Yo water | !
;”'9"['_11""‘3"; n ~f the ~mal r‘)‘zrvqo the 7 aln e
rreriane Aand roagtriag v way rr o ide o ' T o \
' re imm kPl ety water ent

My A~y the dovn) pmeant [a R A T TR cerrvra’ oh inngea

influenes o the wnter o1 ¥ing rw"-rpr‘"v ~nf the moerte 0
Gy gy ineg mslinp )l anenoaly The 111 falle, rea-1t'ng noa

re'trtia i the -ta qge ~n the vy rajne "va ' bhe =y !

{ T 've(';g], t 1 b Vb 1. B (v ey Vg
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salt bridges develop which tighten the interfilamental
structure of the muscle. This can accur because the \*\_;J
like-charges causing repulsion between the thick and thin
filaments have been lost. These factors (tightening of the
muscle structure and reduction in total charge) reduce the
number of sit;s available to order the water in the muscle.
A se~cnd factor that is changing is the ATP concentration.
Hamm (1960) considered two-thirds of the loss in water
helding capacity to be due to the disappearance of ATP and
one third of the prstmortem loss to he due to the fall in
P, A third factor is changes in the ion distribution in the
muscle, Arnold et al. (1956) were the first to discuss the
affects ~f ions on the properties of postmortem muscle. They
nheserved an improvement in water holding capacity and
tenderness when there wae an increase in the extractable
Ca’" ‘ong boutd to the miuecle proteine. They interpretea

their resultse as Ca?" being gradually repl’aced bv monovalent

ratirne whirh incre~aed the ~hnyge »~n thae mugrle rreteing

ard increaee’ their hydrati~n. Chanqgee in the ian R
Aistritorion have Veen ~ - firmed by many a 'thors (Asghar a3
Veates, 177R: Watrt et aj AT R] RPadawiost al 0 19R4;

o ifr and Rerwan  |0RQ)

Tn nrder tn serara'e the cantribution of earh of thesge
fart re on wa'er in th- muscle. model systems of myofibrils
were prepared in whirh earh of the factors could be varied.
Figure 711 37 3llustratres the affert of pi on T, of

FYY oy Ve e RV { oy et Moy ety o rantenta When t"he DH 1=



Figure IT1.37. Plot of NMR T, vsg PH of myofibrils at 82%

moisture (m-m -m). ROY% maigture (A-A-a) 3nd 78% mnaig)are
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léwered, the T, increases. This is to be expected since. the
reduction of the éhafée on the myofibrillar proteins would
increase the "free" water and thus increase T,. Clearly, pH
fall would contribute to AT, in the T, profiles for the
‘mﬁscle samples in Figures I1I11,34-111.36." The m01sture
content, of the muscle will influence tHé"éffect pH has on‘ -
~the "free"” water content. If the péfcéhiwwater-is high, the
pH effect is g:é?ter_dh T, than at lower water'conféﬁts;'qu
example, the slope fo? B2¥% moisture myofibrils is -0.02 sec
(T, )/pH unit compared to -0 0075 sec (T,)/pH unlt.for 78%
mo1sturo myofubr1ls. Thus differences in the moisture
content between musclp samples could affect AT, for the
"arcasses studied. Tt must not be a major factor since the
~orrelation cOeffiCieﬁthbetweeﬂ the percentage »f water and
AT, was nbhsignifi}:gn‘"r. (r=0.500; d.f.=11). . . « o0
The afféét of A%P on T, is illustrated in ﬁiéﬁ?;‘-
T.-38. When the NP vas first added tco éhe Fruffered
myoafibrile, theare was a dramatic Arop in the T, measured.
The my~fihrile in the rremarcre ~nf RATA (arhy]eﬂpglyc;]
Figl A amine ethyletler] N ' tetrvaacetic arid) and ATP
rapidly regaited T, values nehr that of the capntrol. The
my~fibrile in the precenra nf Ca’- méintai"ed A suprreceed
T, for s prplonqed period. This affect was reversed withgn s
hr of the ATP ;dditiﬂn csince the T, mna?ured then haA
regaiqed,values_near the Ca’' control with&ut ATP.
.An'n*glanafion»foé'éhe above resuylts iﬂvqlves'several

fackare. Ag the dry ATP i= added ta Fhe myofihril there is



Figure 1171 2R Frofile of WMMR T, ve incubatirn time of

myofibrils {n the precen-e cf ATP and 500 uM EGTA (=-m w) of
500 M Ca’ (»-v. o) N 1

(R

vovelue for B0 pv O ERTA without

NI A AeA gme 00 1 (1 ) ; iy . e e
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time (reflected by the EGTA/ATP curve) needed for the
contents of the NMR tube to come to equilibrium. At this
time of evuilibrium the RGTA/ATP contai~ina tube has values
near that ~f the ~~ntrol. ATP is unable to remove EGTA fro@
preitively char ged protein binding sitec, and for ﬁhis

reason ~'arnes ~n the my~fihrillrr proteins may not be

expre-d 1 the pregence nf BGTA the my2"ibrillar ATPase ’
wonl? alee ba hlactad (MrCubbin and Ray, 1980). 'Yhis would
keep the T, “aluee high. The combination of Ca’' and ATP,
reenlti=cg ir a 1aw T., may he Aue +to the ackivafihn of the
mynfihr’lf;r ATPasa, Once the Ca’ binde with *he troponin
rompler the 2PTPage would be a~tivared and more of fhe ";fv_rge‘
water”™ could he hound and the T, would Fali. A #ééand reasdn
wae propnéﬂd by Hamm (1940) when hé showved that ATP has the
ability to romplex Ca?‘ . If the ATP coul3 r9ﬁqve\the_CaF}
Aaecnciated with the charger nr ‘he preteins more charges

wn 1 he e praed al]l wing wr-e water '~ bha "k upnd" an@ lead
rn a Yewsy vnqme\-roﬂgz' S Alrar s period ~f time the TP wil)
he ¥ tal y hy 'rn'yeed nnd w 11 a Jeonmer he ~hle v~ ajther
FinA the & ~roAires Jar- the rvin wy gin ban’'s. The (a’
Phet bal hesn boand b ATR wanld ‘e frap ro‘hin‘ "o the

pret i an the viacr tende we o ld ke ‘rrev-riihly rafarmed.
Thyie w " 3 1 =R 1y " et 3T 3 th O I S N A

EETI TR » : ' ! . n ! - ] o L B cvrr ) v o)

b Tt i e Y i ing T sl ge affe b
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“

~g;oﬁp.-"Honikel et al. (i981) have examined the affect of pH
and ATP concentrétion on the water holding qapacity of beef
entering rigor an&'have suggested that the strong fall is
due to the deveiopment of riépr mortis initiated by the
depletion of ATP and ﬁot the postmortem hydrolysis of ATP
itself,

In this study it is not known whether it is the

myofibrillar ATPase or the binding of the Ca’" by ATP that

results in *he lowered T,. Nor ie it known which mechanism
L

i

is the mrre imp~rtant in -ontributing to rhesé resvlts The%
addition of ATF nlone has cnont-ibuted Yo @ drop i the T, '
about 0.020 sec. The mynfi'ril in the aleence of ETTA or
Ca'* have a T, of naarly 1 re~ 2+ -1 7.0 (the pH ~f rhie

assay). Tf *the nddi-ion f oo PYT wnme "anfﬁ;rﬁﬂ e low-y

<

the T by 0 720 &e , the ', in ae o omence of Ta C1A b
ah~ru' 0N _0ORND whieh T ok v s T T S B N AT
rube ~ontajning CA' m Y N [T B A N A (- v bt
arrenr thot bhindin  ~f ' o o Tt e
v ©nnet by led ouay

Fig 'vre TT1' 17 pro®eat e o L B borat mil e
BT nye AR~ F 4 (IR TR S A T B N S W) T b h
iambtar o n R R L N N h‘e'rfp : A 1 CHON S B SRR I
wa Br b boe O AR SRR I ¢ [ by Far 1y » by b
Ny ny ¢ ' [ Tt e ! v " ro VT 2 r !
effe tg ' pr v t e o T | ! v I
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as high as 6 are not unusual, especially if the carboxyl

groups are ad]acent to other carboxylates and 1f the

- e .
oo ~ -

- s - a o

env1ronment is somewhat hydrophoblc. The protonatlon of
these carboxyl groups may interfere with Ca?°* binding and
also that of water,,resultihg in similar T, values. The
affect of EGTA on T, is surprising but may also be explained
by an alteration of the charge on the proteins. The ionized
carboxyls of EGTA may be attracted to the charged amino
groups of the myofibrillar proteins thus interfering with
the abilffy of the mycfihrils to bind water at these sites.
The major implication of these results is that any substance
which interferes with the rharge on the myofibrillar
ﬁroheins reduces the hydration of the myofibrillar proteins
and thus increases T,. This appears most evideﬁt when the pt
is high since the addition of ione will! associate with the
charge, reduce the.wafer that can bind and increase the T,
values. These results would imply that, as the musnal~ ne

a low ultimate pH, zhe ion efferts would become lese
irpoartant in determining the T, vélwes measured,

De ~f the corclusions reached by “urvie anA Wnlfe
(19RN) ig that 'he intrnfihre water may b- an impertant
farktar invlued in enve of 'he merhanirn) properties of
mougel~ and thug rende nege . Since T, 19 a measure of 1«
water in the carcass, the relationship between T, and
tendrrnese was ageecesed. Tables TI1,8 and 117.9 present the
Aata ~btained fr m t'e analysis nf 37 carcaéseg;(nﬁt;mat pH

R R R A Y <L R I - T I R AP TSP N I J S IR I X
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Table II1.8 Data obtained for.-parameters tested for 32

LCALCASSES S, . & .. wer v 6 o n s res s me s meeee B e macs vt me e

LR T B RPN P o ol ® + Th o e 3 o 0. % e tretl Wt 2 ¢t
® e, wom i ) . .

Carcass T,/ T, . H;O0O H,;0 Juici- Tender-
- Number w Cooked Raw Cooked- 'ness ness OTMS  ©pH .

v ..912 © .6177.76.6.. 73.5 . --4.2. .- 5.0 _ .131 6:50 -
2 +952 .693 76.0 70.9 4.1 ‘5.4  .126 6.74
3 .970 ° .670 76.7 73.9 4.1 4.7 .107 6.50
4 .992 .718 -74.3  75.0 4.0 6.0 .092 6.78
5 .982 .699 76.4 71.0 4.3 5.9 111 6.78
6 . 946 .750 76.5 73.5 4.2 6.3 .116 6.85
7 .982 .676 75.8 75.0 4.6 5.6 .103 6.80 .
8 .969 .727 75.9 - 69.2 4.2 5.3 .105 6.35
9 .947 .698 76.3, 70.4.~ . 4.2 . 4.6 ..150 .6.49
10 .973 " .700 76.0 73.8 4.3 4.8 - .138 6.36
11 .902 .716. 76.2 73.9 4.4 5.1 .128  6.46
12 .889 .730. 74.6  74.4 4.1 5.2 .120 6.46
13 .914  .716 75.6 72.6 4,2 5.1 121 6.23
14 .906 .796 76.8 71.7 4.2 5.3 172 6.36
15 .839 .722 73.6 68.3 4.6 5.6 .120 6.38
16 .975 .712 7750 74.9 4.4 6.1 .108 6.58
17 .838 .626 73.6 72.3 4.7 5.3 .132 5,74
18 .903 .738 74.0 71.8 3.4 4.1 .152 “5,75 "
19 .696 .633 73.7 69.6 4.3 5.0 .138 5.76
20 .937 .682 75.7 70.3 4.1 4.8 .139 6.36
21 .866 .656 74.5 70.5 4.3 4.6. .162 5.73
22 .813 .661 75.0 66.8 4.4 4.6 .182 5.68
23 .836 .601 74.3 67.4 4.3 4.3 .189 5,74
24 .907 .718 75.3  69.2 4.1 5.2 .144 6.20
25 .832  .630 77,4 71.8 4.2 4.7 .155 6.08
26 .858 .631 76.0 69.9 3.8 4.3 .140 5.60
27 .877 - .621 76.6 170.9 4.6 4.4 ..160 5.91
28 .874 ' .657 74.5 69.8 4.7 5.1 .132 5,82
29 .866 .694 75.0 71.9 4.4 4.2 .192 6.00
30 .720 .638 73.7 63.9 4.1 4.4 .146 5.62
31 .827 .606 74.5 70.7 4.0 3.9 .187 5.67
1 RNY .607 74.9 7.9 3.8 4.7

.182 5,69

we——— e e T e o et v e e s v v v ¢ 1

tE e, LD a N,



T, T, Hgo H,;0 'JUiCi—‘ Tender-
Raw Cooked Raw Cooked ness ness OTMS pH
Raw 1.00 .547 .514 .654 -.017 +499 ~ -,585 .,795
T1 - .. . q T ) . .
“Cooked_‘,..547 1.00 .246 .366 -.098- .543 -~ -.399 .601
H,0 - tooe RO IR
'Raw .514 .246 1,00 .312 -,105 ~.153 =.132 -50Q4
Hzo ) : i ') P ' . ’
Cooked .654 .366 .312 1.00 .072 440 -.502 616
h JUiCi— . 8 . ‘. B . fots R .. :;v__-_: Kol ‘f’f‘. ‘ ) ‘
ness ~-,017 -.098 -.105 .072 1.00 .303 -.128 .126
Tender-
-+ ness _  .499 .543 .153 .440  .303 1.00 -.760 .754
OTMS -.565 -.399 -..i32 ~.502 ©.128 .760  1.00 ~.700
pH .795 .60t ,504 .616 . 126 .75¢ -.700 1.00

Table II11.9 Correlation coefficients for the parameters

-tested in, Table IIL.8 -,

| 156
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parameters‘tested’ respect1vely The T, and the water

content of beth. rav. and cooked samples, the ju1c1ness and

tenderness of all samples as assessed by a. trained.taste.

g 0.0-'

iy panel;:OTM81WarnernEra;zler‘spearfdata*and-pH wene-examlned} :

for each of the carcasses. Two of the most significant

correlations were between pH and T, raw (r=0}795:'d.f.?30)

and tendernESS‘(ré0:754r d.f.=30). These'significant ,

correlations involving pH appear to be due to the nature of

the sambles'uséd”in this portion of ‘the study. Several of

the h1gh pPH carcasses were dark cutters. Martln and Fredeen
(1974) found a significant correlation between pH and .
tenderness if stressed animals were included in the1r study.
Thelr recomméndation for a. better understanding of
pH/tenderness relat1onsh1ps is to{separate the populations. -
Under these circumstances, when- data were not pooled over

the entlre oH range, they observed no significant ,A |
correlations between pH and tenderness. This observation is
confirmed in this study. When only ten carcasses (pH<5.8)
from the 32 carcasses sampled were tested for correlations,
no significant correlations between pH and tenderness.
(YFO;3QO; d.f.=8) and T, (r=-0.113; d.f-~8) Qere'observed. -
Thus the,siqnificant_relatiOnship between T, (both raw and
cooked) and tenderness (r=ﬂ;499‘and 0.543, respectively;
d.f.=30) in Table IlIZQ is a result of the extremes in the)
type of samples examined. A comparison of the 10 carcasses
(pH<5.8) with respect to T, (both raw and cooked) and

tondevnese Aid not reveal a significant ~orrelation



‘taste panel. n

" o ' T, '.1 _d; SR H_,AA._:;,;158:

(r=-0.351 and -0 094, respectively; d.f. .=8). A surpr151ng

: result of ‘the work is seen im Table III.9 where there 1s no

correlatlon found between 3u1c1ness and T, (raw or cooked)

. or water content‘(raw-or cooked) This was. adso found when

-

Just the ten carcasses ‘were . compared. The cdrrelatzons I
between juiciness and T, raw (r=—0 329 d f —8) and T,
_cooked (£=-o.452; d.f.=8) and water content raw (r=-0.468:

‘ d.f.ea)dand"water content,cookedﬂ(r?-0.076;_d.f.=8) were not

significant. This may be due to the narrow range in the
juiciness scores (Table II1.8) assigned these samples by the

" In order to confirm these observations an additional 10
samples (aged 14 days)‘from a local supermarket were
exanined. The results obtained are included in Table 1II.9.
Both the OTMS-Warner Bratzler shear and tensile measurements
were used to assess tenderness of the samples obta1ned The
final yield was measured in the tensile test since the
initial yield is not well defined for samples of this aqing
period. As was discussed earlier, rupture of the fibre
occurs without any deflection of the recorder pen. The
initial yield ie measured at a tension that is within the
range of 80-90% of the final yield - well beyond the point
at which the fibre yields. The agreement between the two
merhods (OTMS-Warner Bratzler versus tensile measuremente)
of asseseing tenderness was significant (t;0.7587 a.f. .7
The lackrof a correlatinn Between T. and tendernes= asg

measuead hy OTHMR-Warne: Rrat=Jar (r-) €~y g AL TS |

-
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' 'ten51le final yield (r 0. 132; d.f.=8) supports the results
‘obtalned from the 10 carcasses sampled wlth a pH<5 8. The T,
- of meat ré%lects the propert1es of the water in the -whole
muscle sample and it "is probable" that th1s is the ‘reason no

ﬂ'correlatlon is found I1f tenderness is related to the amount

of water assoc1ated wlth myof1brlls (thus affectlng the1r
1nterf11amental and intermyofibrillar dlstances) the water -

6

1n~other reg1ons of the cell (1n extracellular spaces
organelles, etc.) w111 not be as 1mportant to the measure of.
tenderness. However, the water in these locations will
affect the measured Tyi. From these regults it appears that
the compar1so;'of T, values from carcass to carcass reveals
very little about dlfferences in the state of the water in

the carcasses, éxcept for perhaps a prediction of water

content.

