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I SUMMARY 

1. The v i s c o - e l a s t i c constants of soleus and extensor carpi 

r a d i a l i s longus (ECRL) muscles of the r a t , gastrocnemius 

muscles of normal and dystrophic hamsters and 

gastrocnemius.muscles of t o r t o i s e have been studied. 

2. The t r a n s f e r f u n c t i o n between length and tension f o r a 

three component Maxwell model i s developed. 

3. The response of t h i s model t o a ramp s t r e t c h i s found. 

During the s t a t i c phase of the ramp, t h i s i s a sin g l e 

exponential decay. 

4. S k e l e t a l muscle i s compared t o the Maxwell model. 

5. The model applies only t o l i n e a r systems. A l l f i v e 

muscles are l i n e a r , i n both relaxed and tetanised 

s t a t e s , w i t h i n the range 0.0mm to 0.26mm s t r e t c h . 

6. Stress r e l e x a t i o n i n muscle i s shown t o be reasonably 

w e l l represented by the three component model. 

7. The constants E, , E2 and Vj of the model a l l 

increase upon s t i m u l a t i o n . 

8. No d i f f e r e n c e s can be shown between r a t soleus and 

ECRL muscles i n respect of t h e i r v i s c o - e l a s t i c constants. 

9. The values of E, f o r normal and dystrophic hamster 

gastrocnemius muscle, i n both the relaxed and t e t a n i s e d 

s t a t e s , are s i g n i f i c a n t l y d i f f e r e n t . The values of Ej 

are also d i f f e r e n t , but not those of Vj . The 

isometr i c tensions and co n t r a c t i o n times are s i g n i f i c a n t l y 

d i f f e r e n t i n t e t a n i s e d muscle. 



10. Two other p a i r s of muscles are compared and d i f f e r e n c e s 

shown between the values of E| and E2 of tetanised 

muscle. 

11. The values of E, , E 2 and V2 of t o r t o i s e 

gastrocnemius muscle i n the relaxed state decreases as 

the temperature increases, i n the range 5°C t o 30°C. 

I n t e t a n i s e d muscle E, and Vj increase w i t h temperature, 

while E 2 increases i n the range 5°C t o 20°C then 

decreases s l i g h t l y . The isometric tension has a 

s i m i l a r r e l a t i o n s h i p t o temperature as E2 . 

12. A f i v e component Maxwell model i s shown to give a 

b e t t e r f i t , t o the stress r e l a x a t i o n , than the three 

component model. 

13. The f i n d i n g s of the t h e s i s are discussed i n r e l a t i o n 

t o current t h e o r i e s of muscle con t r a c t i o n . 



I I INTRODUCTION 

The aim of t h i s t h e s i s i s t o examine some of the 

rh e o l o g i c a l p r o p e r t i e s of muscle. Although these p r o p e r t i e s 

should be considered from both a thermodynamic and mechanical 

poi n t of view, i t must be remembered t h a t one of the f u n c t i o n s 

of muscle i s t o c o n t r o l a mechanical system. I t i s necessary 

t o be able t o describe the mechanical properties of muscle 

before attempting a d e s c r i p t i o n of the wider, more 

complicated systems, such as limbs, of which muscles form a 

p a r t . I t i s th e r e f o r e j u s t i f i a b l e to set up and examine 

mechanical models of muscle which may not be thermodynamically 

acceptable. I n the i n t r o d u c t i o n , some h i s t o r i c a l background 

i s given, and t h i s i s fo l l o w e d by a d e t a i l e d plan of the 

work. I n subsequent sections, s k e l e t a l muscle i s compared 

to a three component Maxwell model consisting of one viscous 

and two e l a s t i c elements (see Fig.3.1a). I n the theory 

s e c t i o n the t r a n s f e r f u n c t i o n between length and tension, f o r 

imposed ramp len g t h changes, i s derived. I n the next section 

the r e s u l t s obtained from the a p p l i c a t i o n of ramp stretches 

to muscle are compared w i t h the model. D i f f e r e n t muscle 

types are then compared i n the relaxed and tetanised states 

and the e f f e c t s of temperature on the v i s c o - e l a s t i c constants 

of the model are examined. The a p p l i c a t i o n of a f i v e 

component model to muscle i s b r i e f l y discussed. 

H i s t o r i c a l background 

Several reviews of the properties of s k e l e t a l 

muscle have been w r i t t e n . The biochemical basis of muscle 

a c t i o n i s w e l l covered by Needham (1971) and the dynamic 



p r o p e r t i e s have been r e c e n t l y reviewed by Close (1972). I n 

1960 P r i n g l e presented a paper on modelling of muscle. 

However, the immediate h i s t o r i c a l background t o the present 

research i s presented here. 

I t has been known f o r a long time that muscles 

possess e l a s t i c p r o p e r t i e s . Muller (1837-40) i n the e a r l y 

nineteenth century pointed out t h a t muscle obeyed the laws 

governing e l a s t i c bodies, and i n 1846 Weber wrote that excited 

muscle could be looked on as a new e l a s t i c body, w i t h new 

s t i f f n e s s and new n a t u r a l length. Heidenhain (1864) and Pick 

(1882), on the otheT hand, put forward the view that stimulated 

muscle was not j u s t a new e l a s t i c body, the r e s u l t of a change 

i n e l a s t i c i t y , but t h a t the f o r c e and heat production 

p r o p e r t i e s of a c t i v e muscle were the r e s u l t of some inner 

change i n the muscle. 

However, i n 1913 A.V. H i l l reverted t o the idea 

that stimulated muscle could be looked upon as a new e l a s t i c 

body, and t h a t the energy of t h i s new e l a s t i c body could be 

l i b e r a t e d e i t h e r as tension or as heat (see also A.V. H i l l , 

1913-14). L a t e r , i n 1922, A.V. H i l l introduced the concept of 

v i s c o - e l a s t i c i t y playing a large part i n determining some of 

the p r o p e r t i e s of muscle, f o r example the speed of c o n t r a c t i o n . 

To some extent t h i s overcame the problems of n o n - r e v e r s i b i l i t y 

of muscle e l a s t i c i t y . By 1922, then, views were again held 

that some at l e a s t of the properties of muscle could be 

explained i n terms of e l a s t i c i t y and v i s c o s i t y . 

Since then several models have been put forward 

which attempt t o simulate muscle behaviour. 



Models of muscle 

Levin and Wyman (1927) postulated a model co n s i s t i n g 

of three components, an undamped e l a s t i c element i n series 

w i t h a damped e l a s t i c component. This model, i t was suggested, 

gave a b e t t e r r epresentation of the behaviour of muscle than 

the A.V. H i l l 1922 model, which consisted of a s i n g l e damped 

e l a s t i c component. 

A paper was l a t e r published by A.V. H i l l (1938) i n 

which he found t h a t the t o t a l energy l i b e r a t i o n (work + heat 

of shortening) was a l i n e a r f u n c t i o n of the load, decreasing 

as the load increased. The r e l a t i o n s h i p between load, 

v e l o c i t y of shortening, work and heat of shortening could be 

w r i t t e n i n the form: 

(P + a ) ( v + b) « b(Po + a) = constant, 

where P - actual load on the muscle, 

PQ = isome t r i c tension, 

a * shortening heat, 

b = increase i n t o t a l energy, 

and v • v e l o c i t y of shortening. 

This equation ( H i l l ' s c h a r a c t e r i s t i c equation) 

gave a hyperbolic curve when p l o t t e d using values of a and 

b derived from energy measurements. The same hyperbolic 

curve could also be obtained by p l o t t i n g the f a l l i n g o f f of 

the v e l o c i t y of shortening, v, as the load, P, on the muscle 

increased. 

These f i n d i n g s l e d A.V. H i l l t o the conclusion t h a t 

stimulated muscle could once more no longer be regarded as a 

new e l a s t i c body, that shortening and heat production of 

stimulated muscle were not due only t o viscous and e l a s t i c 



p r o p e r t i e s but were the r e s u l t of the r e g u l a t i o n of reactions 

p r o v i d i n g the energy f o r c o n t r a c t i o n . 

Here, then, i s a s i t u a t i o n where muscle i s seen to 

have p r o p e r t i e s which are apparently v i s c o - e l a s t i c i n nature 

but may be biochemical i n o r i g i n . A.V. H i l l t herefore 

postulated a model c o n s i s t i n g of a c o n t r a c t i l e component (the 

damped e l a s t i c component of Levin and Wyman) i n series w i t h 

an undamped e l a s t i c component. 

I n 1957 A.F. Huxley published.a paper i n which he 

put forward the idea t h a t f o r c e generation i n a muscle could 

be the r e s u l t of two sets of p r o t e i n f i l a m e n t s , a c t i n and 

myosin, s l i d i n g over one another, with chemical bonds being 

formed and broken as they pass. This hypothesis has since 

been substantiated and f u r t h e r developed (e.g. A.F. Huxley 

& Peachey, 1961; H.E. Huxley, 1964 & 1965). Any subsequent 

modelling of muscle must take i n t o consideration the work of 

A.F. Huxley. 

Bahler (1968), f o r example, has postulated a model 

of muscle which consists of a c o n t r a c t i l e element, or f o r c e 

generator, having v i s c o u s - l i k e p r o p e r t i e s , i n series with an 

undamped e l a s t i c element and w i t h a p a r a l l e l e l a s t i c element 

associated w i t h the relaxed muscle. This model has been used 

t o simulate i s o t o n i c f o r c e / v e l o c i t y r e l a t i o n s h i p s and the 

isometric generation of f o r c e by the muscle, but the modelling 

of f o r c e generation i s complex. 

Study of the three component model 

I t has been suggested (Crowe, 1970; Apter & 

Graessly, 1970) t h a t muscle may be represented by a three 



component v i s c o - e l a s t i c model. Such a model i s the simplest 

which can represent stress r e l a x a t i o n i n muscle. Changes i n 

muscle upon s t i m u l a t i o n may be simulated by changes i n the 

v i s c o - e l a s t i c c o e f f i c i e n t s , and i n the unstretched length of 

the e l a s t i c elements of the model. 

I n t h i s t h e s i s such a model has been examined, 

using stress r e l a x a t i o n techniques, i n order t o determine 

whether d i f f e r e n c e s i n mechanical properties of muscle can be 

predicted by changes i n the v i s c o - e l a s t i c c o e f f i c i e n t s of the 

model. 

V i s c o - e l a s t i c models of muscle can be represented 

i n two ways ( P r i n g l e , 1960), e i t h e r as a Maxwell model or as 

a Voigt model (see Fig.2.1). Such models are mathematically 

equivalent and are not l o g i c a l l y d i s t i n g u i s h a b l e . Any 

p r o p e r t i e s of muscle which can be described by one can also 

be described by the other. However, i n the analysis of stress 

r e l a x a t i o n , where tension i s recorded i n response t o imposed 

len g t h changes, the analysis becomes simpler i f the Maxwell 

model i s used. A l l data given i n the l a t e r sections of the 

t h e s i s r e f e r t o a three component Maxwell model as shown i n 

Fig.3.1a. 

I n the Theory s e c t i o n the t r a n s f e r f u n c t i o n of the 

three component Maxwell model i s derived. This t r a n s f e r 

f u n c t i o n r e l a t e s tension i n the system t o changes i n length 

w i t h the form of a ramp s t r e t c h (see Fig.3.2), i n terms of 

the viscous and e l a s t i c elements of the model. A s i m i l a r 

t r a n s f e r f u n c t i o n f o r a f i v e component model i s also derived. 

Using the t r a n s f e r f u n c t i o n of the three component 

model, the l i m i t s of l i n e a r i t y have been determined w i t h i n 



Fig. 2.1 V i s c o - e l a s t i c models of muscle, a) The 

Voigt model. b) The Maxwell model. E l a s t i c 

elements are represented by-/\/\/\r-, and viscous 

elements by . 



T 

T - i r 

T 

i 

T 
t i i [±1 

b. 



which the model can be applied t o s k e l e t a l muscle. Working 

w i t h i n these l i m i t s , d i f f e r e n c e s i n v i s c o - e l a s t i c i t y between 

relaxed and tet a n i s e d muscle are.examined. As already noted, 

e a r l i e r authors have attempted t o explain muscle a c t i v i t y 

simply as a change i n e l a s t i c i t y (Weber, 1846; A.V. H i l l , 

1913). This view has subsequently been shown t o be wrong 

(Fenn, 1924; W i l k i e , 1954). However, although a c t i v i t y i n 

muscle i s not purely the r e s u l t of s e t t i n g up a new e l a s t i c 

body, e l a s t i c i t y of muscle, as measured by stress r e l a x a t i o n , 

does change upon s t i m u l a t i o n , and these changes are 

discussed i n r e l a t i o n t o l a t e r theories of muscle co n t r a c t i o n . 

. The next t o p i c t o be in v e s t i g a t e d was whether or 

not d i f f e r e n c e s i n c o n t r a c t i o n properties of muscle 

(maximum isome t r i c tension and the time taken t o c o n t r a c t ) 

are accompanied by d i f f e r e n c e s i n the v i s c o - e l a s t i c constants 

of the model.. Since A.V. H i l l (1922) introduced the idea 

t h a t the speed of c o n t r a c t i o n of a muscle i s r e l a t e d t o the 

v i s c o - e l a s t i c p r o p e r t i e s of t h a t muscle, several workers have 

looked f o r some c o r r e l a t i o n between speed of co n t r a c t i o n and 

e l a s t i c p r o p e r t i e s ( B u l l e r e t . a l . , 1960a & b ) . Wells (1965) 

and Close (e.g. 1965), i n p a r t i c u l a r , have done much work on 

the comparison of f a s t and slow muscles of the r a t . Two 

muscles of the r a t , the soleus and the extensor c a r p i r a d i a l i s 

longus (ECRL), have been compared i n t h i s t h e s i s - I n a d d i t i o n 

the gastrocnemii muscles from normal and dystrophic hamsters 

have also been compared. 

I f the v i s c o - e l a s t i c constants of muscle are r e l a t e d 

t o the c o n t r a c t i l e p r o p e r t i e s , how then w i l l these constants 

r e l a t e t o temperature? Several authors have looked at the 

e f f e c t s of temperature on passive and a c t i v e muscle (e.g. 



Washington et a l . , 1955; Close & Hoh, 1968; Yeatman e t . a l . , 

1969; D.K. H i l l , 1970). The e f f e c t s of temperature on the 

p r o p e r t i e s of t o r t o i s e gastrocnemius muscle have been 

examined and these r e s u l t s are discussed i n r e l a t i o n t o the 

other f i n d i n g s of t h i s t h e s i s and t o previously published work. 

F i n a l l y , the r e s u l t s are discussed i n r e l a t i o n t o 

current t h e o r i e s of muscle c o n t r a c t i o n and possible 

improvements t o the model are suggested. 
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I I I THEORY 

1. The three component model 

A Maxwell model c o n s i s t i n g of two e l a s t i c elements, E, 

and E j , and a viscous element, V 2 , as shown i n Fig. S-la, was 

used. 

I f t h i s model i s regarded as a l i n e a r system, then the 

t r a n s f e r f u n c t i o n , G, can be derived f o r tension changes, F, i n 

terms of imposed l e n g t h changes, L. 

This model contains a time-dependent viscous element. 

The d e r i v a t i o n of the t r a n s f e r f u n c t i o n therefore includes 

f i r s t order d i f f e r e n t i a l equations. 

I n terms of the n o t a t i o n of the Laplace Transform, 

• - i f . 

The tension generated i s the sum of the tensions generated by 

the e l a s t i c element, E,, and by the v i s c o - e l a s t i c element 

containing Ej and . This can be expressed as 

F(S) = F,(S)+ F2(S). 3-2 

1.1 The p a r a l l e l e l a s t i c element 

The tension generated by t h i s element i s the 

product of the modulus of e l a s t i c i t y and the imposed l e n g t h 

change. 

