











The casily deformable tensile
Nature of the perimysial (and
®ndomysial) networks easily
dllows substantial changes in
Muscle  fibre length  and
diameter on contraction and
Telaxation, However, the
®Mdomysium laterally links
jacent muscle fibres within
the  fascicle tightly, so that
‘Ontractile forces can be
Shareq locally by shear and
'Ores kept in register, whereas

) Perimysium (or the Fig. 3 Experiments demonstrating shear deformations occur at boundaries between fascicles in muscle.
.pe”mysia] /endomysi al (a) A longitudinal slice of bovine semitendinosus (24 hours post mortem) is marked by lines of ink drawn across
"‘erface) its 3 % the fibre direction. (b) Higher magpnification of an ink marks crossing three fascicles in the resting muscle. The

ef, 4 permits large shear muscle slice is then manually manipulated to change its shape, resulting in a shear of the ink mark across the
o.rmatlons so that the three fascicles (c); note that the ink marks remain in register within each fascicle, but show large shear

aSmcles can sl ip past each displacements between fascicles. Experiments on bovine sternomandibularis show similar results (not shown).
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th_er- Variations  in

Perimysial network

g“;’phology within individual muscles and between muscles may thus be analysed on the basis of the amount and spatial pattern of
“ormations involved in normal in vivo working contractions. However, these analyses have yet to be performed.

: dations in IMCT structure, orientation or distribution within a muscle are similarly explained as local adaptations to non-uniform
®ar deformation requirements within the whole muscle.

An; : £r
~Wmal growth, maturity and nutrition effects

he tenderness of meat on average decreases with animal age. Connective tissue-rich muscles such as biceps femoris show a greater
g:‘related increase in toughness than muscles such as psoas major with relatively little IMCT (Shorthose & Harris, 1990). Attention
Tefore focuses on changes in IMCT with age as a major cause of the animal maturation effect on toughness.

The Concentration of collagens in IMCT of bovine muscles clearly increases during embryonic growth (Listrat et al., 1998), as does
? INtegrity of the IMCT network as seen by SEM (Nishimura et al., 1996). We have recently shown a difference in the
- "ONological appearance of collagen type IV and other matrix components such as laminin in pectoralis versus quadraceps muscles
the second half of embryonic development of the chicken. (Lawson & Purslow, 1999) However, at the end of foetal development
i C.Ollagen concentration of muscles broadly echoes that in adult tissues (Listrat et al., 1998). There is no consistent evidence from
D\; literature of increasing amounts of IMCT with animal maturity. Early work (Wilson et al., 1954) found no significant increase in
1 CT of bovine longissimus with physiological age and indeed another early study of bovine biceps femoris muscle (Goll et al.,
%m) reported a decrease in collagen content of bovine biceps femoris muscle with age. LaFer studies on other muscles report
(Al "dictory findings. The concentration of collagen has been found to increase with age in a number of muscles of the rat
Naqueeh et al., 1984; Kovanen et al.1987; Swatland, 1975), but not in others (Zimmerman et al., 1993).

(e ..
Sslink content

:‘;‘:re is much more consistent evidence that the composition of intramuscular collagen alters with age, particu'larly in terms of the
dj\,:lem crosslinking that stabilises the collagen fibres. For fibrous collagens, two lysyl oxidase-initiated crosslink pathways lead. to
& ©nt (reducible, immature) forms of collagen crosslink; the heat stable oxo-imine (keto-imine) form derived from hydroxylysine
{ ey S'Pe residues and the heat labile aldimine form from two hydroxylysine residues. The amounts of these two forms vary between
% Pimysial, perimysial and endomysial components of IMCT in young animals (Light & Champion, 1984). Oxo-imine cross link
“entration has been shown to correlate with meat toughness (Shimokomaki et al., 1972). However, the divalent forms are
o Ually converted into non-reducible mature crosslinks with increasing animal age (Shimokomaki et al., 1972; Eyre, 1987; Kielty
in; » 1993) and attention has long been focussed on identifying the mature crosslinks as possible sources of explanation for the
o, 38ed meat toughness in older animals. In addition, there is an increased amount of a pentosidine crosslink resulting from non-
phny“ﬂlic glycation of collagen with age, but the amounts of this are thought to be too small to make a significant contribution to the
Sical properties of IMCT (Bailey et al., 1995).