Expressed juice

The expressed“juice is a measure of WHCL Offer and
Trinick (1983) have indicated that the amount of water
measured in WHC determihations depends npoﬁ the pressure
applied. Excessive u;essure (~4%10¢ Pa) will remove most of
the water of the meat, including much of the myofibrillar
water, At a lower pressure (~10% Pa) the water expressed
includes most of the extracellular water and part of the
intracellular water situated between myofibrils. The
Fressure exerted on the muscle in this study using the

Tentrifuagation fachnigne use 4.2¥v1'Q0° Pa. This would
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. o : S '
édﬁfriﬁufg'to an excessive p;essune;bn,thg muscle and may
' explain“wﬁy thé’fange'in WHC of the. postrigor meat from the
32 carcasses measured was ‘SO  narrow (mean 28.8+2.1%; Figures
I11.2-111.12). N _

| Cércasses 7-10 were the only ones for which expre;sed
juice data were measured beyond 30 hr postmorﬁem. Carcasses
7 and 8 showea no improvement in WHC over the foﬁi éa§
postmortem period. Carcasses 9 and 10 shoved a slight‘
improvement in WHC following the peak in the expressed juice
values. The high centrifugal bressures used in tbis study
may make it difficult to meésure any improvement in WHC with
aging. However, the reduction in the expressed juice values
éf carcasses 9 and 10 under the same experimental conditions
as carcasses.?7 and 8 implies a djfference between rcarrasses
iq their postrigor Qaﬁer_hoidfng capacities. The fac£ that
carcasses 7 and B were not as effective in réofdering tﬁe
water in the muscles and thus .improving the WHC »s é”her
carcﬁsses axamined iﬁ tﬁis study is supprrted by *he NM# ¥,
data in Figure IT7.35. Carcaséec 7 and 8 were tw- nf Anly O
carcasses wherein the ', -alnee jrcreaced ir the pes'riacr
period. An jircreace in T, revealg a g oatear mnh§1iry of t'e
water in the mnsrle. Thye R’!?m f"(f;rnrm which nonﬁg‘l]y Yoarr
a rastriction of water mability puet nrt he accurring in
fhere carcasges. Mo impreafiemant in WHY wifh prstmorrem a~t'p
bas heen obcorﬁod by many researchers (Agghar and Veatrne,
1078; Tawr'e, 197Q). Hamm (1760) sugaerte? that th na -~

M BARNE f e Ve Vo e L "he U vt q'(";v ey 1.
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proteolyt1c processes. He stated that the splitting of only
a few bonds may be all that is needed to contribute to a
considerable loosening of protein structure and an increase
in hydratioh. Lawrie (1979) indicated that changes in the
41on protein felatlonshlps (Arnold et al. 1956) there beinb
a net' increase in charge through absorptlon of K* and

release of Cat: ions; may also contribute to an increase in

’

WHC .

Altheough the centrifugal pressure used in this study
was high, it was not sufficient to remove intesmyofibrillar
and interfjlamental water from ths early Prerigor muscle.
The expressed 1u1ce values in the carcasses studléd were low
for several hours before they 1ncreased to the high values
measured near rigor. Almost all carcasses were_found to have
initial evpressedugﬁice values of 5% or less, although some
carcasses rapidly,lost their ﬁHC (carcasses 7 and B8, Figure
TIT.2), Thus the view of Offer and Trinick (1983) regarding
fhe removal of extracellular water as wgll as myofibrillar
water at high pressure, may well apply Osly to postrigor
hudete, Wate- ra;oﬂtinn in spite of the excesrjve pressurer
need in phig ctudy reaffirmg the ar1Ang water vﬂrn;)P;\'e
Provertjee of preriger muscle .

The postmartan biochémica] eunnt e assﬁvisPad with the
fall in‘pH Are related to thn Jogg c¢f WHe The ~orrelation
coefficinnt Fetween ghp tim- fc the hlfimatﬂ rH and the time
vhen the PXprrescnd juir*p i carimal ar nes ome e imn) in

I LR I N I A I S S A X1 vt tey
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The fact tpe pH fall itself contributes tb the
peféeﬁtage of é%pressed juice is ,e®ident from Figures
111.40-111.43. The figu:es dontain pH hydration curves in
which the area of the water pressed from the muscle vs the
pHiof the muscle hﬁﬁogenate is plotted. The largér thé area
of the spot, the lower the WHC of the muscie. If is seen
from all the plots that the minimum hydraiion or the lowest
WQC wés»pééweén pH 5.0;5.5. These results cpnfirm those of
Hamm (1960). As the pH falls in the postmortem muscle and
approaches 5.5, the WHC is réduced since the isoelect;ic
points of the proteins are reached. These data reinforce the
concept that charged sites are needed to retain the muscle
water. The proteins do #ot have to be negatively charged, as
they are‘abeé pH 5.0, to retain water As the pH is redu~a
below 5.0, the hydration of the muscle proteins increasec
This would be a result of the positive charge o the
prrteins increasing as the incelectric point is passed.

The pH hydration -~urv~g at di'faerent times pnstwm rtray
for a given carcarse A0 not rpo tn ehow a3 eiAqni’ican' rhi!
in their peogitine nr elaope. Tf the ‘ath A werld bavne he -
sencitive enmuqh (tamm, 19Q0), thie ay 'a '~ indjravr-A

alteratianae in the 1An relatienghip: in he ~pr-nge. 6

the matha' yre nNnr+r e*naeitjve sn ) el Fe o ntgr !
hy Yv mnb i - vy reg rae aha'\ﬂ';"”‘
Th? cy :"3] T~ ;..ion ,1 rh roy o he! Aﬁpn (AW
7
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Figure I1I11.40. Plot  f rlanimeter are
bomogenate at 90 mir ( LI K4
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Flot of planiméter»area vs pH of meat
1wl e e e 100 min (w-m-®), 195 min

porrrerrtem for carcass 8.
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Figure I11.42. Plot of planimeter area vs pH of meat
homogeﬁate at” 222 min (m-w-m) 590 min (e-e- ®) apd 740 min

(A-a-4) postmortem for carcacs ©



Figure II11.43, Plot of planimeter area vs PH of meat
homogenate at 350 min (a-4~-4), 690 min (e-e-e) and 875 min

(m-m-m) postmortem for carcass 10,

b
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cur?es for carcass 7 average about 420;'This position is
very similar for carcass 8_(Figu;e II1.41). The expressed'
juice values for these same carcasses rapidly increase
postmortem (F1gure I1I1.2). The relatlvely large areas from
the. pH hydratzon curves.and the rapid incfeaseliﬁ the
expressed juice values both demonstrate a reduced WHC 'in the
muscles of these carcasses. The results in Figu:es'111.42
and IIi.43_show a‘lower’ayerage peak;in the hydration curves
at about 390 and 320, respectivelg. The greater prerigor WHC
of these carcasses (9 and 10) is seen in Figures 1I11.3 ana
II1.4. The expressedrjuice‘of carcass 9 in Figure II1.3 is
low (about 1%) for the first 6 h. The-ekpfessed jq@ce cf
carcass 10 in Figure III.4 is even lower (about.0.5%) for an
even 1onger perlod of time. These observat1ons clearly
demonstrate that carcasses differ in thelr WHC: and that the

.development of rigor dtamatically reduces WHC.

b ‘ 4 o T ;iﬁUf
Swelling capacity

The sweliing capacities of carcasses 8 through 1§ have
been plotted at variousmcimes postmortem and are presented
in Figures I11.44-1II. 54 ~In carcasses 9 through 18 the
;rerigor swelling capacity was large and then decreased as
rigor maximuﬁ neared. There is an apparent correlation
between the maxiﬁum isometric tension and the point at which
the swelling capacity is low. The only cleaf exception to

this observation was carcass 18 where the swellihg capacity

var in the virinity of 35% when the maximum isometric



Figure III.44. Carcass 15. Plot of swelling capaéity (6-0-0)

gggvs t ime postmortemi the standard de&iation-is 7-16% (ave.
11%) of.the mean. Plgﬁ of ECS dw (m-m-m) vs time postmortem:
the standard deviation is 9-24% (ave. 15%) of the ﬁean.»Plot
of ECS app (a-4-4) vs time postmortem; the standard

deviation is 11-40%.(ave. 30%) of the mean. The symbol (V)

represents the time postmortem cf maximum isometric tension.
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represents the time postmortem cf maximum isometric tension.
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Fiqure '11.45. Carcass '0. Plot of swelling capa~ity (e » =)
vs tir’no postmertem; the srandard “.’°Vi?"'i“” ‘s 5 'S% (ave:
10%) of the mean. Flot ~f ECS dv (m-% %) 4y  +time romtmn tem
the standard devia'ion is 2-20% (sve. '0%¥) nf fhe m : - ©1.
of ECS app (4 -24-4) vs rime poc m pteme th gt: “ard
Tawigtien e B I - e ) 0 he maar T e

{ mir



Flavre 111.46. Carcass '6. Plot of swelling capacity (e-e-e)

vs time pestmortem: the s*andarg deviation is 3-25% (ave.
v )

12%) of the mean. Plot of ECS dw (m- m-mw) yg time postmortem:

tre et-nda'd devtation is T-22% (ave.
-,

of FCS apr (- o ;yf

11%) of the mean. Plot
V8 tim: ros mortem: the standard

o S "; "'
Ceviaticre e 1Y 45Y (ave 'Y) of the mean. The symbol  (v)
"t " the t° roo T rrximum disevetpje "mnsion.
g
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Figure II11.47. Carcass 13. Plot of swellina capacity (e-e-=)
vs time postmortem; the standard deviation is 2~75% (‘a‘{‘/e‘
12%) of the mean. Plot of ECS dw (m-®» ®) ve time postmertem:
the standard deVi'a'tion is 4-20% (ave. '0%) ~f the mean. Flo!
of ECS apr (a-4-a) vs time postmortem: the c:tandafd
deviation 's 17 €0% (ave. 2B%) of the mea'. The eym' ¢] (¢)

repres'ent FIOE I T [ rogtmart e ~f mnoyv "m, . PRI ) Wyt “an
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Figure T111.48. Carcass 11. Plot of sweldling capacity (e—e-e)

vs time postmortem; the standard deviation is 2-19% (ave. -
10%) of the mean. Plot of ECS dw (m-m-m) vs time postmortem;
the standard deviation is 1-20% (ave. 10%) of e mean. Plot

of ECS app (4-4-s) vs time postmortem; the standard

deviation is 1-42% (ave. 22%) of the mean. The symbol (V)
'epresentc the time postmortem of maximum isometrif tension.
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Figure 111.49. Carcass 14. Plot of swelling capacity (0-0—0)
vs time postmortem;’tﬁé-stgndard deviafion‘is 3-16% (ave. 9
%) 6f the mean. Plot of ECS dw (I---§) Vs time postmortéﬁ;
the standard deviation is 3-16% (ave. 11%) of the mean. Plot
of ECS app (a-4-4) vs time postmortem; the standara
deviation is 3 40% (ave. 14%) of tﬁe mean. The symbol (v)

represents the time postmortem of maximum isometric tension.
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Figure I11.50. qucass 12. Plot of swelllng capaczty (o~0-0)
Vs tlme postmortem; the standard dev1at10n 1s 2 20% (@ve.
12%) of the mean. Plot of ECS dw (m-m-8) vs time postmortem~
the standard deviation is 6-27% (avei.15") of the mean. Plot
of ECS app (4-4=a) vs time postmortem-'the standard
deviation is 6-42% (ave. 25%) of the mean. The symbol (¥)

represents the time postmortem of maximum isometric tension.
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Figure III.51. Carrass B. Plot of swvelling capacity (e-e =)

vs time postmortem; the standard deviatinn is 4-20% (ave.
10%) of the mean. P;ot of ECS dw (---—-; Ve time postmortem:
the standard deviation is 5 22% (ave. '1%¥) of the me" Tlo
of ECS apr (r-4-4) vs tima p--rmcrterm; the »' - e A

deviarinon e RNQ2BY fguee 11T f 0 magn



Fiqure 711.52. Carcass 9. Plot o-f swelling c":épaéity (e-0-9)
ve time postmortem; the s':andard- deviation is 4—2‘6%' (ave.
16%) of the mean. Plot of ECS dw (s-m-m) vs time postmortem;
the standard deviation js 2-12% (aOQ; R%) of the heaﬁ. Plot
of ECS arr (4-°-4A) yvs time postmortem: the standard
Jeviaricr ‘e 2 77% fave, 10%) of *he mean. The symbol (V)

e e ne pactr AP ram ot maximum isometri~ tension.

ad



176

(%) Aioeden Bujjjemg |

(8/1w) mp 32

L ZAd

a0

) 5

<
w
o=
é
13

Lt

an

vy e

sy

L T 3

15

30

A
w =]

(6001 /1w; oae

~-
-

By



4
L

S aoo (mi/100g)
3

"

e l
) .
'h........Qh....'- N ‘4
Teeerecen
445
4.04'40
135
\ .
v - ) o
3'.00_30
...... 41 .
425
. 2‘01-20‘
’ .
<415
1r0+10
. 5
R PO [ G A + T l O
n 12 18 20 - 7 e

Tim»>  Postmortem (h)



4 , £
Figure II1.53. Carcass 17. glot of Sweliing capacity (e-= .s)
.vs time postmqrte;; ﬁhe standard deviation is 1 18% (ave.
10%) of the meén. Plot of ECS dw (m-»~-m) vs time postmortem:
the standard deviation is 7—12i (ave. 9%) ;f the mean. Plot
of’EC§ app (4-4-4) vs time postmortem; the standard

' ’ 3

"deviation is 2-28% (ave. 1R%) ~f the mean. The symhr~1 (V)

represent  the time v stmnrter - v wimam jeometric tangian.,
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Figure ITI1.54. Carcass 18. Plot of swelling capacity (e-e-e)
vs time postmortem; the standard deviation is 1-18% (ave.
10%) of the mean. Plot of ECS dv (m-m-s) ys time postmortem;

the. standard deviation is 7-12% (ave. 9%) of the mean. Plot

of ECS app (4a-a) vs time postmortem; the standard -

deviation is 2-28% (ave. 18%) of the mean. Thevsymbol (v)

yrecente tha Fime prgrmartem of maximum\i;ometric tension.
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tension was attained. The correlation coefficient could not
be calculated since the time to‘;he maxihum~isometrié’
tension was often not reached until after the extracellular
spacé (ECS) measurements were stopped. The swelling capacity
was calculated from data collectea during the' ECS
determinations.‘ThéAtime to the maximum isometric tension is
indicated in the figures so that a comparison pgtveen,the
swelling'capacity and the maximum isometric tension can be
made. ‘

If at the time of the peak in 1sometr1c tension the
rigor bonds generating the tension are maxlmal the
crossbridges between the thick and thin f;laments could-bé
implicated as the factor restricting the #ﬁelling; Offer and
Trinick (1983) indicated thaﬁ the structural constraints in
‘the postrigor myofibril which‘restrict'swelling ;re the '
crossbridges between the thick and thin-filaments and the M
and Z-lines. In prerigor,muscle vhen the ATP concentrations
are high the crossbridges will be dissociatéd. The only
"constraint to swelling will be the M and Z-Iines and the
sarcolemma. This constraint will not be as 51gn1f1cant as
the_ crossbr1dges and the swelling capacity of the t1ssue
will be large. When rigor-bonds form, the crossbridges
restrict;tﬁe swelling and thg swelling capacity is'low.‘This‘
interpretation could explain the close correlation between
the peak in the isometric tension profile and tﬁe minimal "

swelling capacity in Figures ITI.44~I11.54.
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. These observations agree with the findings of Godt and
Maughan (1977). They examined whether thé swelling of the
~skinnedvmuscle fibres of the frog was due to (a) swelling of
the sarcoplasmic reticulum [SR] (observed in electron
micrographs) or (b) forces arising from the charged nature
of the myofilaments,’eifherielecttOStatic repulsion betwgen
.similarly,charséd filaments or a Donnan-osmotic mechanism.
They concluded that ‘the latter mechanisﬁ of’swelling (b) was
the major factor. They found that in the presence of 200 mM
sucrose, uhlch would shr1nk the dilated sarcoplasm1c

tet1culum, no affect.on the’ sk1nned fibre cross sect1onal

area (the metﬁ,:i :L’:&sed {o measure’ swell1ng) was found.
For thxs reason they rejected the swellxng of the SR as a
domznant factor.

The two mechanisms contr1but1ng to the swelling ,
capacity of muscle fibres which are based on the charged
nature of the myofilamehts may require some explanation. At
‘a pH greater than the isoelectric poiﬁt the myofilaments are.
negatively charged. As a result, the first mechanism may be
viewed as a mutual repuisiﬁg force arising:between the two
negativélyAcharged filaments. This separates the filaments,
‘allowing water to ehter and associate with them..The seco;d
mechanism is the Donnan-osmotic force. This force.is a
‘result of water entering the filament lattice to dilute the
excess ééﬁcentratibn of counter ions éufrounding thé.charged

filaments. If this force is great enough, the muscle will

swell. This latter postulate is interesting in thé:iight of
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the f1nd1ngs of Winger and Pope (1980 ~-81). They found the
osmotic preSSure of prer1gor muscle to be.about 200 mOs. The'
postr1gor osmotic pressure (480 ~-544 mOs) was almost tw1ce
the prerxgor osmotic pressure. They cons1dered the increase
in the osmotxc pressute \o be due to low molecular weight
.components that are t1ghtly bound to vat1ous macromolecules
in the prerigor muscle coming free in the postrigor muscle.
For this reason the Donnan-osmotic force ‘would be expected
to be the greatest postrzgor. This is not observed to affect
the swellxng capacity of the muscle s1nce it is the lowest
postrigor. There is no doubt that the constraxnt of the
crossbrxdges between the thzck and thzn leaments 1s
preventlng the swellxng although the Donnan-osmotzc forces
would be the greatest.

In most of the carcasses tested an increase in the
swell1ng capacity of the early prerxgor samples was
observed An explanation for thxs 1ncrease, 1n some
carcasses, may be an 1ncrease in the Donnan-osmotac.force
due to the release of some low molecular welght components
at this t1me (e.qg., nucleotldes, ions, glucose, ‘sugar-
phosphates and glycolytic rntermediates). This would
increase the swelling capacity since the constraint of the

crossbridges would be lacking.

Differential scanning calorimetry - (DSC)
The perceﬁtage of nonfreezable uatervisvplotted vs time

- postmortem in Figure III.55 for carcasses_e, 9, 10 and 18.



Figure I11.55, Plot of % nonfreezable wéﬁp; vs time
. . *
postmortem for carcass 8 (e-e-s), carcass 9 (a-a-4), carcass

10 (v-v-v) and cafcass,18 (m-m-u),
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AAlthough the data are very scattered it is generallyf.

. observed that the prerigor dota pointe are within the
experimentalverror of the postrigor‘aata points..These
results may seem rather surprlslng. For example, one may
expect the reductlon in pH to reduce the protein charge and
thus reduce the amount of wvater hydratxng !he protelns
(reductlon in the percentage of nonfreezable vater). But
this was not the case. These results confxrm the proposal 9£‘
Hamm‘(19745,'He‘stated that the remarkable changes in WHC of
meat caused by changes'of protein charge (pH), by»tigor
mortis, by heating, etc., cannot be due to any changes in
the hydration water, Cieerly then, in this stndy, ve are
interested in the factors affecting the freer water |
immobilized within the/microstructure of the‘muscle.

The scatter in the datum p01nts of th1s stpdy seems to
be a ‘result of d1ff1cult1es in determ1n1ng the exact water
content of the muscle strips. The water contents of the
individual strips used in the DSC study vere not determ1ned.
The moisture content value determ1ned for the carcass. was .
used to c;lculate the total amount of'water in the mu;cle
strip. Evaporatlon of the moisture from the strlp, sllght
.dlfferences in the water content of the muscle from one
reg1on to the next and errors in the we;gh1ng of the mu3cle
strip due to the small sample size could contrlbute to
errors in the calculatlon of the total water content. S .

