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In troduction

The appearance o f meat may be profoundly a ffected by the inetabolic events 
which take place in  muscle post mortan and a major in fluence upon it s  
appearance is  exerted by the l ig h t  sca tte ring  power o f the constituen t muscle 
f ib re s . A p a r t ic u la r ly  dramatic instance o f th is  e ffe c t is  the appearance 
o f pale s o ft and exudative pork which owes i t s  pecu lia r appearance very 
la rg e ly  to  i t s  very high l ig h t  sca tte ring  a b i l i t y  (1 ).

In view o f i t s  importance, we aim to study the l ig h t  sca tte ring  p roperties o f 
muscle to  es tab lish  which s truc tu res  w ith in  the muscle f ib re  are the main 
con tribu to rs  to  the sca tte r and to determine how th e ir  c o n tr ib u tio n  changes 
w ith  va ria tio n s  in  the physio log ica l s ta te  o f the c e l l .

This pre lim inary  study has been devoted to  the l ig h t  sca tte ring  change 
induced by the onset o f r ig o r  m ortis . I t  has shown th a t a large increase in 
sca tte r re su lts  from the establishment o f ' r ig o r  bonds' between the th ick  and 
th in  filam ents o f the c o n tra c tile  apparatus.

I t  1s known th a t the l ig h t  sca tte ring  power o f a relaxed muscle is  increased 
both during contraction  (2 ,3 ,4 ) and w ith  the onset o f r ig o r  m ortis  (5) and 
there are in d ica tio ns  from previous work th a t both the op tica l changes due to 
con trac tion  (4) and those due to r ig o r  (6) are dependent upon the degree o f 
overlap o f the th ic k  and th in  filam en ts . The present measurements, which 
have been made both upon substantia l pieces o f muscle tissue  and upon s ing le  
muscle f ib re s ,  aim to  pursue the rigor-induced sca tte ring  increase in  a 
q u a n tita tive  manner and to  compare the behaviour o f whole muscle and o f 
s in g le  muscle f ib re s .  In the la t te r  case the experimental cond itions can be 
ra ther p rec ise ly  con tro lled  and indeed the re laxed, con tracting  and r ig o r 
states can be generated at w i l l ;  i t  1s, however, h ig h ly  des irab le  to  be able 
to  re la te  experimental re su lts  obtained w ith  s in g le  f ib re s  to the behaviour 
o f the whole muscles which are the concern o f commercial p rac tice  and th is  
was a p a rt ic u la r  aim o f the present measurenents.

Methods

Three d if fe re n t  op tica l set-ups were used in  these experiments (see F ig . 1 ).
A and B were employed w ith  substantia l pieces o f muscle and C was used to 
make op tica l measurements on s in g le  muscle f ib re s ; the la t t e r  were combined 
w ith  simultaneous mechanical measurements o f isom etric force and o f s t if fn e s s  
using exceedingly small (~0.03%) sinusoidal length changes (a t 77Hz) as 
previously described (7 ).

The il lu m in a tio n , derived from an appropriate l ig h t  em itting  diode in  each 
case was de livered to the specimen by a su itab le  f ib re  o p tic  l ig h t  guide.
In B*and C a l ig h t  guide was a lso used to convey l ig h t  from the specimen to 
the detector -  a s il ic o n  photodiode. The various l ig h t  e n itt in g  diodes were 
pulsed a t high frequency (30-50 KHz) and the re su lta n t pulsed i l l jn in a t io n  
produced a modulated signal a t the photodetector. This arrangement 
perm itted the re je c tio n  by high-pass f i l t e r s ,  o f steady o r s low ly changing

at 565 nm) and at 940 i than 2%i t  is  even less s ig n if ic a n t  ( le s s than *i!ared' 
velength-dependence o f the sca tte ring  comp ^nm va lue ). The weak wavelength-aepenaente ui tne ^ a u c i  - _ one,

the strong wavelength-dependence o f the pigment absorption ena^
using such m ulti-wave length measurenents, to  separate these t ^ I)parisOn
to  the o ve ra ll a tten ua tion , 
between the 655 and 940 nm measurements
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rigor-induced decrease in the l ig h t  transmission is  s im ila r ;  
wavelengths transmission is  approximately halved by r ig o r  onset.

