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The  D e p e n d e n c e  of R i g o r  T e n s i o n  on S a r c o m e r e  

I t  is no longer  a m a t t e r  of con t rove r sy  t h a t  t he  act ive ,  
i sometr ic  con t rac t i l e  t ens ion  p roduced  b y  ske le ta l  
muscle  is a func t ion  of t he  sa rcomere  l eng th  of t h a t  muscle.  
RAMSAY and  STREET 1 f i rs t  d e m o n s t r a t e d  t h a t  the re  was a 
l inear  decline in the  t ens ion  w h e n  muscle  was s t r e t ched  
f rom res t  length ,  a n d  GORDON et al. 2 were able  to  show 
t h a t  t he  t ens ion  was r educed  to  zero w h e n  t he  over lap  
of t h i c k  and  t h i n  f i l amen t s  was also zero. This  classic 
l eng th - t ens ion  r e l a t ionsh ip  ha s  since been  d e m o n s t r a t e d  
for b o t h  ac t ive ly  c o n t r a c t i n g  sk inned  a and  glycerol- 
e x t r a c t e d  4 ske le ta l  muscle  f ibres b u t  has  neve r  been  
d e m o n s t r a t e d  for t he  t ens ion  p roduced  in a muscle  f ibre 
w h e n  i t  passes  f rom t he  re laxed to t he  r igor  s ta te .  Th i s  
t h e n  is t he  sub jec t  of th i s  repor t .  

Methods. W e  h a v e  chosen single, glycerinate~t 5 r a b b i t  
psoas  muscle  f ibres  as our  e x p e r i m e n t a l  ob jec t  because  of 
t he  r eve r s ib i l i ty  a n d  ease w i t h  which  such  f ibres can  be  
induced  in to  r igor  (XC1 50 m M ;  Tr i s -malea te  10 r a M ;  
p H  6.5) and  r e l a x a t i o n  (rigor so lu t ion  plus  A T P  5 r a M ;  
MgC125 m M ;  E G T A  6 2 m2VI), Our  e x p e r i m e n t a l  t e chn iques  
invo lve  s imu l t aneous  m e a s u r e m e n t  of t he  f ibre  tens ion ,  
d y n a m i c  st iffness ( the t ens ion  osci l la t ion p roduced  in 
response  to  a 0.2%, 4 I i z  l e n g t h  osci l lat ion) and  t he  
sa rcomere  l e n g t h  (der ived f rom t he  f i rs t  order  d i f f rac t ion  
l ine of a 2 m W  He-Ne  laser) in  a m a n n e r  essent ia l ly  the  
same as t h a t  p rev ious ly  descr ibed 7. 
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Fig. 1. Rigor  tension (developed in excess of re laxed  tension) from a 
single g lyeer ina ted  psoas fibre p lo t ted  as a funct ion of the sarcomere 
length.  Each  point  represents  the mean  of 3 r igor  tensions. The fibre 
was s t re tched in  the re laxing solut ion and sareomere lengths  were 
de te rmined  from the first  order  diffract ion l ines of a He-Ne laser. 
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Fig. 2. The r igor tensions developed following the re laxing solut ion 
on 26 consecutive occasions. Prepara t ion  is a single g lycer ina ted  
psoas fibre wi th  a sarcomere length  of 2.4 ~m. 

Length  in Vertebrate  M u s c l e  

Var i a t i ons  in sa rcomere  l e n g t h  m e a s u r e m e n t s  inc lude  
t he  w i d t h  of the  f i rs t  order  d i f f rac t ion  l ine a t  a n y  p o i n t  
a long t he  l eng th  of t he  fibre,  ( m a x i m u m  • 0.02 am) as 
well  as v a r i a t i o n s  ( •  0.15 am) a long t he  l e n g t h  of t h e  
f ibre  (about  1 cm) where  m e a s u r e m e n t s  were t a k e n  
eve ry  mi l l imeter .  F ib res  wh ich  exceeded these  requi re-  
m e n t s  were discarded.  