\ Stabursv1k and Martens (1980) stud1ed the thermal

denaturat1on of prote1ns in postrlgor muscle’hslug DSC They'

A



removed the'connectiye tissue and sarcoplagmic proteins
which had previously caused inteffereﬁces in;DSC
thetm;grams. They observed that'tH‘hfirst two peaks in the
50*70°¢ fegion were due to myosin-denaturation and that
these were pH dependent. At pH 5.4 two peaks exist, b%t in
the pH range of 6.0-7.0 the two peaks merge into one single
peak, which again &plits into two separate peaks above pH
7.0. These transitions are difficult to see in the intact
muscle since the aarcoplasmic proteins also exhibit
transitions inlthe same region. The third peak, at about
77°C, is considered to be .due to actin and is not influenced
.by pH change. ’

| /fhe thermogtams obta1ned in this study dfd not reveal
tran51t10ns in-the three peaks that could be be clearly
related to pH drop. Th{s-1s likely due to the transitions

. attributed to the.sarcopla ic proteins iqterfering with the

p . ‘ N

myosi'n denaturation pdaks. N

o

Extracellular space (BCS) measurements
O

From the equations developed for ECS app. and ECS dw in’

-

~

the Materials and Mi}hods section, two different parameters

can be followed by the ECS measurements. Neither method

measures the trpe ECS, The gource of error in }he’ECS app
measurements in early prerigor fuscle is the size of the
change in the 1ntracellular space. The swelllng of the .
- tissue during its 1ncubat10n can include the 1ntracellular

1

space. Thus dlfferences in the amourrt of the intracellular

\
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water uptake between carcasses can be deteoted; Atiow4
ECS app reflects a greater uptake of water by the
intracel&glar spaces and woqid suggest that the intrafibre
water affinity is high. ECS dv is a measure of the totdﬂ!
amount of inulin entering the muscle strip after swelling.

As long as the membrene remains intact the inulin is

confined to the ECS. ECS dw under thegehoiroomstances
reflects the size of the ECS after sveliing.v _

3 The.interp;etation‘of'the ECY profile becomes very
complex 4n view of the fact there is a change in the
swelling capacities dur1ng postmortem rigor development.

When the swellxng capac1t1es are the same between sampllngs,
1nterpretatxon of the data is s1mpl1f1ed For example, if

N~ the ECS was the major sxte of swelling, the ICS would have

" to fall to maintain the same swelllng capac1ty and, as a
result " the ECS dw and ECS app would 1nchase. If the ICS
we:e the major site of the swe}l1ng and’ the swelling
capacity was the same_as the previous sample’ the teverge_of
the above situation™ ld exist and ooth“ECS.dw nd ECS abp
wouldAdecree;e. | ‘

The comglexity ot the_probleh can be illusttated-with a’
second possibility. If the sweiling of a sample increased in
comparison to a prebioos sample, the following sitoations
could result. If the swelling were confined to the ECS, the
ECS dﬁ would increaée,)bht if the ICS Eweilihngere exectly |

{‘t};he same as the previoos sample, the ECS app would remain

A ' ' : 4

\*iﬁsﬁgame. Conversely, if the swelling were confined to the #

~ VOREEELL . S
AL - - |
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N

'Ics; the ECS dw would remain the same and the ECS app would
decrease if the ECS had ;emaiﬁed thé same as the previoﬁé
sample. If both the ECS and ICS were to\swell, contributing
to an increased swelling capaéity, then the ECS dw would
increase but the ECS aép would decrease in comparison to a
previous sample., A third considerati;n is when the swelling
capacity of a sample decreases. If the ECS were the site of
reduced uptake and the change in, ICS rem&ined the same as
the previous sample, then the ECS dw would decrease but
ECS app would remain the same as the previous sample. If the
ICS were the sitg of reduced.uptake and the change in the
ECS remained the same as the previous ;:mples,'the ECS dw
would be the sape and ECS app would increq&e. A reduction ip
both the Edgiand ICS would result in the ECS dw decredsing
and EQS app increasing in compat%son to n previous sample.
fhe abovernterpretation ~nf the ECS ﬁeasuréments will
only hblé true duriﬁg the early prerigor period wheéen the
cell membrane is intact, A comparisgn of the incubation
profiles (Materials and Methods section, Fianros TI.!Brand
I17.14) of the prerigor and Eostrigor muscle shrws that onl;
the prerigor muscle is capable of excluding inulin from the:

: J
intracellular spaces. In Figure II.13 the ECS dw rose to a

constant value within 1 hr, while the ECS app remained smalljﬁ

i T

for nearly a 3 hr incubation period. However, Figupg II.14
pregents a different profile in which .both expressions of

ECS}showla rise to high values within 1‘hr./The résufts in
Figure II.13 can be exﬁlaihed by the iﬁulin pérmeaéiné'the

f ' ’



ECS within 1 hr but being exciuded from the ICS'by'a'still \%
intact membrane. In the postrxgor muscle (Flgure 11.14) the
membrane 1s no longer capable of excludlng 1nu11n and the

1ntracellular <Spaces also become permeated The loss of

v k)

membrane selectivity is also Supported by the sxze of the'
ECS dw in the late prerigor and early postrlgor perzods
Although the t1ssue does not swell as much 1n the postrlgor
period, the water content of the t1ssues is stzll in the
region of 80%. From measurements of thevnonfreezable water
in this study (DSC) and NMR (Belton ef al. 1972), the bound
water which would not partake in any water translocation j7
occurring w1th1n”the muscle is about 15-20%. If 15% of the-
water is considered to be strongly bound, then the uater
available for translocatlon is about 3.4 mL/g dry welght.
_For most carcasses, greater than 75% of the ava1lahle water
(postrigor) would have to be conf1ned to the ECS. This
figure is r1daculousl¥”p1gh and can only be explalned by
inulin uptake into.the ICS.. Therefore, the time at whlch a

U
rise to these high. values occyts probably marks a time of

“ 4
membrane fa1lure and thus 1ncreased permeab111ty to inulzn.

It should be remembered in exam;*.ng the results to'follow "
¢ ‘ ‘

that.although some of the early prerigor ECS . dw values are:
BN [ Vs 2

quite high, the water content of the muscle follouing
1ncubat1on is much hlgher and thus the percentage of the’
water in the ECS 1s reduced to more reasonable values if m
thlS increase in the water content of the pter1gor musclo

cell is considered.
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Rerauee nf the romplexities desgcribed hm;e in
interpreting the RCS dat~, the RS regults car best be
undere’ ned 'y 1n6kinq at the trends indicate- {n the plots,
rather than cemparing individual Aata pointe. Hewever, when
vﬁ; ~hange& in the sw-]llirg capﬂciti;s are very AdAifferent,
ermas undrre andAing of the akrve romplexitjac in the E('S An'a=a
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water) does "ot s7em to be dramati~ally affected by rinnor
develnpment . Thief sugg’sts that it g the fartr' s 2
immahilizsing the frear water in the muscle ‘hat are f 1 im
~encern ‘n this gtndy. The RS me~cguremontae are ceen ac
meansg ~f marsuring 'he irtrafibhre wnt-yr a'finity as w-11

the size ~f the B a'tre: in-uhatin". The opprrruenit: of
ancagging Aifferen re v oint af'bre wote fFfFictinar e

-‘.'.ql)e. apy ' e \ [P T VoY [ went oy Jo e at

" ITnterr-lation f t'es Rimchamical and Thy-iolegiral "r-

ot
.

ivw the rarcace and the State of Wategr in the Mus~le
Thie eectinn wil' be appr rthe? with = carcar- huv

rarrage J'e-neggi n of Fthe resul = o' Fgina MR ! js he

rrincipal n Fhed uveel '~ grgcee the =state nf tha “aber §o

rhe mug le. Thus th rern’ve - f "he ~ther 1ot e el

noae cre P he rabe o 'i;"y ne b NA tha o unt ey preooc g

Fhs ras-le «wi])] 'e ~nmriAe A T kha Tt ey o yet by f

LI o nfylee "YW cmr-n @B~ v Ve Yiem o ooime A o by o

Tabm o~ mes ) Saplet e i) e Arps a -~ ROV 1

P s [ D] \ 1%} Thie T Taaw n mer 4t h ~! v R

Yie ) AR Yy Nyt n i man, [hs mneryeon howi bl e

-ht I R by ! booe v ey ' Qe rrera~iony f Oy m ’
Voo i ytevr - b iy o, { ! nec Tt nre LGB B . s ’
! Coy 1 (BN rhve y e bogs = b n bk ey rt v ot
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Carcass 15 (AT,=0,105 sec) .

As mentioned earlier, this sample was purposely taken
te be high in its red fibre content. For this reason some
dis~repancies were rbserved be%ween the time to the peak T.
and pH, However, an anmiﬁétinn of the reeults rbtained on
this carcass may cuggest that the overall water propertie=
of thig carcass could be considerad independent of fibre
type. That is, the NMR T, profile for a sample with »
greater vhite fibre rontent would have had a eimilar AT,
although the time of the varirus avents of the T. profile
may have differed. The reason for this viewpoint is based on
the ECS data in Figure Y17 44 which w-re from muscle stripe
campled fF-om the center of ghe muse~le (higher white fibre
content). Althniugh 'he Jatym rointe were quite ecat‘rrad.
both the EFS 7w and RCS aryp e*eadily inc  eased, The
intrafitre wa'ey “ffinity -ae “eae - nahly hingh ivﬁfia]‘y (1
ECS app'. kot ny affi ity v Yhr water wie “te~dily lest

(v "eine FOCO Aw a3d FCS arr! Th & nkear at nn e ~rroerted

hy tlte owup ere 3 juic- Aat fry rarvraeg 15 in r3Qw = 1YY .0
et e nnal tbe aliee ‘arn ery @rnatt cvg ' o " he "nidrial
A R L T IR T TN R t' s fyyre ' ' - v "'Jh -t
‘ "l vhe cayr ageec (n svage 10y )

mrl o~ roAd TagpeTaki C107)Y an-iAdAery the wetbter in t‘d
by hase = 1 vg 0 T, th 1 bthe water arcencriated with Fhe

v~ f i Ve TP rhije im trve, thre ovt anrdintyity 1oy qe

y IFSvgre 117 2@)Y w0 A g ‘et ' he ihree



water (low ECS app and low T,), but as r

loss of intrafibre water affinity was ve
intrafibre water would he Jnet to the RC
ir~rease dramatically.

It is interesting that the. swelling

relatively high in this carrcaes. Tn fart

swelling capacity at 27 h (19.5%) of all

igor developed the
ry great. The

S and the T, would

capacity remained
it had the hjisheea’

the carcassesc

exami~ed. This may not be a totally surprisina observation

L

. Since the T, valves, although nearly con

10 hr (slope

postrigor (slope ~0.00335 sec/hr). The

stant prostpeak faor

+.000125 sec/hr), began t~ fall quite steeply

reason for the

larger slope postrigor observatien can be explained ir terms

of the interfilamental spacings.

It has been shown by many
(Qf fer »nd Trinick, 1983; Mateuba'a and Elliot, 1972:
Goldman 2t a! ., 1979: Millman and Nickel, 1980: Mjllman
et a]., 1981; M 1lman, !981) that an inrcreas~ in the
inf“Vf‘laméntal Spacincbincrnaqof the amount ~f 'ater th
~an he retfained within n mugecle. The rtenticn ig hew oo )
intovf"lam;vnta" era~'ng in thisg <r'~4.y b ~raesgsed’ 'he

Al

annwery vy et ' hy

mav 1ith the magnjtulr ~F
Aa eloge' in the (\vfyigor moreae~ i, Mzl
in tveir gtudies on skined fre macclae,
whe o Fhe 57" g-tivated teneinrn wnge men-~

('l'»v\\-q;n'v”g r~1y H T Arne 0 oA ]k

y\r“'vvv\'
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n ‘taermetrri venmg
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nh~zr oAd that
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r ﬁ,‘
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, . L
These findings indicate that, when the inter{flameﬁral'

-
a

spacing is small (such as in the Eolymer solutions whieh
sﬁrink.the fibre), tﬁe ten51on is small. When the fibre has
~swollen and the interfilamental spacing is larger thee

tens:on generated is’ greater. The potentiation of tetan1c
tension of intact muscle by hypoton1c solut1ons (Edman and
Andersson,; 1968; April and Brandt, 1973) supports the”above k
resuylts. The 1ncubat10n of a f1bre in a hypoton1c solut1on

»

would feqd to swell the fibre, increasing the : s .
interfilamental spacing. For this reason a hlghﬁasometrlc
tension in this study wjll be viewed as 1nd1ca¢1ng a large
interfilamental spacing. Conversely, a low 1$omet;1c ten51on
o .o
vould suggest a small interfilamental spacing. | o
The isometric tension generated by this carcass was the
fourth highest of all the carcasses examlned (80.5 g/cm’)
This would suggest that phe 1nterf11amental spac1ng uas ’
quite larqe and is the reason the slope in the T, v&lues
pestrigeor was so great. The factors contllbutlng E% the‘
interfilamental spacing would allow for the muscle water
lost by the fibre to more rapidly and more freely returnﬁfo'

the:fibre. The high swelling capacity postrigor (18.5%) o

indicates few constrainte to swelling. This may be due to

weaknesses in the M and Z-linee ar a r~du~ed number of

" ©
crosekr: idneae (Nffor and Trinick, 1083). TFf this is true, the
vomder of charded sites for water interaction may be greater

nnAd the myecla watar will relocate within the fibre. The ATP

Yy e Y ey e e? A ARE ot ior-y t1e v A hy ) -,”d pii/?
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not increase as observed in some other carcasses. For this

—

-reasdn/ATPiéouldlhave had no effect on the redrdering of the

water in the muscléi

The reason for the rgpid %oés of intrafibre'waten.ih
tﬁe earl; prerigor beriod may be rzlaﬁed to the loss ofEXTP
The initial ATP concentration was qu1te low (x5, 1 umole g)
and declined steadlly unt11 rlgor :;; attayped (18 hr). The
fall in ATP maywhave~contr1buted to crossbrldge formatlon as
a result of the release of Ca" from the sarcoplasm1cl
retlculum. The isometric tension was 1n1t1ated at about .
4 hr. The formatlon of the crossbridges would result in a
)reductlon in the number of ;;ter interactive 51tes as well
as the tightening of the 1nterf1lamental spac1ngs. v :;
Therefore,. the once.: h1gh 1ntr§%1bre water affln:ty would !
rapidly be lost and a large’ AT, and.increase in theHECS
measurements would result.’ | | }

The rapid increase in the intrafibre wrter affihity
postpeak (fall in T, at 7 hr) ncevrs dAaring ;hA time the
isometric tensjon ir haginting Fn rige mrre steeply, but it
is sh~rt lived..The perind hetween 9 and 19 h? shows little
change in the I.kja{ug;.‘It would appear that, aLxhougb the
interfilamental §paciﬁg is quite large, the drop inipH a"d
the nearing of.tpg ult§mate pH may reduce the repnlciup
force and ihcrease the number of ealv h}imqu tightening th-
myofibrillar srructure (Hamm,:$974), When the g '+ 1 i3

Fagin to break postrigor [after 19 hr due tn K*

incerporation (Arna'? #4 a7 19BAY Y ke 1 e



: v
interfilamental spacing centributes to?a“rapid uptake of

o ’

water. - S wg ’ : ?
It is. 1nterest1ng that nothlng about the pH fallé&tself
may have suggested that a large loss of 1ntra§1bde water
would have ensued during the flrst 7 hr pqgtmortem. The
1n1t1;1 rate of pPH fall was low (0.29 pH unlts)hr) the
1n1t1a1 pH was very h1gh (6.82 at 1 hr) and the ultimate pH
at r1gor was normal (5.52). For th1s reason PH cannot be-
used as an accurate’ predictor of changes in WHC'during the
development of rigor. The slight 1ncrease 1d pH is not :
51gn1f1cant enough on its own to improve the’WHC (Hamm
(/ 1960) and thus contribute to. the high swelllng capac1ty
measured post rigor. ¥
"i' P * §
Cavrase 10 (AT,~0.065 sec) -

i
*

The NMR T, profile initially showed a re}atdvéh} rapid o
increase in T, with time postmortem (Figure III.KS) If the
same rate of T, increase had continued unt1F the peak at
12.7 hr, the AT, would have heen ronewderably greater The
T, profile obtained for thisg carrass shows a ﬁlateau in the
rate of T, increase near 7 hr. A change in the intrafibre
water aFﬁiniry'may exblain this alteration in the T, data.
The ECS data for carcassg 10 are in Figure IIT1.45. The
initial BCS app was quite low (2.5 mL/ 100 g),Jindicating an
intermediate intrafibre water atfinity. As rigor development
Fr-greee-d, hatt RCS App and ECS Aw ghrwed 3 large: increace

e Ty G R Thlm w1l v rearaand b 1 he rp]ph{n&)v
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-5 ! ‘ . ) ’: 4. =
rapid 1ncrease in T,. A conffgued loss of ﬁntraflbre water

)

1]

aff1n1ty does net. occur as observed in carcass 15 (also

'?carcasses 4~and 7 as dlscussed in Appendlces D. and G)

~

Rather, a reduct1on in «ECS &w and ECS app occurs, 1nd1carlnq

a temporary 1ncrea5e in the 1ntrai1bre water affinity,at

about the same ‘time as a plateau in’ the T, data was

A
observed Soon the factor(s) contr1but1ng to the increased

1ntraf1bre water affxnlty are lost and the ECS 4w ‘and

ECS app increase, as does the T, data, However, the T,,

ECS dw and ECS$ app increases (Figures IiI.35 and ITI.45) are
minimal, suggestiné)a relatively high intrafibre water
aff1n1ty remains. This interpretation is SUpported by the
expressed juice data (~0.5%, prerlgor) Fn Figure 1T, 4,

which demonstrate a hiah water hnlding aparity in thie
muscle,

The initial rate of pH f~11 (1 33 wnite,/hr) ie nne nf
the most rapid rateg rerorde? (~ame as ~arcase 4) Thie ;
the decline in ATF (Figure V. 7) likely rantrik te t~ -
rqlfaSe and the early develapment Af jarm~tric toneinn
recarded in Fiqure TI1.4. The e@arly r-pid riece i the,
icsometri~ tension (~'. 5 hr) 'nAicat & t' a2t ringy b nde 4
forming, whirh woul? apridly rodne v he oottt
affipity

A1)l the injitial ~yid~nce wruuld 'sad nrg te pre'jor
carcacs having a very 1nw intrafibhre at- v alfin 1y B

an expected lowu UHW Th> initig' riaee jn the "rec

meaaEuramert - s Aq 1 P wct,.. . N o

.



196

. However, the expressed juice values (Figure II1.4) are the

. v ’ ) .
lowest of all the carcasses examined. How can these results

]
-

be explained?