Figure 3 records an experiment in which geometry B was used to 
onset o f r ig o r  a t 22°C in beef sternomandibularis muscle. ^  ^
tha t the in te n s ity  o f the l ig h t  back-scattered from the su rfa ce ' by'
o p t ic a lly  almost " in f in i t e ly t h ic k  preparation riseso I s. a  I I J a ................- -  ■ J -■■ ■-----  r -  - i ---- ---------- . '  J I I U '  ,»a f«-
fa c to r  (about twofo ld) s im ila r  to  the decrease in transmission » sCjt  r
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l ig h t  in tercepted by th is  geometry (B) is  q u ite  representa tive  °Jatten
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geometry C. The relaxed s ta te  was achieved by bathing the no  pr 
MgATP-containing so lu tion  lacking Ca ions and the r ig o r  s taJ; i0(1 Pa5j 'MgATP-containing so lu tion  lacking Ca*" ions and the r ig o r  s ta t pa*'ji>
by s u b s titu tin g  Ca - fre e  so lu tion  lacking Mg ATP. The prepara ce a"“ 
in to  r ig o r  (see Fig 4) as ind icated by an increase in isom etric 
s t if fn e s s .

The l ig h t  scattered a t both 90° and 135° to  the inc iden t 940 nm 
increased w ith  k in e tic s  s im ila r  to  the onset o f r ig o r  force aJ“ , - 
uhnn r . i i v i t i n n  uac nrnHurpH hv rpnlacina the r ig o r-indu c ing  s . -in() ,When re laxa tion  was produced by replacing the r ig o r-indu c ing  --  r ins , 
re lax ing so lu tion  once more, the fo rce , s t if fn e s s  and l ig h t  s“ L cha«'j’t  
signals a l l  dropped to th e ir  relaxed values; both op tica l a"°  - eas»rij ; 
phenomena are re ve rs ib le . I t  is  noteworthy th a t l ig h t  scatte
,  *. 1 n e w  A n f l “  r k n .^ r  '  r i . w i l  w i n l  i t i i H o  f t l l h n o  w h o fl f l O O r  . U & ' J

i ng .

a t 135“  and at 90“  shows a s im ila r  amplitude change when r ig o r 
the increase is  about tw o fo ld . (This experiment was conducteae increase is  aDoui tw u iu iu . v i ms  imcm. ------  . g(.

the pH o f the bathing medium is  lowered towards 6.0 th e js c a i j^
by relaxed muscle r ise s  somewhat and the rigor-induced change 
s l ig h t ly  in  amplitude -  re su lts  not shown).

nisn

A p a r t ic u la r  advantage o f the^s ing le  f ib re  preparation is^ the  j j j j u f j j j ^
o ffe rs  to  vary the sarcomere length in  a co n tro lle d  manner. $!*>:
l ik e  those o f F ig. 4 , but conducted a t d if fe re n t  s^COTere^jengjepgnd^

re la tio n sh ip
and the ra t io  o f r ig o r  sca tte r to  relaxed s c a tte r . --------------  at  p- ,
extrapola tes to  1.0 a t a sarcomere length close to  th a t ^¡Vrefor« ,i 
overlap e x is ts  between the th ic k  and th in  myofilam ents. I t  -«ort’V  
appears th a t the increase in  sca tte r associated w ith  r ig o r  is  P ep cofln
the degree o f filam en t overlap over a wide range, im plying a — 
between the number o f r ig o r  bonds (8) which develop between tn  i$sô 
in te rd ig ita t in g  th ic k  and th in  filam ents and the magnitude or t

Pr°CeSS' . .The above measurements concern muscle f ib re s  going in to  r ig o r a ,
as a re s u lt  o f metabolic d e p le tio n . In order to  inves tiga te  m
rigor-induced change under more con tro lled  cond itions , raeasureme^ jS’09

the rigor-induced sca tte ring  increase is  very sarcomere-length a ^  ]tjn 
see F ig. 5. An almost lin e a r  re la tio n sh ip  e x is ts  between sa.rC^ (insMP.,n' 

................................  This reiac<w t  ^

in te r fe r in g  signals caused by background i l l j n in a t io n ,  w h ils t in (C) i t  
enabled, in a d d it io n , the use o f lo c k -in  a m p lifie rs  to  ex tra c t from 
background noise the ra ther small signal received at the photodetector.