F, (S) - E, L(S). 3.3 



Fig. 3.1a The three component Maxwell model, 

consisting of a p a r a l l e l e l a s t i c element, Ei , and 

an e l a s t i c element, E2 , i n series with a viscous 

component, V2 . I n t h i s system the o v e r a l l l e n g t h , 

L, i s equal to the sum of the lengths of the series 

e l a s t i c element and the viscous element, t h a t i s 

L = X, + Xj 

Fig. 3.1b The f i v e component Maxwell model, 

cons i s t i n g of a p a r a l l e l e l a s t i c element, E, , and 

two v i s c o - e l a s t i c elements (E2 , V2 and E3 , V3 ) . 



1 

V 

i 

a. 
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1.2. The v i s c o - e l a s t i c element 

The change i n l e n g t h , L, consists of two components, 

the change i n length (X, ) applied t o £3 and the change i n 

l e n g t h ( X j ) applied t o Vj (see Fig. 3.1), thus: 

L(S) = X,(S) + X2(S) 3.4 

and F2{S) = EjXjCS) = VjSXjCS). 3.5 

From equations 3 . 4 and 3 . 5 , the tension change, FjCS), 

can be found i n terms of the length change, L (S). 

FjCS) = EjjUS) - X2(S) 

and F2(S) = V2SX2(S). 

When X2(S) i s eli m i n a t e d , t h i s gives 

E2F2(S) 
F2(S) = E2L(S) - ^ 

1.3 The t r a n s f e r f u n c t i o n 

The t r a n s f e r f u n c t i o n of the three component Maxwell 

model can now be obtained by s u b s t i t u t i n g equations 3 . 3 and 

3 . 6 i n equation 3 . 2 , g i v i n g 

E5V9S 
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which i n t u r n gives 

1.4 Imposed length changes 

I f the applied mechanical s t r e t c h i s i n the form of 

a ramp of height H, and of dynamic phase d u r a t i o n , T, as 

shown i n Fig. 3.2, then the Laplace transform f o r the l e n g t h 

change, L ( S ) , can be derived. 

1.41 Dynamic phase (0 < t < T) 

The Laplace transform of a ramp s t a r t i n g at 

time t " 0, of u n i t height and of slope ^ i s as f o l l o w s : T 

us, = i{\Z_] - ^ 
1.42 S t a t i c phase (T < t ) 

The Laplace transform of a second ramp, 

s i m i l a r t o t h a t of equation 3.8 but s t a r t i n g at time t s T, 

can be derived: 

- 1 - • e«^ 

1.43 Ramp s t r e t c h 

Equation 3.9 can be subtracted from equation 

3.8 to give the Laplace transform of a ramp of the form given 

i n F i g . 3.2, 

3.8 

3.9 
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I _ I _ g - p 

T S 2 " T S ^ ' e 

L ( S ) = }• = (1 - e-^^). 3.10 

1.5 Tension changes as a r e s u l t of an imposed ramp s t r e t c h . 

I t i s now possible t o derive the t r a n s f e r f u n c t i o n 

f o r changes i n tension, F, i n the model, i n terms of an 

imposed ramp s t r e t c h of h e i g h t , H. 

1.51 During the dynamic phase 

From equations 3.7 and 3.8, 

Taking the inverse Laplace transform, the tension 

r e s u l t a n t from an applied ramp s t r e t c h of h e i g h t , H, would 

be 

P(0 = M . t . M . | i _ e x p [ - | t ] } 

1.52 During the s t a t i c phase 

From equations 3.7 and 3.10 

F ( S ) . J - ^ - | e , h. ^ \ 
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Taking the inverse Laplace transform, the tension 

r e s u l t a n t from an applied ramp s t r e t c h of h e i g h t , H, would be 

F(t) = E 

or , i f t i s measured from the s t a r t of the s t a t i c phase 

( t , of F i g . 3.2), then 

F(t) = E,H + M | e x p [ - - | . . t ] } { l - exp[-|.T|} 3.12 

Equation 3.12 can be expressed i n the s i m p l i f i e d form 

F(t) = A + B.exp[7Ct]^ 3.13 

where A = E, H, 

B = 

C - ^ 
and ^ - 3.14 

2. The f i v e component model 

Consider a Maxwell model, s i m i l a r t o t h a t of F i g . 3.1a 

but c o n s i s t i n g of t h r e e . e l a s t i c and two viscous elements, 

arranged as i n Fig.3.1b. I n terms of the Laplace transform 

the t r a n s f e r f u n c t i o n r e l a t i n g l e n g t h t o tension, G(S) of 

equation 3.1, can be derived. 
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The te n s i o n , F(S), generated i n the model i s the sum of 

the f o r c e s i n the e l a s t i c element and the two v i s c o - e l a s t i c 

elements, 

F(S) = F,(S) + FjCS) + FgCS) 3.15 

The r e l a t i o n s h i p between the tension generated, F(S), and 

the imposed l e n g t h change, LCS), i s the same f o r both visco-

e l a s t i c elements. 

and 

'^^'^ = I^-'^'^ 3.16 

2.1 The t r a n s f e r f u n c t i o n 

The t r a n s f e r f u n c t i o n of the f i v e component 

Maxwell model can be obtained by s u b s t i t u t i n g equations 3.3, 

3.6 and 3.16 i n equation 3.15 t o give 

This equation can be rearranged t o give 

G(S) = f|| = E, . . . E3V3S 3,7 
US) 1 E2+V2S E3 + V3S 
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2.2 Changes i n tension as a r e s u l t of an imposed ramp 

s t r e t c h 

The t r a n s f e r f u n c t i o n f o r changes i n tension, F, i n 

terms of an imposed ramp s t r e t c h can be derived. 

2.21 During the dynamic phase 

From equations 2.8 and 2.17, 

F(S) = - l ^ U . + 
T S 2 I 

E 2 V 2 S ^ E3V3S 
E 2 + VjS E3 + V 3 S ] 

Taking the inverse Laplace transform, the tension r e s u l t a n t 

from an applied ramp s t r e t c h of height H, would be 

2.22 During the s t a t i c phase 

From equations 3-10 and 3.17, 

TS^ \ ' E2+V2S E3+V3SI. 

Taking the inverse Laplace transform, the tension r e s u l t a n t 

from an applied ramp s t r e t c h of height H, would be 

F(,) - E,H + J^|«.p[-|..]}{«p[^fT] - , } 
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or, i f t i s measured from the s t a r t of the s t a t i c phase 

( p o i n t t , of Fig. 3.2) then 

3.19 

Equation 3.19 can be put i n t o the s i m p l i f i e d form 

F ( t ) = A + B.exp[-Ct] + D.exp[-Et' 3.20 

where E,H 

and 

C 

V3H ^ { < - - [ - | t ] } 

V 3 . 3.21 
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IV MATERIALS AND METHODS 

1. Animal preparations. 

1.1 Rat 

Young a l b i n o r a t s having a body weight of 170g t o 

230g. were used. They were i n i t i a l l y aneasthetised w i t h 

Urethane ( E t h y l Carbamate - B.D.H.) i n normal s a l i n e , 

200mg/100g of body weight, i n j e c t e d i n t r a p e r i t o n e a l l y (Wells, 

1965). This was subsequently supplemented w i t h ether, 

during the course of the experiment. 

The muscle, which was e i t h e r the soleus or the 

extensor c a r p i r a d i a l i s longus (ECRL), was arranged so t h a t 

i t s tendon could be i s o l a t e d and attached t o the s t r e t c h i n g 

apparatus. The f a s c i a and connective tissues were removed 

t o allow freedom of movement (Denny-Brown, 1929), yet the 

blood supply and proximal i n s e r t i o n remained i n t a c t . A 

l e n g t h of nerve s u f f i c i e n t t o allow t e t a n i c s t i m u l a t i o n by 

e x t e r n a l electrodes was l e f t attached t o the muscle. A l l 

unused branches of the appropriate nerve were cut. The 

tendon was attached t o the s t r e t c h i n g apparatus by a length 

of pre-stretched s t a i n l e s s s t e e l wire. 

The animal was placed i n a holding frame and 

r i g i d l y held at the j o i n t appropriate t o the muscle under 

i n v e s t i g a t i o n , so t h a t the tensions i n the muscle produced 

no movements i n the limb. The i n i t i a l l e ngth of the muscle 

was set at about r e s t i n g l e n g t h so t h a t , upon the a p p l i c a t i o n 

of the mechanical s t r e t c h i n the unstimulated s t a t e , there 
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was no slack t o be taken up before a tension change could be 
observed. This was i n the range 2.6cms - 2.8cms f o r soleus 
muscle, and 1.4cms - 1.5cms f o r ECRL musclg. A r e c t a l temperature 
of 37°C - 39°C was maintained during each experiment. 

S t i m u l i t o the nerve were provided by a Devices M k . I I I 

i s o l a t e d s t i m u l a t o r which was t r i g g e r e d by a gated pulse 

generator (Devices, 2521). The frequency of s t i m u l a t i o n 

applied t o the soleus muscles was 40 pulses per second and t o 

the ECRL muscles, 65 pulses per second. I n both cases an 

i n t e r v a l of two minutes was allowed between successive cycles 

of s t r e t c h or s t i m u l a t i o n . 

1.2 Hamster 

A non-dystrophic, commercially a v a i l a b l e l i n e of 

Syrian hamster (Mesocricetus auratus) was used f o r the study 

of normal muscle. These animals were between 80 and 90 days 

old and the body weight of each was i n the range 90-lOOg. 

Experiments on dystrophic muscle were performed on animals 

from a dystrophic in-bred l i n e of hamsters (B 14.6 s t r a i n 

from Bioscience Laboratories, Bar Harbor, U.S.A.), f i r s t 

described by Holmburger (Holmburger et a l . 1962a & b ) . 

These animals were 80 - 95 days old and the body weight of 

each was between 65 and 90g. 

The gastrocnemius muscles of each animal were set 

up as i n sec t i o n IV.111. Care was taken t o separate t h i s 

muscle from the underlying p l a n t a r i s and soleus muscles. The 

muscles were i n i t i a l l y set at about r e s t i n g l e n gth. This was 

1.3cms i n normal muscle and 1.2cms-l.3cms i n dystrophic muscle. 

A r e c t a l temperature of 36°C t o 38°C was maintained throughout 

each experiment. 
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S t i m u l i were applied t o the s c i a t i c nerve at a 

frequency of 50 pulses per second f o r both normal and 

dystrophic muscle. A two minute rest period was allowed 

between successive cycles of s t r e t c h or s t i m u l a t i o n , as f o r 

r a t muscle. 

Each muscle was subsequently sectioned and stained 

f o r general s t r u c t u r e using Weigert/van Geisen s t a i n i n g 

technique ( C a r l t o n & Drury, 1957). Phosphorylase a c t i v i t y 

was also checked by the method of Takeuchi & K u r i a k i (1955), 

as modified by Eranko & Palkama (1961). 

1.3 Tortoise 

Adult t o r t o i s e s (Tustedo graeca) were pithed and 

the gastrocnemius muscle removed, together w i t h a l e n g t h of 

the s c i a t i c nerve. This preparation was mounted i n a muscle 

bath and immersed i n Ringer's s o l u t i o n . The composition of 

t h i s s o l u t i o n i n g. per l i t r e was NaCl, 6.5; KCl, 0.15; . 

CaCl2.2H20, 0.16; NaHCOj , 0.5; ( S e l i s k a r , 1926). The 

Ringer's s o l u t i o n was aerated and c i r c u l a t e d by a stream of 

gas c o n s i s t i n g of 95% oxygen and 5% carbon dioxide (see 

Fig.4.1). 

The d i s t a l tendon of the muscle was clamped f i r m l y 

t o the base of the muscle bath. The proximal end of the 

muscle, w i t h a short s e c t i o n of the femur, was then attached 

t o the s t r e t c h i n g apparatus by a length of previously 

stretched s t a i n l e s s s t e e l wire. 
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The i n i t i a l l e n g t h of the muscle was set at about 

r e s t i n g l e n g t h , which was about 3.4cms i n each case-

S t i m u l i were applied to the nerve at a frequency 

greater than t h a t required t o produce complete tetanus at 

30°C. This frequency was 30 pulses per second. The i n t e r v a l 

between successive cycles of s t r e t c h or s t i m u l a t i o n was not 

constant, as f o r r a t and hamster muscles, since the time 

required to cool the muscle through 5°C was not constant-

I n no case was t h i s i n t e r v a l of time less than the two 

minutes allowed f o r r a t and hamster muscle. 

2. Apparatus 

2.1 The s t r e t c h i n g apparatus 

The muscle was f i x e d t o the movable spindle of 

an electromagnetic v i b r a t i o n generator (Goodmans V50 

Mk.I). Movement of the spindle was brought about by 

feeding the voltage s i g n a l from a testwave generator 

(Servomex LF 141) i n t o a current a m p l i f i e r , the output of 

which was f e d i n t o the c o i l of the v i b r a t i o n u n i t . This 

movement was recorded by a Honeywell LD 11 Linear 

Displacement Transducer-

The output of the displacement transducer was 

subtracted from the command si g n a l of the waveform generator 

i n order t o achieve a feedback c o n t r o l of the s t r e t c h 

applied t o the muscle. A f i l t e r was introduced i n t o the loop 
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t o damp out the n a t u r a l resonant frequency of the system. 

These techniques allowed the input signal t o be accurately 

f o l l o w e d by the spindle of the v i b r a t i o n generator. 

Some problems were encountered w i t h the s t a b i l i t y 

of the system. I n p a r t i c u l a r , o s c i l l a t i o n s were set up i n 

the v i b r a t i o n u n i t i f the gain of the d i f f e r e n t i a l 

a m p l i f i e r was too great. This could, to some extent, be 

prevented by adjustment of the pr e a m p l i f i e r gain and the 

balance of the current a m p l i f i e r . 

At times the testwave generator tended t o an 

i n s t a b i l i t y , which r e s u l t e d i n the v i b r a t i o n u n i t moving t o 

the stretched p o s i t i o n without any external t r i g g e r pulse 

being a p p l i e d . The c i r c u i t of the testwave generator was 

checked, but no f a u l t found. T r i g g e r i n g , i n t h i s case, was 

probably caused by f l u c t u a t i o n s i n mains voltage. 

Experiments c a r r i e d out at ni g h t d i d not s u f f e r from t h i s 

p a r t i c u l a r problem. 

2.2 Recording of data 

2.2.1 Methods 

Tension changes i n the muscle were recorded 

by an Ether UFI Load Transducer placed between the muscle and 

the spindle of the v i b r a t i o n u n i t . The outputs of the load 

transducer and the displacement transducer were simultaneously 

displayed on a Tektronix 502A dual beam oscilloscope. Records 

of l e n g t h and tension changes i n the muscle were made by 

tak i n g s i n g l e frame 35mm photographs of the oscilloscope 

d i s p l a y . Measurements were taken from these photographs f o r 

subsequent a n a l y s i s . 
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Length and tension signals of the i n - v i t r o , 

t o r t o i s e experiments were also recorded on an Ampex 3000 

FM tape recorder and subsequently analysed on an IBM 1132 

computer. 

The events of the testwave generator, camera, 

tape recorder and s t i m u l a t o r were tr i g g e r e d by timed pulses 

from a D i g i t i m e r , type 3290. 

A block diagram of the apparatus i s given i n 

Fig. 4.2. 

2.2.2 Accuracy of length change measurements 

The output of the length transducer was 

checked against a ver n i e r gauge a f t e r each day's experiments 

and a c a l i b r a t i o n curve drawn. The output voltage was 

l i n e a r over the range of movement applied t o the muscles. 

The ramp height f o r any p a r t i c u l a r input signal could be 

determined t o w i t h i n ±0.005ram. This represents an e r r o r 

of about 5% f o r the smallest s t r e t c h and about 0.6% f o r 

the l a r g e s t . 