The clue seems to }eét with the extraofdinary .
élycolytic actilvity associated with this c;rcaés: Although
the ATP initially declined, which 1ikelyico?tri§uted to the
early prerigor results, the ATP lgve}s did nof reach a point
at which they fell rapidlyﬁto low postrigor vélues. In fac;
the ATP concentra&ions were 0.5 umoie/g and 0.2 umole/g at
16 hr and 28 hr, respectively. It was not until day 2 that
the ATP levels were at the more normal postrigor walues
(~0.05 umole/g) and the expressed juice increased to the
expected values. In Part B it was.obéerved that the ATP
levels were maintained by an extended glyecolytic activity
{(pH etill dropping at 36 hr),

The ATP concentration maintained during the prerigor
terind apprears t- have enhanced the swelling capacity
(Figure TI1T 48) . The ATY in this car-~ass may have been able
te reducre the n'mher of Pro%gbr{aqpﬁ'leading to a greater
interfjilamental spari'g and thus an enhanced WHC. A fair)y

largqe intrrfilamental spacing may he ewpected sinece the

imomatyd s tanaion fear thie rfarrAasT was quite high (70
aoee )

The :easn w'y the igsometryic twnc€o; (Figure 777 .4) wnsg
Jret when 'he ATT concantration wae en high is not
Aef ‘it 1y kan vn. F v m st ~arcasses thre igAametric Panéiou

[ [ ] [ TYPY s cvermpy by I AU EETLY N I P Ay
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on for this observation was discussed in Part B,

was proposed that the myofibrillar ATPase was

inhibited for some.reason.

The
-0.00062
true in v

The most

’

reasonffbr the reduced T, slope postpeak (slope

sec/hr) is not entirely clear. This is especially
jew of the fairly large interfilaheﬁtal spacipg.

likely reason for this observation is the formation

of salt bridges due to extensive glycolysis (>36 hr) and the

loss of r
myofibril

the numbe

. 3
epulsive forces near the isoelectric point of the

-

lar proteins. Perhaps once glycolysi ceased and

. T .
r of =alt.bridges was redured bf the uptake of K’

th“”- fall in T, wou'lf‘i have hran epven mnre V"’T‘;a than carrase
.

fﬁe rapid pH fall and the low ultimato rH (-7,2)
rernrded frnr thig ~"arcaes emphrs5i7e the faect that piHl alane
A~eg nnt i ‘taelf ma plair the r-ason for a muerle
prre-s=i ‘g ~ ~ertain WHC It m y ha e be-n exrert~d with Hh-
ve y 1~ pH Fhat Fhe WHT wm 1A almn have heen low (Rruton
et x] ., 1271 '"e re~~rded pil dneae " r-ovide 3 simp]g :V\r"'!'}
€ e 3 v vy R P Y T T T X
"ar - mr V& (AT,-0 0RO gpr)

The N''Rn T, Aa'a (Fignr- 11T YY) fro ey ~ame 1f ran b
Af A rapi? initial incrveaess i T o ema') rliateany ' 2oy
4 hy and *hen cn ineran e agn) Fo o pea' ot 11 Wy
prer N Re "he ~~m peal pr iR v»-r;:-:lcz a rapid an’ rhan -~

it Tl T

™~ Ay [N r !



I1I. 46 is 2. 5 mL/100 g. Thls value is similar to carcass 10
and represents in th1s study an 1ntermed1ate intrafibre
water affinity. The initial ECS data are qu1te scattered in
the early prerlgor perlod I't appears from the NMR T,

response that, f the ECS were more accurately determlned a

peak w ave more clearly been detected at thls time. A

Tl

rapid fease in the ECS data would: have represented a

<
rapid loss of the intrafibre water affinity and thus the
initially rapid increase in T,. InAthe region of 4 h

'
postmortem the plateau in the NMR T, data is agcompanied by
a fall in ECS app and ECS dw. It is at 5 hr that the
smallest ECS app v%lue was measured, indicating an iﬁcrease
in the intrafibre-watér affinity. It is’abbut this time that
the plar;:L in the T, data is about to give way to a more
rapid increase in the T, values. The ECS data also increa;es
from this p&int. Thus the T, and ECS data are supportive in
predicting that the intrafihre watgxkaffinity is quite low.
The ~xpressed jnice results (Figure ITY.10) also support a
lose in +the intrafibre water affinitv, contributing to a low
WHC, The expressed juice values were id;tiéily Aquite high
(~3%) 3nd were geer to riae qn‘té tAPiAly after akhout 4 hr
roetmortem,

The ATF Aata (Figure V., '19) obtained from this ~arcass
infer that ATT concentration alone is incapable of
maintaining a high WHC and a high intrafibre water affinity
The raagon foy thie ~ancl gien je the sarpriringly high aTr
cortentrarions chich o veve meinkeiaed in fhie S maam fear

~

/!
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4

period of 7 hr. Within this same period (particularly from
g hrmpostmorteﬁ on) the intrafibre water affinity was
rapidly being lost (ECS data, T; and wﬁc). The isometric
ténsioq’data in Fiqure T11.10 reveal crossbridge formation
within 4 hr postmortem. It is possible that the early

’ ' v ’
for}ation of thencrossbriﬂgeg contributed to the loss of thn
intrafibre vater éffinity similar to that suggested f~r
carcass 15. These results vodla imply that the
interfilamental crossbridges and the inability of ATP to
dissociate or alter the configuration of the crosshridges
may be the major factor contributing to the loss of WHC. Tn
carcass 10 the AT# levels enhanced water retention, T?e
variability in the vésponse of the muscles to ATP is-ohe of
the most s‘urprising results observed in this study. However
fhese‘variations may lend supprort to the finding of Tzumi
et al. (1981). In the present etudy the view has been ;a;=
that Ca;' release is necercary in prcrmertem meerle helnr
~vrngsbr idge formatjor ran oc-vr Howeuver, ‘'hie telon » f
Ca’’ te altrr the Tn omflew iz nn' alwvaye erameary for
crossbridge frrmation te ngev- . Tt hag h en chsarved thn
crosshridge farma'jor gnd the initi-ti~n ~f jgometric
tension “an ~ccur in the ahecep~e ' Ca’' Jf the NTP le - !

are 1~v_ Tk Je thi- type -~ f ciqgar tangion” rhat' T eupy

ct Al (19R 1) war: ew mining Thig aprroach ~an pr o jde an

. . . 1 . R

Tl apmwe bt Vo nh(‘n' Fhe nat awre Cf t'\a Y1vnv g"\"\r“ﬁw Y Yot !’ 0~
A

te AYT o mantratinan Fireaet'- Y+t war Ysepoved tnt e

' AT r"‘nvvu;n‘vaf'-
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caontraction from the relaxedﬂSIate and for inéhcing
dlssoc1at10n Of the rigor complex is decreased w1th
decreasxng pH. Secondly,,the c¢ritical ATP concentratzon
effect1ng rigor contraction or dlssoc1at1ng rigor complexeS'
is related ‘to a threshold level in the amount of rlgor

N ,
oomplexes formed 1n the fibres. If the number of rigor |
complexeés rises above this threshold level, the fibres
suddenly and completely gb into rigor and rigor contraction
may ensue. However, if the number of rigor complexes falls
below the threshold valve, the fibre will remain in a
relaxed state, Thirdly, after a relaxation has been induced
(hy increasing the ATP concentration), after a figo:
contraction has first been initiated, the crossbrldges thatv
remain undissociated will enhance the 1sometr1c rigor
c“rrtraction when the ATP levels are reduc+4, hut the
cr3tical ATP ~oncentration has now risen,

Brend oan the above resvlte, "zumi ot z7. (1981) stated
a most i'tere~ting point relative *n this sfndy: "This
suggeste that the configquratinn of the riger complex may be

variakle with ATP, and ATP roncentration is one of the#

°

factore i+ Aetermining the ~enfiguration of the rigor

complex”. Thie okservation may "elp to explain some of the'xﬂgg
v=a7inl~i1i'y e h ve ahsarver in th- reeponse of diffe.rent )
TArTCcaTees b NIP concentratien Tf the "rwnfiguration of the
riger cemplaw ia Aifforan' ¢ vﬁay ale affert the

intrafihre wote: Affini: - oY T; apAd w "

L I R Y L



A_i‘lfhough‘ the isometric tension d=ta suggest a high
N

interfilamental spacing {(max. tension 82 g/em? at 16 hr)
' the swelling capacity did not respond % the same manner =
c?rEass 10 (an increase in the swelling capacity in !'he
presence of ATP)w(rprhabs the numhey of ~rosebridgre wae
; grgétef”§n éﬁis carcase (16), due ¢+ thr inability of ATP ' -~
t:—?:iéidly d§99’\'biafe the croeebridges and thus regtrict th~
gwelling, ~r ;erhapn the etrvctural prorertire f tha M -
Z-lines wer= Aifferent in thie car-aese. Rath nf thoge
factors may qpn$'ibute"to 3_§ighar exrresse? jnino value
measyred i thi- rarcass (io;er WHI) ., ffayr an' "‘"igk
(1983) Qbéerﬁed ~ensidetable varia ien ha wean rv'rnra;i~|r
in'tbe sﬁelling of myofibrils -= a voanly of end treatme
They ohéﬁrv"d varjation in the “ppe-ran-e rf 'he 7 )ine

(whether i+t wnyl?d swell or h“f) and vrrigtion in thae o

ronrentral jon at which 'he A band was °x*ra¢'ed/ They

3

I B ~ -
sugnented “hat swelling ie partly 'uve te rh  Aierypt’an

;
v

ety ~'nura'! Ff-vaty 2 inr ey gych A tHe n'ta h,,'; Cranabs i tan
the M an! " Jireec an! pa‘rhn[” “theye ae ¢ vk v r
the @ {8 n Artarioan VTetuearn oy (3 her T YAy prrpraract i g
Phe cppearapnca ~f 4l e cyafih il "pn oaw 11'ng » A 1 ph»
salt conecentrarione at - hichk the 7 band 'q 27 fn to! t
certainly t\'hav'-‘ fuet be rariation ‘o the antaee oo o
ﬂrogchvidges Aand rhae M and Z Vline~ (1w spe arcaee e the
nevt . Thus ingr\"iei'cn ieg 1N b may ma Tyt e e ) ey

mat he enxpec b+’ whio! me o Moy o e T, . Sy

* vhe ' , , Ay - '
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variation may aiso affect.the response 6§4the myofibril to
the ATP concentration. ATP may enhance the intrafibre water
affinity din some car~asses but not other§. For example, the
rapid ATP production of carcass 10 (high glycolytic rate)
vas utilized in some way (perhaps the dissgciatfon of |
crrosebridges) in the early prerigof muscle to maintain a
high WHC. Th~ glycolvtin rate of this carcass (16) was also
quite rnpid, but the ATP wae nat utilized to maintain a high
WHC. Tn fact the ATP ern-antration remained ‘high '(/abé’ut 7
Lmnléjq> For. R hr. After B hr a more rapid rate of isometric
tension development wae oheerved which may have geeﬂ
p}omnrpa Py these high ATP lJevels. T may be possible that
this ntilization of ATP contributed to a higher isometric
tensicn than that predicted by the 1nterf11amenta1 spac1ng
alana. Tomi e’ al. (1981) observed that higher A;%'

ey "n;rationg ronld increace the tengion developed.

The elope nf the T, data postpeak rﬂv“als two aspects.

The el-pe frem 1mmoﬁ1ately postreak to the 901nt of r1gor at
16 br f=leope - 0.071714 saec,hr) ig qreater than the Slﬂr94
hayond 'f hr (elnpe N,NNOT769 eer.hr). Thig geeme *+6
crggast thot factsre ~ontributing to the jnetesge i thr
intyafirre wnter are m're favorakKlae guring the time the
ryoafibrilleay AMFPnrae ‘s Aactive Fh-np wgen it cences. During

the f

the ATPase arti - ity, parf of ~~vtraction cycle consists
ef dietenirtion of the cro~cbrilger whan the myosin—-ATP

v ie f »med Teg'n o 1V ie ¢ a0 e bl watep € inity

g . . Ces : . oy
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"

until isometric tension ceased (riéor) woﬁld be greater than
the postrigor period. In the postrigor period the
crossbridges are permanently formed in the absence of the
ATPase and the intrafibre water uprtake would hre redured 28
would the slope nf the T. values. The low ATF rrn~ =« e
(postrigor) implies that ATP played no role jo 1

intvafithre wnter uvwptake in thie nrcage

'arengg '3 (AT ,=0_ 052 ceac)

The initial RCS data (Figire J1T.47) indjca'e a fairly
hiqh_inrrafibre water affinity (lov ECS app, 2.F m' /100 g)
which increases initially (RCS »pp fallsg), This ir mirrore?
hy the T, data (Figvre 171.36), where the ‘nitial readinge
were quite rcongtant At approximately 5§ hr the cwellinn
raparity fell rapidly. The FCS Aw remained rel-tively
~onstant thranghsut thig time, but the ECS app rn"e. Thisg
indicates a reduction in the gwelling rapa~ity ~f the ICS
nnly ~nA vay he interpreted ak a reu-tinn in the ingyr-~fite.
water affinity T'ie ie mirrnpAd Yy a yige i+ the ' .
Fnllrwing "his an ijncy age in 'he intr fihrn wator affinit:
(reApm' i ;ﬁ FCS ape) asemire  105s ia 10f] cte? ho pl-tea

in the T, profile ar € acd R hr, Af'ep v'i; pas i 7 0o

increaasd elrwly, wit' a nmparahls rige in T,
Tha TQ,-‘\I\»Q.;: nota T he ~ael)ing ""‘F‘*"‘"'V Aur i"'J Fhe
e L fFr "y r hy- [N trr Yy '

. 'nllowed by 2 rap’d rie~ ig a
- .r“i,' B T e \ Nl o Adaty (Fique v i) 1 vide

"“'f‘i'\g LARTU SN BRTRS
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observations. The ATP concentration fell until it was about

0.78'umole/g at 12 hr. This was gquickly followed by a rapid
rise in ATP to reach a concentration of 1.3 umole/qg near

13 hr. The ATP then fell to reach about 0.2 umole/g at 16 hr
anA then rose again to 0.65 umo]e/g at 28 hr.__

PDuring the first 12 hr the general trend ;as ;
reduction in the intrafibre water affinity. The f, profile
wvas observed to rise and then peak at this time ({5 hr, when
the swellina rapacity and ATP concentration were low).
Tmmediately after the ATP wae produced, the T, values
dropped éuite quickly until 17 hr. During the period from
approximately 7 hr to 17 h_r'th° isometxic tensioh
development (Figure TTT.;) was increasing quite rapidly,

{
indicating a high myofibrillasr ATPace activity. Thus the
reduction in T, (12 hr 17 hr, slope -~ .00572 sec/hr,
showing RQ increé;e in intrafibre water affinity) was
associated with a higﬁ ATFase acfiéity. The sudden
produectiqn of ATP d'Ad n-t jncreace the rare of.isémetric
ten~inn deve1hp‘n;pnf bt 1' did contrihute ro an 1nc~r°ase in
the ewe]11nn rapsﬂwty and intrafibrre watey affinity. Perhnape
the ATF wae bighly effective in direociating the
“veecbridtas Retweoen 17 and 23 hy the isémorric tension
incroaeed glightly (59 q ep?® to 1.5 g/cm’). Dn}ing this
eam- prarjod the pH va¢ f-11ing angd p;odufing ATP. In fact
the ATF lavaele race even thaugh icometric tension was heing

aenecrntod, These te "ulte veveal a redvced mvofibrillar

Murdrn 107 vame par iad bhe T e o vas pot falling



205

as rapidly (slope = -.00276 sec/hr), suggesting a reduced
intrafibre water affinity. The observations may be due to
the ATP (at the lower concentrations) taking longer to
diffuse to the binding sites on myosin. As a result, the
period of time during which the myosin-ATP complex is férmed
is reduced. This may contribute to an increase in the
overall number of crossbridges as compared to the situation
when the ATPase éctivity is high. This may reduce the
interfilamental spacing and thus the intrafibre water
affinity is reduced.

The postrigor T, data were not coilected in this
carcass since rigor maximum was not reached until about
24 hr, at which time the collection of data was stopped.
Therefore, it is not known Qhat the postrigor T, slope war

The isometric tension was quite high (62,5 g/cm’),
which would suggest a fairly high 5ﬂt9rfi1am;nral spacing

which may also ewxplain in part the r~latively rapid

reduction in T.,. The expressed juize valvres in this amrrans
altbouvg' gquite high in't'ally (~7%), Ai' ~r+v increaae
r:\pi vy, 1 :'; oy oy e . o e V- TR TR IR SR TN IS )o bbb

LIty

.

arcnge 11 LAY =0 D40 gar)

The T, data in Fign e ITT 3F r=s It in » plor having
krimodal »pperranan, with - - oo S R The  m)ope
vt war e s ghesy
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The initial ECS app values (figure'III;48) are quite
high in this carcass, revealing a low initial 1ntraf1bre
water affinity. ThlS would have resulted in an 1n1t1al T,
that would be slightly higher. This observation may be part
of the explanation as to why the AT, was not as great in
this carcass. If the inital T, was high, even though 51m11ar
water retentive Properties between carcasses ‘would exist at
the peak, the AT, val?es would be smaller. The reduction in
ECS app after 3 hr is related to the reduction in the T,
‘during the same time period. These observations support an
increase in the intrafibre water affinity at this time.

The increase in the swelling capacity and ECS dv and a
fairly constant ECS app after 4 hr reflect a decrease in the
intrafibre water affinity, leading to the rise in T,. These
results reveal a generally low initial intrafibre water
affinity. The expressed juice is also quite high in this
cAarcass, supportinaq the above conclusions,

The reduction in the Ty data when the intrafipre water
Affinity increases at 3 hr is the most pronounced of all the
carrasdes eyamined. The reason for this may be indicated in
the isometric tension profile (Figqure III.S?. The tension
did not begin to increase until 7 hr po§tmortém.JThi§’
suggests the rcrosshridges did not Sggin forming until that
time. Thus facterg (perhaps an increase in osmotig pressure)
that contribute to an increase in the intrafibre water
affinity, often seen during thisg early prerigor period, may

have been enhanced "y the absence of rigor honds. The
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initial ATP concentfation QasQrelatively loq hnd constant
for the first 5 hr (=5.3 umole/g). Perhaps thke lower ATP
levels were due to the maintenance of a high7§§fﬁTP%se
maintaining Ca?* levels within the'SR and thus%?geventing'
rigor bond formation. ?vﬁ;h
Another reason for the absence of rigor bondg'maytbe
the following: The tension generated for this carcass was
very high (98 g/cm?), which would 1ea:§one to predict‘é

&
large interfilamental spacing. It is oposed that the

<9

absence of tension development early prerfgof may also o
indiéate a lérge interfilamental distance. The conditions
just after 4 hr (pH below 5.9, ATP falling) seem to be ideal
from the interpretation of isotonic contraction and )
mechanical measurement data (discussed earlier in Part B)

for crossbridges to be forming. But, as described above, no
evidence of rigor bonds was detected until 7 hr, when the
isometric tension development begins. Is it possible that at
lower Ca?’* le§els (such as maﬁ exist near pH 5.9) the
inhibitory action of the Tn éomplex.is only partially
removed? For muscleé yhere.the thick and thin filaments have
a close proximity perhaps crossbridges may be able tr form
when the Ca®* concentration is low, but in carcasses with =
large interfilamental spacing crossbridges could not form.