The 3 l ig h t  em itting  diodes (LED's) used in A provided ra ther narrow band 
i l l jn in a t io n  (25-40 nm at h a lf  height) centred upon 565, 655 and 940 nm, 
w h ils t a l l  the measurements reported here w ith  arrangements B and C used a 
near in fra -re d  (940 nm) source alone. In arrangement A, measurements a t 
three wavelengths were made e f fe c t iv e ly  simultaneously by p ro je c ting  pulses 
a t the sample in  rapid succession from three d if fe re n t  LED's each o f which 
was i l l  jn ina ted fo r  8 / is .  The re p e tit io n  ra te  o f the pulse t ra in  was 15 
KHz. Su itable decoding c ir c u i t r y  was used to  demodulate the re su lta n t 
pulsed signal from the photodiode de tec to r. In measurements o f myoglobin 
oxygenation a LED em itting  maximally at 585 nm was substitu ted fo r  the 940 nm 
LED. The l ig h t  guides used consisted o f a bundle o f glass o p tica l f ib re s  
which was subdivided by d iv e rt in g  the f ib re s  a t random in to  three o r two 
sub-bundles in A and B re sp e c tive ly . The overa ll diameter o f the combined 
guide was 2 mm (A) and 3 mm (B ). In C, s in g le  s i l ic a  op tica l f ib re s  (0.25 
m  core diameter) were used, w ith  the muscle f ib re  mounted between a force 
transducer and a displacement transducer (along an axis normal to  the plane 
o f the paper).

The geometry o f the arrangement was such tha t A measured l ig h t  transmission 
by the specimen (path length 3mm). The l ig h t  guide and detector were in 
close contact w ith a l mm th ic k  perspex plates which sandwiched the preparation 
(de tec to r area 9mnr). B by co n tra s t, measured l ig h t  back-scattered from the 
prepara tion . In both o f these cases the muscle f ib re  axis was normal to  the 
o p tic  axis o f the l ig h t  guide. In C, however, such measurements o f 
transmission and backscatter were d i f f i c u l t  to  make fo r  technica l reasons and 
so modulated in fra -  red l ig h t  in c iden t upon the specimen normal to  the muscle 
f ib re  axis was co llec ted  by two o p tic a l f ib re s  (each subtending about 0.1 
steradians at the specimen), one a t 90 to the Inc iden t beam and the other at 
approximately 135u to  i t .

In arrangements A and B the muscle specimen was cut to  size and to ta l ly  
enclosed w ithout access to the a i r .  I t  ra p id ly  became completely anaerobic 
as Indicated by changes in the absorption spectrum o f the muscle myoglobin 
which could be conveniently monitored by measurements w ith  565 nm and 585 nm 
LEDs (manuscript 1n prepara tion ).

Sarcomere length was measured by op tica l d if f ra c t io n  using a He Ne laser at 
633 nm.

Results and discussion

F ig . 2 records the changes 1n l ig h t  transmission measured in apparatus o f 
type A when a sagple o f beef sternomandibularis muscle was allowed to  pass 
In to  r ig o r  at 22°C.

At each o f the three measuring wavelengths a decrease 1n l ig h t  transm ission, 
w ith  s im ila r  k in e tic s , 1s associated w ith  r ig o r  onset. The muscle tissue  Is 
more opaque at shorter wavelengths and th is  1s a ttr ib u ta b le  p a r t ly  to  
Increased l ig h t  sca tte r a t the shorter wavelength (6 ).  At 565 nm, however, 
a substantia l part o f the a ttenuation  1s due to  absorption by haem pigments - 
mainly myoglobin (the  myoglobin concentration 1n th is  sample Is  approximately 
2.8 mM). At 655 nm, however, myoglobin absorption 1s small (7% of the value

op tica l change.