2.2.3 Accuracy of tension measurements 

Photographs of oscilloscope displays were 

projected onto graph paper, and measurements of tension 

changes taken t o the nearest 0.5mm. The smallest tension 

changes recorded gave movements corresponding t o a 

distance of 20mm when projected. Tension could t h e r e f o r e 

be measured t o w i t h i n ±2.5% of the smallest fo r c e s . 

Large tension changes were accurate t o w i t h i n ±0.15%. 

Analogue tension changes recorded on magnetic 

tape were d i g i t i s e d and stored w i t h i n a computer. The 
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tension i n t e r v a l s f o r data from tetanised muscle were 4.5 x 

10"^ N, representing an e r r o r of 1 % of the smallest tension 

change recorded and 0.15% of the l a r g e s t . Tension changes 

i n relaxed muscle' were d i g i t i s e d w ith i n t e r v a l s of 4.5 x 

10"* N. This represents a possible error i n the range 

0.5 - 2% of the forces measured. 

2.3 Temperature r e g u l a t i o n ( t o r t o i s e ) 

The Ringer's s o l u t i o n i n the muscle bath of the 

i n - v i t r o t o r t o i s e experiments was constantly c i r c u l a t e d 

through a temperature c o n t r o l u n i t (see Fig. 4.1.). A 

stream of 95% oxygen and 5% carbon dioxide was used both 

to c i r c u l a t e and t o aerate the Ringer's s o l u t i o n . A 

Tempette heating u n i t was used i n conjunction w i t h cold 

tap water t o regulate the temperature. Using t h i s method, 

the temperature of the saline i n the muscle bath could be 

c o n t r o l l e d t o w i t h i n plus or minus 0.25°C. 

3. Methods of Analysis 

3.1 Amplitude and v e l o c i t y of s t r e t c h 

I t has been shown by Gasser & H i l l (1924) and 

hy Abbott & Aubert (1952) t h a t contracting muscle 

subjected t o s t r e t c h may be i r r e v e r s i b l y damaged, and any 

tension development subsequent t o the s t r e t c h i s then 

reduced. 

The length of s t r e t c h applied t o muscle by 

Gasser & H i l l t o produce t h i s e f f e c t i s not c l e a r , but 

by comparing Figs. 4 and 8 of these authors, an estimate 

of 10mm can be obtained. The v e l o c i t y of the applied 
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s t r e t c h was then i n the range 8 - 200cms sec"'. Abbott & 

Aubert applied stretches of 4 - 5mm at a v e l o c i t y of 

0.05 - S.Ocms see"' . 

At the higher v e l o c i t i e s of s t r e t c h applied by 

the above authors, a s l i p was induced, g i v i n g a reduction 

i n the t e n s i o n developed by the muscle. These stretches 

were probably o u t w i t h the e l a s t i c l i m i t s of the cross-

bridges (Sugi, 1972). 

I n the present study, the maximum amplitude of 

s t r e t c h was 0.85mm and the v e l o c i t y d i d not exceed 

1.4cms sec"'. These stretches were not great enough t o 

induce the s l i p phenomenon (a form of which i s given i n 

Fig. 4.3a and b) and were probably w i t h i n the e l a s t i c 

l i m i t s of the cross bridges (see Discussion). 

S t r e t c h i n g muscle at the amplitude and v e l o c i t i e s 

used i n the present experiments d i d not u s u a l l y r e s u l t i n 

any subsequent redu c t i o n i n isometric tension. The 

muscles were t h e r e f o r e not being damaged. I f any reduction 

i n tension d i d occur, the r e s u l t s were discarded. 

3.2 L i n e a r i t y 

The relaxed muscle was tested f o r l i n e a r i t y by 

applying a series of ramp stretches o f varying h e i g h t , H, 

but of constant dynamic phase duration,,T. The r e s u l t a n t 

tensions were measured at poi n t s during the s t a t i c phase 

of the ramp. The range of l i n e a r i t y wais then determined 

from the Height/Tension graph. 

The t e s t s were repeated f o r muscle i n the 

stimulated s t a t e . The muscles were subjected t o ramp 

stretches while undergoing t e t a n i c c o n t r a c t i o n , and from 



Fig. 4.3a Tension produced during a ramp s t r e t c h 

of 0.85mm, applied t o te t a n i s e d r a t soleus muscle, 

at a v e l o c i t y of 13.6() mm sec"' . The ' s l i p * 

phenomenon, probably s i m i l a r t o that of Sugi (1972), 

i s i n d i c a t e d by an arrow. 

Fig. 4.3b Length (upper t r a c e ) and tension (lower 

t r a c e ) during a ramp s t r e t c h of 0.34 mm applied t o 

t o r t o i s e gastrocnemius muscle at 15°C. The s t r e t c h 

v e l o c i t y of 10.20 mm sec"' has induced a tension 

s l i p ( i n d i c a t e d by an arrow), which i s probably 

s i m i l a r t o t h a t of Sugi (1972). 
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these tensions the corresponding values of an unstretched 

c o n t r a c t i o n were'subtracted. This gave the amount of 

tension due t o the mechanical s t r e t c h . 

3.3 S t a t i c and dynamic e l a s t i c i t y 

The d i f f e r e n c e between tension at the end of the 

s t a t i c phase of the ramp, and tension i n the absence of a 

ramp i s defined as the s t a t i c tension change and i s 

equivalent t o A of equation 3.13. The amount of s t a t i c 

tension change per u n i t of s t r e t c h i s the s t a t i c 

e l a s t i c i t y , and i s given i n u n i t s of Nm"' . 

S i m i l a r l y , the d i f f e r e n c e between the peak 

tension at the end of the dynamic phase of a ramp and the 

subsequent steady, or near steady, tension at the end of 

the s t a t i c phase, i s defined as the dynamic tension change. 

This i s equivalent t o B of equation 3-13. The amount of 

dynamic tension per u n i t of s t r e t c h i s the dynamic 

e l a s t i c i t y and i s given i n u n i t s of Nm~' . 

These q u a n t i t i e s have been used i n the 

discussion t o r e l a t e the r e s u l t s of t h i s t h e s i s t o the 

model of muscle f i r s t put forward by A.F. Huxley (1957). 

3.4 ^ and 4 - decay times 

The time taken f o r the tension i n a muscle t o 

f a l l from the peak value at the end of the dynamic phase 

to the point where the tension i s equal t o (A + ̂ B) i s 

termed the half-decay time of the muscle. The equivalent 

time f o r the tension t o f a l l t o (A+5B) i s defined as the 

t - decay time. 
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3.5 Determination of Ei E2 and V2 

3.5.1 Rat and hamster muscle 

I n order to determine the values of the 

viscous and e l a s t i c components, and t o t e s t the model, the 

tension records of ramps of a height w i t h i n the l i n e a r 

range were used. The dynamic phase, T, of stretches 

applied t o ' t h e muscles was of 0.0625 seconds d u r a t i o n . 

I n i t i a l l y i t was assumed t h a t the component of the tension 

due to the ramp s t r e t c h could be f i t t e d t o the curve of 

equation 3.13. The plateau tension at the end of the 

s t a t i c phase of the ramp was measured t o give the value 

of A. The peak tension ( t h a t i s , the tension at the end 

of the dynamic phase) was measured to obtain the value of B. 

The value of the half-decay time was used t o determine C, 

as i n Fig. 4.4. The values of E,,E2 and V2 were then 

determined according t o equation 3.14. 

3.5.2 T o r t o i s e muscle 

Values of the v i s c o - e l a s t i c constants f o r 

t o r t o i s e muscle were determined by applying ramp stretches 

with a h e i g h t , H, w i t h i n the l i n e a r range and of dynamic 

phase d u r a t i o n , T, of 0.0625 seconds. Analogue tension 

data from these experiments were stored on magnetic tape. 

A f o r t r a n computer program was w r i t t e n t o receive the 

data from the Ampex tape recorded, d i g i t i s e i t by means of 

an i n t e r f a c e (WDV, Munchen), and store the r e s u l t a n t 

i n f o r m a t i o n on a magnetic disc i n the computer. A second 

f o r t r a n program was w r i t t e n t o perform a le a s t squares f i t 
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of the data of the s t a t i c phase of the ramp, f o r the curve 

of equation 3.13 (see section 9.1 on curve f i t t i n g ) . This 

gave the constants A, B and C of equation 3.13, and hence 

the values of E,,,E and V f o r the three component model. 

A second l e a s t squares f i t of the data was found 

f o r a curve of the form given by equation 3.20 (see 

section 9.2 on curve f i t t i n g ) . This gave the f i v e 

constants of equation 3.20 and hence the values of B i , E^, 

E3, Vj and V3 of the f i v e component model, from equation 3.21. 

4. Comparison of r e s u l t s w i t h the model 

4.1 Rat and hamster muscle 

The f i t t e d curve was compared t o the experimental 

tension records i n order t o determine how we l l the 

experimental curve was an approximation t o a si n g l e 

exponential. The f i t t e d curve was obtained by p l o t t i n g 

the curve A+B.exp (-Ct), using derived values of A, B 

and C. 

4.2 Tortoise muscle 

The experimental tension was compared t o a curve 

c o n s i s t i n g of a si n g l e exponential, A+B.exp (-Ct) and t o 

a curve c o n s i s t i n g of the sum of two exponentials, 

A + B. exp (-Ct) + D.exp (-Et). 

5. Muscle l e n g t h and isome t r i c f o r c e generation 

5.1 The i n i t i a l l e n g t h of muscle 

The r e s t i n g length at which each muscle was 

i n i t i a l l y set was near t o the maximum i n s i t u l ength of 

th a t muscle. This l e n g t h corresponds t o a p o s i t i o n on the 
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l e n g t h / t e n s i o n p l o t of Gordon et a l (1965, f i g . 1 2 ) near t o 

a sarcomere le n g t h of about .2.0^m. At t h i s p o s i t i o n , 

tension changes which were due only t o moving the muscle 

onto a d i f f e r e n t 'part of the length/tension p l o t , would not 

be expected t o be very great i n response t o a small change 

i n l e n g t h . 

5.2 Consistency and performance of preparations 

I n order t o ensure consistency of performance of 

the stimulated muscle, each ramp s t r e t c h applied t o 

teta n i s e d muscle was preceded and followed by t e t a n i c 

s t i m u l a t i o n without s t r e t c h . I f these two records were 

i d e n t i c a l and showed no signs of f a t i g u e , i t was assumed 

tha t the behaviour of the muscle was also acceptable 

during the i n t e r v e n i n g c o n t r a c t i o n subjected t o a ramp 

s t r e t c h . 

i6. Determination of the constants of isometric c o n t r a c t i o n . 

6.1 The maximum t e t a n i c tension 

The values of the maximum isometric t e t a n i c 

tension given i n t h e Results were taken as the maximum 

tension above r e s t i n g t e n s i o n , developed by the muscle 

during the period of s t i m u l a t i o n . I n the case of r a t 

soleus and t o r t o i s e gastrocnemius muscles, the isometric 

tension was s t i l l increasing slowly at the end of the 

period of s t i m u l a t i o n . The maximum tension given f o r 

these muscles i s the tension developed j u s t before the 

removal of the stimulus. The maximum tension given f o r 

these two muscles i s th e r e f o r e s l i g h t l y less than the 
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muscle i s capable of developing at that p a r t i c u l a r l e n g th. 

The tension developed by r a t BCRL and by hamster 

gastrocnemius musples reached a maximum a few milliseconds 

a f t e r the onset of s t i m u l a t i o n , and then declined s l i g h t l y 

w i t h continued s t i m u l a t i o n . The values of maximum 

isomet r i c tension given f o r these muscles are the maximum 

which could be developed at t h a t p a r t i c u l a r l e n g t h of the 

muscle. 

6.2 The h a l f - r i s e and h a l f - f a l l times of 

co n t r a c t i o n . 

The time, T , from the end of the l a t e n t period 

t o the development of one h a l f of the maximum isometric 

tension i s defined as the h a l f - r i s e time of the muscle. 

The method of measurement of t h i s parameter i s given i n 

Fig. 4.5. The time from the cessation of s t i m u l a t i o n t o 

the point where the tension i s halfway between r e s t i n g 

tension and the tension at the end of s t i m u l a t i o n , i s 

defined at the h a l f - f a l l time of the muscle. These 

parameters were found t o be simpler t o measure than the 

t w i t c h times (Close, 1964) or the maximum r a t e of tension 

development (Drachma & Johnston,1973). The h a l f - r i s e and 

h a l f - f a l l times were used as a measure of the r e l a t i v e 

speed of c o n t r a c t i o n of the d i f f e r e n t muscle types, and 

were used t o give r e l a t i v e values of the rate constants 

f and g of equation 14 of A.F. Huxley (1957). 
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7. Analysis of pooled data 

7.1 Rat and hamster muscle 

V a r i a t i o n s i n the values of the v i s c o - e l a s t i c 

constants of any one muscle were reduced by p l o t t i n g the 

constants A and B of equation 3-13 against the heig h t , H, 

of the ramp s t r e t c h - Values of A and B were derived from 

the slopes of these graphs. The constant, C, of equation 

3.13 was taken as the mean value of C of the larg e r stretches 

of the muscle, w i t h i n the l i n e a r range of A and B. 

The values of E, , E 2 and V2 f o r r a t and 

hamster muscle, presented i n the r e s u l t s section, were a l l 

derived from such pooled data. 

7.2 Tortoise muscle 

Each t o r t o i s e muscle was subjected t o many t e t a n i 

over a range of temperatures. To reduce the o v e r a l l number 

of t e t a n i , only one ramp ( o f 0.26mm h e i g h t ) was applied t o 

the muscle at every temperature. Several stretches, w i t h 

varying h e i g h t , H, were applied a t temperatures of 5°C and 

30°C only. Values of the constants A, B and C, using 

pooled data, were obtained only at these l a t t e r temperatures. 

8. Units of measurement 

Muscle tensions and length changes are expressed 

i n newtons (N) and metres (m) r e s p e c t i v e l y . The e l a s t i c 

constants, E, , Ej and B-^ are expressed i n newtons per metre 
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(Nm~' ) . Since ^ and must have the dimension s ' , 
V2 V3 

the q u a n t i t i e s V2 and V3 are given i n newtons seconds per 

metre (Nsm"' ). 

By the techniques used, T and H of equation 3.13 

could only be measured t o two s i g n i f i c a n t places. Other 

measurements viere accurate t o three s i g n i f i c a n t places. The 

values of A and B of equation 3.13, the maximum isom e t r i c 

tensions and the c o n t r a c t i o n times are therefore given t o 

three s i g n i f i c a n t places. The values of the constant C of 

equation 3.13 and the constants E, , E 2 and Vj of equation 

3.12, the c a l c u l a t i o n of which involve T and H, are given to 

two s i g n i f i c a n t places. 

9. Curve f i t t i n g by computer 

9.1 Single exponential 

The d i g i t i s e d experimental data were f i t t e d t o the 

curve of equation 

y = A + B.exp - C t 

I f y i s sampled at equal i n t e r v a l s of time, h. 

then 

== A + B.exp - C t „ ^ 

Vp+i = A + B.exp [ - C t „ + , ] ^ 

yn + 2 = A + B.exp r - C t „ + 2 

4.1 

4.2 

4.3 
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where 

tn = n h , 

tn+i = (n + l ) h 

a n d tn+2 = {n + 2 ) h 

B can be eliminated by m u l t i p l y i n g equation 4.1 by e 

and s u b t r a c t i n g t h i s from equation 4.2. This gives 

y„̂ , s; y„ .e- '= ' '= A - A . e - ^ ^ 4 .4 

Repeating t h i s f o r equations 4.2 and 4.3 gives 

yn .̂2 - Vn+i-e"^^ = A - A.e"^^ 4 .5 

A can then be eliminated from equations 4.4 and 4.5 t o 

obtain 

Vn+i - yn -e" ' ' ' ' = y„^.2 - yn+, .e -^^ 

or Vn+i - y„i.2 = e"̂ "̂  [y„ - J _ 4 .6 

Equation 4.6 i s equivalent t o the l i n e 

Y = MX, 

w h e r e ^ ~ ^1+' ~ ^"+2 , 

and X = y„ - y„+,. 

