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Summary 

In an isometric tetanus of frog sartorius muscle the total relaxation time 
increased linearly with change in length from 0.7 to 1.4 times rest length. 
Maximal rate of relaxation, measured from the time derivative (dp/dt) of 
tension decay, decreased with both decrease and increase from rest length in 
correlation with the generated tetanus tension. Stretching the muscle did not 
significantly affect the times to maximal rate, positive and negative inflexion 
points but greatly increased the time to total relaxation from the negative 
inflexion point. Caffeine at 2 mM, acting on muscles at rest length, also slowed 
the relaxation and decreased the maximal rate of tension decay. However, 
caffeine increased the times to maximal rate, positive and negative inflexion 
points without significantly affecting time to total relaxation from the negative 
inflexion point. These results suggest that caffeine slows an earlier step in 
relaxation, while stretch slows a later step. It is proposed that muscle relaxa- 
tion is a two step process: an initial step that is regulated by the rate of Ca 2+ 
uptake by sarcoplasmic reticulum, and a later step that is mostly controlled 
by the speed of dissociation of remaining cross-bridges. 

Introduction 

The physiological mechanisms underlying muscle relaxation are not fully 
understood. Relaxation cannot be explained by simple diffusion of substance 
from sensitive areas of the myofibrils [1], or by a change in the compliance of 
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the muscle fibers [2]. Hartree and Hill [1] suggested that muscle relaxation 
must be related to an underlying physicochemical reaction. 

In view of the role of Ca 2÷ in contraction-relaxation cycle of muscle fibers 
[3--7], the rate of Ca 2+ uptake by sarcoplasmic reticulum was suggested to be 
the regulating factor determining the rate of relaxation [8--10]. However, even 
the fastest rate of Ca 2÷ uptake by sarcoplasmic reticulum in isolated condition 
or in skinned muscle fibers is too slow to account for the rate of relaxation in 
living muscle fibers [7,11]. On the other hand, myoplasmic free Ca 2÷, as 
monitored by murexide [12] and aequorin [13--15] falls off much sooner than 
muscle tension. 

Alternatively, the speed of dissociation of actomyosin cross-bridges was 
proposed to be the rate-limiting factor in relaxation [16]. This hypothesis was 
bsed on a significant correlation between the rate of adenosine triphosphate 
(ATP) hydrolysis, which is involved in cross-bridge dissociation [17]; and the 
half-time of exponential decay of tension [16]. But the time constant of the 
exponential part of relaxation may not reflect cross-bridge dissociation since, 
during this phase the muscle fiber is no longer in an isometric state [18,19]. 
In addition, use of ATP utilization as an index of cross-bridge dissociation may 
not be specific since ATP is involved in uptake of Ca 2+ by sarcoplasmic 
reticulum as well [ 20,21]. 

Since relaxation involves both uptake of Ca 2÷ by sarcoplasmic reticulum and 
dissociation of cross-bridges, present studies were aimed at determining the 
relative role played by these two processes in regulating the rate of muscle 
relaxation. The analysis was based on alterations in the time course of isometric 
tetanus relaxation caused by changes in muscle length and exposure of muscle 
to caffeine. These studies, besides confirming the reported slowing of relaxa- 
tion by stretch [1,2], and caffeine [8]; vividly showed that these two agents 
exert their slowing effect on two different phases of tension decay. 

Methods 

Sartorius muscles of  the frog, Rana pipiens, were used for these studies. The 
muscle was isolated under oxygenated Ringer's medium containing 116.8 mM 
NaC1, 2.5 mM KCI, 1.8 mM CaC12, 2.0 mM Tris buffer  (pH 7.2), and 0.029 mM 
D-tubocurarine chloride. Following 1 h equilibration, the muscle was mounted  
in a vertical recording chamber containing the Ringer's medium that was 
continuously bubbled with oxygen and maintained at 20 ± 0.2°C. 