Results  and discussion. Figure  1 d e m o n s t r a t e s  t he  
t yp ica l  effect  of progress ive  s t r e t ch  on  the  m a g n i t u d e  
of t he  r igor  t ens ion  where  successive s t r e t ches  were 
appl ied  to  a single muscle  f ibre  in  t he  re laxed  s ta te .  F r o m  
th i s  f igure i t  can  be  seen t h a t  t he re  is l i t t le  v a r i a t i o n  in 
t he  r igor  t ens ion  a t  sa rcomere  l eng ths  f rom 2.2 ~xm to  
a b o u t  2.6 vm, and  t h e n  the re  is a d r a m a t i c  d rop  in the  
t ens ion  as t he  sa rcomere  l e n g t h  is increased.  This  p l a t eau  
a n d  t h e n  t he  decl ine in t he  r igor  t ens ion  c a n n o t  be  
a t t r i b u t e d  to t h e  r epea t ed  cycl ing of t he  muscle  f ibres  
t h r o u g h  t he  re laxed  and  r igor  s ta tes ,  for th i s  m a n o e u v r e  
w h e n  pe r fo rmed  w i t h o u t  chang ing  t he  sa rcomere  l eng th  
p roduced  no s ign i f ican t  change  ill t h e  t ens ion  (Figure  2). 
W h e n  t he  same k i n d  of e x p e r i m e n t  was a t t e m p t e d  
on f ibres  where  t h e  in i t ia l  sa rcomere  l e n g t h  was r educed  
before g lyce r ina t ion  b y  electr ical  s t i m u l a t i o n  of the  f ibre  
bundle ,  we were unab le  to  d e m o n s t r a t e  a decrease  in r igor  
t ens ion  a t  l eng ths  be low res t  l eng th  s imi la r  to  t h a t  seen 
in l iv ing  f ibres 2. In s t ead ,  t he  progress ive  s t r e t ch  p roduced  
l i t t l e  or no change  in tile r igor  t ens ion  un t i l  a sa rcomere  
l eng th  of a b o u t  2.5 a m  was reached,  and  t h e n  the  t ens ion  
decl ined in m u c h  t he  same way  as is i l l u s t r a t ed  in F igure  1. 
This  suggests  t h a t  some k ind  of i r revers ib le  d a m a g e  
occurs w i t h i n  the  sa rcomere  (p robab ly  t he  t h i c k  f i laments )  
w h e n  t he  sarcomeres  are s h o r t e n e d  to  less t h a n  res t  l e n g t h  
and  t h e n  s tored  in t he  g lyce ro lex t rac t ing  solut ion.  

W e  no t iced  t h a t  t he  r igor  t ens ions  in those  f ibres  wh ich  
h a d  been  g lycer ina ted  a t  l eng ths  sho r t e r  t h a n  res t  l e n g t h  
appea red  to confo rm to  t he  p a t t e r n  seen in t he  sa rcomere  
l eng th -ac t i ve  t ens ion  curve  3, i.e. t he  sho r t e r  t he  sa rcomere  
be low res t  length ,  t he  smal ler  t he  r igor  tens ion .  The  
expe r imen t s  s u m m a r i z e d  in th i s  f igure were pe r fo rmed  as 
follows: t he  sa rcomere  l e n g t h  of each  f ibre  was measu red  
and  t he  m e a n  of t he  f i rs t  3 r igor  t ens ions  a t  t h a t  l e n g t h  
was recorded.  The  f ibre  was t h e n  d i sca rded  a n d  a new 
f ibre  measured .  Thus ,  these  e x p e r i m e n t s  (unlike t he  one 
r ep resen ted  in F igure  1) i nvo lved  no  s t r e t ch ing  of fibres,  
and  only  in some cases in i t ia l  sho r t en ing  pr ior  to  glycer ina-  
t ion.  E a c h  d a t a  p o i n t  r ep resen t s  t he  m e a n  of those  
e x p e r i m e n t s  whose  sa rcomere  l eng ths  fell in to  a 0.1 a m  
in te rva l .  The  error  ba r s  r ep resen t  t he  s t a n d a r d  errors  of 
the  means .  51 d i f fe ren t  f ibres  are r ep resen ted  of w h i c h  
15 h a d  in i t ia l  s a rcomere  l eng ths  shor t e r  thai1 res t  l ength .  
Since these  resul t s  were o b t a i n e d  f rom m a n y  fibres,  an  
a d d i t i o n a l  error  is in t roduced ,  namely ,  t h e  er ror  r esu l t ing  
f rom the  m e a s u r e m e n t  of t he  f ibre  d iamete r .  All  cross- 
sec t ional  areas  were e s t i m a t e d  f rom fibre d i a m e t e r s  