Iliéactmn of keto-imine crosslink with a free hydroxylysine-derived aldehyde is proposed to result in hydroxypyridinium (Pyr) (Eyre,
Wity ). Although the Pyr content of IMCT is low compared to some other connective tissues (Eyre, 1987), it is known to increase
lop, . 28¢- McCormick (1994) summarises the information in the literature on the variation in Pyr concentration with age in ovine
biceg’SSlmUS, bovine longissimus and biceps femoris, deer longissimus, rat gastrocnemius and soleus, and porcine longissimus and
in PS femoris muscles. In all cases the Pyr content of the intramuscular collagen increases with age. Pyr content may also be higher
®W-twitch muscles than in fast muscles (Palongas et al., 1992).
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Recen; Scanning electron microscopy studies of the IMCT in beef (Nishimura et al., 1994, 1995) and chicken muscle (Liu et al.,

1995) aim to show decreased integrity of the IMCT networks due to conditioning by means of NaOH digestion. The authors are to be

‘Ongratulated that their control of the NaOH digestion method is such that they can show consistent and reproducible differences in

© apparent density of collagenous networks in the IMCT of muscle during post-mortem conditioning. Liu et al. (1994) report

Stead.ily diminishing shear force values for raw chicken semitendinosus over a period of 24 days post mortem and relate this to

OQenmg of gaps in the endomysial and perimysial IMCT networks and increased staining of proteoglycans as seen by light

m'C.TOSCopy. Nishimura et al. (1998a) use the NaOH-extraction technique to isolate IMCT networks from bovine semitendinosus

l;"mg 35 days of conditioning and then embed them in acrylamide gels for mechanical testing. The decreased shear force required

Extmpture these somewhat parallels the reduction in the shear force of the raw meat over this period. However, mechanical tests on
facted material re-embedded in an artificial matrix should be viewed with caution.

Si%giws (PGs) play an impp.rtar}t role in linking ﬁbrogs elements of‘thé extracellular matrix gnd recent studies are beginping to
8¢St possible effects of conditioning on PG integrity in IMCT. Nishimura et al. (1996a) identify PGs associated with the
fment membrane and endomysium in bovine semitendinosus as principally containing heparan sulphates, whilst those in the

per"“}’Sium were rich in chondroitin and dermatan sulphate. Nishimura et al. (1996b) study PG degradation during conditioning of

ne $ame muscle and conclude that degradation of PGs seems to be “the main factor” in weakening of IMCT during conditioning.

COCTE_aSEd Periodic Acid-Schiffs staining of PGs in conditioned chicken semitendinosus is interpreted by Liu et al. (1994) to be
NSistent with “opening-up” of the IMCT structure. Nakano et al. (1997) report intense immunolabelling for decorin, together with

ag?kef chondroitin sulphate labelling in bovine IMCT. Eggen et al. (1998) also showed a specific degradation in decorin during
INg, as well as a general reduction in PG content in beef semimembranosus muscle. Decorin is known to interact with collagen in

© extracellular matrix.