General methods  of  stimulation and tension recording of  muscles were 
similar to those described previously [23].  Isometric tetani were elicited by 
applying massive supermaximal shocks of  0.3 ms duration at 200 Hz for 0.3 s 
using a pair of  platinum plate electrodes flanking the muscle. Tension was 
moni tored by  a RCA 5734 transducer and displayed on a Tektronix 565 dual- 
beam oscilloscope. The first beam of the scope traced the entire course of  the 
te tanus tension on a slow sweep, and the second beam displayed t he  relaxation 
part on a high speed delayed sweep that  was electronically switched between 
two channels: one to record the tension drop and the other  to register the rate 
of  tension drop obtained from a differentiating circuit having a t ime constant  
of  20 ms. 
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The length of  a muscle stretched taut  wi thout  bearing measurable resting 
tension was designated as rest length. At 10 min intervals, a tetanus response 
was elicited at each of  the lengths corresponding to 10% increments from 0.7 
to 1.4 times rest length. After each length change resting tension on the muscle 
was noted.  In some of  the experiments,  the responses were recorded in 
sequence first in normal Ringer's medium at 1.0 and 1.3 times rest length and 
then following 10 min exposure to 2 mM caffeine at rest length. 

Results 

Typical recordings of  the tetani obtained from a muscle at various lengths 
are shown in Fig. 1. In each frame trace A shows the entire tetanus tension on a 
slow sweep, while traces B and C respectively show the t ime course of  tetanus 
relaxation and the first derivative (dp/dt) of the relaxation part on faster 
sweeps. In order to directly compare the relaxation kinetics at various lengths, 
the  plateau tension during tetanus relaxation latency, that  is involved between 
the last shock and the start of  relaxation, was taken as 100% and times to 
different  percent  levels of  tension fall were measured. These times were 
increased with increment in length from 0.7 to 1.4 times rest length (Fig. 2). 
There was a bigger increase in total  relaxation t ime than in half relaxation t ime 

Fig. 1. Typ ica l  r eco rd ings  of  i some t r i c  te tanus  responses  o f  a f rog  sar tor ius  musc l e  set  at  lengths  of: 
a 0 .7 ,  h 0 .8 ,  c 0 .9 ,  d 1 .0,  e 1.1,  f 1 ,15 ,  g 1 .2,  h 1 .3,  a nd  i 1 .4 t imes  rest length a t  20°C.  In  each  f r a m e  
t race  A show s  the entire t e t a nus  (ca l ib ra t ion :  h o r i z o n t a l  1 0 0  ms ,  ver t ical  25  g),  t r ace  B s h o w s  the re laxa-  
t ion  pa r t  on  an  e x t e n d e d  de l a ye d  sweep  (ca l ib ra t ion :  h o r i z o n t a l  20 ms  fo r  f r a m e s  a, h ,  c a n d  50 ms  fo r  
f r a m e s  d t h r o u g h  i, ver t ica l  25  g) ,  t race  C shows  the  t ime  der iva t ive ;  d p / d t ,  of  t race  B (ca l ib ra t ion :  hor i -  
zon ta l  is s a m e  as for  t race  B, ver t ica l  0 .5  g / m s ) .  
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Fig. 2. R e l a x a t i o n  curves  a f te r  n o r m a l i z a t i o n  w i t h  r e spec t  t o  t e t an u s  t ens ion  p r o d u c e d  by  the  musc le  a t  
l engths  of:  A 0 .7 ,  • 0 .8 ,  ~ 0 .9 ,  o 1 .0,  • 1 .1 ,  D 1.2,  a 1 .3 ,  × 1.4 t imes  res t  l ength .  E a c h  p o i n t  r ep resen t s  
a m e a n  o b t a i n e d  f r o m  5 musc les  a t  20°C.  

(Fig. 2, Table I). There was a strong correlation between total relaxation time 
and muscle length (r = 0.939, P < 0.001). The method of  least squares [24] 
was used to fit a straight line to the data giving: 

T o t a l  r e l a x a t i o n  t i m e  = 399 .4  × musc le  l eng th  - -  211 .0  ms.  