1 R. W. RAMSAY and S. F. STREET, J. cell. comp. Physiol.  15, 11 
(1940). 

2 A. M. GORDON, H. E. HUXLEY and F. J. JULIAN, J.  Physiol . ,  
Lond. 784, 170 (1966). 

a D. C. HELLA~I and R. J. POnOLSKY, J. Physiol. ,  Lond. 200, 807 
(1969). 

4 p. WARD, C. EDWARDS and E. BENSON, Proc. na tn .  Acad. Sci., 
USA 53, 1377 (1965). 
E. RO~E, J. molec. Biol. 65, 331 (1972). 
EGTA:  ethyleneglycol-bisl(f l -amino e thy l  ether)N, N ' - te t ra -ace t ic  
acid. 

7 C. DOS REIVIEDIOS, ll~. MILLIKAN and M. IVJ[ORALES, J. gen. Physiol. 
59, 103 (1972). 
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m e a s u r e d  a t  severa l  po in t s  a long  the  l eng th  of the  fibre. 
I t  was  a s sumed  t h a t  t he  f ibres  h a d  a c i rcular  cross- 
sec t ional  profile, b u t  th i s  was r a re ly  so. Never the less ,  
w i t h i n  th i s  f r a m e w o r k  of u n c e r t a i n t y ,  the  l inear  regress ion 
of the  e x p e r i m e n t a l  po in t s  in  F igure  3 gave  a slope of 
--55.7 w i t h  a cor re la t ion  coefficient  of 0.93. I t  is signifi- 
c a n t  t h a t  t he  i n t e r c e p t  of th i s  slope w i t h  t he  abscissa 
occurs  a t  3.7 ~*m sa rcomere  l e n g t h  wh ich  compares  
f a v o u r a b l y  w i t h  t he  va lue  of 3.8 ~zm t h a t  would  be  
expec ted  on the  basis  of PAOB and  HUXLEY'S 8 e lec t ron  
microscope da ta .  The  sa rcomere  l e n g t h  a t  wh ich  t he  
m a x i m u m  tens ion  was o b t a i n e d  was 2.5 ~m which  is in 
close a g r e e m e n t  w i t h  t he  expec t ed  va lue  of 2.4-2.5 ~m. 
The  expec ted  p l a t eau  be t w een  t he  sa rcomere  l eng ths  2.2 
a n d  2.6 txm (Figure  1) does no t  a p p e a r  in F igure  3, 
poss ib ly  because  of t he  sources of error  m e n t i o n e d  above ,  
park icu lar ly  errors  i n h e r e n t  in t he  m e a s u r e m e n t  of res t  
length .  The  slope b e t w e e n  these  po in t s  is small ,  however ,  
c lear ly smal ler  t h a n  t h a t  below 2.2 ~m a n d  a b o v e  2.6 ~xm. 
V a r i a b i l i t y  in t he  region of t he  expec ted  p l a t eau  and  a t  
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Fig. 3. Relation between the sarcomere length and rigor tension for 
51 different single psoas fibres measured at their glyeerinated length. 
Experimental points represent the means ( i  standard errors of the 
means) which have been joined by the broken line. The unbroken line 
represents the linear regression through the data points between 2.6 
and 3.7 ~xm sareomere lengths. The slope of this regression is --35.7 
with a correlation coefficient of 0.93. The data represented in this 
figure were not obtained from stretch experiments such as in Figure 1. 
The experimental point at 1.8 ~zm sarcomere length was obtained 
from a single fibre. All other points represent the mean tension of 
more than one fibre. 
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Fig. 4. The magnitude of the tension oscillations in rigor and relaxa- 
tion in response to a constant sinusoidal length oscillation is plotted 
against sarcomere length. These data were obtained from a single 
glycerinated psoas fibre in the same experiment as shown in Figure 1. 