Zh,ise Studies begin to suggest an interes'ting pattern of degradation events in.IMCT fjur_ing conditioning. Howevgr, in relation to the

rem;al Issue of the effects on degradation on cookcj,d meat texture, the original findings of Bouton and Harris (1972b) must be

f rcembered; these show that structural and blocherr.ncal degfa.datlxon of IMCT are not re{evgnt to cooked mea't texture. (The shear

Perf, measuremcnt§ on IMCT and whole meat during conditioning by Liu et al. and Nishimura et al. mentioned above were all
Tmed on raw tissue.)

m,dles on the strength of perimysium excised from meat before and after post-mortem conditioning (Lewis et al. 1991) and after
'0us degrees of cooking have previously explained this apparent contradiction, and are worth repetition in the light of the
:itsm“ed activity in this area, as detailed above. As shown in figure 5, conditioning does indeed reduce the strength of perimysium
e at:‘d from raw meat, but after cooking to 60°C .and above: no effgct of conditioning on perimysial strengt.h is seen. It is worth
c%ke:ing that biochemical and structurfal degradations seen in raw t!ssue' should not be assumed to have. direct consequences on
showed Meat texture. Subsequent stu.dl.cs of the stre.ngth.of perimysium lsolat.ed from cooked meat (_Lew1s & Purslow 1991). a']so
fse 1 that low pH . dec'rcases the stability of raw perimysium, but that th1§ pH-induced effect remains in cooked beef muscle, giving
a large reduction in the transverse strength of cooked meat after marination.
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£ Fig. 5. The strength of perimysial IMCT isolated from unconditioned and

E conditioned raw bovine semitendinosus muscle (20°C) and after cooking to

g% various temperatures for 1 hour. Vertical bars show +SE of means. Redrawn

S from Lewis et al. (1991). Conditioning clearly reduces IMCT strength in raw
and lightly cooked meat, but conditioning effects are eliminated at normal

0 cooking temperatures (60°C and above).
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The
(lg7gr°CESs of cooking usually toughens meat, unless very long cooking times are used to solubilise connective tissue (Davey et al.

he[we‘ As measured by the MIRINZ tenderometer, the relation between toughness and cooking temperature shows a fast rise
measuen 42°C and 55°C, with a second rapid increase in toughness at temperatures above 65°C (Davey & Gilbert, 1974). As
Phage fed t?y Warner_Bratzler shear force values, there is a decrease in toughness between 50°C and 60°C, with a subsequent rising
Te]ati At higher temperatures (Bouton et al., 1972a; Harris and Shorthose, 1988). This relationship has often been explained by
Wi, & these two phases to the known thermal denaturation behaviour of myofibrillar and connective tissue proteins (Davey &
Ser, 1979, Martens et al., 1982). On this basis, the first increase in toughness between 40 and 60°C is explained by myofibrillar
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protein denaturation and toughening above 65°C by collagen shrinkage. However, this simple explanation does not fit with careful
examination of mechanical measurements on whole meat or on IMCT excised from cooked meat. Bouton et al. (1981) show that thf’
PE-1Y (peak force minus initial yield) component of Warner-Bratzler shear force values of beef (which they, and subsequently Harm
& Shorthose (1988), interpret to measure the IMCT contribution to toughness) is high at low cooking temperatures and decrease
above 60°C. Lewis & Purslow (1989) excised perimysial IMCT from beef semitendinosus muscle cooked to various temperatures
and measured its tensile strength. Their results substantially agree with the interpretation of Harris & Shorthose; they found a0
increasing perimysial strength between 20 and 50°C and a decreasing strength above 50°C. Mutungi et al. (1996) measured the
strength of single muscle fibres excised from meat at various cooking temperatures and found that fibre strength continually
increased up to 90°C. On this basis, it seems more rational to ascribe the rise in meat toughness between 40 and 50°C to the effects ©
heat on the IMCT component and the rising toughness above 60°C to the myofibrillar component, but more research is still requir®

to clarify this.

The interaction of cooking with sarcomere length

The effect of heat can be thought of as having two effects on the IMCT contribution to meat toughness. Firstly, there are the direct
effects of heat on the mechanical properties of IMCT discussed above. Secondly, the shrinkage of IMCT on heating causes shrinkag®
of meat as a whole, so squeezing water out of the muscle fibres and fascicles. This may cause toughening of the myofibri"ar
component. It is in this second, indirect mechanism, that there seems to be some effect of sarcomere length on toughness.