Sandow etal.  [8] reported that tetanus relaxation of  variously treated 
muscles follows a generalized 'canonical curve', when times to different levels 
of  tension fall were normalized with respect to maximal t e n , o n  and the half 
relaxation time (see also Ref. 25). The canonical curve ~ thought to 
represent the first-order kinetics of Ca 2÷ uptake by sarcoplasmic ret~,culum 

T A B L E  I 

E F F E C T  OF L E N G T H  ON I S O M E T R I C  T E T A N U S  R E L A X A T I O N  OF F R O G  S A R T O R I U S  M U S C L E  
A T  20°C 

Values  aze g iven  as m e a n  ± S.E. o b t a i n e d  f r o ~  5 musc le s .  In  each  o f  t h e  m u s e l ~ ,  t s ~ u S  ~ w e r e  
el ic i ted a t  10  ra in  In te rva ls  a t  t he  Ind / c a t e d  f rac t ions  of  t h e  xest l en s th .  S t a t i s t / e ~ n e e  o f  a d i f fer -  

L e n g t h  of  t h e  mumcie (rest  l eng th  = 1 .0 )  

0.7 0 .8  0,9 

T e t a n u s  t ens ion  (g) 17 .6  c ~ 4 .9  
Hal f  r e l a x a t i o n  t i m e  (ms)  51 .8  b ± 2,2 
To ta l  r e l axa t i on  t i m e  (ms)  108 ,8  b ± 3 ,6  

R a t e  a t  + In f l ex lon  (g /ms )  0 . 209  a ± 0 . 0 6 2  
T i m e  to  + In f lex ion  (ms)  27 .4  a ± 2.6 
T e n s i o n  a t  + / n f l e x i o n  (%P0) 85 .5  ± 2.6 
Maximal  ra te  (iiihns) 0 , 419  b ± 0 . 1 8 5  
T i m e  to  m s x l m a J  r a t e  ( m s )  49 .5  e ± 2.9 
Tens ion  a t  m a x i m a l  r a t e  (%P0) 49 .0  c + 3.2 
Ra te  a t  - - i n f i e x l o n  (g /ms )  0 . 149  a ± 0 . 05 8  
T i m e  to  - -  in f l ex ion  (ms)  7 6 . 6  + 5 .6  

Tens ion  a t  - - i n f l e x i o n  (%00)  11 .2  ± 2.5 
Di f f e rence  of  to t a l  r e l axa t ion  t i m e  

and  t i m e  to  - - i n f l e x i o n  28 .3  ± 2.2 

55 .9  b ± 8 .2  8 0 . 7  b ± 9 .3  
59 .5  b ± 2 .9  67 .4  ± 8.4 

127 .8  c ± 11~i  1 4 7 , 0  . . . . . . . .  
0 . 3 3 0 a  ± 0.0~ 0 ,~ ' t4  ± 0 .049  

8 1 . 9 8  ± 2 ~  88.1  ± 1 .6  
88.2 ± 4.5 9 1 . 9  ± 0.9 
1.459 ± 0 . • 6  1 . 7 7 1  e ± 0.294 

56.1 a ± 3 .2  04 .0  ± 3 .8  
56 .6  d ± 2.3 60 .2  c ± 1.1 

0 .7 2 2  ± 0 . 2 2 0  0 .891  ± 0 .1 6 0  
76.4 ± 6 .8  87 .2  ± 8.4 

9.7 ± 3.8 12 .2  ± 4 .6  

51 .6  ± 5.4 59 .9  + 6.4 
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approximating a single exponential curve [8]. In the present studies, the 
'canonical' pattern was observed in relaxation of  muscles at or below rest 
length, while at stretched lengths the latter 30% of  relaxation clearly 
dissociated from it {Fig. 3). Sere±logarithmic plots of the relaxation showed 
single exponential decay of  the latter 70% of  tension [2,10,16] in muscles at 
or below rest length. At stretched lengths the final 20% of tension decay 
clearly deviated from the exponential curve. 

Analysis of  the derivative records {trace C in each frame of Fig. 1) showed 
that after tetanus relaxation latency the rate of  relaxation increased slowly 
to a point of  positive inflexion, then it rapidly reached the maximum, and 
later declined first quickly to a point of  negative inflexion and then slowly to 
zero value. As shown in Table I, the rate at positive inflexion was about 0.48 
g/ms at rest length and it was significantly reduced by bigger changes in length. 
Positive inflexion occurred at about 37 ms at rest length and significantly 
earlier at shorter lengths. By this time about 8% of  tetanus tension decayed at 
rest length and smaller tension decayed at longer lengths. Maximal rate of  
relaxation was about 1.85 g/ms at rest length and it decreased with change to 
either side of rest length. There was a strong correlation (r = 0.86, P ( 0 . 0 0 1 )  
between maximal rate of  relaxation and tetanus tension produced at different 
lengths. Using least squares method a straight line was fitted to the data giving 

Maximal rate of  relaxation = 0.0197 × tetanus tension -- 0.0061 g/ms. 