Using the ten s i o n data from the s t a t i c phase, the 

l e a s t squares f i t was found f o r equation 4.7, hence the value 

of M. The value of C i n equation 4.1 can then be derived 

4 . 7 
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from M, since 

C = - I n M 

The value of A i n equation 4.1 can be derived by 

i n s e r t i n g C i n equation 4.4 and summing both sides, then 

^ ~ n(1 - e-^^) • 

The value of B i n equation 4.1 can be derived by 

i n s e r t i n g the values of A and C i n t o t h i s equation and 

summing both sides t o give 

B = - nA 

This gives the three constants of equation 4.1. 

9.2 Double exponential 

I n order t o f i t data t o the curve of the 

equation 

y = A + B .exp[-Ct + D.exp -Et , 

i t was i n i t i a l l y assumed t h a t one of the exponential terms 

had a large time constant (C of equation 3.20), r e l a t i v e t o 

the other. This exponential would decay t o zero at an e a r l y 

stage of the second, slower exponential decay, as i n Fig.4.6. 

To derive the slower exponential, the procedure 

described i n section 9.1 was applied, but s t a r t i n g at time 

t = to + X, 

where to i s the s t a r t of the s t a t i c phase and x has a 

value of 10 msecs. 
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The exponential derived i n t h i s way was then 

extrapolated back t o time to . The r e s u l t a n t curve was 

then subtracted from the experimental curve and a second 

exponential f i t t e d t o the remainder. This was repeated i n 

an i t e r a t i v e procedure w i t h increasing values of x, t o 

give the best le a s t squares f i t . 

10. S t a t i s t i c s 

10.1 Mean and standard error 

Two methods of presentation of the values of E, , 

Ej and V2 have been used. For r a t soleus and ECRL, and 

f o r hamster normal and dystrophic gastrocnemius muscles, the 

values of the components are given f o r each muscle, along 

w i t h the mean, x, of these values. I n the case of t o r t o i s e 

gastrocnemius muscle, the mean and standard e r r o r , S.E., are 

given f o r E, , E 2 and V2 at each temperature i n t e r v a l . 

Bessel's c o r r e c t i o n f o r small samples was applied i n the 

c a l c u l a t i o n of the standard e r r o r . The formulae used were 

and S. E, S . V n ^ 
» 

where S = 
n - 1 

10.2 t - and d- t e s t s 

I n sections 3.1, 4.3, 5 and 6 of the r e s u l t s , 

Qomparisons have been made between the means of two sets of 
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values of E, , Ej and V2 . 

A variance r a t i o t e s t was f i r s t applied to 

determine whether the sample variances were s i g n i f i c a n t l y 

d i f f e r e n t , or whether i t could be assumed th a t the true 

population variances were the same. The value of F'was 

determined fromi 

F = — ^ > 
S 2 ' 

where F' i s the variance r a t i o and i s the variance. 

The l e v e l of s i g n i f i c a n c e was then determined 

from t a b l e s of F'(given i n Lindley & M i l l e r , 1971). The 

variances were taken as being s i g n i f i c a n t l y d i f f e r e n t i f F' 

was greater than the value of F'at.the 5% l e v e l , f o r n , - i , 

n 2 - 1 degrees of freedom. 

I f the variances were not shown t o be s i g n i f i c a n t l y 

d i f f e r e n t then a t'-test was applied t o the data ( B a i l e y , 

1959, pp 47-49), where 

y z oaf y , ir.^)' 
g2 _ L X i ' ' - n, + LX2 - " ~ t ^ 

n, + n j - 2 

The l e v e l of s i g n i f i c a n c e of the values of t ' were then 

determined f o r n, + n2 — 2 degrees of freedom. 

When the variances were taken as being 

s i g n i f i c a n t l y d i f f e r e n t , the value of d was determined 
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where x, - X2 
d = 

V n, ^ n j 

This value was then t r e a t e d as having a t ' d i s t r i b u t i o n and 

the s i g n i f i c a n c e l e v e l determined from ta b l e s of t', w i t h f 

degrees of freedom, where 

1 
f = 

n, -1 ^ 

and S]^ 
u = "1 c 2 Q 2 

n, 02 

10.3 C o e f f i c i e n t of c o r r e l a t i o n 

I n section 7.2 of the r e s u l t s which deals with the 

e f f e c t s of temperature on t o r t o i s e muscle, a possible l i n e a r 

r e l a t i o n s h i p between the series e l a s t i c i t y and the maximum 

isom e t r i c t e n s i o n was checked. The c o r r e l a t i o n c o e f f i c i e n t 

f o r these two v a r i a b l e s was found from 

K x - x)(y - y) 

The s i g n i f i c a n c e l e v e l , P, of t h i s c o r r e l a t i o n was 

then determined from ta b l e s of r , f o r n-2 degrees of 

freedom ( B a i l e y , 1959, pp 78-80). 



V RESULTS 

1. L i n e a r i t y 

Before proceeding t o determine whether muscle can 

be represented by a three component Maxwell model, the range 

of l i n e a r i t y of muscle must be established, since the 

t r a n s f e r f u n c t i o n between l e n g t h and tension of the model, 

derived i n s e c t i o n I I I , applies only t o l i n e a r systems. 

I f the system i s l i n e a r , then the constants A and 

B of equation 3.13 w i l l have a l i n e a r r e l a t i o n s h i p t o the 

l e n g t h of s t r e t c h , H. The constant C of the same equation 

w i l l be independent of H. 

The range of values of H w i t h i n which muscle 

s a t i s f i e s these conditions was determined. 

1.1. Rat soleus muscle 

Relaxed and te t a n i s e d muscles were subjected t o a 

number of stretches ranging from 0.09mm t o 0.85mm. The 

tension developed during the s t a t i c phase of each ramp 

s t r e t c h was f i t t e d t o an exponential of the form given i n 

equation 3.13. The values of the constants A, B and C of 

t h i s equation were ca l c u l a t e d by the methods described i n 

secti o n lv."3i3. These values are given f o r one muscle 

(muscle number 1 of Table 5.3) i n i t s relaxed and tet a n i s e d 

st a t e s . Those f o r the relaxed muscle are presented i n 

Table 5.1 and f o r t e t a n i s e d muscle i n Table 5.2. 



Ramp 
height 
mm 

A 
N.-

B 
N. 

C 
ST' 

0.09 0.006 0.006 4.3 

0.17 0.014 0.009 10 

0.26 0.021 0.024 10 

0.34 0.032 0.029 12 

0.43 0.043 0.034 14 

0.50 0.054 0.047 14 

0.59 0.068 0.059 13 

0.67 0.084 0.078 14 

0.76 0.109 0.094 14 

0.85 0.143 0.120 14 

Table 5.1 Rat soleus muscle: relaxed 

Ramp A B C 
height 
mm N. N. 

0.09 0.024 0.200 12 

0.1.7 0.042 0.389 12 

0.26 0.072 0.538 13 

0.34 0.087 0.643 13 

0.43 0.102 0.706 13 

0.50 0.126 0.753 13 

0.59 0.149 0.813 17 

0.67 0.167 0.849 14 

0.76 0.191 0.873 14 

0.85 0.209 . 0.909 13 

Table 5.2 Rat soleus muscle: tetanised 
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1.1.1 Relaxed muscle 

The l e n g t h / t e n s i o n curves of the 

constants A and B of re laxed muscle are given i n F i g . 5 . 1 . 

These constants are l i n e a r over the range o f s t r e t c h f r o m 

0.0mm t o 0.4mm. 

I f the muscle behaves as a l i n e a r 

system, then the value o f the constant C should be the same 

f o r a l l amounts o f s t r e t c h . The r e s u l t s o f Table 5.1 

i n d i c a t e t h a t f o r re laxed muscle the value o f C i s 

reasonably constant , apar t f r o m the value obtained f rom a 

s t r e t c h of 0.09mm. At t h i s l a t t e r l e v e l o f s t r e t c h the 

tens ions generated were small (see F i g . 5 . 2 ) and the constant 

C was d i f f i c u l t t o measure. 

1.1.2 Tetanised muscle 

The l e n g t h / t e n s i o n curves of the 

constants A and B of s t imu la t ed muscle are g iven i n 

F i g . 5 . 3 . The constant A can be seen to be l i n e a r over the 

whole range of s t r e t c h a p p l i e d , whi le B behaves i n a l i n e a r 

f a s h i o n only w i t h i n the range of s t r e t c h f r o m 0.0mm t o 

0.26mm. 

The values of C, g iven i n Table 5 . 2 , 

are reasonably constant over the whole range of s t r e t c h . 

1.2 Hamster, t o r t o i s e and r a t ECRL muscle 

The constants A, B and C (of equation 3.13) 

c a l c u l a t e d f o r normal and dys t roph ic hamster gastrocnemius, 



O 

O i-H 

(U 

m g 
c 

T3 
c 0) 
n) .-1 

u 
(0 • m

u
 

(U 
rH 
u 
(0 

w 3 
+» g 
c n) w 
4-> 3 
10 V 

a T ^ 

o o 
o m 
0) +j 

n) 
V4 

TJ 
o (U 

X 
nt 

> ^ u (U 
3 t i 
u 

U 
O 

•H 
U 
ci n 
<U 
C • 

•H n 
hJ 

c • 
o 
•H CO 
4-> • 

• nl 
3 
CT ID 

• H 
XI 

•H ^ n) 
[Ii O H 



(N ) eoioj 

E 

» 

(0 



F i g . 5.2 0.09 nun s t r e t c h appl ied to re laxed r a t 

soleus muscle. Upper t r a c e , l eng th record ; lower 

t r a c e , t ens ion r e c o r d . 

The small tensions generated made i t 

d i f f i c u l t t o determine the constant as i n F i g . 4 .4 . 
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t o r t o i s e gastrocnemius and r a t ECRL muscle were a l l found t o 

be l i n e a r , w i t h i n the 0.0mm t o 0.26mra range o f l i n e a r i t y 

found f o r r a t soleus muscle (see F igs . 5 . 4 , 5 .5 , 5.6 and 5 .7 ) . 

1.3 Determina t ion of E-\ , E2 and V2 . 

The values of E\ , E2 and Vj of the three 

component Maxwell model have been determined using values 

of A, B and C der ived f r o m ramp s t re tches tha t f a l l w i t h i n 

the l i n e a r range o f a l l th ree constants , i n bo th re laxed 

and t e t an i sed muscle. The values of E, , E2 and V2 f o r 

t o r t o i s e muscle at 15°C, 20°C and 25°C, g iven i n Table 5.12, 

were ca l cu l a t ed f r o m s t re tches of 0.26mm o n l y . I n a l l other 

r e s u l t s A and B were p l o t t e d against ramp height and the 

values o f A and B, used t o determine the v i s c o - e l a s t i c 

cons tan ts , were found f r o m the slope of these l i n e s . The 

value o f C was taken as the mean of a l l C w i t h i n the l i n e a r 

range. 

1.4 Comparison w i t h other r e s u l t s 

Since A represents the p a r a l l e l e l a s t i c i t y of 

the system, E] w i l l be l i n e a r w i t h i n the l i n e a r range of A. 

The ser ies e l a s t i c i t y and the v i s c o s i t y are both d i r e c t l y 

p r o p o r t i o n a l t o B, i f C i s constant over the range o f 

l i n e a r i t y o f B. The se r i e s e l a s t i c element, E2 , and the 

viscous element, , are t h e r e f o r e l i n e a r w i t h i n the range 

of s t r e t c h of 0.0mm t o 0.26mm f o r c o n t r a c t i n g muscle. I n 

F i g . 3 o f Cavagna (1970) , the l i n e a r i t y o f the ser ies e l a s t i c 
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element of f r o g gastrocnemius muscle i s compared w i t h the 

corresponding r e s u l t s f o r f r o g s a r t o r i u s of Jewell and 

W i l k i e (1958) and r a t g r a c i l i s anticus of Bahler (1967). 

Of these three muscles, two of them, f r o g gastrocnemius and 

r a t g r a c i l i s a n t i c u s , appear t o be l i n e a r w i t h i n the range 

of s t r e t c h used i n t h i s study, t h a t i s , up t o stretches of 

1.3% of r e s t i n g l e n g t h . However, i n a l l three muscles 

compared by Cavagna, the s t r e s s / s t r a i n curve of the series 

e l a s t i c component becomes non-linear and r e l a t i v e l y the 

stress increases at higher s t r a i n s - This i s i n contrast t o 

the graph of F i g . 5.3 where r e l a t i v e l y the stress of B, which 

i s d i r e c t l y p r o p o r t i o n a l t o the series e l a s t i c i t y , decreases 

w i t h increased s t r a i n . 

The r e s u l t s of the three authors quoted are a l l 

derived using the i s o t o n i c quick release method of W i l k i e 

(1956). 

2. Time course of tension changes over the s t a t i c phase. 

Changes i n tension during the s t a t i c phase of 

ramp stretches were compared w i t h t h e o r e t i c a l tension changes 

predicted by the simple three component model. Only stretches 

w i t h i n the range of l i n e a r i t y as determined i n section 5.1 

were applied. A t y p i c a l tension record of tetanised r a t 

soleus muscle, from which measurements were taken, i s given 

i n F i g . 5.8a. 

The constants A, B and C of equation 3.13 were 

derived from tensions produced during the s t a t i c phase, as i n 



Fig. 5.8a Length and tension traces of r a t 

soleus muscle. Trace A i s t h a t of a ramp s t r e t c h 

applied t o stimulated muscle, superimposed on an 

unstretched tetanus. Trace B i s the tension 

produced when a ramp s t r e t c h i s applied t o relaxed 

muscle. Trace C i s the ramp s t r e t c h applied t o 

the muscle. Time markers, derived from the 

d i g i t i m e r , seen at the end of the length t r a c e , 

are spaced at i n t e r v a l s of 0.10 seconds. 

Fig. 5.8b Length and tension records of r a t 

ECRL muscle. The sequence of traces i s the same 

as t h a t i n Fig. 5.8a. Time markers are at 

i n t e r v a l s of 0.10 seconds. 
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s e c t i o n IV.3^3. This derived curve was then p l o t t e d over the 

time course of the s t a t i c phase and compared w i t h the 

experimental tension (see Fig. 5.9). 

These r e s u l t s i n d i c a t e that the simple exponential 

predicted by the three component model i s a reasonable, but 

not p e r f e c t , f i t t o the tension record. 

3- Comparison of relaxed and tetanised muscle. 

3.1. Rat soleus muscle 

The v i s c o - e l a s t i c constants E, , Ej and were 

determined f o r soleus muscles of the r a t , i n the relaxed 

and t e t a n i s e d s t a t e s . Typical length and tension records of 

a ramp s t r e t c h applied t o t h i s muscle are given i n Fig. 5.8a. 

Data obtained from experiments on nine soleus 

muscles are given i n Table 5.3. The maximum isometric tension 

generated, the c o n t r a c t i o n time and the value of the v i s c o -

e l a s t i c constants are given f o r each muscle-

The values of Ei , E2 and V2 f o r each muscle 

increase upon s t i m u l a t i o n . The values of E2 and Vj 

increase by f a c t o r s of 23 and 25 r e s p e c t i v e l y , while there i s 

a smaller increase, by a f a c t o r of 3.1, i n the case of E, . 

Similar changes i n E, and E2 can be observed i n Figs. 2 and 

3 of Sugi (1972). 

There i s considerable v a r i a t i o n w i t h i n the r e s u l t s 

presented i n Table 5.3. Some of t h i s v a r i a t i o n may be 

a t t r i b u t e d t o v a r i a t i o n s i n the size of the muscle and 
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v a r i a t i o n s i n the maximum is o m e t r i c tensions generated. 

I t can be seen from the r e s u l t s i n Table 5.4 that 

the changes i n each component upon s t i m u l a t i o n are h i g h l y 

s i g n i f i c a n t . 