The great increases in toughness with shortened sarcomere length are only generated after cooking; shortened raw meat is MmO’
tender than normal length or stretched meat (Rhodes & Dransfield, 1974). It is therefore difficult to accept the argument that col¢”
shortening toughness may arise from a restriction of enzymatic action on myofibrillar structures in short sarcomeres (Dransfi¢!®
1994), because proteolysis, or lack of it, would affect the toughness of the raw meat. Rowe (1974) and Purslow (1994) have put
forward possible explanations of how connective tissue reorientation with changing muscle length could give rise to some 0
sarcomere length-dependent effects on the tenderness of meat after cooking. Lawrie (1985) notes that the magnitude of the ¢©
shortening effect has been observed by Bendall in unpublished work to depend on the connective tissue content of the muscl®
However, the high tensile strength of single muscle fibres in shortened and cooked meat compared to normal length meat (Willem$
Purslow, 1996) shows that the generation of toughness on cooking of cold-shortened meat cannot be due to direct effects on !
IMCT component alone.

Figure 6 (redrawn from data by Bouton et al., 1976) shows the different shrinkage behaviour of shortened versus stretched meat ot
cooking. The percent shrinkage in length of the muscle, can be seen from fig. 6 to be generally greater than the % decrease in cros¥
sectional area of the muscle (length:diameter shrinkage ratio > 1) in stretched meat, whereas the opposite is true in shortened meat:

ety RS
It is tempting to suppose that these differences in
length:diameter shrinkage ratio could be due to the varying
geometry of IMCT networks with sarcomere length. 28
Collagen fibres in the perimysium and in the endomysium A A
have been shown to become progressively more transversely 151 A DA i
(or circumferentially) orientated with respect to the muscle 4
fibre direction as the sarcomere length shortens (Purslow, % 10 A
1989; Purslow & Trotter, 1994; see also fig.1). Shrinkage of E A
more circumferentially orientated collagen fibres along their é e Sfige - Wiy
length on heating may then be expected, by intuition, to lead £
greater shrinkage in the cross-sectional area of the meat and L P
! : 0.0 o ® ® shortened
to less length shrinkage than in stretched muscle. However, .
careful examination of this by a similar-triangles argument
(see fig. 7) shows this not to be true. For any orientation of WS a0t W 0w
collagen fibres other than exactly along the longitudinal or Cooking Temperature /deg. C
circumferential direction (0° < 8 < 90°) the ratio of the
shrinkage in the length to the circumferential direction | Fig. 6. Ratio of % shrinkage in length (parallel to muscle fibre axis) to %
should always be equal to unity. The shrinkage of the shrinkage in crogs-sectional area for bovine semitendinosus muscle samples ‘
3 " 2 for 1 hour at various temperatures. (Data from Bouton et al., 1976, table 1il.) |
collagen fibre along its length - may actually vary in | shortened muscle shrinks more in area than length, whereas the reverse i
magnitude with the angle 8 because collagen fibres in IMCT | true for stretched muscle.

of stretched or shortened meat are less wavy than in meat at o
normal rest length (Purslow 1989; Purslow & Trotter, 1994), but the ratio of length to diameter shrinkage in any muscle fibre

fascicle surrounded by these fibres still should remain at unity.

Variations in length:diameter shrinkage ratio with increasing temperature (as opposed to changing sarcomere length) have bt’/‘g
directly observed in endomysial “tubes” produced by removing myofibrillar proteins from a suspension of muscle fibres (Charﬂploﬂ
et al. 1988). Although the “tubes” were shown by immunofluorescent labelling to be empty of actin and myosin, it is possible th? ]
number of transverse and longitudinal cytoskeletal filaments remain in such a preparation. Differences in the amount of length
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"ameter shrinkage at different heating temperatures may be due to varying amounts of thermal denaturation and shrinkage by the