In support of this concept, Maughan and Godt (1981)

suggested that, if the interfilamental spacings are very

small, crossbridges may form even in a relaxing solution,

Rut in mnecles whera the filament spacing is large (perhaps
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this carcass) tne Ca?* ievels would have to become mueh
higher before the inhibitory actionlof the Tn complex is
totally renoved and'rtgor bonds are formed. These lenels"
would not have been reached until 7 h:.postmortemfzwhen
isometric tension was generated. The rapid reduction in the
T+ values postpeak (slope = -0.00663 sec/hr) may be due to
the water having initially been }ost'by the fibre rapidly
coming back from the ECS‘to £ill the large interfi;amentalA
spaces as the concentration of the small molecules within

the fibre increased. ‘ 3

Carcass 14 (AT1-0.038 sec)

The T, profile for this carcass (Figure 111.36)
consisted of an 1ncrease in T, to peak at 10 hr, a sl1ght
decrease and then a rise in T, postrigor. The ECS app data .
(Figure 111.49) show an initially high intrafibre water
affinity. This is rapidly losgt until about 5 -hr after which
the intrafibre water affinity increases, as supported by
both a drop in ECS app and T, for a short while, and then
the f. increases to peak at 10 h. The ECS data suggest this
1ncrease in T, was due to a decrease in the 1ntraf1bre water
aff1n1tx s1nce the ECS app also rose. The expressed 3u1ce
rose quite quickly in thlS carcass, reachlng a constant

KR

valye w1tg1n 12 hr even though r1gor 'was not atta&ned‘ ‘as o

e I e %

judged by lsometrlc ten51on unt1l 17 hr. This loss of
w & R i ey SR A R (B

expressed ju1ce and the rlse 1n T, parallei the fall 1n ATP e

’e

a(Flgure“Vw15). The ATP concentration was 0.1 umole/g by

¢

L~ ) -

e !

. ~ram. .
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12 hr and by 15 hr was 0;05 umole/q, remaining at that level
until 17.5 hr when the ATP measurements were ;ompleted. The
: s

27 hr ATP concentration was 0.15 umole/g. The slight
increase in ATP may have been due to glycolysis continuing
after the isometric tension peak at 17 hr. The pH continued
to fall until almost 23 hr, but fhe ATP pfoducéé may not
havé been utilized. ' U

The decrease jn the T, after 12 hr (slope = 30.60169
sec/hr) and the inérease in T, after the isometric tension
ceased (=17 hr; slope =.+.00116 sec/hr) may be interpreted
as a greater intrafibre water affinity during isometg}c
tension than when ATP levels are increasing slightly. The
‘faét“fhat ATP qéy-not in itgelf always contribute to an
'ehhanced intrafibre water.affinity'may be emphasized through
an examination of the data obtained in thé m@del systems. In
Figure I11I.38 data are presented~whefé ATP was added to
myofibrils in the presence of EGTA and Ca®‘'. The T; of the
EGTA/ATP tube: rapidly igEreased to a slightly reéucedubut
fairly constant value (T,~1.005) compared to the contfol
tube (T,=1.028). Certainly the ATP concentration in the
EGTA/ATP tube would have beean h;?h for a considerable
portion of the first 60 min of T, measurements, but thig 43R
not lower the T,, as seen by a similar T, value after 5 hr
(T1=1.007). In the Ca/ATP tube the T, was Very~mﬁch reduced
(constanp T, vaiﬁ% at ébouf 0.978). Tt appears*fﬁag once the
hyoiibri@lét‘ATPa§é is activated by Ca®* the T, will drop.

Thus the decrease in T, after !'2 hr occurred when fhe
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r 4
isometric tension was being‘Eenerated and the myofibrillar
ATPase.would have Eeen active. When this aetivity eeased,
even though ATP was being synthesized, the high intrafibre
water effinity was lost and the T, increased. : -
The loss of intrafibre water (rising T,) after 17 hr is
not surprising when the maximﬁm isometric tepsion data are
e#amined. The maximbm isometric tension was only 24.5 g/cm?,
ﬁh@ch would equate with a very small interfilamentel

spacing. ’

Carcass 12 (AT,=0.037 sec)

The T, data'(FEQure I11.35) collected for this carcass
showed an initially rapid rise, a plateau at 2-4 hr and then
a varied'rate of T, rise (rapid then slow) to a peak at
9 hr. The ﬁostpeak‘T, data consist of a reduced slope until
16 hr (slope = -0.00107 sec/hr) ‘and then a sliéhtiy‘more
vrapid decline (slope = -0.00182 sec/hr). A

The intrafibre water affihity is initially high (low -
ECS app; Fiqure 111.50) but is lost qu1te rapidly (ECS app
increases). The reduction in the ECS data at =3-4 hr (data
are quite scattered) reveals an increase in intrafibre water
affinity, which is theﬁ lost (rising ECS app). Therefore,
the ECS data agree with the T, profile obtained.

The 1sometr1c tension profile (Fiqure III. 6) shows
rlgor bond formation- at about 4 hr, at which t1me the T,
profile was observed to rise. The maximum 1sometr1c tens1on

I
was obtained at 16.5 hr. Thus the reduced rate of T, decline -
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(9 hr to 16 hr;  slope = -0.00107 sec/hr) was dufing the ;ime
of rapid isometric tension devglopment (an aéti&é\
myofibrillar ATPase) . This result is different from thét -
B : .

observed with carcass 13 and 16. The ATP profile shows an
enhanced level of ATP (Figure V.11) during this same period,
but it did not seem to be utilized to enhance crbsébridge
dissociation. It is about 2.1 umole/g near 10 hr but
increases to about 3.8 uiole/g near 12 hr and then falls to
0.05 umole/q at 15 hr. The ATP level in carcass’13 also
increased but it was after the ATP had dropped much lower
(0.78 umole/g). Under these conditions the swelling capgcity
increased as the ATP concentration increased. In this
carcass (12) the increase in ATP did not improve the =
swﬁllgng capacity nor increase the slope of the T; profile:
It would seem that in this carcass (12) the rise in ATP
levels in the prerigor muscle could not enhance the swelling
capacity, illustrating the carcass to carcass variation in
response to ATP levels. The glycolytic a;tiviry (pH fall
continued until 1% hr postmortem) following the ~essatinn of
isometric tenginn produced a small amount of ATL (0.18%
umole/q at+ 28 hr). This increase in ATP concentration
postrigor is similar to that of ~arrase 14, where the T,
afrna1]yAin¢reased prstriger.

A logical qguestion is: "Why is the T, slobo ;n£;HC°”
postrigor in this mus~le while eimilar rircd&#tandes
contributed t~ a rise in the T, data for ~arcnss 14?7 The

anewar may hn tvn fol@ . Firatly, al'b ogh rhe ATP lavele
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increased to the same values, the muscles may differ in
their response to ATP. Secondly, and the most likely, ére
differences in the dimensions of-the lattice. The isometric:
tension generated is far'greaterfinefhis carcass compared to
carcass 14 (24.5 g/cm’) Those results suggest that the
'1nterf1lamental dlstances for carcass 12 are greater than
those of carcass 14. As a- result the water more easily
.enters.the 1nterf11amental spaces and the T, falls.

The initial expressed juice (Figure II1.6) vas
relatively high (~4%) in this carcass and rose quicily‘when
the isometric tensionurate’increased at 9 hr. The loss of
WHC under high pressure where the isometric ten51on rapldly
develops is common in almost all the carcasses examined.
However, the T, response in this carcass is actually

declining.

1ts support the concept that the T, is
measuring factors affecting the weakly immobilized water in

the carcass, whereas WHC measurements, especially at highi

Pressure, are notk,

Carrags 8 (AT ,~0.035 sgec) '/é\\

-~

e

Carcass 8 wgs the only animal in this study for which

the muscle was snft and exudative. Isometric tensién data
were not obtained for this carcass, but the unique
s o

properties of this carcass in thisg study warrant placing it

. . L \
n this section, > K

This animal was viewed as stress-siusceptible, as

evidenced hy preslaughter hyperventilation and an extremely
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‘rapid postmortem pH fall (Figure II1I.2). These qbsefvations
were supported by rapid drop in ATP (Figure v.3; 0.05
umcle/g at 425 hr). ﬂ

‘F?During the postmortem period the ECS app (Figure
III;i;>‘wés immediately high (17 mL/100 g at 1 hr; 32 mL/ 100
g at¥2 hr) and continﬁed to rise'ﬁo peak at 36 mL/'00 g at
7.5 hr., This was followed by » period in which the ECS app
fell to 16 mL/100 g at 12 hr, but then rose to 39 mL/100 q
at 30 hr. The ECS data may be interpreted as an immedinte
loss of membrane fgnctionality. whi~h may later regain e/ mes
partial functienality, only to lose it ag;in ng rigor

>

developed. The lnse ~f membrane fnnctiOHaiiry may lend
support to the concept of a geheralived memtrane Jdefect
being associated with stress-susceptihla animale (Ragarah
et al., ‘1'.980; King et al., 1976).

Although the pH A4id not fall very much after 7.5 hr,
the ultimate pH (5.68) was reached hy 20 hr p-etmnrrtem. This
cont ‘nning gly nlytie aérivit-y roentributed te an incriase n
ATF., At 7.7 hr the A'P 'mv'c'hratim\ “ag 0,08 rmele/q Byt
by © hr it had vigen to 0.'C prnla g A'rhangGh the T, n'oe
rnee quite rapidly (Figure 111 8) Auri g the prerigor
prri~d, they hegan t~ fall wvhe the "T0 levels inrrenced at
© hr . The slnope ghowaed vorving ratee nf aacliﬁe until 24 hr,
when the T, walues aga;n Fegan ta rise With 1t rhe
is metric tension prefile it is AIfFScy'r to inverpratr rhe
T, Aata with resrert to ‘nter'jilavental ar ~inga. The

RTINS IR A e mev R A X ! fv‘cv‘n‘\-vc» [ N FEN
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‘intrafibre watr affinity, but the loss of membrane :
impermeability to inulin makes the interpretatioh d{ffic;lt.»:
Farcass 9 (AT,~0.035 sec) , ;

The ECS data (Flgure ITI.52) show .an initial increace
in ECS app and RCS dw which leads to a rise in the T,
rrofile (Figure II{.BS). In the region of 4-7 hr the T,
plateaus and at the same time FCS app falls_fé soge of tﬁe
lowest ECS app (- 4.5 mL/100 g) values detérmined. Thﬁé.tbe.
intrafihre water affinity can be viewed as particularly
h{qh. However, the T, values do not fall\(compare'with
~arcass 11) since Ysometric tension develbpment had begun by
2.5 Tr postmortem (Fiqure III. 3) After 7 hr the T, values
rle to peak at 13 hr postmortem. The ECS data are also
ri§ing rapidly dnring this period. confirming a loss in the
ir'rafibre water affinity.

The mavimum isometric tersicn (62,5 g/cm®) was reacheq-'
at 17.% hr, but the pH ~ontinvad to fall. The rate of pH H
fal'! actually increased after 13 hr and, a< a result, the
ATP levels quickly rane (in the ahgenca of the myecfibrillar
ATPase) t~ he grratar thanp 0.9 umole/q at 15 hr. The
comhinatinn rf a Tnrqe iqterfilamental space and high ATP
levels contributes to a rapid incremse in the {nkra¥ibr;
watecr (fall in 7.+ elapa = -0 _.0076R8 sec/hr). Perhaps the ATP

Thr T Al have Airo-ciated e~me of the rigor bonds.
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Carcass 17 (AT,=0.031 sec) <&// ' y

Altﬁodththe initial ECS app (Figure II1.53) is very

high, the intrafibre wéter affinity increased or at leant

°

remained the same between 1.5'3 hr postmortem. Both the RS
datawand the T, data (Figure I11.36) revealeé a strapqe
pattern of change in {ntrafibre water affinity. %he
intrafibre water affinity woul? be rapidly lost and regairn

or remain constant, this cycle heing repeated, The inf'ia’
o

rapid rise in T, near 4 hr wa& avidently dne *o the
hY

formation of creossbridges sin~e 'he jispometric tensinn

3 ,
(Figure I1T1.11) was initiated at rhat time Frehlems with
the NMR unit interrurted the cllartion of Aatn “etween O

and 11 hr, Tt ie not wne'n if the reduction in T. obhserwved

a ) ,

"here is actval or du~ t~ th- resadjustment of the ‘regrer v
of the NMR. (Re~ause ~f t¢ appar -t ~imilar‘ities in °

concentratinng, je m-trj tengirs | pH avAd T, prefilen

betwean carcasses 7 'nAd ‘A mnay rige , t'e follev’n
efection on carrrc- 10 e . Vot e
gimilar yaety -« )

Cavrage 18 (AYv'O 07&l§9")

.’l

-~ ——

The RCS dat o (Figure I17 54)Y fnr thie ~ar ace chrw -
Jittle rhange in th intrafibre wn'er affinity with time
postmortem. Tn fac' the ipitial T, valiie (Figure 117 _3¢)
Aeclined until rthe cregehridgre fr mation at 3 br ~avged a
sharp rica 'n the "., T'¢ ~v-n’' cwellgna, sap? E;y TR

T T FE T 3 e
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divesgence in ECS dw and ECS‘app'with swelling may be
interpreted as a neariy uniform increase in ﬁdth thengS dw
and ECS app. This would be efﬁected if little change in

. intrafibre water affinit} were occurriné; The loss of
intrafibre water ;ffinity between B and 10 hr followed by an
increase in the intrafibre water affinity at 12 hr, as.
in4§~d by the ECS data, was not observed in the T, data.

The ieometric tension peaks (79 g/cﬁ’; Figure I111.12)
ne=r R.5 h and-a second peak at 12 hr (65;§/cm’) corresﬁbnd
to an ATQ ~onrentration ofwé.4 umole/g at B.5 hr and 0.35
umole /g at 12 hr. However, the ATP concentration (Figure
V.22) at 27 hr was 0.05 umn]e/é. Thes; observations suggest
ATP levelrs were falling vhen isometric tension was not begng
generated The source of ATP utilization in the absence’ of
isometric tension is not known. The ultimate bH at 8 hr
confirme the presence ~f rig~r vear 8 hr but, except for the
‘enwetbryrie fﬂéginn peak at 17 by,  nn ~lear qburce ~nf ATP

3 Vigation ige evident .

The pH profile is surpricing and unique (Fiéhfél' oo

TUI 1?) The mnst intereasting nepect nf these data may be
related +n the T, data. The T, values remained nearly
conerant hetweaen RB.5 and 16 hr During the perjod between 8

and '¢ h postmortem pH rapidly rose from an ultimate pH of

56K £0.5,77 and then slévly increased-at- a uniform rate.
. . . : ) T

Thus 3 correlation Betwenn pH rise and a constant T, seems

v e r

Yooert 0 Ao edvplanaticon feor thic *Mser3arwﬁn 18 nok “known..
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The high isometric tension would denote a large
v f

interfilamental §pacing;LThis would contribute to the répidv
reduction in the T, data After 16 hr., The T‘.slope gradually
increased with-time pdstmortem. The rate may actually be
increasing with a fall in ATP concentration. Little change,
in rﬁe T, profile befween 11 and 17 hr may reflact the
tigh%eniné of the myofibrillar structure due to salt bridge
fovma*%on. When the s»lt* bridoes are removed, the rednétion
in T, associate” with =~ 1~ ge iﬁterfilamenfa1 spracing may be

Avite rapin.

“tatistical Correlations

From the above disénsgion nf narrasses 9 to 18 it would
he expected thatbénme of the measurements would reveal
signifi~ant rorrelation coerfficients relevant to this study.
Several of the correlation coefficients that are related to
the interpretation of the T, data are preséntad in Table
IT1.10. The jnfdrmatidn presented bas' been obtained from th-
more ékﬁensi;e table of Pearson's Eq?rplargmﬁ roéff4éieﬁfs
frvmA in Appendix H (Tahle V.2).

“ne of the measurements Géeﬁ Fo irrerpret the plot cof
T, e time prstm~rtem hag heen RCT app The riee and fal' in
the rrerigor RCS app pr~file, fry mony of the rmar-asses li=e
heen interpreted as an Jnitial lnee nf intrafikhre wateo-
followed by = regaining of thie water. The cignificant

correlatiens between the time tn the T, plate=n and the time

b the indtial RCS apr penb (v 7451, p=.020% . the rime to
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Table III.10 Pearson's'cdrrqlation coefficients of selected

variables from carcasses 9-18

1T Vigies 30 hours.

0 052‘ : .P S

0.045

r P
. e _
Time to T, plateau and time to
initial ECS app peak 0.7451 0.020
initial ECS app postpeak minimum 0.6721 0.038
ECS app of 15 mL/100 g 0.6641 (.029
AT1 and
initial expressed juice (%) 0.6639 0.029
moisture content 0.6793 0.025
time to ECS app .of 15 mL/100 g 0.7320 0.014
time to 10% expressed juice 0.6061 0.046
time to 20% swelling capac1ty 0.6810 0.025
postrigor expressed juice (%) 0.8067 0.005
First postpeak T, slope and . _
prepeak isometric slope - -0.6566 0.031
time to maximum isometric tension. ~0.6075 0.046
Second postpeak T,.slope and E . .
maximum isometric tension -0.7687  0.009
time of isometric tension initiation ~-0.6220 - 0.041
Tnitial Ty and _ _
first postpeak T, slope -0.7042 0.016
second postpeak T, slope -0.6198 0.042
Feak T, and .
first postpeak T, slope , --0.6288 0.039.
second postpeak T, Slope . *0 5892“
Maximum isometri¢ ténsioh and" °T
initial ECS app e 0 8650 0;002“
initial ECS app pcstpeak m1n1mnm~ ¢ O« 6729« 0.038
ITnitial expressed- juice .and - :
postrigor swelling capacity 0. 6101
Time to 5 pmole'ATP/g and
pestrigor- swelling capacity ~0.6744 0.026
Time to 1 umole ATP/g and
time to ECS app of 15 mL/100 g 0.7138 0.027
Fr=*yigor ATF concentration and
time to peak T, 0.6478 0.033
time to T, plateau 0.7542 0.011
time to initial ECS app peak 0.6511 0.045
time to initial ECS app postpeak minimum ~0,7480 0.019
prepeak 190metr1c tension slope’ ~0.7744 ~0.008
o g —— - m i ¢ et o g e @ '..:{., ....l;.’;.._i'_... A ...:.’,,.......‘:L,..:z.:a.v'-m...‘.:__,:"..,.. .
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the Qqﬁ app minimum after the ECS app peak (r=.6721, p=.038f
and the time to an ECS app value of 15 mL/100 g (r=.6641,
p=.029) all supbort the view thet T, is‘refle6£ing the
changing intrafibre water affinity of the muscle as it
enters rigor. Thue the T, and ECS measurements are a measure
of a similar muscle pfoperty.