3.2 Hamster, t o r t o i s e and r a t ECRL muscle 

Changes s i m i l a r t o those seen i n r a t soleus 

muscle can also be observed i n the other f o u r types of 

muscle examined. I n every muscle the value of E, , E2 and 

Vj increases upon s t i m u l a t i o n (see Tables 5.5, 5.7, 5.8 and 

5.13). The increase i n the value of E2 and Vj i s always 

greater than the increase i n the value of E) , except i n the 

case of one dystrophic hamster gastrocnemius muscle. 

4. Comparison of f a s t and slow muscle of r a t . 

4.1. Rat ECRL muscle 

The v i s c o - e l a s t i c constants were determined f o r 

ECRL muscles of the r a t . T y p i c a l length and tension records 

of t h i s muscle are given i n Fig. 5.8b. Data from experiments 

c a r r i e d out on nine muscles are given i n Table 5.5. 

4.2 Dimensionless r a t i o s 

I f a muscle behaves according to the simple three 

component system, then i t should be possible to determine 

values of E, , Ej and . These values are presented i n 

Tables 5.3 and 5.5 f o r r a t soleus and ECRL muscles. However, 
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these values take no account of the dimensions of the 

muscles. The muscles themselves do not conform to a regular 

geometrical shape and i t i s therefore not easy t o express 

these constants i n terms of a sample of u n i t size. 

I f i t i s assumed t h a t there i s l i t t l e v a r i a t i o n 

between the dimensions of a relaxed muscle and a tetanised 

muscle, then the dimensionless r a t i o s 

E, tetanised E2 tetanised tetanised 

E) relaxed E2 relaxed relaxed 

may perhaps be used as a basis f o r comparing muscles of one 

type w i t h those of another. 

4.3 Comparison of r a t soleus and ECRL muscle 

I t can be seen from Table 5.5 that there i s 

considerable v a r i a t i o n i n the values of the v i s c o - e l a s t i c 

constants derived f o r each ECRL muscle and that t h i s 

v a r i a t i o n i s greater than t h a t observed i n soleus muscles-

This can be i l l u s t r a t e d by comparing the range of the 

parameter E, f o r each type of muscle. The value of E] f o r 

teta n i s e d soleus muscle va r i e s from 170 Nm~' t o 250 Nra"' , 

while E, of tetanised ECRL muscle l i e s w i t h i n the range of 

170 Nm~' t o 330 Nm~' . 

I n Table 5.6, the means of the r a t i o s of each 

constant, the means of the isometric tensions generated and 

the means of the c o n t r a c t i o n times f o r soleus and ECRL 

muscles are compared. From t h i s t a b l e i t can be seen that 

the is o m e t r i c tensions of the two muscles are s i g n i f i c a n t l y 
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d i f f e r e n t , as are the c o n t r a c t i o n times. However, no 

s i g n i f i c a n t d i f f e r e n c e s can be shown between the three 

components, E, , E2 and V2 , by t h i s method. 

5. Normal and dystrophic muscle 

Experiments were performed on fourteen normal 

and on t h i r t e e n dystrophic hamster gastrocnemius muscles. 

Transverse sections of the dystrophic and normal muscles 

are reproduced i n Figs. 5.10 and 5.11. The dystrophic 

muscle f i b r e s shown i n F i g . 5.10a vary i n diameter from 

30 ;um t o 80 ;um and almost a l l of them have c e n t r a l l y placed 

n u c l e i . Several of the dystrophic muscle f i b r e s (those 

i n d i c a t e d by arrows i n F i g . 5.10a) have l o s t t h e i r angular 

o u t l i n e and are stained darker than the others. These 

darker f i b r e s showed no evidence of phosphorylase a c t i v i t y , 

w h i l s t a l l other f i b r e s showed moderate (see two f i b r e s i n 

the top l e f t of Fig. 5.1Qc) or intense a c t i v i t y . This i s 

i l l u s t r a t e d i n Fig . 5.1Qb, where abnormal muscle f i b r e s are 

shown enlarged and stained f o r general s t r u c t u r e , and i n 

Fig. 5.10c where the same f i b r e i s shown stained f o r 

phosphorylase a c t i v i t y . 

I n Fig. 5.11 a s e c t i o n of a gastrocnemius muscle 

taken from a hamster from a non-dystrophic l i n e i s shown. 

The f i b r e s of t h i s normal muscle vary i n diameter from 40 p 

t o 110 ym. No rounded, d a r k - s t a i n i n g f i b r e s were present i n 

any of the muscles from non-dystrophic hamsters. However, 

many of the f i b r e s had the c e n t r a l l y placed n u c l e i , which 

im 



Fig. 5.10a A se c t i o n of a gastrocnemius muscle 

from a dystrophic hamster. Ma g n i f i c a t i o n i s xl92. 

The abnormal, rounded, dark s t a i n i n g f i b r e s are 

in d i c a t e d by arrows. Note the c e n t r a l l y placed 

n u c l e i i n many of the f i b r e s . 

Fig. 5.1Qb One of the abnormal f i b r e s of 

Fig. 5.11a at increased m a g n i f i c a t i o n (x 325). 

Fig. 5.1QC The same section as shown i n F i g . 5 . l i b 

but stained f o r phosphorylase a c t i v i t y . Note the 

t o t a l lack of a c t i v i t y i n the abnormal f i b r e . 



100 um 

I 60 p m I 60 j jm 



Fig. 5.11. A section of gastrocnemius muscle 

from a normal hamster. Ma g n i f i c a t i o n x 368. 

Note the absence of any abnormal f i b r e s . 
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would not be expected f o r normal muscle (Holmburger, 1966). 

Typ i c a l l e n g t h and tension records of normal and 

dystrophic muscles are given i n Fig. 5.12a and Fig. 5.12b 

r e s p e c t i v e l y . Data from the experiments on these muscles are 

presented i n Tables 5.7 and 5.8. Muscle number 11. i n 

Table 5.8 i s the only muscle i n which the increase i n E, upon 

s t i m u l a t i o n i s greater than the corresponding increase i n E2 . 

The normal and dystrophic muscles are compared i n 

Table 5.9. As the same anatomical muscle i s examined i n 

both normal and dystrophic animals, i t should be possible t o 

make a d i r e c t comparison between the values of the visco-

e l a s t i c c o n s t a n t s w i t h o u t the necessity of comparing 

dimensionless r a t i o s . 

These two types of muscle are compared i n both the 

relaxed and te t a n i s e d s t a t e s . As may be seen from Table 5.9, 

i n both the relaxed and t e t a n i s e d s t a t e , there i s a 

s i g n i f i c a n t d i f f e r e n c e between the values of E, derived from 

normal muscle and those derived from dystrophic muscle. The 

values of Ej also show these s i g n i f i c a n t d i f f e r e n c e s , while 

no d i f f e r e n c e s are shown between the values of V2 . I n 

a d d i t i o n the isom e t r i c tensions and the c o n t r a c t i o n times of 

the two groups of muscles are shown t o be s i g n i f i c a n t l y 

d i f f e r e n t . 

6. Comparison of other p a i r s of muscles 

Of the f i v e muscle types which have been examined, 

t o r t o i s e gastrocnemius muscle at 15°C and normal hamster 



F i g . 5.12a Length and t e n s i o n traces of a ramp 

s t r e t c h applied to normal hamster gastrocnemius 

muscle. Trace A i s the tension produced by a ramp 

s t r e t c h of 0.26 mm applied t o tetanised muscle, 

superimposed on an unstretched t e t a n i c c o ntraction. 

Trace B i s the tension produced when the same 

s t r e t c h i s applied t o relaxed muscle. Trace C i s 

the ramp s t r e t c h applied t o the muscle. The time 

markers at the s t a r t of the length trace are 

spaced at i n t e r v a l s of O.IQ seconds. 

F i g . 5.12b Length and ten s i o n traces of a ramp 

applied t o dystrophic hamster gastrocnemius muscle. 

The sequence of traces i s the same as f o r normal 

hamster muscle. Time markers are at i n t e r v a l s of 

0.10 seconds. 
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gastrocnemius muscle develop maximum isometric tensions 

which are s i m i l a r , w i t h values of 3.25N and 3.57N 

r e s p e c t i v e l y . These two muscles are very d i f f e r e n t w i t h 

regard t o t h e i r c o n t r a c t i o n times, with values of 1.51 

seconds and 0.126 seconds r e s p e c t i v e l y . The isometric 

tensions, c o n t r a c t i o n times and the v i s c o - e l a s t i c constants 

of the stimulated muscle are compared i n Table 5.10. I t 

can be seen from t h i s t a b l e t h a t both the p a r a l l e l 

e l a s t i c i t y , E, , and the series e l a s t i c i t y , E2 , are 

s i g n i f i c a n t l y d i f f e r e n t , but there i s no s i g n i f i c a n t 

d i f f e r e n c e between the v i s c o s i t i e s of the two mascles. 

I n Table 5.11 normal hamster muscle i s compared 

w i t h r a t soleus muscle. I n t h i s pair of muscles the 

c o n t r a c t i o n times and the maximum isometric tensions are 

both h i g h l y s i g n i f i c a n t l y d i f f e r e n t . The p a r a l l e l e l a s t i c i t y 

and the series e l a s t i c i t y are also h i g h l y s i g n i f i c a n t l y 

d i f f e r e n t f o r each muscle, but as i n the comparisons made i n 

Table 5-10, no d i f f e r e n c e i s shown between the v i s c o s i t i e s of 

the muscles. 

7. E f f e c t of temperature on components of t o r t o i s e muscle 

Tortoise gastrocnemius muscle was stretched i n the 

relaxed and te t a n i s e d s t a t e at temperatures w i t h i n the range 

of 30°C t o 5°C (which was the lower l i m i t of the cooling 

apparatus). Stretches were applied at temperature i n t e r v a l s 

of 5°C. Typical l e n g t h and tension records f o r t o r t o i s e 

muscle at 30°C and 5°C are given i n Figs. 5.13a and 5.13b. 
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Fig. 5.13a Length and ten s i o n traces from a 

0.26 mm ramp s t r e t c h applied to t o r t o i s e 

gastrocnemius muscle at 30°C. Trace A i s the tension 

produced by the a p p l i c a t i o n of a ramp s t r e t c h t o 

tetanised muscle, superimposed over an unstretched 

tetanus. Trace B i s the tension produced i n relaxed 

muscle when a ramp s t r e t c h i s applied, and trace C 

i s the applied ramp s t r e t c h . The time markers at 

the end of the l e n g t h record are spaced at i n t e r v a l s 

of 0.10 seconds. 

Fig. 5.13b Traces s i m i l a r t o those of Fig. 5.13a, 

but at a temperature of 5°C. The time markers are 

spaced at i n t e r v a l s of 0.10 seconds. 
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Results were obtained at 30, 25, 20 and 15°C. 

Thereafter the apparatus was l e f t t o cool t o 5°C and f u r t h e r 

stretches applied t o the muscle at t h i s temperature. The 

apparatus required a considerable time t o cool at the lower 

temperature and i t was t h e r e f o r e not possible t o e q u i l i b r a t e 

the temperature at 10°C. Mean values of the constants E, , 

Ej and V2 of seven muscles i n the relaxed and tetanised 

states are given, f o r each temperature i n t e r v a l , i n Table 5.12. 

7.1 Relaxed muscle 

The values of E, , E2 and V2 f o r a single muscle 

are displayed g r a p h i c a l l y i n Fig. 5.14 and the equivalent 

graphs f o r the mean values of these constants are given i n 

Fig. 5.15. I t can be seen th a t the v i s c o - e l a s t i c constants 

a l l decrease i n value w i t h increasing temperature, w i t h the 

l a r g e s t decrease t a k i n g place i n Ej . 

7 . 2 Tetanised muscle 

The values of Ei , E2 and V2 f o r a single muscle 

are displayed g r a p h i c a l l y i n Fig. 5.16 and the equivalent 

graphs f o r the mean values of these constants are given i n 

Fig. 5.17. I n the stimulated s t a t e , the p a r a l l e l e l a s t i c i t y , 

E, , increases w i t h i n c r e a s i n g temperature. The v i s c o s i t y 

does not vary a great deal but has i t s highest value at the 

lowest temperature. The value of the series e l a s t i c element, 

E2 , i s low at 5°C, increases t o a maximum at 20°C and then 

decreases once more above t h i s temperature. The maximum 
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isom e t r i c tension increases w i t h temperature w i t h a Q,o of 

1.4 between 5°C and 20°C, reaching i t s highest value at 25°C 

then decreasing s l i g h t l y at 30°C. There i s a s i m i l a r i t y 

between the r e l a t i o n s h i p t o temperature of both the series 

e l a s t i c i t y and the isometric tension. The r e l a t i o n s h i p between 

E 2 and the i s o m e t r i c tension i s l i n e a r ( r = 0.949, P <0.02) 

over the range of temperature from 5°C t o 30°C. 

8. The f i v e component model 

Values of the v i s c o - e l a s t i c constants of the three 

component Maxwell model are given i n Table 5.13 f o r seven 

t o r t o i s e gastrocnemius muscles a t 25°C. Values of the v i s c o -

e l a s t i c constants of the f i v e component model were derived 

f o r the same muscles ( M a t e r i a l s and Methods, section 3.3.2). 

These values are presented i n Table 5.14. 

The value of the p a r a l l e l e l a s t i c component of 

each muscle i s the same f o r both models- The value of the 

series e l a s t i c element, , i s smaller i n every case, i n the 

f i v e component model than i n the three component model. I n 

most muscles the viscous element, V2 , remains unaltered. 

I n F i g . 5.18 the experimental curve i s compared 

w i t h curves derived from each model. The experimental 

tension decay can be seen t o be best f i t t e d by a curve which 

can be predicted by the f i v e component Maxwell model. This 

curve consists of the sum of two exponential terms, one of 

which has a l a r g e decay constant and the other a r e l a t i v e l y 

small one. 
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9. Tension changes used i n discussion of the Huxley model 

of muscle. 

I n the discussion, tension changes i n relaxed and 

t e t a n i s e d muscle are r e l a t e d t o the model of muscle 

derived by A.F. Huxley (1957). Differences between r a t 

soleus and ECRL muscles, and between the gastro'cnemius 

muscles of normal and dystrophic hamsters, are discussed i n 

terms of t h i s model. Changes i n the responses of t o r t o i s e 

gastrocnemius muscles w i t h temperature are also examined. 

The tension changes r e l a t e d t o the Huxley model 

are given i n Table 5.15, f o r r a t muscles, Table 5.16 f o r 

hamster muscles, and Table 5.17 f o r the muscles of the 

t o r t o i s e . 
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VI DISCUSSION 

I n section V of the t h e s i s r e s u l t s are given which 

are derived from l e n g t h changes applied t o muscles of the 

r a t , hamster and t o r t o i s e , both i n the relaxed and 

contracted s t a t e s . The s t a t i c and dynamic tension changes, 

and the half-decay times were determined f o r each'stretch. 

These f i g u r e s were used t o compute th6 dynamic and s t a t i c 

e l a s t i c i t y f o r each muscle and were also used t o compare 

the behaviour of each muscle w i t h a l i n e a r Maxwell model 

c o n s i s t i n g of two e l a s t i c elements, E, and E^, and a 

viscous element, . 

These r e s u l t s w i l l now be considered i n 

r e l a t i o n t o the s l i d i n g f i l a m e n t model of muscle which 

was proposed by A.F. Huxley (1957) and extended by 

A.F. Huxley and Simmons (1970, 1971), and A.F. Huxley 

(1974). A summary of the Huxley model i s given before 

c o r r e l a t i n g the r e s u l t s of t h i s t hesis with that model. 