Maximal rate occurred at about 62 ms at rest length and it was attained ear- 
lier on 20% or greater decrease in length and later with 40% stretch. By this 
time about 44% of  tension decayed at rest length while more tension decayed 
at shorter lengths and less tension dropped at longer lengths. The rate at 

e n c e  f r o m  t h e  v a l u e  at  res t  l e n g t h ,  w a s  c a l c u l a t e d  b y  pa ired  t-test  a n d  is i n d i c a t e d  as: a ( P  < 0 . 0 5 ) ,  b (P  < 
0 . 0 2 ) ,  c ( P  < 0 . 0 1 )  a n d  d (P  < 0 . 0 0 1 ) .  

1.0 1.1 1.2 1.3 1.4 

9 1 . 8  ± 1 1 . 1  9 6 . 3  a ± 1 1 . 0  9 2 . 1  ± 1 1 . 1  7 9 . 7  a ± 1 2 . 3  

6 9 . 7  • 3 . 6  7 3 . 5  ± 6 . 4  7 4 . 6  ± 4 . 4  8 1 . 1  ± 1 3 . 4  
1 5 7 . 6  ± 1 1 . 7  1 7 4 . 0  b ± 1 2 . 6  2 3 8 . 8  d ± 2 5 . 3  3 4 3 . 6  c ± 3 3 . 6  

0 . 4 0 2  ± 0 . 0 5 6  0 . 3 7 4  ± 0 . 0 6 0  0 . 3 4 6  ± 0 . 0 6 8  0 . 1 9 5  b ± 0 . 0 7 9  

3 7 . 0  ± 0 . 9  3 8 . 5  ± 2 . 6  3 8 . 5  ± 2 . 7  3 2 . 2  ± 2 . 4  
9 2 . 1  ± 0 . 9  8 9 . 3  ± 1 . 8  9 1 . 7  ± 2 . 3  9 7 . 0  b ± 0 . 8  

1 . 8 5 2  ± 0 . 2 9 5  1 . 8 6 5  ± 0 . 3 1 8  1 . 5 7 3  a ± 0 . 3 0 7  1 . 3 4 1  c ± 0 . 3 0 9  
61.8 ± 3.6 62.7 ± 2.7 65.7 ± 3.6 68.2 ± 4.1 

6 6 . 6  ± 1 . 8  6 8 . 4  ± 1 .9  7 1 . 6  ± 4 . 4  7 1 . 3  ± 1 . 9  
0 . 8 3 0  ± 0 . 1 4 1  0 . 6 8 5  b ± 0 , 1 4 2  0 . 4 9 6  b ± 0 . 0 9 7  0 . 2 9 5  b ± 0 . 0 9 5  

9 1 . 0  ± 7 .1  9 6 . 8  ± 2 . 8  1 0 7 . 0  ± 7 . 5  1 1 4 . 0  a ± 4 . 9  
1 6 . 3  ± 9 . 9  2 7 . 2  ± 2 . 5  2 9 . 4  + 2 .9  3 2 . 6  ± 3 . 9  

6 6 . 6  ± 1 1 . 1  7 7 . 2  ± 1 0 . 3  1 3 6 . 8  b ± 1 7 . 4  2 2 9 . 8  c ± 2 9 . 8  

6 8 . 7  c ± 1 1 . 1  

6 4 . 5  ± 7 .5  
3 8 4 . 7  d ± 5 .1  

0 . 2 0 5 a  ± 0 . 0 2 9  
3 6 . 9  ± 5 .9  
9 7 . 1  b ± 0 . 8  

1 . 1 2 5 d ±  0 . 2 1 1  

72.5 ± 5.9 

7 0 . 0  ± 1 .1  
0 . 2 9 3  c ~ 0 . 0 5 6  

1 1 1 . 5  a ± 5 . 2  
3 3 . 6  a • 2 . 4  

2 7 7 . 9  d • 5 . 5  
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Fig.  3. R e l a x a t i o n  curves  in Fig. 2 were  r e p l o t t e d  a f t e r  n o r m a l i z a t i o n  of  the  t imes  w i t h  r e spec t  to  ha l f  
r e l axa t i on  t i m e  ( t (50% R))  t h a t  was  t a k e n  as 1,0.  D i f f e r en t  l engths  of  the  musc le s  are  r e p r e s e n t e d  b y  the 
s a m e  s y m b o l s  as in Fig. 2. Not ice  t h a t  at  s tretched lengths  the last  20% of r e l axa t i on  falls c lear ly  o u t  of  
the ' c anon ica l  c u r v e ' .  