; Proteins in transverse and longitudinally oriented cytoskeletal structures within the muscle cells.
5 Cell-matrix interactions
S
;2 2;22 ‘T‘Ole of IMCT in determ’i,nipg the physical (textural) properties of meat
y - ]C0|lagenous comp.on'ent ) is often thought of as cquletcly separate to
f Woo € of' structures within the muscle cells (the “myoflbrllllar component”).
d emph Previous ICoMST lectures (Purslow, 1994; Dransfield 1997) have
a E asised that this view is simplistic and that the qvergll properties of meat
imer:({mposne. structure will have a notable contrlbgtlpn from mechanical
a tthtI(.)ns, or linkages between lhe§c compqnents. This is a standard concept
& Science ‘?f man.-made composite materials (Kelly, 1970; Hull, 1981) and
®qually applicable in biological materials.
t
;e T::ersnt:::tures that link the collagen fibrils of the extracellular matrix to the * L %
| g T, 1, e e ol of e e ol @ | gy < 1, i< scrc
COnnecy Ame yl p structures that mechanically and ,her‘etore '
dey e myofibrils to the garcolemma) are therefore important to our the ratio AL/L : AC/C is 1:1
© Standing of muscle properties and meat texture. Attention in the last 5-
d- COSée:lrS.has begn drawn to the post-mortem proteolys.is of cytoskeletal and ] 35, . 4
d by anerxc ‘protems_(Taylor et all., 1995). Itis a]s.o certain that these structures :r'l%aﬁ sz’r‘:) :::g:zda°g‘;%':;;fr‘:":;%?e"f‘;‘;’;{: s?:imCT
ut especia] ;i;tilr:'e;hrole in the funguorfl.lg)g (;)f muslcle in vivo (Trotter et al., 1995), length L and circumference C. The fibre has original
he de i e common series-fi red muscles (Gaunt & Qans, 1992) Wth:h length F and lies at an angle 8 to the muscle fibre
10 Magg, < 1 connections between adjacent muscle cells via the endomysial | direction. On cooking the fibre shrinks along its length
" "X in order to transmit contractile force (Trotter 1991, Trotter & Purslow, | Pyamount AF without a change in angle 6, resulting in
' +Purslow & Trotter, 1994; Trotter et al., 1995), as discussed above. e e B e P e
& 2 ’ ’ ’ The small triangle bounded by AL,AC and AF has the
he Cyto g 1ind , same p.ropo.nic_ms as the larger triangle bound.ed by L,C
Skeletal and costameric linkages have a role in water holding of meat. | andF (ie. similar triangles). Therefore the ratio of AL to
ans.‘"?'l”Se linkages are necessary for the pH-induced shrinkage of the b 4GRS RIr R g RS BE B F
of atﬁ?;lla?§nt lattice within myofibr.ils post-monefm to be Franslated ir_lto the i : : .
o5 Sect Shrinkage of whole muscle fibres and fascicles, leaving large drlp channels at pe'rmllysml boundaries (foer & Knight, 1988,
Sal'(:oo]n 4.1). Proteolytic clea_lvagc of these links seems to lead to scp.ara.tlon of th.c myqflbrlllar mass from the mtemzlll surface. of the
4 Prote ®mma (Offer & Cousins, 1992), so removing the forces shrinking the fibre diameter. Reduction of desmin and vinculin

ﬁbreol)’SiS by zinc treatment of meat has been shown to increase water loss (Purslow & Mielche, 1998). Excessi\{e shrinkage of

is os and fascicles to leave large drip channels is seen in PSE meat (evidence reviewed by Offer & Knight, 1988, section 4.§). Tht':rc

e Me evidence to suggest that development of large drip channels and excessive water loss from RSE meat may be associated with
Uced desmin proteolysis (Morrison et al., 1998).