The S l i d i n g Filament Model of Muscle 

S t r u c t u r e of muscle f i b r e s 

Muscle f i b r e s contain the two filamentous 

p r o t e i n s , a c t i n and myosin (Straub, 1943} Szent-Gyorgyi, 

1943). These f i l a m e n t s i n t e r d i g i t a t e between one 

another (H.E. Huxley, 1953). The myosin i s confined t o 

the A bands of a muscle f i b r e (Hanson and H.B. Huxley, 

1953) and the A bands maintain a constant length when the 

muscle i s lengthened and shortened (H.E. Huxley and 
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Hanson, 1954; A.F. Huxley and Niedergerke, 1954). This 

has l e d t o the s t r u c t u r e of the c o n t r a c t i l e p r o t e i n s of 

muscle being represented as i n f i g . l of A.F. Huxley (1957). 

The l e n g t h of the myosin f i l a m e n t i s about 

1.6^um(Page and H.E. Huxley, 1963) and the a c t i n i s about 

1.9^umlong (Page 1968). I t i s probable t h a t the lengths 

of these two f i l a m e n t s remain f a i r l y constant during 

a c t i v a t i o n of the muscle (H.E. Huxley and Brown, 1967). 

Length changes i n muscle are brought about by the two sets 

of f i l a m e n t s s l i d i n g over one another. 

The repeating u n i t of these i n t f e r d i g i t a t i n g 

p r o t e i n s i n a muscle f i b r e , the sarcomere, v a r i e s i n 

length as the f i l a m e n t s s l i d e over one another. The 

maximum f o r c e i s generated by a muscle when the length of 

the sarcomere i s 2.0 - 2.^um (Gorden et a l . , 1966). I t 

i s l i k e l y t h a t t h i s sarcomere length i s constant w i t h i n 

the v e r t e b r a t e s (A.F. Huxley, 1974). 

I n a d d i t i o n t o the proteins a c t i n and myosin, 

i t seems probable t h a t there i s another series of 

f i l a m e n t s , which are continuous throughout the m y o f i b r i l 

(Carlsen et a l . , 19"61; Sjostrand, 1962; McNeill and 

Hoyle, 1967; Walcott and Ridgeway, 1967). 

Generation of f o r c e by a muscle 

I t has been shown by Ramsey and Street (1940), 

and by A.F. Huxley and Niedergerke (1954), t h a t the 

tension which can be generated by a muscle during 

isometric c o n t r a c t i o n depends upon the length at which 

the muscle i s held. A l t e r a t i o n of muscle length and hence 
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a change i n the area of overlap of the f i l a m e n t s a l t e r s 

the f o r c e generated, but has no e f f e c t on the r a t e of 

shortening of the muscle, under conditions of zero load 

(A.F. Huxley and J u l i a n , 1964; Gordon et al.,1966). This 

would i n d i c a t e t h a t f o r c e i s generated by st r u c t u r e s 

a c t i n g i n p a r a l l e l w i t h i n the sarcomeres, and that these 

s t r u c t u r e s have an i n t r i n s i c maximum speed of shortening. 

The r a t e of shortening of a muscle would then be the sum 

of the speed of shortening of each sarcomere i n series 

w i t h i n a muscle f i b r e . 

One aspect of t h i s shows up i n muscles w i t h a 

d i f f e r e n t sarcomere length from t h a t found i n the 

ve r t e b r a t e s . Muscles w i t h more numerous but shorter 

sarcomeres should be capable of more r a p i d rates of 

shortening while those w i t h longer sarcomere lengths 

should be slower. A r e l a t i o n s h i p of t h i s kind has been 

shown i n arthropods, where sarcomere length varies 

g r e a t l y from one muscle t o another (Jasper and Pezard, 

1934; Atwood et a l , 1965). 

Cain et a l . (1962) have shown that during muscle 

c o n t r a c t i o n adenosine triphosphate (ATP) i s converted t o 

adenosine diphosphate (ADP) arid inorganic phosphate ( P i ) . 

These r e l a t i o n s h i p s i n d i c a t e t h a t f o r c e i s 

generated by some mechanism i n the overlap zone of a c t i n 

and myosin. These f o r c e generators act i n p a r a l l e l t o 

generate a f o r c e , and the r a t e of shortening i s the same 

f o r each. The generation of f o r c e w i t h i n the sarcomeres 

i s coupled t o the supply of energy from the breakdown of ATP, 
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I t i s probable t h a t f o r c e generation i s i n i t i a t e d 

i n response t o the release of calcium ions from the 

transverse membrane system which invaginates throughout 

each muscle f i b r e ! (see Ebashi and Endo, 1968, and 

Ebashi et a l , 1969). 

Action of the f o r c e generators 

The f o r c e generators, or cross-bridges, can 

probably be i d e n t i f i e d w i t h p r o j e c t i o n s from the myosin 

molecules observed by H.E. Huxley (1957, 1963). 

Since the t o t a l length of a myosin molecule i s 

about 0.2/um (Rice, 1961; Zobal and Carolson, 1963; 

Rowe, 1964) and the amount of s l i d i n g i n a single 

c o n t r a c t i o n may be as much as 1.0/um, i t i s u n l i k e l y t h a t 

any one cross-bridge remains i n t a c t throughout a 

c o n t r a c t i o n . I t i s l i k e l y t h a t there i s a cycle of 

forming, breaking and reforming of each cross-bridge. 

According t o the hypothesis f o r the mechanism of muscle 

c o n t r a c t i o n put forward by A.F. Huxley (1957), the 

te n s i o n , P, generated during an isometric c o n t r a c t i o n i s s 

P a , f V . msw 

^f+g--* 21 

where m s the number of binding s i t e s on the myosin, 

per cubic metre, 

s " sarcomere length 

w B the maximum work done i n a cycle at one s i t e 

1 > separation of bi n d i n g s i t e s along the a c t i n 

f i l a m e n t 
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f = r a t e constant governing formation of 

cross-bridges 

g m r a t e constant governing breakdown of 

cross-bridges. 

I t has been suggested (H.B. Huxley, 1969) that 

each of these cross-bridges consists of two components: 

an element which can r o t a t e and an i n e l a s t i c element which 

l i n k s the r o t a t i n g head t o the a c t i n molecule. This 

proposed s t r u c t u r e of the cross-bridge has been modified 

(A.F. Hux^.ey and Simmons, 1971; A.F. Huxley, 1974) so tha t 

the l i n k between the r o t a t i n g head and the myosin molecule 

i s e l a s t i c instead of i n e l a s t i c , and f u r t h e r t h a t the 

r o t a t i n g head can e x i s t i n two, three or four stable 

p o s i t i o n s , each w i t h a lower p o t e n t i a l energy than the one 

before. The cross-bridge head would be able t o switch, 

r e v e r s i b l y , from one stable s t a t e to another. 

To s t r e t c h the cross-bridge l i n k , and hence 

generate a f o r c e , the cross-bridge head must r o t a t e t o a 

p o s i t i o n of lower p o t e n t i a l energy. This would require 

a c t i v a t i o n energy only. 

The energy, necessary t o d r i v e such a system 

could come from the f i n a l detachment of the cross-bridge 

head from the a c t i n molecule, a f t e r the cross-bridge head 

has reached the p o s i t i o n of lowest p o t e n t i a l energy. This 

f i n a l s p l i t t i n g o f the acto-myosin l i n k would be coupled 

t o the h y d r o l y s i s of a molecule of ATP (Taylor, 1972). 

Once detached, the myosin head would then become a v a i l a b l e 

f o r b i n d i n g w i t h another s i t e on the a c t i n molecule. 
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R e p e t i t i o n of t h i s process would b r i n g about the 

s l i d i n g of a c t i n and myosin molecules between one another, 

w i t h the subsequent shortening of the sacromeres and 

shortening of the muscle during i s o t o n i c c o n t r a c t i o n . The 

cycles of shortening of cross-bridges during an isome t r i c 

c o n t r a c t i o n o f the muscle would r e s u l t i n the generation 

of f o r c e . 

Some v a r i a t i o n s on t h i s theory of c o n t r a c t i o n of 

muscle are discussed by A.F. Huxley (1974). 

The Response of Muscle t o A l t e r a t i o n of Length 

Stress r e l a x a t i o n f o l l o w i n g s t r e t c h 

The a p p l i c a t i o n of c o n t r o l l e d stretches t o 

muscle has been used to study the properties of muscle and 

to help e l u c i d a t e the mechanism of muscle c o n t r a c t i o n . 

Gasser and H i l l (1924) applied ramp stretches of 

about 4.5mm t o the s a r t o r i u s mluscle of f r o g and found t h a t 

at moderate v e l o c i t i e s of s t r e t c h , probably i n the range 

of 1.0 - lOcms sec"' , the tension rose t o a peak during 

the dynamic phase of the ramp and then decayed roughly 

e x p o n e n t i a l l y t o some new l e v e l of tension. At slow rates 

of s t r e t c h , probably <1.0cms sec"', the change i n tension 

had the same form as the extension curve, and was 

r e v e r s i b l e . At f a s t e r r a t e s of s t r e t c h , up to SOcms sec"' , 

Gasser and H i l l found t h a t the tension rose t o a peak and 

then f e l l t o a l e v e l below t h a t o f isometric tension, before 

redeveloping t o some new l e v e l approaching t h a t of 

isom e t r i c . 
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These f i n d i n g s were r e l a t e d by Gasser and H i l l 

t o a model of muscle c o n s i s t i n g of a p r o t e i n matrix i n a 

f l u i d medium, w i t h the proteins, having d i f f e r e n t viscous 

and e l a s t i c c o e f f i c i e n t s i n the passive and a c t i v e s t a t e s . 

The r e s u l t s of Sugi (1972) are s i m i l a r t o those 

of Gasser and H i l l (1924). Moderate v e l o c i t i e s ' o f ramp 

stretches applied t o the semitendinosus muscle of f r o g 

produced tension responses s i m i l a r t o those of the 

moderate v e l o c i t y stretches of Gasser and H i l l , and 

s i m i l a r to those shown i n f i g . 5 . 8 trace A. Ramp stretches 

greater than 1 % of the l e n g t h of the miscle, and at 

v e l o c i t i e s > 30cms sec"' produced tension responses s i m i l a r 

t o those of the r a p i d stretches of Gasser and H i l l . 

However, the r a p i d stretches of Sugi f o r less than 1 % of 

muscle le n g t h d i d not show the decay below isometric 

t e n s i o n , but continued t o develop tension u n t i l the end 

of the ramp s t r e t c h , and then decayed t o some plateau 

value. Sugi has explained h i s r e s u l t s i n terms of the 

A.P. Huxley (1957) s l i d i n g f i l a m e n t model o f muscle. 

Stress r e l a x a t i o n curves, s i m i l a r t o those f o r 

moderate v e l o c i t y stretches applied t o a c t i v e muscle by 

Gasser and H i l l , by Sugi and as seen i n f i g . 5 . 8 trace A 

of t h i s t h e s i s , are also shown by Abbott and Aubert (1951). 

Stress r e l a x a t i o n f o l l o w i n g ramp stretches applied t o 

passive muscle, s i m i l a r t o those of f i g , 5.8 trace B, can 

be seen i n the p u b l i c a t i o n s of Abbott and Lowy (1956), 

D.K. H i l l (1968) and U l l r i c h (1970). 
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Stress recovery f o l l o w i n g release 

When tension redevelopment f o l l o w i n g a constant 

v e l o c i t y r e d u c t i o n i n l e n g t h i s examined, two phases can 

be seen (A.F. Huxley and Simmons, 1970, 1971; A.F. Huxley, 

1974). I n the example of Huxley and Simmons, the tension 

recovery of f r o g semitendinosus muscle at 0°C - 4°C has a 

f a s t phase w i t h a h a l f time of about O.Smsecs - llOmsecs, 

and a slow phase w i t h a h a l f time of about 25msecs. 

Simil a r r e s u l t s t o those of Huxley and Simmons 

have been shown i n response t o rapid constant v e l o c i t y 

shortening or lengthening of gly c e r i n a t e d f r o g s a r t o r i u s 

and t o r t o i s e i l e o f i b u l a r i s muscles by Heinl et al.(1974). 

Length t r a n s i e n t s i n response t o step changes i n 

load, c o n s i s t i n g of two phases, which may be equivalent t o 

the t e n s i o n t r a n s i e n t s of Huxley and Simmons, have been 

demonstrated by Podolsky (1960), Civan and Podolsky (1966) 

and by Joyce and Rack (1969). 

A stress r e l a x a t i o n curve w i t h two decay 

constants i s discussed i n r e l a t i o n t o the r e s u l t s of t h i s 

t h e s i s . 

L i n e a r i t y o f Tension Responses 

Soleus muscles of the r a t were subjected t o 

stretches of up to 0.85mm. The stpi t i c tension changes i n 

ac t i v e muscle, as a r e s u l t of ramp str e t c h e s , were l i n e a r 

up t o stretches of 0.5mm i n every muscle, and i n some 

muscles were l i n e a r over the range of s t r e t c h from 0 - 0.85mm. 

The dynamic tension changes of a c t i v e muscle were found t o 
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be l i n e a r f o r l e n g t h changes up t o 0.26mm. 

A ramp of 0.26mm i s equivalent t o a length of 

change of about 1% of t o t a l muscle length. However, 

soleus muscle of the r a t has f i b r e s .which are 

approximately 50% of the le n g t h of the muscle (Close, 1964). 

A s t r e t c h of 1 % of the muscle length would thus represent 

an increase i n sarcomere length .of 2%, i f a l l of the 

s t r e t c h extended the f i b r e s . I f some of the length change 

i s taken up by passive elements of the muscle i n series 

w i t h the muscle f i b r e s (e.g. tendon - see Pennycuicfc, 

1964; D.K. H i l l , 1969; Blange' et a l 1972) then the 

l i n e a r i t y of the tension response i s l i k e l y t o be less 

than 2% of the sarcomere. 

The range of l i n e a r i t y of the e l a s t i c components 

of r a t soleus muscle would appear t o l i e w i t h i n the range 

of 1 - 2% extension of the muscle f i b r e s . 

The value of the dynamic tension may depend on 

purely passive parts of the muscle or may also be due t o 

e l a s t i c i t y w i t h i n the cross-bridges of the muscle. The 

n o n - l i n e a r i t y of the dynamic tension change could be due 

to the mechanical breakdown of these cross-bridges, when 

the muscle f i b r e s are extended by more than 1 - 2% of t h e i r 

l e n g t h . I f t h i s i s the case, the non l i n e a r i t y would be 

such t h a t the dynamic te n s i o n chan^ge should become 

r e l a t i v e l y smaller at longer extensions of the muscle. 

This i s what i s found i n a c t i v e muscle (see f i g . 5.3). 

This non l i n e a r i t y of the dynamic tension may be s t i l l 

f u r t h e r increased, since the r i s e time of each s t r e t c h was 

constant, thus increasing the v e l o c i t y of s t r e t c h w i t h any 
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increase i n amplitude o f s t r e t c h . According t o the 

A.F. Huadey theory of muscle c o n t r a c t i o n , increasing the 

r a t e of s t r e t c h w i l l increase the rate of breakdown of 

cross-bridges. 

Since the non l i n e a r i t y of the tension responses 

of passive muscle i s the r e s u l t of the tension becoming 

r e l a t i v e l y greater at longer lengths of s t r e t c h (see 

f i g . 5.1), i t i s u n l i k e l y t h a t , .at these longer lengths of 

s t r e t c h , the s t a t i c and dynamic tensions of passive muscle 

are a measure o f the same parameter as i n a c t i v e muscle. 

The ECRL muscles of r a t , and the gastrocnemius 

muscles of normal and dystrophic hamster, and of t o r t o i s e , 

were found t o give l i n e a r tension responses w i t h i n the 

l i n e a r l i m i t s of s t r e t c h found f o r r a t muscle. When 

discussing these muscles, tension changes have been used 

which correspond e i t h e r t o a 0.26mm extension of the 

muscle or t o a s t r e t c h which would give approximately a 

1% extension of the sarcomeres. I n e i t h e r case, the 

amount of s t r e t c h applied t o the muscle i s w i t h i n the 

l i n e a r range of the tension responses. 