The difference between the initial T, and the peak T,
is termed AT,. The significant correlations presented in
Table III.10 indicate that AT, is large if the initial
expressed juice is high (iow water holding capacity:

.6639, p-O 29) or the moisture content is high (r—.6793
. p=.025). The AT, is also large if the time to the ECS app
value of 15 mL/100 g (r= 7320, p=.014), time to 10%
. expressea 3u1ce~(r- 6061 p§;0465~and the time for the
swelllng capac1ty tg’reach 20% swelllng capac1ty (r— 6810,

p=. 025) are. long A musrle Wlth a large postr1gor expressed

. Juice_value, would also correlate wlth,a large AT, ( =.8067,

p=;005). It is interesting that'the above factors that weres
showing signifirant correlations with AT, are alsoc
measurements of water properties. For this reason the
correlations do not indicate a cause for the size cof tha AT,
hut are a response to a similar causative facter.
Several of the &arcasdes stiidied had, for the same
caf¢aes, different postpeak T, slopes. The first pnstpehk T,
slope showed a sighifiCaﬁt correlation with the p;epeah
isometric <lope (r~ .6566, p~0.031). This means that a

greater negative T, slope wonld correlate with 3 rapid
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isometric tension deveIOpmént. This cdrrelation.hodld'
support the view discussed earlier_in‘tﬁis thesis that the
ordering of the water (reduction of T,) was enhanced during
isometric tension development (a rapid ATPaSé).‘Thé initial
postpeak T, slope and the time to the ‘maximum isomgfric
tension were also significantly correlatedr(rz-.6075,

.046). Thus a greater negative Tr'siope (an increasé in:
the rate of ordering thé muscle water) cbrrelatéd with a
more lengthy rigor development.

The second postpeak slope, uéually postrigor, showed a
significant correlation with the remaihing two isometric
.tension related measurements made. Here the seéond posfpéak.
T, slope showed a significant correlation with both the
maximum isometric tension (g/cm?; r=-.,7687, pé.009) and the
time of the isometric tension initiation (rs—;6220, p=.041).
A large isometric tension has been interpreted as indicating
a large interfilamental space. The above significant
correlation (r=-.7687, p=.009) would suggest that a large
interfilamental spacing (high maximum isometric tension)
would enhance the reordering of the water in the postfigor
muscle (second T, slope was generally postrigor) as revealed
by a large negative T, slope. It was also suégestéd in the
current study that a delayed isometric tension initiation
may be due to a large. 1nterf11amental Space. The 51gn1f1cant
correlat1on between the second T, slope and the time of A
isometric tension initiation (r=-.6220, p=.041) supports

this proposal. Thus both of the T, postpeak slopes show
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. significant correlations with different aspects of the
isometric’ tension profile. Compon factors assoeiated with
both the inifialkand second postpeak T, élopes were the

~

, initial and peak T, values. Thus the correlationéhbetween

~
3

initial T, values and the initial and second postpeak-siopes
were (r=-.7042, p=.016) and (r=-.6198, p=.042),
reépéctively. Thesé correlations suggest that a high initial
or peak T,,wp&ld'corresppnd to abrapid féll'in the T, values
measured postpeak. It appears that‘the*greéter the content
- of f}ee water in prerigbr muscle, the gfeéter the rate of
reorderlng in the postrlgor muscle. The m01sture content of
the muscle did ngt show a 51gn1f1cant correlatlon w1th
postpeak T, slopes as one may expect from the above
correlation. |
The ECS app and T, data are considered to reﬁeal
changes in the intrafibre water affinity. However, a
puzzling correlation has been found bétweén the méximﬁm
isometric tension and initial ECS app (r=.8650, p=.0b2) and
“the initial postpeak ECS app minimum (r=.6729, p¥.038).
These significant correlations i@plf that a large isometric
tension relates to a high ECS app. Hoﬁéver hlgh ECS app has

been 1nterpreted as 1nd1cat1ng 2 low 1ntraf1bre water

$ R

affinity. On the other’ hand;.a high 1sometr1c tensioﬁ is-
consldered tb equate thh a: large 1nterf11amental space

'2ﬂ whlth conttlbutes to an enhanced rate of POStpeak T"’:”

reductxon (brdef1ng Of "the MUSCI® WEELEr). « ' ~omeo e vree |

) . A L [P Cpean .
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It would Seem loglcal that a. large 1nterfllamental

_l;:“ space would lead to a’ f1bre hav1ng a h1gh lntrafxbre water
| aff1n1ty. Thus a low ECS app may be expected to correlate
| wlth a large 1sometr1c ten51on. The opp051te is found. Anq

explanatlon for the: above seem1ng d1screpancy may be the

followzng. The ECS app measunément xs~dnly relrable when the““

- e vt a

membrane of the muscle flbre 1s funct1onal (excludes

ey

FRN

"1nu11n) At the t1me of mak1mum 1sometr1c tensx‘ fthéf

ev1dence exists that the membrane is no longer ;xcludlng

inulin and thus a comparison of the 1ntraf1bre water . o
aff1n1ty,'at that point in time, on the basis of ECS app

_ data can not be made. It does force one to'conclude-that the
intrafibre water aff*inity is not consistent throughout'
rigor development. It is 1nterest1ng that a high T, (hlgh
free water content, perhaps as a result of a low 1ntraf1bre
water aff1n1ty) correlates with more rapid postpeak T,
slopes (see above). This 1s in agreement with the
observation that a high ECS app (low intrafibre water
aff1n1ty) shows a significant correlatlon with maximum
isometric tension (large 1nterf11amenta1 spaCe) An

add1tlonal relat1onsh1p supportlng the above correlatlons is
P D

the 51gn1f1cant correlatlon betveen the 1n1t1al expressed

ve.

*‘vjuxce and the postr1gor swelllng capac1ty (r=.6101 p= 045)

Jhxs.posrtive correlatlon 1nd1cates that a hlgh 1n1t1al

f?zexpressed Juice (low WHC) prer1gor correlates w1th a h1gh

pos§r1gor swell1ng capac1ty Hamm (1974) 1nd1cated that meat

T e wlth a,hlgh swelllng capacity'also has good water retentlve

. M R P .

P . “ LI R T T e er - e e
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propertles. Thus all these correlat1ons seem to. suggest that
"a low water holdlng capac1ty prer1gbr relates to 1mproved '
..water retent1onvpropert1es postrigor. L
| In the discneeion‘of the.rndimidual carcasses it»has’
been found that the response to ATP levels in the muscle is

variable;‘For sdme carcaSSES ATP would appear to enhance the

RN
L SR TR

water hold1ng propertles of the meat but agaln 1n~others the
ATP had o’ affect Th1s var1ab111ty in response has meant
that very few 51gn1f1cant correlatlons between ATP and otherbr
‘factors have been found. | | |
One of the significant correlations”is'between the time

postmortem to 5 umole ATP/q of muscle and the postrigor
swelling capac1ty (r=— 6744, p=.026). This negative
correlation’suggestS'that the‘mere rapidly the ATP
_cqncentration“is depleted preridor, the greater is the
swelling capaeiti;poatrigor. It may'be that this loss of ATP 4
is related to the reduced water holding c¢apacity prerigor,
which in tdrn could be associated with an improved vater
holding dapacjty.postrigor. The nature of the relationship,
honever' is unclear. |

. Another s1gn1f1cant correlat1on involv1ng ATP is the
tlme pdsthbrtem to 1 umole/g ATP and the time to an ECS app
of ‘15 mL/100 g. - (r= 7138 _p=. 027) The longer it takes to
-reach-1 umole. ATP/g, the longer 1t takes for the ECS app to -

’*-~risef Ot 15 mn/rooug: Perhaps thls 1nd1cates that ATP is

needed to malntaln thE funttlonalrty of the cell membrane 50 -

L

that 1nu11n can be excluded from the membrane.
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" The only measurement of ATP that had any relatlon to Ty
Y was the postrxgor ATP concentratlon. Postrlgor ATP
'concentrat1on showed a 51gn1f1cant ‘correlation between the
time to peak T, (r=: 6748, p=.033) and ‘the time to the T,

‘xuplateau (r= 7542 p= 011). This pos1t1ve correlatlon_.

;1nd1cates that if the t1me to these T, po1nts 1svlong the

. ATP. concentratloh postrlgor is hlgh In agreement wlth thls
correlatlon 'the postrigor ATP concentrat:on and the tlme to
'the 1n1t1a1 ECS app peak (r=. 6511, p= 045) and the time to
the ECS app postpeak minimum (r=. 7480, p=. 019) also showed
<51gn1f1cant correlatlons, Slnce both T, and 'ECS app are
viewed as measurlng a similar muscle property, the fact that”
both of these parameters are s1gn1£1cantly correlated is not
surprls1ng; The only other significant correlatlon involving °

o - -

ATP was the correlatlon between the postrxgor ATP f
concentration and the prepeak 1sometr1c tens1on slope :
(r=-.7744, p=.008). This negative: correlatlon 1nd1cates ‘that
‘a h1gh postrigor ATP concentration relates to a low prepeak
isometric slope. A reason for the low prepeak 1sometr1c
slope may be a reduced ATPase activity. For this reason the
. glycolytic activity of the carcass may lead to a production
zof ATP 'without it being fully utillzed by the contractile
.mechanism of the.muscle and thus the postrigor ATP levels

will be high.



Conclus1on a,; IR
The- major contr1but1on of th1s study ‘had’ “beeh the

deVe;opment,of several techn1ques which may prov1de a fresh. .
approach" to the study of muscle water. '
s

The NMR T1 determlnatlon of water 1n muscle 1s not a

B

‘new’ techn1que, but the measurement of T, during the course

carcasses 15 a new

he Tr profile-generated in

of r1gor development on several

dgfapplicationgdf.the technique ./
this approach has revealed a very sensitive method of
;meaSuring\bhangeé'in the intrafibre water. A reduction .in T,
has been*interpreted as an immobilization of the muscle
watet.:A major factor leading to the’immebilization of'the
muscle water is the association of the water with the
myofibrils within the mustcle fibre. The amount.of water
Jassoc1ated with the myofibrlls ‘is prlmarlly“a result of the |
-1nterf11amenta1 spac1ng between the thlck and th1n

, .
fllaments, ThlS water cannot be viewed as "bound” water, but

may, as Offer and Trinick (1983) stated, be water maintained
by capillarity and be similar to "bulk" water. This perhaps
explains why the changes in T,, although detectable, are
small. A comparison of expressed juice measurements and T,
‘demonatrates that.the:#l-measurement ishseneitive'to this
ffree" water. TneJWﬁC measufgments show the water in the
posttiéo;:muscle is not fifmiy‘heldJ¢sjnce the expressed
juice values are high. Houever, the T, values may actually
be falling when the expressed juice values are rising or

v

remaining constant. Clearly the T, is measuring a reordering’
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' observations of Winger and Pope (1980-81), this is likely

of thls weakly 1mmob1l1zed water. v

ve _g,rk‘?*

An explanat1on for the general shape of the Ty proflle
may include the follow1ng In1t1ally the T, rises rap1dly,
likely due to the hyperosmotlc env1ronment of: the o %
-extracellular space. Shortly after thls 1n1t1a1 ru-;e,»-f‘.'*“'"5
cond1txons within the cell are’ altered such that the

N

1ntraf1bre water affinity increases. In view of the

due to an increase in the concentration.of_the small '
moleculesvwithin the cell. Thls increase in intrafibre water
affinity is short lived since.nuperous crossbridges are.
formed during the rapid. development of isometric tension,
_which tighten thé interfilamental .spacing, and water is" lost'
from the cell. Another factor contr1but1ng to an 1ncreasé in
ST may be"an’ 1ncrease in. the number of salt. brzdges. Hamm ’
. (1974)" suggested that -as the pH drOps and the 1soe1ectr1c o
points of the myoflbrlllar proteins are reached the
repulsive forces decrease and the number of salt brldges
increases, Salt bridges between the fixed anlons in the cell
(B~ and y- carboxyl groups) and the flxed cat10n1c groups

(e-amino, quanldyl and imadazole groups) can occur, .

tlghtenlng the muscle structure and forc1ng water into the

extracellular space. ' S

As the small molecule concentration increases and the

. effect of an increased number of crossbridges equilibrates,'

a pedk in ‘the T, profile is obtained. The isometric tension

may or may not be compléte at the time of this peak. In
= ‘

ooy
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) faét it has generally been observed 1n this study that the
Intraflbre _water. afflnlty is enhanced postpeak if the
1some;r1c tens1on was still being generated, Since the
myofibrillar ‘ATPase: is active during this period.of. -
»iSometfic tension[ it was suggested that a greater
'intrafibre affinity exists when the ATP#se is active than

{
when it is absent. During ATPase activity more of the

-

7
crossbridges are dissociated.when the myosin-ATP complex is

formed than when the isometric tension is not generated,
This may. increase the interfilamental spacing and enhance
. ~-the intrafibre water affinity. - .. . ... =

Y X . v e .

In all but three carcasses the T, continued to fall
during the pOstriqor period. It is difficult to envisage
tHi's 1ncrease in 1nEraf1bre water affinity to be due fo a
reduct1on ;ﬁ.the number of crossbrldges. Thp increase in the
ATP concentratlon of some carcasses after the 1sometrlc
ten51on peaked might b« consldered to redufe ghe number of
crossbr*dges. However, the presenc~ or abeence of ATP seemar
to have little bearing on the size of the slope prstrigor.
Réther than ATP influencing the size of the slnpe postyringey,
it is more likely a result of the size nf the
interfilamental spacing and a reduction in the number of
salt bridges which increases the intrafibre water atfinity,
Ling and Pet?rson (1977) examined cell swelling in hiqh
‘conCehtrakiQns of KC1. Normally. cells in a hypertonis

environment shrink, However, in the preserce of high KC)

concentratinre cells rwell. Fraviaumly thim hnad heen Fhepnlo



228

Ato be due to 'a high permeability of the cell membrane to @
KCl. But Ling and Walton (1976) showed that swell1ng in
concentrated KCl was 1nd1fferent to the presence of an
1ntact cell membrane. Ling and Peterson (1977) concluded
that for the fixed an;ons in the cells (B~ and y carboxyl
groups) K* is preferred to Na*,. For th1s reason, althouqh
high Na*® cencentrations will cause the cell to shrink, K*
wvill cause the cell to swell since the salt bridges will be
disrupted by K*. Perhaps the breakage of the salt brldges

(formed, dur1ng rlgor development) by K’rlncreases ‘the’

‘1ntraf1bre wvater affinity. It may be possible that there are o

fewer salt bhridges in carcasses where the 1nterf11amental
spacing is large and for each salt bridge dlsrupted the
1nrraf1bre water affinity 1s enhanced to a’ greater degree
than for carcasses where the 1nterf1lamental spac1ng is
small. The early observatlons of Arngld et al. (1956),
wherein the WHC improved with an increase in the extractable
Ca’’ . may »lso ccﬂtrihuﬁp to the fall in T,. It may be that
fa’’" conld bridge twe carhoxyls, tightening the myofibrillar
ftru ture. "he Aieplacement of " by a monovalent ion,
curh as K' ., would open up the strumture and increase the
intrafibhre water affinity.

The sensitivity of the T, heasurement to intrafibre
water affinity should be invaluable .in further studies of
muscle water. A measyre of the changes in T, of the muscle
will p'oxjdﬁ a history of changes in the muscle water that

“hew13 help in the interpretation ~f postrigoer water hnlding
B - \ ] -
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properties.- |

A second technique that has been developed in this
study is the ECS measurement. This is a unigue approach: to
the measure of the intrafibre wéter affinity. Although the
T, profile reflects changes in the intré{ibre water
affinity, ;t'doés not allow the researcher to élassify the
eafly prerigbr muscles as having a high, intermediate or low
intrafibre water affinity.'The'ECS_measurement does provide
a means to achieve this clasgification. The importance of
»this'measurement in establishing the initial intrafibre
water affinity is supported by the results ohtained for
careass 6 (Appendi; F). Although the AT. was very small, th-
ECS data revealed » very lcw intrafibre water affinity ‘r
the early prerianr musrle. Infortunately, the tech jique -
only applicable 'o the early nrerigor muscle ®ince Vv e
membran- becnrmes perm~abl~ tr the ipnul i’n “war rignr . '

resultes nhtained frm 'he etroered anim~1 ‘carrage R’

confirm the crnecrrt ~f mamhrae failure in the an ly
pOQFmoTtQ"' pprioﬂ nf atraccaAd nimrale. 'he return f rhe P °
values t more renvenn-}tla ~n « ag ring: - rr gregae ivr iee
that the mamhrana may aq-in f notiona'ity afier rhe  o0r
failure. Jt romaine ' Fr aoe w' gther 'he Jnr pnrae ! !
°n

"O""'Gﬂ"'atif"'\, a'tar 'va;;;]'v ver Sy 0 ]r"t' ray LIPS t

1
~f the 'oqa"y‘ Kol ot om |}: nt e ) oy pee ! vy y' s o F ,

’Y'easuvnllrul' ‘, ' ' - . . ) e
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For the majbrity of the carcasses, the ECS app rose gnd
‘then fell in the early prerigdf.muscleﬂ This has'beén
interpreted as a loss of intrafibre water'ajfinity_yhich
gave way to an increase in intrafibre waté:‘gffinity. Thi's
observation is_supbortéd by a comparable'rLSQ'and then a
platééu'inythe T, profile before rising again. Hefffon and
Hegarty (1974) were the first to demonstrate the loss of
water from the fibre into the ECS. Tﬁis was shown by both
ECS measurements and the shrinkage of the fibres obser§§5 in
photographs of transverse sections of muscle‘fibres.ghteting
rigor. Tﬁey did not report the redhction in ECS near'4“to‘§ 
hr postmortem that was obéerved'iﬁ fhfs study. The-réaséﬁ
for this may be the fact that mouse muscle rapidly enters
rigor (=3 hr) 'and the incubation period would interfere with
the measurement of these more rapid transitions. T, profiles
of some raf muscle samples (personal observation at the
beqinni“g‘kf this =tudy) 4id reveal pléteaUs, suggesting
simila: changes to 'heose with beef are occuring in the
mu=cle water of the rat. A eecond factor may be diffefences

in the in ubation prrecedure. Tn Heffren and Hegarty's (&974)

ety the murrl  was incubated in the presence of 95’%,{0}2, 5%
. 1:":—;”;— [
rv,, whereae in thije study the gases were Omitteaﬁééhe'02

intvrodured into the study may have helped the muscle regaih'

- - &

. g ‘ . Lrges
would have made detection o

some "f'the.functiépaiity logt dvring rigor development and -
. Vi [ ] oy
- . D
) jthe fall in ECS impessible. The

init'al increase in PCS observed in this study #oes show

L . . . avg ; . SN - ;
Ve wntey 3§ m o ring inte the ECS, supportlﬁq%¢be ragultsg ~f

!
. o
\i .';0_,,:‘/
L
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Theﬂzraﬁglﬁ%atibn«§f.water observed in ‘this sﬁudy may
influence the mechanical ﬁzoperfiés of meat. It has been
observed that during the development of rigoé the.ihitiaiw
and final yield teﬁsions ;iée until cfossbridges begin to
form about pH 5.9. The phase contrast micrographs.presented
in this study reveal that this rise in tension is
accompanied by ag extensive stretching of the muscle fibre
withéut myofibrillar units slipping past one another. This
observation could be explained by a reduction in the
intréfib:é water, due to the movement of the water out of
the fibre, which iﬁcfeases the adhesive forces bétweeh |
myofibrillar units. The adhesive tension profiies support
the above observations in that a"rise in tengiég wés
observed until rigor bonds forhed. However,/fhe response
near rigor showed a variability.between.cartasses which
reflected differences in the rate of rigor development.
Theee ~hservations suppert the c-nelvsion that differences
in the Sntrafibre water affinjity ~re 'nﬂnr'"nﬂ in the
mechanical properties of meat.