sa rcomere  l eng ths  sho r t e r  t h a n  res t  l e n g t h  was so grea t  
t h a t  no a t t e m p t  was  m a d e  to  ca lcu la te  regress ions  in 
th i s  area.  Never the less ,  a r ap id  decl ine in t he  r igor  t ens ion  
a t  sa rcomere  l eng ths  less t h a n  2.2 ~m is d e m o n s t r a t e d .  
This  fea tu re  agrees, a t  leas t  qua l i t a t ive ly ,  w i t h  t he  ac t ive  
l eng th  t ens ion  diagram1,  2, and  adds  weigh t  to  our  above  
m e n t i o n e d  sugges t ion  t h a t  the  g lyce r ina t ion  p rocedure  in 
some way  resul t s  in  a par t ia l ,  y e t  i r reversible ,  loss of 
func t ion  in those  f ibres  which  were g lyce r ina ted  a t  shor t e r  
t h a n  res t  length .  

The  re l a t ionsh ip  be tween  sarcomere  l eng th  a n d  d y n a m i c  
st i ffness is shown in F igure  4. Here,  the  s inusoida l  l eng th  
osci l la t ion of c o n s t a n t  m a g n i t u d e  p roduced  m a r k e d l y  
d i f fe rent  osci l lat ions in  the  t ens ion  in t he  two states .  These  
da ta ,  wh ich  are in  q u a n t i t a t i v e  a g r e e m e n t  w i t h  pub l i shed  
d a t a  7, 9,10 were o b t a i n e d  in t h e  same  e x p e r i m e n t  as t h e  
d a t a  in  F igure  1 a n d  are cons i s t en t  w i t h  t he  effects of a 
decrease  in f i l amen t  over lap  as t he  sa rcomere  l eng th  is 
increased.  The  d e p a r t u r e  f rom l inea r i ty  is due to an  
increase  in t he  pass ive  t ens ion  in these  two s t a t e s  r e su l t ing  
f rom t h e  progress ive  s t re tch .  