Rat Muscle 

Dynamic tension changes and stress r e l a x a t i o n 

The values f o r dynamic tension changes i n 
i 

passive and a c t i v e muscles o f the r a t , and decay times of 

the stress r e l a x a t i o n curves are given i n Table 5.15. 

The dynamic tension changes observed i n relaxed 

muscle may be due t o the extension of i n e r t parts of the 
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muscle (Guth, 1947; A.V. H i l l , 1952; McNeill and Hoyle, 

1967; Rapoport, 1973), or they may be the r e s u l t of the 

extension of cross-bridges w i t h i n the passive muscle 

(D.K. H i l l , 1968, 1970). A l t e r n a t i v e l y , the dynamic 

tension changes of passive muscle may be xJue t o a 

combination of these two possible processes. 

I f the dynamic e l a s t i c i t y of passive muscle i s 

due t o cross-bridge a c t i v i t y , then t h i s a c t i v i t y could be 

expected t o increase upon s t i m u l a t i o n . I f the dynamic 

e l a s t i c i t y of passive muscle i s due t o passive e l a s t i c 

elements i n p a r a l l e l w i t h the c o n t r a c t i l e mechanism, then, 

when the sarcomeres of the muscle shorten at the expense 

of s eries e l a s t i c elements, during isometric contraction,, 

the p a r a l l e l s t r u c t u r e s would also shorten,, g i v i n g a 

reduction i n the dynamic tension. I t can be seen from 

Table 5.15 t h a t the dynamic e l a s t i c i t y increases upon 

s t i m u l a t i o n of the muscle. The dynamic tension change i n 

passive muscle i s only about 5% of the dynamic tension 

change i n a c t i v e muscle, f o r the same s t r e t c h . I t i s 

the r e f o r e l i k e l y t h a t dynamic tension changes i n 

con t r a c t i n g mUscle are due t o extension of some part of 

the c o n t r a c t i l e mechanism of the muscle. 

I t i s not possible t o say whether the dynamic 

e l a s t i c i t y of passive muscle i s due t o passive or a c t i v e 

elements of the muscle, nor i s i t possible t o say whether 

the dynamic e l a s t i c i t y i s measuring the same part of the 

muscle i n i t s passive and a c t i v e states. 
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I f the dynamic e l a s t i c i t y i s a f u n c t i o n of the 

c o n t r a c t i l e mechanism of the muscle, i t might be expected 

t h a t some c o r r e l a t i o n should be found between the dynamic 

tension changes and the i s o m e t r i c force generated by the 

muscle. I n f a c t a high degree of c o r r e l a t i o n was found 

f o r soleus muscle ( r B 0.923 g i v i n g a P value < 0.001), 

but t h i s c o r r e l a t i o n was not shown f o r ECRL muscles. 

The value of the dynamic tension of a c t i v e 

muscle can be calculated f o r a 1 % increase i n the length 

of the sarcomeres. Some cursory measurements of f i b r e s 

of ECRL muscles i n d i c a t e t h a t they run f o r approximately 

50% of the le n g t h of the muscle. A 1% i n the le n g t h of 

the soleus muscles would correspond to an extension of 

0.135mm and the equivalent extension of ECRL muscle would 

be 0.0725mm. These extensions presume a r i g i d tension, 

but f o r the purposes of comparison, may be l e g i t i m a t e . 

The increase i n the dynamic tension i n response 

t o a 1 % extension of the sarcomeres, when calculated as a 

percentage increase over the isometric tension, i s 

approximately 29% f o r soleus muscles and 16% f o r ECRL. 

The value of the dynamic tension changes f o r 

soleus muscle i s about the same order of magnitude given 

by Rack and Westbury (1974) f o r cat spleus muscle (357o -

50% f o r a 1 % extension of the sarcomeres), though the 

values i n t h i s t h e s i s are s l i g h t l y lower. The f i g u r e s 

quoted from Rack and Westbury r e f e r t o t h e i r "short range 

s t i f f n e s s " w i t h i n the muscle. The values of the dynamic 

e l a s t i c i t y quoted f o r r a t muscle i n t h i s t h e s i s are also 
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comparable i n magnitude t o the slower e l a s t i c i t y of 

A.F. Huxley and Simmons (1971), though i t can be seen from 

t h e i r f i g . 3 t h a t the increase i n tension i n response t o a 

1% increase i n the l e n g t h of the sarcomeres i s somewhat 

greater than those given here f o r soleus muscle. 

I n soleus muscles, the extensions of more t h a t 

1 - 2% of the sarcomeres produce non-linear dynamic 

tension responses- I t has been shown by Sugi (1972) t h a t 

at stretches greater than 1 % extension of the sarcomeres, 

and at r a p i d rates of s t r e t c h , the tension response shows 

a ' s l i p * phenomenon, a t t r i b u t e d t o the mechanical breaking 

of cross-bridges. 

From these observations, i t seems l i k e l y t h a t 

the dynamic e l a s t i c i t y , as measured f o r c o n t r a c t i n g muscle 

of the r a t , i s a measure of e l a s t i c i t y w i t h i n the cross-

bridges. The non-linear tension responses of longer 

stretches are probably the r e s u l t of the breakdown of 

cross-bridges. 

I t has already been noted t h a t the value of the 

dynamic .ela.sticity of ECRL muscles i s low, compared w i t h 

t h a t of soleus muscles. From f i g . 5.8 i t can also be 

seen t h a t i n soleus muscle there i s a sudden decrease i n 

tension a t the end o f the dynamic phase, and t h a t stress 

r e l a x a t i o n during the s t a t i c phase of the ramp i s therefore 

biphasic i n nature. The equivalent stress r e l a x a t i o n i n 

ECRL i s not biphasic (see also values of t i and t 3 i n 

Table 5.15). The o v e r a l l decay of tension i s more rapi d 

i n BCRL than i n soleus. I f f i g - 5.8 i s examined, i t can 
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be seen t h a t the decay of tension i n ECRL muscle i s 

completed a f t e r 1.5 seconds, but i n soleus muscle the 

tension i s s t i l l decaying at the end of the s t a t i c phase, 

a f t e r 2.5 seconds. 

I f the dynamic tension changes are the r e s u l t of 

d i s t o r t i o n o f cross-bridges, then subsequent decay i n 

tension during the s t a t i c phase of the ramp may be due t o 

the breaking and reforming of these bridges. Some tension 

decrease at the end of a s t r e t c h has also been a t t r i b u t e d 

by A.F. Huxley and Simmons (1971) and A.F. Huxley (1974) 

t o v i s c o - e l a s t i c changes w i t h i n the cross-bridges. 

However, these t e n s i o n changes are on a very short time 

iscale ( 1 - 2 msecs) and probably cannot be observed i n 

the r e s u l t s of t h i s t h e s i s . 

When the muscle i s stretched, i t i s possible 

t h a t some of the cross-bridges are extended i n t o the region 

where none i s made, but only breakdown can take place 

( c f . A.F. Huxley, 1957). I n the region where cross-

bridges can be both made and broken, some cross-bridges 

w i l l be broken and more w i l l be made, but since the new 

cross-bridges are not i n an extended s t a t e , they w i l l not 

have so great a t e n s i o n as those which have j u s t been 

broken. I n t e r a c t i o n of cross-bridges i n these two regions 

may explain the i n i t i a l r a p i d decline i n tension followed 

by a slower one, which i s seen i n soleus muscle. 

I f the above explanation of the tension changes 

i s v a l i d , then the events during the s t a t i c phase of the 

ramp should depend on the r a t e of biochemical a c t i v i t y f o r 
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the making and breaking of cross-bridges ( r a t e constants 

f and g r e s p e c t i v e l y , of A.F. Huxley, 1957). The r a t e of 

breaking of cross-bridges, should then also be r e l a t e d t o 

the decay of tension a f t e r a tetanus, and the rates of 

making and breaking of cross-bridges should be r e l a t e d t o 

the r i s e i n ten s i o n at th e s t a r t of a tetanus. From 

Table 5.15 i t can be seen t h a t the h a l f - r i s e and h a l f - f a l l 

times of tetanus, are longer i n sbleus than i n ECRL, 

i n d i c a t i n g slower rates of r e a c t i o n , f and g, i n soleus 

muscle. 

The f a s t e r r a t e s of re a c t i o n of BCRL are seen 

t o give a f a s t e r decay of tension t o the f i n a l plateau 

l e v e l than i s the case i n soleus muscle (compare figs.5.8a 

and 5.8b). 

The d u r a t i o n of the dynamic phase of the ramp 

s t r e t c h was the same f o r both soleus and ECRL muscles 

(0.0625s). I f the enzymes of ECRL are r e l a t i v e l y f a s t , 

then the readjustment of making and breaking of cross-

bridges would take place during the dynamic phase, as w e l l 

as the s t a t i c phase of a ramp s t r e t c h . This would mean 

th a t the s t a t i c phase would s t a r t on a less steep part of 

the tension decay, and would also) account f o r the 

reduct i o n i n dynamic e l a s t i c i t y seen i n ECRL muscle. 

For t h i s explanation t o be v a l i d i t must be 

possible f o r the cross-bridges t o be detached by the 

a c t i o n of enzymes at r e l a t i v e l y long lengths of the cross-

bridges. I t may be possible f o r the cross-bridges t o be 

acted on i n t h i s way (see A.F. Huxley, 1974 and J u l i a n 

et al., 1973). 
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S t a t i c Tension Changes 

The s t a t i c t ension changes i n response t o a ramp 

s t r e t c h can be seen to be greater i n stimulated muscle than 

i n passive muscle. This i s s i m i l a r t o the f i n d i n g s f o r 

dynamic e l a s t i c i t y . The increase i n s t a t i c e l a s t i c i t y upon 

s t i m u l a t i o n i s not so great as the increase i n dynamic 

e l a s t i c i t y , the s t a t i c e l a s t i c i t y of passive muscle being 

about 30% of t h a t found i n a c t i v e muscle, both i n soleus 

and ECRL. ^ 

I n order t o e x p l a i n the change i n the s t a t i c 

e l a s t i c i t y , i t i s necessary f i r s t to t r y to c o r r e l a t e the 

s t a t i c t e n s i o n changes w i t h p a r t i c u l a r structures of the 

muscle. 

I n passive muscle, i t may be t h a t s t a t i c 

e l a s t i c i t y i s a measure of some cross-bridge a c t i v i t y . 

This may be the case at short lengths of the muscle 

(D.K. H i l l , 1968, 1970) but i t i s l i k e l y t h a t passive 

elements also c o n t r i b u t e t o t h i s tension. The passive 

elements which may play a part are the sarcolemma, at 

longer muscle lengths ( F i e l d s and Faber, 1970; 

Podolsky, 1964; Rapoport, 1973) or the postulated 

s - p r o t e i n f i l a m e n t s l i n k i n g a c t i n molecules i n a sarcomere 

(Guba and Harsanyi, 1966); Hanson and H.E. Huxley, 1960; 

McNeill and Hoyle, 1967). 

I n a c t i v e muscle, the s t a t i c e l a s t i c i t y i s always 

greater than i n passive muscle. I n t h i s case, i t i s 

u n l i k e l y t h a t the s t a t i c e l a s t i c i t y i s a measure of 

e l a s t i c i t y of passive s t r u c t u r e s i n the muscle, since any 
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of these passive s t r u c t u r e s would be expected to decrease 

i n l e n g t h and hence exert less tension when the muscle 

f i b r e s shorten during c o n t r a c t i o n . I t i s l i k e l y t h a t the 

s t a t i c e l a s t i c i t y o f a c t i v e muscle i s s i t u a t e d i n the 

c o n t r a c t i l e mechanism o f the muscle. 

Since the s t a t i c e l a s t i c i t y of passive and 

a c t i v e muscle i s not a measure of the same parameter i n 

each case, and since elements which give r i s e t o s t a t i c 

t e nsion i n passive muscle no longer do so i n a c t i v e 

muscle, then i t i s not s u r p r i s i n g that no s i g n i f i c a n t 

c o r r e l a t i o n i s found between the s t a t i c e l a s t i c i t y and 

the i s o m e t r i c t e n s i o n generated by the muscle, i n e i t h e r 

soleus or ECRL. 

The a p p l i c a t i o n of a s t r e t c h which would give 

a 1 % increase i n the length of the sarcomeres gives 

corresponding increases i n the s t a t i c t e n s i o n . When 

expressed as a percentage increase i n t e n s i o n over the 

corresponding i s o m e t r i c t e n s i o n , t h i s increase i n tension 

i n the muscle would be 3.21% f o r soleus and 4.27% f o r 

ECRL. The increase i n the s t a t i c tension i s s l i g h t l y 

greater i n BCRL muscle than i n soleus and t h i s d i f f e r e n c e 

may be f u r t h e r increased, since the tension i n soleus has 

not f u l l y decayed by the end of the s t a t i c phase. This 

excess of tension over the i s o m e t r i c can also be seen i n 

the r e s u l t s of Sugi (1972), who showed t h a t f o r bundles 

of stimulated f r o g muscle f i b r e s , a s t r e t c h of 5% gave an 

excess of tension, a f t e r a hold phase l a s t i n g 0.2 seconds. 
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One possible explanation f o r the increase i n the 

value of the s t a t i q t ension over the isometric tension i s 

that the muscle i s being stretched on t o a d i f f e r e n t part 

of the length/tension p l o t of the muscle. I n t h i s case, 

the increase i n the tension would be the same whether the 

muscle was stretched p r i o r t o s t i m u l a t i o n or a f t e r 

s t i m u l a t i o n . However, f o r t h i s hypothesis t o be t r u e , the 

muscle would have t o be stimulated a t an i n i t i a l l e n g t h 

corresponding t o the r i s i n g limb of f i g . 1 2 of Gordon et al., 

(1966). This i s the only part of that curve where an 

increase i n len g t h of the sarcomeres by 1 % would give a 

corresponding increase i n f o r c e of 4%. However, f o r t h i s 

t o be the case, the i n i t i a l s t r i a t i o n spacing of the muscle 

would be less than one h a l f t h a t required to give optimum 

tension i n the muscle. I n the present experiments, t h i s 

would mean t h a t the muscle should have undergone a large 

i n i t i a l shortening before the s t i m u l a t i o n and s t r e t c h 

were applied. This i s not l i k e l y to be the case, since 

the muscles were each f i x e d at about r e s t i n g l e n g t h p r i o r 

t o s t i m u l a t i o n and s t r e t c h . I t would have been u s e f u l t o 

have measured -the tension generated i s o m e t r i c a l l y by the 

muscle, at the new longer l e n g t h , so th a t tensions which 

were a r r i v e d at by d i f f e r e n t means could have been compared; 

u n f o r t u n a t e l y t h i s was not done. However, i t i s u n l i k e l y 

t h a t the passive tension increase i s due t o increased 

overlap of a c t i n and myosin and subsequent increased 

numbers of cross-bridges. 
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I n h i s discussion, Sugi (1972) has suggested 

t h a t cross-bridges may behave as though they are "locked-

on" at small displacements, though r a p i d l y broken down 

when the strisss exceeds a c r i t i c a l l i m i t at l a r g e r 

displacements. The extra tension of the s t a t i c tension 

over the isom e t r i c tension would then be seen as the 

r e s u l t of increased f o r c e i n some of the cross-bridges. 

The mechanism of l o c k i n g on i s not given by Sugi, but 

one p o s s i b i l i t y i s presented here. 

Cross-bridges w i t h i n the muscles can be broken 

by the a c t i o n of enzymes, but t h i s may only be possible 

i f the cross-bridge head i s at the p o s i t i o n of lowest 

p o t e n t i a l energy. I t i s also possible t o snap the cross- . 

bridges mechanically i f they are stretched above some 

c r i t i c a l l i m i t . I f the s t r e t c h applied t o a muscle i s 

s u f f i c i e n t t o prevent the cross-bridges reaching t h i s 

lowest p o t e n t i a l energy p o s i t i o n , but not long enough t o 

b r i n g about the mechanical breakdown of cross-bridges, 

then i t i s possible-ftiat a f t e r the r e d i s t r i b u t i o n of 

tension i n the muscle, during the s t a t i c phase, some of 

the cross-bridges w i l l remain i n an extended p o s i t i o n , 

unable t o be broken by enzymes. I t seems l i k e l y , as was 

discussed i n the section on dynamic e l a s t i c i t y , t h a t the 

degree of s t r e t c h applied t o the muscle would s a t i s f y the 

conditions necessary f o r an excess of s t a t i c tension over 

i s o m e t r i c tension t o be set up. 