negative inflexion was about 0.83 g/ms at rest length and it decreased with 
stretch. Negative inflexion occurred at about 91 ms at rest length and signifi- 
cantly later at 30% or greater stretch. By this time about 84% of tension 
decayed at rest length and significantly smaller tension dropped at 30% or 
greater stretch. 

Stretch-induced slowing of relaxation obviously occurred after the negative 
inflexion point, since stretching the muscle by 40% increased the time to 
negative inflexion by about 20% while it increased the total relaxation time by 
more than 100% (Table I). Hence the difference between times to total relaxa- 
tion and the point of negative inflexion should represent the part of relaxation 
that was greatly affected by muscle length. Accordingly this difference got 
progressively bigger with stretch (Table I). 

At 1.1 times rest length a brief hump appeared at the point of negative 
inflexion (see the decaying phase of trace C in Fig. le)  clearly reflecting the 
shoulder that is barely seen on the direct trace of tension decay. It appeared 
clearly in rather thick muscles (i.e. weight to length ratio of/--2.3) than in thin 
ones and when the initial tension was between 0.1 and 0.9 g. With further 
increase in length, time to appearance of the hump increased and its magnitude 
decreased (Fig. I f  to g). At 1.4 times rest length, a discrete hump was not seen 
(Fig. li).  In the present studies the hump was observed generally at later times 
than was reported by Huxley and Simmons [18,19] possibly due to use of 
whole muscles in our experiments. 

Just like stretch, caffeine also increased the total relaxation time and 
decreased the maximal rate (Fig. 4). However unlike stretch, caffeine signifi- 
cantly increased times to points of positive inflexion, maximal rate and 
negative inflexion without affecting the difference in times to total relaxation 
and negative inflexion (Fig. 4, Table II). Absolute values of certain parameters 
presented in Table II are slightly different from those given in Table I. This 
could be partly due to seasonal variations, since earlier experiments were per- 
formed in January while the latter in June. However, these studies do show 
that caffeine slowed the relaxation by affecting an earlier phase, while stretch 
caused the slowing by affecting a later phase of tension decay. 
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Fig. 4. I s o m e t r i c  t e t anus  responses  o b t a i n e d  f r o m  a frog sar tor ius  musc l e  t e s t ed  at  20°C in n o r m a l  
R inge r ' s  first a t  res t  l eng th  (a) ,  t h e n  a t  1.3 t imes  res t  l eng th  (b) ;  a n d  f inally fo l lowing  a I 0  rain equi l ibra-  
t ion  in 2 m M  caf fe ine  R inge r ' s  a t  rest  l eng th  (c) .  T race  A shows  ent i re  t e t an u s  (ca l ibra t ion :  h o r i z o n t a l  
100  m s ,  ver t ical  20 g), t r ace  B shows  the  r e l axa t i on  pa r t  (ca l ibra t ion:  ho r i zon t a l  50 ms ,  ver t ical  20  g) ,  
and  t race  C shows  the  first de r iva t ive  o f  t race  B (ca l ib ra t ion :  h o r i z o n t a l  50 ms,  ver t ica l  0 .25  g /ms) .  
Not ice  a c lear  shif t  in t i m e  to  m a x i m a l  r a t e  of  r e l axa t ion  in caf fe ine  R inge r ' s  as against  in n o r m a l  Ringer  ~. 

Discussion 

In view of Hartree and Hill's suggestion [1] the time course of relaxation 
could be determined by: (1) rate of ATP utilization, (2) amount of Ca 2÷ 
released, (3) rate of Ca 2÷ uptake by sarcoplasmic reticulum and (4) speed of 
dissociation of cross-bridges. 