| pt():]:o Seems clear from direct mechanical observations that the cell-matrix linkages do play a part in. the mechgpical prgperties of
‘ Utmof_tem muscle. Mechanical and structural measurements on single fibres from porcine longissimus and iliocostalis musg!es
of Ungj et al., 1995, 1996; Willems & Purslow, 1997) show that in both unconditioned and conditioned raw meat the deforrpablhty
ey € myofibrils increases in regions of a fibre where the endomysium is broken on stretching. This implies that cytoskeletal lmkaggs
\ effe €en endomysium and myofibrils normally allow load sharing by shear, so reducing the deformability of the myofibrils. This
I Ctis reduced in magnitude, but not eliminated, after cooking (Mutungi et al., 1996). The different extensibility of small groups of
Muscle fibres compared to single muscle fibres observed by Willems & Purslow (1997) can only be explained by load sharing
"latr'een. adjacent fibres, which requires good (shear) linkages between the cells via the extracellular matrix. The effects Qf these cell-

i c(:x ]}T}kages are not reduced by conditioning, but are largely diminished by cooking to 80°C. The regular fragmcntgtxon of fibres
(Ke“ndltloned meat observed by Dransfield et al. (1986) is easily explained by the standard composite materials science concept
Co, Y, 1960; Hull, 1981) of tensile failure of (weakened) muscle fibres in a matrix - but this explanation again requires that

€Clions between fibres and matrix are strong in shear.

co: eraPid proteolysis of cytoskeletal proteins during post-mortem conditioning and the separatipn of r-nyqfibri]-sarcolemmal
My Clions (Taylor et al., 1995) suggested that the degradation of intermediate filament and costameric proteins in the cytoskeleton
Cop. V€ some role in the changing mechanical properties of meat during conditioning. (Again, we must be cautious that
o0l Ky Arative weakening of structures that develop in raw meat during conditioning may not necessarily be evident after cooking.)
QXid:t‘_'er, two pieces of recent evidence has begun to indi.cate against tl?is. In porcine long1351rpus musc]e§ (but pc-arhfips not in more
degrad"’e Muscles) there is a fibre-type specific loss of immunolabelling for .desmm, suggesting th?t this protein is preferentially
et/ Prey; ed in type IIb fibres, but retained in the more oxidative type I and Ila fibres during condmgnmg (Morrison et a}., 1998). In
jioh | fop Ous work relating the proportion of muscle fibre types to toughness (Henckel et al., 1997; Maltin et al., 1997) there is a tendenct‘y
at! Cop ousc!es high in oxidative fibres to be more tender. A changing proportion of fibre types between muscles may result in
af my Unding influences (such as differences in ultimate pH in the muscle as a whole). However, the evidence that type I & Ila - rich
legg €S are often tender seems to argue against a role for desmin degradation in the tenderisation process if desmin degradation is

Pparent in at least some muscles within these type I and Ia fibres. The second piece of evidence is a study by Taylor &
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Koohmaraie (1998) on the longissimus muscle of normal and callipyge lambs. Callipyge meat is far tougher than normal meat eve?
after 14 days conditioning. Taylor & Koohmaraie argue that, because detachment of myofibril-sarcolemmal links occurred in bot
normal and callipyge muscle (albeit more slowly in the callipyge samples), then sarcolemmal detachment must be unrelated to the
development of tenderness. These two contra-indications against the direct involvement of intermediate filament and costameric
proteins in tenderisation during conditioning obviously stimulate further investigation of this question.

Conclusions

One focus of attention during the last quarter-century in researc
cooked meat texture has been the possible role of mature crosslink

h aimed at understanding the variations in IMCT contribution ¥
s. The importance of these now seems more debatable than befor®:

On the other hand, the considerable variation in the expression of collagens and other IMCT components in muscle seems t0 be 2
neglected subject. Control of IMCT component expression during muscle development and growth offers considerable scope for

manipulating meat texture. However, in order for this concept to
muscles have IMCT and how much the amount and architecture
necessary for in-vivo functioning of the muscle. We are only just

further work is clearly necessary to evaluate these possibilities.
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