A thftd4metﬁbd,deve]oped was the HPLC determination of
ATp and §te metaboiitos. The tele ~f ATP and its affect on
intrafibre water affinity has been variahle, In sbme
rarrasses "igh ATP levels enhanced the WHC and increased the
intrafibre 'ater affini'y, whereas in othere *he affert was

R B AT ¢ Teer b nyp e b hes “b"""".':\';r"\r' of |,,,”"‘i ot ﬁ’ (|Q8‘)
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discussed earlier, may be relevant to these observatlons.

in the muscle, the results 1n,this,study support the |
eonclusiohs of Honikel et al. (1981) who consider that the‘
hydrolys1s of ATP itself is not the main reason for’
npostmortem alteration in WHC. Rather, it is the development =
of rigor mortis initiated by the depletion of ATP that
alters the postmortem WHC This would lead to a reductlon in
the 1nterf11amental spac1ng due to crossbr1dge formation
(Goldman et al. 1979) Offer and Trlnlck (1983) although
'dlscu551ng primarily the affect of salt concentratlon on
WHC, have re- empha51zed‘the repulsive forces between the
filaments as the major factor affecting WHC. Any substance.
which can disrupt the constraints to swelling (z- and
M-lines and crossbtidges), leading to a widening of the
interfilamental spacing, will enhance WHC. Thus the ;
variability in the swelling and intrafibre water affinity of
the postrigor muscle strips in the presence of ATP may be
reflected in a var1ab1l1ty in the concentrat1on at wh1ch ATP
can effect dissociation of the crossbrldges, as suggested by
Izum1 g; al. (1981) A var1ab1l1ty in the extent of |
crossbridge format1on .may be supported by Offer’ and Tr1n1ck
(1983), who found dlfferences in the concentratlon of NaCl
required to remove the abovemmentloned constraints to
swelling, . ' .
Many of the'interptetations of the date in this stuay

require further examination to substantiate them. It will be

As an overv1ew of the role of ATP in affecting. the WHC . . .
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necessary to 1nclude measurements of the lattice spacing,
ion d1$tr1but1on and fhe nature and numbervof‘croséﬁridgesa--
to provide a more definitive explanatlon of the~observat10ns
conta1ned in this study An exam1nat10n of myof1br1ls from

A

the respectlve muscles u51ng the procedure of Offer and
Trinick (1983) may provide information about ‘the carcass to
carcass variability in the constreints‘to.swelling (z- and
.M-lines and the strength of the crossbridges). This, in
conjunction witﬁ the methods developed in this study;vshould
2llow meat researchers to classify muscle into different |

- categories of water retention properties and then carefully

examine why these diffeFences exist.
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V. Appendices e
Aa.uqbile phase

In choosing'the buffer‘systems used for the

~chromatography of ATP and its degradationgproducts several

R}

-factors were considered. The!first vas to avoid a high

concentrat1on of halidesawhich can corrode the stalnless ;
steel parts of the pumps. For this reason the procedure of
Riss et al. (1980) vas avoided. The small amount of RCl in
buffer A was retalned to aid in the elution of UV 1mpur1t1es

in the phosphate buffers. The problem of UV 1mpur1t1es in’

‘phosphate buffers when u51ng gradient elution w1th a

pell1cular anion exchange column was: reported by Shmukler -
(1970) The method suggested for pur1fy1ng the phosphate’
buffer 1nvolved the passage of the buffer over Dowex 1-X8
columns. Purlflcatlon of the Dowex 1-X8 column hav1ng an
eluant A,5.<0 005 was 1mp0551b1e and for this reason the
procedure. was abandoned. An Amberllte XAD—Z column was
prepared in’which the eluant A5, was less than .005. A 70%
reduction in UV absorbance was achieved after passage of a
0 5 M KH,PO, (HPLC grade) buffer through th1s column.
However the use of “this buffer did not‘overcome the ;roblem
of irregularities.on the baseline when the gradient reached
about 0.4 M KH,PO, afrer the column had been used about 2
weeks. It was found that after the first regeneratlon of the

new column (according to the Whatman procedure) the uv

1mpur1t1es were removed by simply injecting 100 uL of 0.1 M ' -
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EDTA and runnlng buffer A through the column overn1ght at
- 0.7 mL/min. When a (% 015 M phosphate bufﬂpr without the KCl
was used, l1ttle 1mprovement 1n column performance octurred
“With the:Kcl the recovery of column performance was
"excellent'and a procedur;éwae‘developed with KCl retained in
buffer A" | | |
| hnother problem faced was the’ separat1on of NAD, AMP
and IMP. The major factor affectlng the1r separation is the
pH of buffer A. If the pH 1s 4.5, AMP and IMP overlap; a
reduction.in'the pH to 3.7 results in the overlap of NAD and

AMP. A pH of~4 1 allows all three components to - be well

resolved undefjthe cond1t1ons chromatographed It cén be
seen from the standard deV1at10ns of the retent:on tlmes
(Table V. 1) for NAD and AMP of samples chromatographed at
approx1mately 1 hr 1ntervals, that the p051t10ns of these'
two peaks move about cons1derably. Clearly, the column is
not equ111brated In fact the retent1on't1me5ffor NAD and
'AMP are approxxmately 6.95 and 9.5 min for a

well equ111brated column. Resolution of NAD, AMP and IMP can
be obtained w1th repeat 1nject10ns of less than 1 hr
(although the retention times of NAD and AMP in particular
arehmuch shorter), but 1 hr was chosen as a convenient time

interval for column equilibration, sample preparation and

reinjection.



Table V.1 Retention times of ATP dégfddation:pfbdﬁqtsh

Compound | o Retentidnlfimé’"
Inosiﬁé\\' . o ' ' 2. 22:0 05 , | /o
'HYpoxéﬁtﬁﬁne,. R dh - : f\v2 43:0 09» l
'~“Nicotiném}d;fadenine dinucleotide ' 6.3010.33T§.
| AdenoSine_5'-monophosphate ; - “"_ 651010;46'

InbsineIS'-monOQhospha;e 12,17£0112_

;Inosine_5ﬁfdiphospﬁatg - . " ug;_' 20._'64:!:0:-23,.vn ‘
Adénosine‘§'-diphosphate - S 21,02i0.2d
Adenylosuccinic acid ' . P - ;2?.6010.23 )
Aden‘bsine‘ S'—‘E;r‘:iphogpﬁa‘t'e*.' ST | L .30.35.10;1:5'53. T
Indsine.S'-triphosphate - | | é§;44’

o

: 'ThlS table has prev1ously been pub11shed by Currxe
et al. (1982).
*The mean: retent1on time of 10 chromatograms of muscle
extracted at different times: postmortem. Valuessare the
means of the retention time& + standard deV1atlon.5_*“
’The*retentxon txme of a prepared standard -
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B. Treatment of ac1d extracts_ '\_f _ ‘v ‘*"*“»i';:

The first procedure followed was that of Davey and
. Gilbert-(1976)bu51ng 1 N NaOH to readjust the 0.5 M HClOs
_extract'to pH 7.0. The second procedure attempted was that
of Chen et al.. (1977) where the perchloric acid extract is
neutralized. wlth KOH and the prec1p1tated perchlorate salt
removed by letratlon. The thlrd procedure was the dllutlon
of a more concentrated 10% TCA extract‘(1:1)vand injection
‘with the hope that the TCA peak wouyld not interfere. The:
final procedure adopted was that of Khym (1975), as
dis¢ussed by Chen et alff(1977) and Riss et‘al; (1980), in
' which;a 05 M tri-n-ottylamine/Freon” 113 soﬁﬂiion (A)‘was
used to extract the acids from the nucleotides; Equal
volumes of.solution A and'the acid—extracted nucleotides
vere m1xed in a screw cap test tube and the contents
centr1fuged to promote layer separatlon. The top, agqueous
phase contalned the nucleotldes. No pH adgustments were
required since the pH values of the extracts were
consistently between 4 and 6 (Chen et al., 1977). With
perchloric acid extracts, 3 layers were visible; the top was
the aqueous layer, the middle consisted of perchlor-
ate-tri-n—octylamine complex and the bottom was Freon 113:
The procedure utilizing the'tri—n-octylamine/Freon 113 :
solution to remove the salts was chosen for the reasons
outlined below. ' |
when_ATP-measurements (enzymatic) were made periously

in this laboratory, the extraction of the nucleotides was
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‘accord1ng to the procedure of Lester and Gllbert (1976) 1n

»whzch a 0 5. M.HClO*‘qxtract was: made and the solutlon

’neutralxzed w;;h i Hovever, the 1qiect10n of a

- ’,_.,--4-1'*‘_. 'r,_:’,.'
neutral1zed perchlo?ﬁc é%?ﬁ extract is not sqﬂ;able’i
PR

e T
analys1s on a SAX column 31ﬁce IyP is resolvgdﬁlntg.t‘

peaks (a sharp 1n1t1al peak and a broad second peak). ﬁ?a
varylng the pH of a standard IMP perchlorate solut1on,
-dlffereut ratios of two and somet1mes éik% thrqn'pmaks of
.IMP were observed No problems with neutralized solutions of
the other extracted components were apparent.l
The removal'or the’interfering perchlorate ion‘was.
attempted by 1ts’prec1p1tatlon 'using. KOH‘1nstead of NaOH to
adjust the pH to neutralxty, thus form1ng the 1nsoluble
pota551um perchlorate salt (Chen et al. _1977) This |
procedure did not seem to remove all of the perchlorate 1on
since the problem of a dual peak for IMP. was not overcome:
- When a standard solutlon of IMP-in 10% TCA was ‘
chromatographed the IMP was a sharp 51ngle peak A dlluted
10% extract of meat was injected, but the broad TCA peak
interfered with the quantitation of AMP. However, the IMP
peak was-sharp and well resolved, suggesting that the
perchlorate ion was the reason for the double IMP peak.
It was found that 0.5 M tri-n~octylamine/Freon 113
. solution removes e1ther TCA or perchloric acid from the
nucleotldes (o) that no problems with-the symmetry of -the -

peaks are encountered. Extractlon of the ac1ds from standard .

solut1ons have shown excellent recovery, with values in the
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’*or%if of that reported by Chen et a1 _(1977). 'In assessing
the recovery of ATP and its degradatzon products from meat,
a comparxson of four extract'preparat1ons vas made:
‘in§egtions of a‘0'5 M HC1O. extract without acid extraction,
a 0.5 M HClO, extract with acid extract1on (0.5 M.
tr1fn-octy1am1ne/Freon 113), a .10% TCA extract wlthout acid ”
;extraction and a 10% TCA extract with acid extraction (0.5 M
tri- n'octylamlne/Freon 113). With the exception of AMP in
the 10% TCA extract wlthout ac1d extractlon, all the._

| concentrations of ATP and 1ts degradation products in the
original meat sample (umole/g) could be compared The aTeas
iof the two IMP peaks from the HC10, extract vere totalled to
obta1n the concentrat1on of IMP in this extract. All the
'values obtalned were w1th1n the standard dev1at1on found for
repeated perchlorlc acid extract1ons of a meat sample
"followed, by acid extractlon and quantltatlon of ATP and its
degradation products. In other worda,lerrors-produced from
the 1ackvof uniformity of the meat sample (e.g. fat,
collagen levels), integration errors, and treatment of the
extracts (e.g. length of tine in the liquid extract before
injection) were all greater than differences contributed by

the method of extraction.

C. ATP metabolites
Figureé V.1 through V.24 present the results obtained
from the HPLC analysis of samples from carcasses 7 to 18.

The data for each carcass consist of two graphs. The first
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Figuré V.1, thcentratibn'profile of ATP metabolites [ATP"
(e-e-e), ADP (v-v-v) and IMP (4-a-a) vs time postmortem] for
carcass 7. Each datum point represents a single

determination.



Figure V.2. Concentration profile of ATP metabolites

[inosine (e-e-e) and hypoxanthine (s~s-u) vs time

. . R4 . -
. . . . o .
postmortem] for carc§§§;7. Each datum point represents- a

c<ingle determinatinrn. % . : Lt
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Figure Vv.3. Concgnffation profile of ATP metabolites [ATP
(e-e-e), ADP (Y-v-v) and IMP (4-4-4) vs time postmortem] for

carcass 8. Each datum point represénts'é single

determination. « Y
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Figure V.4. Concentration profile'éf ATP metabolites
[inosine (e-e-e) and hypoxah%ﬁine (m-m-m) vs time
postmortem] for carcass 8. Each datum point represents a

A Y

single detérmination.
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Figure V.5. Concentration profile of ATP metabolites [ATP
(e—e-e), ADP (v-v-v) and IMP (a-A-a) vs time postmortem] for
carcass 9. Each datum point reprgsents a single

"determination. .
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Flgure V.6. Concentration proflle of ATP metabolltes

3

1

[inosine (0 o-o) and hypoxanth1ne (w- l-l) vs t1me

postmortem] for carcass 9. Each datum p01d“tepresents a

single determination.:
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Figure V.7. Concentration profile of ATP metabolites [ATP
ro. ' .

(e-e-9), ADP (v-v-v) and IMP (4-a-4) vs time postmortem] for

carcass'10. Each datum point‘represents a single

determination.



Figure V.8, Concentration prcfile.of‘ATE.métabélites'

[inosine (e-e-e) and hypoxanthine (s-w-w) vs time ~

\

posfmofﬁem] for carcass 10. Each datum point-represents a

a

single determination. g

o

M



22r

--

.

r
14

-
S

v

Concentration (pmole/g)

1
o
v

?
®

04}

[23¢-3 4

. L 261

.

-
m ™

N . . L AN b bty

.
4 ) 12 16 20 1 ? 3 4 =

Time Paetmiortem



80

*0

Concentration (umole'/ g)
1 * ? ?
o o o o

d

)

a

K

..o-.--..u---l.--..----..---'

B L LT T Ty

P 8 12 16 20 4. 2@

Time Postmoﬁ:m (h)




'Figure'V.Q. Concentration profile of ATP metabolites ELATR
(e-e-e), ADP (v-v-v), IMP (a-a-a) and NAD (m-m-u) vs time

”ﬁpogtmortemj for“catcass 11. Each datum point represents a
N ! e ..
determination.

‘

single
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Figure V.10, Concehtratioh prdtile 6f~AT§ me;abolites
[inosine (e<e-e), hypoxanthine ki--?i) and AMP (4-a-a) vs

time poétmortem] for cafcass.1ﬁ. Each datum point :gp:ésengﬁ

a single determination.
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F'ig'ure V.11, 'Cén_c_ent’:’_a?;;i‘on profile of ATP meta,bolitgs [AT?
v(O-O-O-):,‘7){1'5?;..(;'__‘7,"-'-), IMP (A-?-A)- and NAD (-----’) vs time
po_stli\or;tem]."f;r t.;arcass 2. Each ’détu’rh _?oint- represents a.
single dete‘rminat}io.n.l |



F1gure V. 12 Concentratxon prolee of ATP metabol1tes
[inosine ('°"°) hYpoxanthxne (w-u<s) and AMP (A-A-A) vs.fwﬁ

EEEE o
time postmortem] for carcass 12 Each da:um poznt reptesentgg

a sxngle determ1nat1on.



z .

+o}

——

o" o . ‘ . : R . . . B '_¢...

c2pF

to A

4 8 2 w20 26 28 ,
- Time Postmortem (n) . . .




/o)

.

20

et .

'mblo
o
¢
-

Concentration. (u

@
o

s
~ Time Pdstm

3

e
or fermfh)

20

gt




> RS . ™~
Fxgure V.13. Concentratxon prof1le of ATP metabol1tes [ATP
(O-O-O) ADP (v-V~') IMP (A-A-A) and NAD (u-n- ~®) vs t1me
‘postmortem] for carcass 13. Each datum point represents a

single determ1nat1on.



F1gure V.14. Concentration proflle of ATP metabol1tes
& [1nos1ne (0-0 °), hypOxanthzne (m- ---) and AMP (A-A-A) vs.ifv
t1me postmortem] for carcass 13. Each datum po1nt reptesents

a s1ngle determlnatxon.
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F1gure V.15, Concentratlon profile of ATP metabollgfs [ATP
(o- 0-0) ADP (v-v-vi IMP (a-a-w) and NAD (a~w-am) vs time

postmortem] for carcass 14. Each datum p01nt represents a

single determxnatlon.'