Apart from the c o n tra c tile  apparatus, c e l lu la r  manbranes, Pa rJ.v t» 
ex tensive ly  developed sarcoplasmic r e t ic u l jn  membrane system l 
expected to  co n tribu te  to  l ig h t  scattered by muscle f ib re s .  ‘  d no* 
estimate th is  c o n tr ib u tio n , in ta c t s ing le  muscle f ib re s  whlcnH state.f 
g lycero l extracted were observed in apparatus C in the r e l uPt  . 
trea ted w ith  the non-1onic detergent B r i j  58 (0.5% w/v) to  d is  jlJ,
membranes under cond itions where the f ib re  remained relaxed. 
decrease in  l ig h t  sca tte r (~10%) was produced by th is  treatment» scat l 
th a t the membranes co n tribu te  ra ther l i t t l e  to  the overa ll * '9  
the relaxed c e l l .

Cone!usion
il ljl.

The re s u lts  described above in d ica te  th a t there is  a very substa r ^ V i  
increase in  l ig h t  sca tte ring  «hen relaxed beef muscle enters t i  0t 
These re su lts  also dm onstra te  th a t the l ig h t  sca tte ring  behav' r e5? V . 
muscle f ib re s  undergoing th is  t ra n s it io n  is  very s im ila r  to  tn i j  
block o f muscle t is s u e . I t  is  evident th a t th is  l ig h t  scatte r ,  ,r
induced by r ig o r  is  c lo se ly  re la ted  to the extent o f e s ta b lis l 
bonds between the th ic k  and th in  myofilaments.
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Schl_g «-nematic diagrams o f the op tica l set-ups used.
fib ri

detect 0 rie n ta ^ed with  f ib re  ax is  perpendicular to  op tica l axis 
r» c ^ lo r  S i l ic o n  photodiode, area 9mnr operated under reverse b ias , 
J sP?nse time 100 n s ).

’*  0P tic  1 ig h t guide

SInnl"*C time 100 ns) •
miKri (25°  AW core diameter) o p tica l f ib re

A« V l 9 W , f1bPen sc,e
respectivei”in9 d' 0des e m it t i"9 ">a* i" 'al l y  a t 565, 655 and 940 nm 

F) 1 “  3 am ( a) and 15 mm (B ).

'» T ^ r"oml!!!L!:0i rse o f , i9 h t  tra n smission a t 3 d iffe re n t  wavelengths in 
n aPoar", u ,a n s  muscle as U  enters r ig o r  m o rtis . Measurements were 

e ra tu re  22 C.

l ig h t  in te n s ity  back scattered f r  
• muscle as i t  enters r ig o r  m o rtis .

<:0urse o f l ig h t  in te n s ity  back scattered from beef 
Ppar*tuc odr] s muscle as i t  enters r ig o r  m o rtis . Measurements were made 

temperature 22 c .

^ D p ^ ^ lb u U 3^ 03! and °Pt ic a l changes in a s in g le  g lycerlna ted beef 
In i^r^ure jmo£1s f ib r e .  Measurements were made in apparatus C, 
irp jm n |fCi sarcomere length 2 .4 /jm. I n i t i a l l y  the f ib re  was bathed 
at ¿(a) 5 ">M MgCl-, 5 mM ATP, 3 mM, EGTA, 3 mM imidazole pH 6 .9 ; at

C, sarcomere length 2.4 /jm.
Jr th is ° M9C1«, 5 mM ATP, 3 mM, tia iA , j mn im iaazoie pH b .y ; at

r°**(b) * hwas replaced by a s im ila r mediun but lacking ATP and MgCl9 ; 
ne o r ig in a l so lu tion  was readm itted, f ib re  d ianeter 75 / n r

C ? !» t c l!PÎ Î " ? re 1 ength dependence o f the fra c tio n a l l ig h t  sca tte ring  
•- .  9. 4 / “ 5e<1 by r ig o r  on --‘ Experiments were performed as described
2,iLl°Se<1 SvmhSTirements at 90°) but the sarcomere length was va ried . Open 

Sarcomar° , describe re s u lts  from two d if fe re n t  f ib re s ,  diameters (a t 
e length) 68 /jm 0  and 74 pm #  re sp e c tive ly .
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