I t  is no t  a nove l  obse rva t i on  t h a t  g lyce r ina ted  9,11 or 
l iv ing  7 muscle  f ibres  deve lop  a s ign i f ican t  t en s ion  w h e n  
r igor  is i nduced  f rom the  re laxed  s ta te ,  and  t h a t  th i s  
change  in t ens ion  is a ccompan ied  b y  a s u b s t a n t i a l  
increase  in the  d y n a m i c  elast ic  modulus .  Howeve r  i t  
has  no t  p rev ious ly  been  d e m o n s t r a t e d  t h a t  t he  m a g n i t u d e  
of t he  r igor  t ens ion  closely mi r rors  t h a t  of t he  ac t ive  
l eng th - t ens ion  re la t ionsh ip .  Our  p a r t i c u l a r  i n t e r e s t  in t he  
r igor  l eng th - t ens ion  re l a t ionsh ip  s t ems  f rom proposa ls  
we h a v e  m a d e  10 concern ing  t he  e l e m e n t a r y  chemica l  
and  m e c h a n i c a l  s tages  of the  c o n t r a c t i o n  cycle where  we 
envisage  t he  r igor  s t a t e  as be ing  p a r t  of the  c o n t i n u i n g  
cycle t h a t  n o r m a l l y  occurs  d u r i n g  ac t ive  t ens ion  develop-  
men t .  Two stages  of th i s  cycle are  r ep resen ted  in our  
exper imen t s .  The  f i rs t  s tage is r e l a x a t i o n  where  m y o s i n  
(M) a n d  ac t in  (A) are  d issocia ted  in  t h e  presence  of A T P  
(i.e. M - A T P  + A) t h u s  p r o d u c i n g  a low d y n a m i c  st i ffness 
and  low tens ion .  This  s tage would  p r e d i c t a b l y  be  m u c h  
less d e p e n d e n t  on  t he  sa rcomere  l e n g t h  (i.e. t h e  degree of 
f i l amen t  over lap)  t h a n  t h e  r igor  s t a t e  where  A T P  is 
a b s e n t  a n d  t he  m y o s i n  an,d ac t in  c o m p o n e n t s  are free to  
i n t e r a c t  (i.e. 1VI-A, no ATP) .  The  m a n o e u v r e  of a l t e r n a t i n g  
t he  re lax ing  and  r igor  so lu t ions  should  resu l t  in  e i the r  
t he  s imple  deso rp t ion  of t he  A T P  to  p roduce  t he  r igor  
s t a t e  1~ or a l t e r n a t i v e l y  t he  myos in  m a y  hydro lyse  t he  
A T P  (M-ATP + A) to A D P  + Pi  (M-ADP + A) fol lowed 
b y  mechan ica l  un ion  w i t h  ac t i n  a n d  deso rp t ion  of t he  
nuc leo t ide  (M-A). WHITE 9 argues  conv inc ing ly  t h a t  t he  
A T P  b o u n d  to myos in  is h y d r o l y z e d  r a t h e r  t h a n  desorbed  
du r ing  t he  t r a n s i t i o n  f rom re l axa t ion  to rigor, and  if 
t h i s  is so t h e n  we m i g h t  p red ic t  t h a t  t h e  r e l axa t ion- r igor  
cycles pe r fo rmed  in the  p r e sen t  e x p e r i m e n t s  would  
ref lect  some of t he  p roper t i e s  of cycles of mechan ica l  
even t s  exper ienced  b y  t he  f ibre  d u r i n g  ac t ive  con t rac t ion .  
One such  p r o p e r t y  would be  a s imi l a r i t y  b e t w e e n  t he  
l eng th - t en s ion  curves  for b o t h  ac t ive  and  r igor  tens ions .  

Indeed ,  the  r igor  s t a t e  is accep ted  12 as be ing  t he  ' f ina l '  
s tep  in t he  ac t ive  m e c h a n i c a l  cycle of cross-br idge ac t ion  
on t he  basis  of t h r e e - d i m e n s i o n a l  r econs t ruc t i ons  of ac t in  
and  myos in  molecules  i n t e r a c t i n g  in t he  absence  of ATP,  

8 S. PAGE and H. E. HUXLEY, J. Cell Biol. 19, 369 (1973). 
D. C. S. WHITE, J. Physiol., Lond. 208, 583 (1970). 

i0 C. DOS REMeDIOS, R. YOUNT and M. MORALES, Proc. natn. Acad. 
Sci., USA 69, 2542 (1973). 

11 H. J. Kt~HN, Experientia 29, 1086 (1973). 
13 H. E. H~JXLEu Nature, Lond. 2d3, 445 (1973). 
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.e. in  t he  s t a t e  of rigor. W e  h a v e  d e m o n s t r a t e d  a logical  
ex tens ion  of t he  classic l eng th  t ens ion  r e l a t ionsh ip  to t he  
' c o n t r a c t i o n '  due  to  t he  r igor  s ta te ,  t h e r e b y  d r awing  
a t t e n t i o n  ot  i ts  dependence  ( amongs t  o the r  thingsT, 9) on  
t he  sa rcomere  length .  

Zusammen/assung. Bet  G l y c e r i n - e x t r a h i e r t e n  F a s e r n  
des Kan inchen -Psoas -Muske l s  wurde  ein der  n o r m a l e n  
i somet r i schen  K o n t r a k t i o n  ~thnlicher Z u s a m m e n h a n g  
zwischen Sa rkomeren l~nge  u n d  - s p a n n u n g  fiir die 
K M i u m k o n t r a k t u r  festgestel l t .  
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Facil i tat ion of Learning by  Reward  of P o s t - T r i a l  