Changes in length towards either side of rest length decreased the rate of 
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T A B L E  II  

E F F E C T  O F  S T R E T C H  A N D  C A F F E I N E  ON I S O M E T R I C  T E T A N U S  I ~ E L A X A T I O N  OF F R O G  SAR-  
T O R I U S  M U S C L E S  A T  20°C  

Values  are m e a n  ± S,E. o b t a i n e d  f r o m  4 m u s c l e s  t e s t e d  first at  1 . 0  and  1.3 t i m e s  rest  l ength  in n o r m a l  
Ringer's  m e d i u m  and t h e n  f o l l o w i n g  a 10 m i n  e x p o s u r e  to  2 m M  caf fe ine  R i n g e r ~  at rest  l ength .  Signifi-  
c a n c e  o f  a d i f f e r e n c e  f r o m  the  value  at rest  l ength  in n o r m a l  Ringer's  wa s  ca l cu la ted  b y  pa~ted t - t e l t  and is 
ind i ca ted  as: a (P ~ 0 .05 ) ,  b (P ~ 0 .02) ,  c (P <~ 0 .01) .  

N o r m a l  N o r m a l  Caf fe ine  
rest  l ength  1.3 × rest  l ength  rest  l ength  

Tetanus  t ens i on  (g) 106 .2  ± 12 .8  90 .2  ± 8.9 
Hal f  re laxa t ion  t i m e  (ms)  77 .6  ± 4.7 103 .8  c ± 3 .2  
Tota l  r e laxa t ion  t i m e  (ms)  179 .4  ± 8.7 3 3 9 .4  e + 28 .8  
Rate  at + i n f l e x i o n  (g /ms )  0 . 3 9 2  ± 0 , 049  0 .3 0 0  ± 0 .0 6 9  
T i m e  to  + in f lex ion  (ms)  40 .3  ± 6 .2  43 .8  ± 2.1 
T e n s i o n  at + i n f l e x i o n  (%P0) 92 .7  -* 1.3 93 .8  ± 1.1 
Maxi mal  rate  (g /ms)  1 .784  ± 0 , 2 4 2  1 .269  c ± 0 . 2 5 2  
T i m e  to  m a x i m a l  rate (ms)  67 .8  ± 2.1 73 .3  ± 1.2 
Tens i on  at m a x i m a l  rate (%P0) 62.9 -+ 3,4 72 .2  ± 2 ,0  
Rate  at - - i n f l e x i o n  (g /ms)  0 . 6 2 5  • 0 ,127  0 .4 4 7  ± 0 , 0 4 5  
T i m e  to  - - i n f l e x i o n  (ms)  109 .4  ± 2.8 103.1  a ~ 2,9 
Tens ion  at - - i n f l e x i o n  (%P0) 18.7 • 7.1 50.7 c _+ 3,9 
D i f f e r e n c e  o f  t o t a l  r e laxa t ion  t i m e  

and t i m e  to  - - i n f l e x i o n  (ms )  70 .0  ± 9 .9  236 .2  c ± 31 ,7  

/ 

94 .0  ± 9.1 
1 2 2 . 9  e ± 5.3 
2 7 5 ,0  b ± 12 .5  

0 .2 5 8  ± 0 . 0 4 4  
59.4 b + 1.9 
9 2 . 5  ± 1 .5  

0 .8 3 4  C + 0 .1 3 9  
1 0 9 .5  c ± 3,1 

60 .9  ± 1.8 
0 ,2 6 3  b ,  0 . 0 8 9  

186.9 e * 13.6 
13 .6  ± 3.9 

88.4 ± 13.5 

phosphorylcreatin, thus ATP utilization [27], and the amount of  Ca 2÷ released 
[14,15] on tetanic stimulation. While these alterations can explain the observed 
decrease in the maximal rate of  relaxation with change in length towards 
either side of  rest length, they can not account for the monotonic increase in 
total relaxation time with length. This suggests that rate of  ATP utilization and 
amount of  Ca 2+ released may not be involved directly in determining the time 
course of  relaxation. 

The rate of relaxation was suggested to be regulated by the rate of  Ca 2÷ 
accumulation by sarcoplasmic reticulum [8--10], and alternatively by the 
speed of dissocation of  cross-bridges [16].  Both of  these ~eories  presume that 
relaxation proceeds as a single exponential involving a first order chemical 
reaction. However, in the exponential analysis as much as 30% of  the initial 
part of  relaxation is excluded. In addition, assumption of  a single exponential 
decay of  tension does not agree with the time course of relaxation observed 
in stretched muscles. 