Flgure V.16. Concentrat1on proflle of ATP metabolfbes-%iA
[inosine (e-e-e), hypoxanth1ne (--- -=) and AMP (‘?“‘)AVS 8

time postmortem} for catcass ‘14. Each datum p01nt reprgsentsff

a single determination, % e
. e g
'y ° '.'j‘v"
- v



269

L e

{0/ 810wn;

uone:’



yeols

T



|«

*- 0

*0 ¥

80 )

[ ©

1 4 -
(8/ejowrt) uonenue

¢
&
UC



-

r2r

Fale] 4
ra}
+é}

10

uojjenuasuos

28

20

€
Time Postmortem (h)



’
>

. ) e . o . . . N .
Figure V.18. Concentratioh profile of ATP metabolites

J{inosine (e-o-9), hypoxanthine (s-s-8) and AMP (a-a~A) v3

“time postmortem]) for carcass’ 15. Each datum point represents:

~a single detefmina;ion." o ‘ L
& ‘
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Figure V.19. Concentration profile of ATP metabolites [ATP

. (e-e-e), ADP (v-v-v), IMP (4-4-a) and NAD (w-m-wm) vsftimg

" postmortem] for carcaggs 'S Fach datum _point represengs a

Tinyle ”“"""“i"atiOﬂ, ; .
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Figure V.21. Concentration profile of ATP metabolites [ATP
(e =-e), aDP (v v-v), IMP (4-A-a) and NAD (s-®-®) vs time

pestmortem] for carcass 17. Each datum point represents a

"innYe dmtarmirsarinn,
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Figure V.24. Concentration profile of ATP metabolites
[inp=ine (e -e-e) hynoaxanthi: (m-m-m and AYP (4 ~r-a) ys
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graph is a*plot of concentration (umoie/g) versus time
postmortem of ATP (adeﬁosine-S'-triph;;Bhate), IMP (ino-
sihe~5‘-monophos§hate), ADP (adenosine—séﬁ@iphosphéte) and
NAD (nicotinamide adenine dinucleotide).‘Tég second graph is’
a plot of concentration (umole/g) versus t?éslpostmortem of
inosine, hypoxanthine and AMP (adénosiné-é'?&bnophosphate).
Carcasses 7-10 were first analysed when NAD and AMP had not
»

beén resolved. For this reason those two components are not
plotted in Figures V.1-V.8. e

GTP (guanosine;S'~triphosphate);‘IDP (inosiﬁe*Si;di~
phosphate) and GMP (guanosine-S’~monopho§phate) were ﬁét
plotted since normally their contents were low. GTP was'
usually about 0.090-0.100 umole/g and would be absent at*
28-30 hr. IDP increased from less than 0.02 umole/q near
slaughter to reach a concentration of 0.100 umole/g near
rigor. Bend;ll and Davey (1957) also reported more IDP at
the later stages of rigor but it was undetectable by 28 hr.
GMP increased from undetectable levels to concrentrations i~
the region of 0;08-0.100;um01e/g ét 28 30 hr . Naguno and
Matsuo (1979) mixed 0.5 g of GMF (diendium salt) with &0 g
beef, 150 g water and 4 g NaCl. They raported that 125 ° =
of water per 50 g of meat were retained in the treated
ground meat, comparea to 24.7 g water per ?0 g of meat in
the control, Thﬁs, about 7 umole of GMP,/g of a ground meat
slurry were capable ~f incr-~asing the water holding rapaciry

5-fn)ld. A cermparison of the GMP roncentratine at 28 h an?

haa mpw T - vy ""‘"“d At oce N3 numy re1ma)l o q;qy\:fiﬁa"’-
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correlation }r=0.041) in the present study. The expressed
juice was detgrmjned using a very high centrifuge pressure
so that small differences in wﬁc could not be detected.”Fo;v
this reason the fesults'reported here cannot be considered
conclusive. |

The initial ATP concentrations of carcasses 7-18 ranged
from about 5.2-6.9 umole/g. This range encompasses the
initial postmortem ATP concentration of 5.5 and 5.7 umole'
ATP/g from the sternoméndibularis and longissimus dorsi,
respectively, reported by Bendall (1973). The early

: N
postmortem ATP concentration of different carcasses was
found to increase, remain constant or fall rapidly within
the early postmortem period. Sample 16 was extfﬁd‘ﬂinary in
that tWe ATP concentrations were greater than 6.5 umole/q
for 7 hr. The other extreme, carcass 8, had an ATP
concentration of 0.1 umole/g within 4.5 hr, The ATP
concentration in this s§mple did not remain low but rose
\

again neéar 8 hr. This increase seemed to correlate with the
prolonged gradual pH fall which continued for 20 hr
p%stmorrem. Carcasses 9 and 13 also reflected similar
changes in the ATP concentration in that the concentrations
reached a minimum and then .rose. The pH fall recorded vas
exgepr1onally long. The pH was still fa111ng at 28. hr for e

carcass 9 and carcass 13 was not at the ultlmate pH untll 24.” 

W W g el
Wae

hr. Carcass ) Rever reached‘% muﬁ1Mum*ﬂTDWUDné%ntxatxan A
“eagly poqth#fﬁmﬁ but the . concentration remalned relaglver

-

h1gh near r1qot (about 0.5 umole/g) for several hours arnd

L
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was étill 0.2 umole/g at 28 hr. The pH of carcass 10 ;as
still falling at 36 hr, the longest pH fall recorded in this
study. These observations could be explained as a result of
_prolonged gl&colysis. The glycolytic activity withih’tﬁe
cell could maintain the ATP qoqgentrations or increase the
ATP level in the muscle with a concomitant reduction in pH.
The isometric tension recorded for carcasses 9 and” 10 peaked,
at 12.4 and 17.5 hr, respectively. This may suggest the
muscle ATP hyarolases were‘inaCtivated for some reason,
allowing the ATP concentratinne tno increase in the muscle a=s
glycolysis contjnuéd.

The isoméffic tension for carcass 13 was ngér max i mum
at 18 hr (60 g/cm?). although the ultimate tension was not
reached unti] 23 hr (61.5 g/cm?). This may indicate the
myofibrillar ATPase was inhibited (but not inactivated as in
thé previous two samples)., The ATPase in the muscle would b-
capable of maintaining an isometric tensioh but it would be
inadequate to increase rhe tensinn. This would allow ATP
]eveie'id the ﬁuscle to increase a~ g'ycolysis continue’
since the ATPR hyAr~laner wopnlA et he rap'Aly nrilising t he
ANTE genevatred.

ADP canrantrartinng were also eimilar to those rer--riad
by Bendall (1973) nf about 1 wmole/g. Bendall (1973)
indicates the calculated free ADP concentration should ~niy
be 0.03 ﬁmole/g. Thus, the ADP déterminedfmustnhava

originated from ADP bound to actin monomers in the thin

P

Filament nnd bt mysnsin ~r ADP (_'""‘r\al""ﬂ;ﬂhfﬂlﬂ.'?ﬁd in the
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-mitochondria and sarcog‘?smic reticulum. The ADP
céncentrations were fairly constant during the prerigor
period and then fell near rigor. For samples where the ATP
concentrations were near initial values for a few hours
(carcasses 10, 11, 16 and 17) there was a slight increase in
ADP concentration béfofe falling. Bendall (1973) observed .

the ADP levels continued to fall until the concentration was

/ :
about 0.5-0.7 umole/g, which is the amount calculated to be

bound to actiﬁfaFor many samples in this study these values
of ADP were rgééhed within 28 hr.

AMP concentrations were initially below those feported
by Newbold and Scopes (1967). Initial values Sf AMP for |
carcasses 11-18 varied between 0.005-0.025 pumole/g. Newbold
and Scopes (1967) reported an initial AMP’concentratfon of
0.2 umole/qg.

Bendall (1973) explained a plateau in glycolysis as‘ﬁ
"probably” a result of the deamination of AMP. AMP is
required as » cofactor for phosphorylase and for phospho-
fructokinase to promote glycolysis. In the current
observations AMP concentrations were initially low and

»

increased as rigor progressed. These results seem to
contradict the earlier obs:rvations. With respect to AMP,
the data support the observations of Berman and Kench (1973)
in theiq studies of the malignant hyperthermia syndrome in
pigs. They found a rapid dec]{ﬁe in ATP and’éreﬁtine
phqsphaté; ADP was unaffected, as with\ounumeasufements, but

AMP and IMF accumulated. Rerman and Kench (19734 concluded
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that glycogenolysis waé accelerated not only by the
depletion ovaTP but' by the accumulation of AMP. When the
AMP levels in this study«were compafed to the rate of pH
fall (r=0.245; dif.-G), time to ultimate;pﬂ (r=-0.169;
d.f.¥6) and ultimate pH (r=0.432; d.f.=6); no significant
co;relations were fougd. It ié unlikely the HC1l0, extracted
AMP concentrations reflect the free AMP concentrations in
the muscle. Bendall f197?) calrulated that the initial AMP
.concpnrrations should be about 3x10 * umoles/q, but the
initial AMP concentrations determined were much higher
(about 1.5x10°? umole/g). It is probable that AMP, like ADP,
is bound or qompartmentalized,‘thus altering itsg free
concentration in the cytoplasm. It wnuld bhe reasonable to
'expect the higher AMP concentrations near rigor would
increase the free AMP levels, but the above mentioned
problem may cloud the results and thus not confi;m the
suggestion of Berman and Kench (1973) that v lysie g
nrerelarated h? an accumulation of AMP.

Renrdall (1773) reported NAD concentra'inng of 0.4-0 &
pmole; g in heef miuaerla, Newhnld and SPOP?J (1967) found tha'
NAD concentration fell during rigor and in the postrignar
perind. Borh these ohrservations have heen confjrmed jn thie
study. The inability to d-ta'mine the oxidation stale of MNAn
precludés any opprrtunity t commant on the NAD' or MANKH
mon~entrations at diffarent times in fhe rretmortem m ec~1-

The dearwination of AMP leacde 'n 'he frrmation of "'

and smmons e The abhaaryban e J ot !t oo e 4 )y4, tavalangthe
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250:258 nm and the calculatlon of R values (Honikel et al.
1981). have often been used to assess the rate of ATP
degradation and the onset of r1gor. With this absorbance
ratio method the felative_concehtrations of the adenine
nucleotides to iMf aﬁd_inésine are measured. For many
carcasses the f#llfin ATP is paralleled with a rise in IMP,
indsine and hypoxanthine.levels. However; the changes that
each of the nucleotides undergo cannot pe assessed with the
.absorbance ratio method. Several differences in the
métabolism of IMP are seen in the resultg obtained. The IMP
levels of carcasses 7,.8, 10 and 12 are all greater than 5
umole/g by rigor or 28 hr. The inosine and hypoxanthine j
conceﬁtrations are relatively low during the séme time
period, less than 1.0 and 0.7 umole/g, respectively. For
several other}éaréasses, most notably 13, 14, 15 and 16 the
IMP levels were low, less than 5.0 umole/g, and the 1n051ne
and hypoxanthine concentratlonq were greater than 1. 0
umole/qg. The remainder of the carcasses had IMP, inosipe and
hypoxanthine values weres somewhere in between these levels,
although ~verlapping of some values did 6ccur. These resulfs
reveal lntprncrlnq differences in the mechanism act1vat1nq
or inhibiting these transitions. Calkins et af. (1982)

their sequential determinatinn of inosine and IMP using
enzymes, reported very large dlffer;nces in the rate of
rnact1on convertlng IMP to 1n051ne between electrlcally
stimulated ang nonstlmulated muecle sample; The factors

“ontyiknting o these differen-as ware not determined. The
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variations in the concentrations of IMP, inosine and
hypoxanthine between carcasses .in this study infer that some
factors affecting the conversion rates are also present in
the fne§§;u muscle,

The conversion of IMP to inosine and finally‘to
‘hypoxanthine does not reflect the stoichiometric
relationship predicted. For examplé, the TMP levels for
carcass 9 dropped from 5.7 to 3.6 uﬁole/q. This reflects rhe
conversion of 2.1 umole of TMP to inorine anA hypr xanthine
During the same time peried (12 36 hr pretmartem) only 1.4K
umole dfraazitﬁbna] inosine and hyporanthine were formred
Calkins et =1 (19R%) suggested f?ém their data that M ia
catabolized beyond hypoxénthinﬁ. The incen-istencies i '
conversion ncted afnve would suppart theijr ~arlueion!

" Lawrie (1979) has indicated that meat is
organoleptically =t an optrimum when the hyr~xanthine lev '
hac reached 1." 2.0 nmole/n. He stated tha: these le els
be attained by 30 40 Vv ~t "07C, Carcac~es 14 nd 1§ ha
attained 'hege levale hy 2R hr\h“r ner - nf the ~"hery

carrase~g vare thin fah Ty thle timc . Sarccee T wan~ ab

umele g by 54 br and that fo'1 aqain ae the rayr-ng  a-
Thcgu lﬁﬁults reveny’ Ligr rom e f b a yh vari?h;‘i"’ HIE

T koY ‘7' ' "\'(1"""'1
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D. Carcass 4 (AT,;=0.098 sec) _ ‘ .
"The NMR T, profile (Figqure III.34) fdf,@aréa55-4 was
very similar to that of carcass 15, except‘thgk T;~did not
'fall posprigér. The only additional data cbllected onbthis
carrass Qeré pﬁ fall (Figure 1T1I.1) éné ECS (Figure-V.ZS).
The RCS app was very low initially (é.S mL/IOO'é),
suggesting a high intrafibre water affinity, which would
contribute to a low 7,  Rut within Sih; the swelling
capacity drepped and the ECS app rose dramatfbéily;‘Ah
rarefnl oxaminafi”;\ ~f the ECS data indicates that, although
ECS app in‘reaged greatly when the swelling capacity fell,
the ECS dy 'hanoed very lit;le (compére 4;§“énd‘5.6 hr
poétmo;:em). As menfianed in s;ction III-C on the discussion
~f FCS measurements, +this would mean the réduction in
swelling cnrpacity was almost completely due to a loss of
water from the ICS. This would suogestvthat in the muscle in
the NMR tube the water wruld have rapidly m;ved i"té'the
RS, contributing ‘o the gvAden rise in the NMR T, values.

By 8 hr pertmirre the ™C§ 3w valnes w-re high. ruggesting

rermearicn ~f the !'ikre by innlics ge a result ~f membrane
Foilure . Thin T""" of 'he reagnt fer t'lhr‘ rapid rise in T.1_ '
value s conld he Aye to membranre fajluyre and frée,ﬁoveﬁent of
ater St tla F'”".‘

Tn rhis mrAarrage the p" fall wvAaS Very rapid (‘~33 pH
'mits.hr), Thie Vikely contributed to the early formation of
rreeshrijlges and the rightenin' of rhe interfilamental

R i i e e f swelling capacity aodd
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a reduction of the intrafibre water affinity. If the
contractiénvinitiated at this time was fueled by glycolysis
until 16 hr, the'exte;ttof the contraction could be
coﬁsiderable. The interfilamental spacing may be so tight
that -it w;uld be impossible to restore the high intrafiﬁre
water affinity (ECS app)vmeasured early prerigor. It may be
for fhis réason that no reduction in T, was measured

postrigor.
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2
E. Carcass 5 (AT ,=0.038 sec)

The collection of the T, data (Figure III.34) did not

_begih until 3.5 hr. However, it appears that the T, rose

quite quickly initialiy, plateaued between 4 and 8 hr, and
then increased again to peak at 12 hr postmo}tem. The slope
postpeak was -0.00174>sec/hr. The ECS data (Figure V.26)

show an initially high intrafibre water affinity (Ecstifi/ﬁ\\
-2.5 mL/g) which is rapidly lost (rising ECS app and

ECS dw). At 4 hr the ECS app falls, showing an increase in
the intrafibre water affinity. This parallels the plateau in
the T, values observed between 4 and 8 hr postmortem. After
approximately 8 hr the ECS data began to rise steeply, as

would be expected from a similar rise in T, data.

‘The pH data (Flgure IIT1.1) show a relatively low rate

.of pH fali (0 36 pH unlts/hr) atta1n1ng the vltimate pH at

'11 ht.
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Figure V.26. Carcass 5. Plot of swelling capacity (ﬁf'-‘).vs
time postmortem; the standard deviation is 2-20% (ave. 10%)
of the mean..Plé;lof ECS dw (m-m-m) vs time péstmortem; the
standa;d deviation is 2-30% (ave. 10%) of the mean.OPlot of

'ECS app (4-a-a) vs time postmortém; the standard deviation

is 2-15% (ave. 9%) of the mean.



290.-

- F. Carcass 6 (AT,-O 038 sec)

The T, prof1le (Fzgure 111.34) consists of a rise in T,
untll 4 hr, a plateau between 4 and 6 hr, and then a ‘rise in
T, to peak at“s 5 Rr. The slope postpeak was -0 00199
sec/hr. The ECS data (Flgure V. 27) were not obta1ned early
B prer1gor, but the f1rst data collected 1nd1cated a low
"'Intraf1bre water afflnlty (ECS app . 11 mL/g). The ECS app f

"fell brlefly (~4 6 hr) and then QU1ckly/rose. '
R The 'small change 1n AT1 and the high ECs app suggest a
- carcass hav1ng a low 1ntraf1bre water af£1n1ty throughoutv:
rlgor development These results 1pply that a small AT, may
not be a characteristic of a carcass having a’high
intrafibre water affinity. If the 1ntraf1bre water affinity
is 1n;t1ally low, then the 1n1t1al T, will be hlgh and the
relatlve loss of ‘intrafibre water affinity will be smaller,
resulting in a small AT,. The'T,Rslope bostpeak‘(slope =
~0.00199) demonstrates an rmprovement in the intrafibre

water activity.
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Figure V.27. Carcass 6. Plot of swelling capacity (e-e-e) vyg
time postmortem; the standard deviation is 2-29%‘(év§.;19%)"

4

of the mean. Plot of ECS dw (m-m—my) Os”tiﬁe-postmortem; the

,Standard deQiatign-is,2—15% (ave. 7%) of the mean. Plot of. .

ECS app.(4q174f Vs .time postmoEtémf the sfandatg‘deviatdoh

is '3-35% (ave. '5%) of the mean.
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G. Carcass 7 (AT,=0.017 séc)

The peak T, (7.5 hr) occurred when the ATP was higﬁ

/
(>1.5 umole/g). The ATP concentration (Figure V.1) reached

nnqr@a%;post:igq:-yalugs (9,Q§%umq}e(g),pt 14 hr..Based on
this information, it would appear that the major fall in the
T, (Figure II1.35) would have occurred during the time

( .

isometric tension (if measured) would have been developing.

-

This obseantion‘and the rise in the T, valves postriger =are
éomparablé to carcass '4 in that the interfilamental
distances,wouldvlikely have been very small.
 '_?gg $§$wd§F§,ﬂfgggpg_V.Za)ishowla”rgpidflOSSQof3

intrafibre water affinity; The ECS app is low (high

el

intrafibre water afflnlty) 1n1t1ally, but the intrafibre

'\‘vater aff:ﬁrty was - never regained.
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H. Pearson 8 correlatxon COef£1c1ents irom parameters. -

obtaxned fton cgrcasses 9-18

e
o

Table V 2ﬁ€6ht€Ths TRe dBrrar%tioﬂ*coeffrcaents of- 36 . .

var1ables;wﬁ copre%gt;on is significant if p is less than

0.05. The 36 variables’ are: .

V2
V3

- V4

. V5
V6
v7
ve
v9
V10
\A R
V12
v13
vi4
V15

vVié

vig

v19

V20

V21

ultimate pH

"pH at 1 hr - o

rate of pﬁ decline

time (hr) to ultimate pH
m;ximum isometric tension (g/cm?)
time (hf) to maximum isometric tension
time (hr) of initial isometric tension increase
initial T, (s)

peak.T, (s)

time (hr) to peak T,

time (hr) to Tf‘plateau

pH at peak T,

initial postpeak T, slope
second postpeak T, slope
moisture (%)

Initial ECS app (mL/100 g)

time (hr) to initial ®CS app pM
ECS app (mL/100 g) initial pH
tiﬁe (hr) to post initial peak ECS app minimum
postreak WCS app (mL./100 g) minimum

Fime he) v BCS app of 1'% mL. 100 q



Figure V.28. Carcass 7. Flot of swelling capacity. (e-w-0) ysg
Fime postmorten; the standard deviarion is 2-60% (ave. 24%)
nf the m:an, Fi:* - f Pt dw (® w ™) yu time postmortem; the
shooadar” foaia ion te T 14t {aue T )Y AT the rean

. Pler of
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postrigor ECS app>(ﬁ£/100 g)
AT, |

initial expregsed; juicé (%)'_ = .. _..... ...

time (hr) to 10% expressed juice

postrigor expressed juice (%).

time (ht) to beginning of ‘first T, Slope
.time (hr) to second postpeak T, slopé 

‘initial swelling capacity (%)
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postrigor swelling capacity (%)
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