A wide v a r i e t y  of t r e a t m e n t s  a d m i n i s t e r e d  d u r i n g  a 
cr i t ical  pe r iod  fol lowing a l ea rn ing  exper ience  h a v e  been  
shown  to exe r t  a n  effect  on  s u b s e q u e n t  p e r f o r m a n c e  of 
the  l ea rned  task .  Fo r  example ,  m e m o r y  can  be d i s r u p t e d  
b y  pos t t r i a l  e lec t roconvuls ive  shock  x-8, cor t ica l  and  
h i p p o c a m p a l  sp r ead ing  depression4-% drugs  74,  b r a i n  
s t imulat ionl~ a n d  o the r  t r e a t m e n t s ;  or can  be  facili- 
t a t e d  b y  d rugs  7,1~, ~7 a n d  b y  s t i m u l a t i o n  of t he  r e t i cu la r  
f o r m a t i o n  ~s, ~9 a n d  p e r h a p s  o the r  b r a i n  s t r u c t u r e s  20. 

The  cr i t ical  pos t - t r i a l  per iod  d u r i n g  which  m e m o r y  
can  t h u s  be inf luenced  has  t r a d i t i o n a l l y  been  cons idered  
to  r ep resen t  a per iod  of m e m o r y  ' conso l ida t ion '  wh ich  is 
sti l l  widely  t h o u g h t  to  be coded in t e r m s  of ac t ive  
e lec t rophys io lcgica l  processes. Since var ious  s tudies  h a v e  
shown  t h a t  e lectr ical  a c t i v i t y  of t h e  b r a i n  can  be d i rec t ly  
cont ro l led  b y  o p e r a n t  cond i t ion ing  p rocedures  21-27, we 
have  h y p o t h e s i z e d  t h a t  m e m o r y  conso l ida t ion  pe r  se 
can  be b r o u g h t  u n d e r  con t ro l  of reward ,  and  in t he  p re sen t  
s t u d y  p rov ide  ev idence  t h a t  i t  can  be  re inforced b y  access 
to  food. This  h y p o t h e s i s  res ts  on  t he  p ropos i t i on  t h a t  t he  
'per iod  of consol ida t ion ' ,  as def ined b y  pos t - t r i a l  m a n i p u -  
la t ions ,  reflects  a labile,  d y n a m i c  process  wh ich  can  be 
cons idered  as a ' response ' ,  a n d  t h u s  suscept ib le  to con t in -  
gencies of re in forcement .  
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Effect of food reward  on passive avoidance learning.  Abscissa re- 
presents times after the conditioning trial when 1 min access to food 
was given to the experimental ~oups. The step-down latencies are 
expressed in terms of mean percent of each control group oil the 
ordinate. (e.g. the 30 see reward group remained on the platforln 84% 
longer than its control group). 

M e m o r y  Processes  

Materials and methods. The  sub jec t s  were a lb ino  mice  of 
the  i nb red  C 3 H / H e / G i f  COB s t ra in ,  o u t b r e d  f rom Charles  
R i v e r  Mouse F a r m s  ICR COBS. They  were k e p t  in  groups  
of 20 an ima l s  pe r  cage w i t h  ad  l i b i t u m  access to  food and  
water .  T h e y  were k e p t  a t  all  t imes  on a reversed  06.00-  
18.00 h 12 h l i g h t / d a r k  cycle. 

The  pass ive  avo idance  s t ep -down  e q u i p m e n t  cons is ted  
of a box  w i t h  50 x 50 cm h igh  walls  w i t h  a grid f loor  m a d e  
of 6 m m  d i a m e t e r  s ta inless  steel  ba r s  spaced  13 m m  a p a r t  
(7 m m  i n t e r b a r  d is tance) .  In  t he  midd le  of t he  box  was a 
1 cm high,  67 m m  d i a m e t e r  r o u n d  wooden  p l a t fo rm.  
F i t t e d  over  th i s  p l a t f o r m  was a r e m o v a b l e  20 cm long, 
68 m m  d i a m e t e r  p las t ic  tube .  The  electr ic  foot  shock  
across t he  grid cons i s ted  of a s c r amb led  1 sec d u r a t i o n  
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