These studies show that stretching the muscle slows the relaxation especially 
after the point of negative inflexion, while caffeine slows it right from the start 
upto the point of negative inflexion without significantly affecting the later 
part. Caffeine releases Ca 2+ from sarcoplasmic reticulum [22] by facilitating 
the Ca2+-induced Ca 2+ release [11] leading to the maintenance of  higher levels 
of  Ca 2+ in the myoplasm for longer time. This leads to an apparent decrease 
in uptake of Ca 2+ by sarcoplasmic reticulum and thus to a slowing in relaxa- 
tion. Since this slowing occurred mostly upto the point of  negative infiexion 
it may be inferred that this point on the derivative trace might mark the time 
by which most of  the released Ca 2+ is pumped back into the sarcoplasmic 
reticulum. It has been suggested that decrease of  Ca 2+ concentration from a 
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peak value to less than 10 -6 M, could occur in 100 ms in a muscle at 15vC 
[11,14]. This time which could be less at 20°C as used in the present studies, 
agrees very well with the time to the point of negative inflexion (91 ms at rest 
length) observed in the present studies. 

Then the part of relaxation following the point of negative inflexion may be 
controlled by a process other than Ca :+ uptake. Stretching the muscle signifi- 
cantly slowed this part of relaxation. This slowing may not be due to slowed 
uptake of Ca 2÷ by sarcoplasmic reticulum since preliminary tests showed that 
2 mM caffeine did not affect this later part of relaxation even in a muscle 
stretched to 1.3 times rest length, and stretch did not cause a slowing in the 
exponential decay of the Ca 2÷ transient as revealed by the aequorin pulse [15]. 
In addition, stretching the muscle, which distorts the junctional region between 
the terminal cisternae of the sarcoplasmic reticulum and the transverse tubules 
[30] decreasing Ca 2÷ release during activity [15,30], may not cause a signifi- 
cant distortion of the longitudinal elements since their surface area per unit 
volume of the fiber is about 170% greater than that of the terminal cisternae 
[31]. Since longitudinal elements are suggested to be the sites of Ca 2+ uptake 
[32], this process may not be significantly altered in stretched muscles. The 
occurrence of a relaxation shoulder {[1,8,18,19,26] and present results) which 
seems to involve shortening of some sarcomeres while others are lengthening 
[19,26,28] may lead to the slowing of relaxation. Though the mechanism 
underlying this non-uniform behaviour of sarcomeres is not understood, 
Edman and Flitney [29] reported that the amplitude of both elongation and 
shortening of sarcomeres during relaxation decreased with increase in length of 
the muscle fiber. Similarly in the present studies, the magnitude of the hump 
decreased with increase in muscle length, although the relaxation time follow- 
ing the point of negative inflexion greatly increased. This suggests that the 
slowed relaxation at stretched lengths may not be significantly due to the non- 
uniform behaviour of sarcomeres. 

The other alternative that can explain this slowed relaxation is that stretch 
may retard the speed of dissociation of cross-bridges. There is no direct 
evidence for this effect. However, recent X-ray diffraction studies [33] suggest 
that dissociation of cross-bridges is a slow process continuing well past the total 
fall of tension. Thus Yagi et al. [33] showed that in frog sartorius, following 1 s 
tetanic stimulation at 4°C, tension fell to resting level within 0.4 s while; 80% 
of the myosin heads rapidly returned to the thick filaments in about 1 s and 
the remaining 20% slowly returned over several seconds. Though X-ray diffrac- 
tion pattern implies only spatial proximity without necessarily indicating cross- 
bridge activity, the rapid phase of the return occurred almost simultaneously 
with fall of tension [33] and might represent the dissociation of cross-bridges. 
The kinetics of this rapid return did not change significantly even after apply- 
ing a correction for the non-uniformity in sarcomere lengths [33]. Hence it 
may be inferred that the time course of relaxation following the point of 
negative inflexion may be regulated by the speed of dissocation of remaining 
cross-bridges, and that at stretched lengths this process may be somehow 
slowed. Thus it may be suggested that during isometric tetanus relaxation, the 
earlier part of tension decay may be regulated by the rate of Ca :+ uptake by 
sarcoplasmic reticulum and the later part by the speed of dissociation of 
remaining cross-bridges. 
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