Another possible explanation f o r the excess of 

tension over i s o m e t r i c i s t h a t when the muscle i s stretched. 
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some s i t e s on the a c t i n and myosin which were not q u i t e 

close enough t o form cross-bridges, are now able t o do 

so (Podolsfcy and Nolan, 1973; Podolsky, Nolan and 

Zaveler, 1969). E x i s t i n g cross-bridges, since the 

stretches are w i t h i n the e l a s t i c l i m i t s , w i l l tend not 

t o be broken down. The excess tension would then be 

due t o t h e a d d i t i o n a l cross-bridges. On the evidence 

derived from r a p i d release of muscle, t h i s theory has 

been l a r g e l y discounted by A.F. Huxley (1974) and 

Ford et al,, (1974). 

Hamster Muscle 

The gastrocnemius muscles of normal and 

dystrophic hamsters were found t o give l i n e a r tension 

responses f o r ramp extensions s i m i l a r t o those which 

gave l i n e a r responses i n r a t soleus and ECRL muscles. 

The l i n e a r responses of hamster muscle are therefore 

i n the range up t o approximately 2 - 4% extension of 

the sarcomeres. A l l subsequent discussion of hamster 

muscle r e f e r s t o t e n s i o n responses as a r e s u l t of 

stretches w i t h i n t h i s l i n e a r range. 

Dynamic tension changes and stress r e l a x a t i on 

The values of the dynamic tension changes 

and t i and t s values f o r the stress r e l a x a t i o n of the 

s t a t i c phase of ramp stretches are given i n Table 5.16 

f o r normal and dystrophic hamster gastrocnemius 

muscles i n both the passive and a c t i v e s t a t e s . These 
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r e s u l t s can be considered i n r e l a t i o n t o the discussion 

on r a t muscles, and can also be used to compare normal 

gastrocnemius muscles w i t h the equivalent muscles from 

dystrophic hamsters. 

I n the gastrocnemius muscles of normal 

hamsters, the s t a t i c e l a s t i c i t y of passive muscle was 

found t o be 1.33% of the s t a t i c e l a s t i c i t y of a c t i v e 

muscle. I n the muscles from dystrophic hamsters, the 

equivalent f i g u r e i s 1.75%. Since i t was concluded from 

r a t muscle r e s u l t s t h a t the dynamic e l a s t i c i t y i s not a 

f u n c t i o n of the same anatomical part of the muscle i n 

a c t i v e and passive s t a t e s , the absolute value of t h i s 

increase i s probably not important. However, the 

increase i n dynamic e l a s t i c i t y upon s t i m u l a t i o n of t a t 

muscle i s confirmed by these r e s u l t s , and i t may be 

possible t o use them i n order t o compare the two types of 

hamster gastrocnemius muscle^-

The l a r g e r increase i n dynamic e l a s t i c i t y 

observed i n normal muscle i s not due t o dif f e r e n c e s i n 

the dynamic tension of the muscles i n the passive s t a t e , 

but t o d i f f e r e n c e s i n the a c t i v e muscles (see Table 5.16). 

The dynamifc e l a s t i c i t y i s much greater i n normal muscle 

than i n dystrophic muscle. From Table 5.16 i t can be 

seen t h a t the value of the maximum isometric tension i s 

also greater i n the normal muscle. 

When the dynamic tension i s expressed as a 

percentage increase i n tension over isometric t e n s i o n , f o r 

a 1 % extension of the sarcomeres, a f i g u r e of 8.1% i s 
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derived f o r normal muscle and 6.61% f o r dystrophic muscle. 

I t can now be seen t h a t the d i f f e r e n c e between the two 

types of muscle i s small, and any d i s s i m i l a r i t i e s between 

normal and dystrophic muscle do not show as d i f f e r e n c e s 

between dynamic e l a s t i c i t i e s . 

From fig.5 . 1 2 i t can be seen t h a t i n hamster 

gastrocnemius muscle, there i s no sudden drop i n tension 

a t the end o f the dynamic phase. In t h i s respect, the 

response of the hamster muscles i s more l i k e t h a t of r a t 

ECRL muscle than r a t soleus muscle. I n the discussion of 

r a t muscle, i t was postulated t h a t d i f f e r e n c e s between 

muscles i n the r a p i d tension decay f o l l o w i n g the dynamic 

phase could be the r e s u l t o f d i f f e r e n t r ates of enzyme 

c o n t r o l l e d breakdown of cross-bridges during the dynamic 

phase. 

I f the h a l f - r i s e time and h a l f - f a l l time of 

iso m e t r i c tension are once more used as i n d i c a t o r s of the 

r a t e constants f and g of A.F. Huxley (1957), then tension 

responses more l i k e those of ECRL muscles than of soleus 

muscles could be expected since f and g of hamster muscles 

more c l o s e l y resemble those of ECKL than those of soleus.-

The gastrocnemius muscles are also s i m i l a r t o 

BCRL i n t h a t the plateau l e v e l of tension (the s t a t i c 

t e n s i o n ) i s reached about h a l f way through the s t a t i c 

phase of the ramp, a f t e r about 1.5 seconds, once more 

i n d i c a t i n g f a s t e r a c t i n g enzymes than are found i n r a t 

soleus muscles. -

On these grounds, i t i s reasonable to say t h a t 

the lack of a sharp drop i n t e n s i o n at the end of the 
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dynamic phase may be due t o r e l a t i v e l y quick acting 

enzymes c o n t r o l l i n g the making and breaking of cross-

bridges. 

S t a t i c t e n s i o n changes 

The s t a t i c tension change i n response t o a ramp 

s t r e t c h was found t o be greater i n stimulated muscle than 

i n relaxed muscle. This was the case i n muscles from both 

normal and dystrophic hamsters and i n t h i s respect, the 

r e s u l t s are s i m i l a r to those of r a t muscle. I n normal 

hamster gastrocnemius muscle, the s t a t i c e l a s t i c i t y of 

passive muscle was 7.69% of the e l a s t i c i t y of alctive muscle. 

I n dystrophic hamster muscle, the s t a t i c e l a s t i c i t y of 

passive muscle was 4.54% of the e l a s t i c i t y of a c t i v e muscle. 

Because of the number of v a r i a b l e s involved i n the 

c a l c u l a t i o n of these increases i n s t a t i c tension changes, 

i t i s not possible t o c o r r e l a t e them w i t h values 

determined f o r r a t muscles. However, i t may be possible 

to look f o r d i f f e r e n c e s between the two types of hamster 

muscle i n order t o ex p l a i n the d i f f e r e n t increases i n 

s t a t i c e l a s t i c i t y . 

The s t a t i c tension changes i n response t o a ramp 

s t r e t c h are greater i n normal muscle than i n dystrophic 

muscle, and.this i s the case f o r both a c t i v e and passive 

muscle. The d i f f e r e n c e i s not so great i n a c t i v e muscle, 

thus g i v i n g the l a r g e r increase i n s t a t i c e l a s t i c i t y seen 

i n dystrophic muscle. The reduced s t a t i c e l a s t i c i t y of 

passive dystrophic muscle may be the r e s u l t of the presence 
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of the apparently i n a c t i v e muscle f i b r e s seen i n f i g . 5 . 1 0 . 

The low s t a t i c e l a s t i c i t y of the muscle would probably be 

due e i t h e r t o reduced cross-bridge a c t i v i t y , or possibly 

to the absence of' t h i n s-filaments. Fewer a c t i v e muscle 

f i b r e s would also account f o r the reduction i n isometric 

tension (see also Montgomery, 1975), while the o v e r a l l 

size of the muscle remains about the same. 

The s t a t i c t ension change f o r a c t i v e muscle can 

be expressed as a percentage increase i n tension over 

isom e t r i c t e n s i o n i n response t o a 1 % increase i n the 

l e n g t h of the sarcomeres. When t h i s i s done, i t i s found 

t h a t the increase i n normal muscle i s 2.7%, while i n 

dystrophic muscle i t i s about 2.5%. No c o r r e l a t i o n was 

found between s t a t i c e l a s t i c i t y and the maximum isometric 

f o r c e generated by the muscle. I n t h i s respect, the 

r e s u l t i s the same as f o r r a t muscles. 

I t can be seen th a t there i s no great d i f f e r e n c e 

between the values o f the s t a t i c e l a s t i c i t i e s of normal 

and dystrophic hamster,muscles, and the s i m i l a r i t y of the 

two types o f muscles i n t h e i r dynamic tensions has already 

been noted. 

These r e s u l t s v e r i f y those of Montgomery (1975) 

and H a r r i s and Ward (1975) who found t h a t there i s a 

decrease i n f o r c e generated i n the muscles of dystrophic 

hamsters, when compared w i t h the muscles of normal hamsters. 

These authors could show no d i f f e r e n c e s i n the mechanical, 

bi o p h y s i c a l or pharmacological p r o p e r t i e s of the muscles. 
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Montgomery and H a r r i s and Ward concluded t h a t though some 

changes are apparent i n the muscles of dystrophic hamsters, 

the myopathy i s secondary t o the cardiomyopathy present i n 

the dystrophic animals. 

I t i s clear t h a t by means of the techniques 

employed i n the present study, no d i f f e r e n c e s can be shown 

between the v i s c o - e l a s t i c p r o p e r t i e s of normal and 

dystrophic hamster gastrocnemius muscles. However, the 

r e s u l t s obtained from hamster muscles are consistent w i t h 

those from r a t soleus and ECRL muscles. 

T o r t o i s e Muscle 

The mechanical p r o p e r t i e s of r a t and hamster 

muscles were studied at the body temperature of these 

mammals, as given i n sections 1.1 and 1-2 of Materials and 

Methods. These p r o p e r t i e s have been discussed i n terms of 

the s l i d i n g f i l a m e n t model of muscle c o n t r a c t i o n . I n t h i s 

model, tension changes w i t h i n a muscle are explained i n 

terms of a l t e r a t i o n s i n number and c o n f i g u r a t i o n of cross-

bridges l i n k i n g a c t i n and myosin f i l a m e n t s w i t h i n the 

sarcomeres. Much of the discussion of r a t and hamster 

muscle involved the making and breaking of cross-bridges. 

However, the r a t e of making and breaking of these cross-

bridges should be temperature dependent, since biochemical 

reactions are involved. At lower temperatures, the r a t e 

of the reactions should be slowed down, and t h i s slowing 

down should not only a f f e c t the behaviour of the muscle 

under i s o m e t r i c s t i m u l a t i o n , but should also have 
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consequences f o r the behaviour of muscle under c o n t r o l l e d 

s t r e t c h e s , i f such behaviour i s t o be explained i n terms of 

cross-bridge a c t i v i t y . : 

Tension during iso m e t r i c t e t a n i c s t i m u l a t i o n 

Muscles were stimulated over a period of 8.0 

seconds. Although the i s o m e t r i c tension was s t i l l r i s i n g 

s l i g h t l y a t the end of t h i s p e r i o d , the tren d of the records 

does i n d i c a t e t h a t the tension values reached were near 

maximum (see f i g . 5 . 1 3 ) . 

I n s p i t e of t h i s inaccuracy, i t can be seen t h a t 

the temperature has a marked e f f e c t on the isometric 

tension. The tension at 20°C i s two t o three times the 

value at 5°C. There i s u s u a l l y a s l i g h t increase over the 

range 20°C - 30°C. The p a t t e r n of isometric tension 

change over the temperature range from 5°C t o 30°C was a 

comparatively r a p i d increase i n tension up t o 20°C, then a 

l e v e l l i n g o f f up t o 30°C (see i n s e t of fig.5.17 and 

Table 5.12). 

The h a l f - r i s e time, as previously defined, 

decreased markedly w i t h increase i n temperature. Most of 

the decrease was over the range 5°C t o 15°C, w i t h a f u r t h e r 

steady f a l l up t o 30°C. The value at 30°C was about one 

t h i r d of t h a t at 5°C (see Table 5.17). I t i s noticeable 

t h a t w h i l e the h a l f - r i s e times are .reasonably consistent 

from muscle t o muscle at 30°C, there i s q u i t e a v a r i a t i o n 

between them at 5°C. A s i m i l a r p a t t e r n of v a r i a t i o n w i t h 

temperature was seen when the h a l f - r i s e times were measured. 
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However, when the values at 30°C and 5°C are compared (see 

Table 5.17 ) , the p r o p o r t i o n a l amount of decrease of the 

h a l f - f a l l time as the temperature i s raised i s greater than 

t h a t of the h a l f - r i s e time. 

Several workers have studied the c o n t r a c t i l e 

behaviour of mammalian s k e l e t a l muscle when subjected t o 

temperature changes (Isaacson et al., 1970; Truong et al., 

1964; Close and Hoh, 1968; Cullingham et al., 1960; 

Duodoumopoulos, 1959). 

The present f i n d i n g s are i n agreement w i t h 

previous work i n t h a t the isometric tension decreases 

observed as the temperature i s lowered, are accompanied by 

increases i n the h a l f - r i s e time and the h a l f - f a l l time of 

the t e n s i o n . 

I n the model of muscle c o n t r a c t i o n of A.F. Huxley 

(1957), the f o r m a t i o n of cross-bridges has a r a t e constant, 

f , and the breakdown of cross-bridges has a r a t e constant, 

g. I n terms of the Huxley model, one would expect the r a t e 

of f ormation and breakdown of cross-bridges t o be slowed 

down at lower temperatures, and therefore the h a l f - r i s e 

times and h a l f - f a l l times t o increase. However, the 

observed changes i n these q u a n t i t i e s could also be dependent 

upon the time taken f o r the chemical reactions t o become 

f u l l y a c t i v e or i n a c t i v e w i t h respect t o the onset and 

cessation or s t i m u l a t i o n . This point could be of importance 

i n i n t e r p r e t i n g the increase i n isometric tension w i t h 

temperature, i n terms of the Huxley model. According t o the 

model, the i s o m e t r i c t e n s i o n , P, i s given by the equation on 
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page 54 of t h i s discussion. I f i t i s assumed t h a t only f 

and g of t h i s equation vary s u b s t a n t i a l l y w i t h temperature, 

then, as the temperature i s lowered, f should decrease 

more than g t o o b t a i n a smaller value o f P. The present 

r e s u l t s , where the h a l f - f a l l time increases by a greater 

p r o p o r t i o n than the h a l f - r i s e time, would suggest the 

opposite, i f the h a l f - f a l l time i s considered only as a 

f u n c t i o n of g and the h a l f - r i s e time only as a f u n c t i o n 

of f and g. However, such an argument i s based upon the 

absence of r e l a t i v e movement between the a c t i n and myosin 

as the t e n s i o n changes take place. Possible movements due 

t o extension of the tendon connection cannot be excluded, 

and such extensions could a l t e r the r e l a t i v e p o s i t i o n s of, 

the a c t i n and myosin and t h e r e f o r e a f f e c t the cross-bridge 

a c t i v i t y . 

I n s p i t e of the p o s s i b i l i t i e s of other f a c t o r s 

i n f l u e n c i n g the h a l f - r i s e and h a l f - f a l l times, i t does 

seem reasonable t o suppose t h a t the observed changes are 

compatible.with decreases i n the values of f and g with 

temperature. 

Temperature e f f e c t s on dynamic tension changes. 

Changes i n the dynamic e l a s t i c i t y of t o r t o i s e 

gastrocnemius muscle s i m i l a r t o those of r a t and hamster 

muscle were observed. The dynamic, e l a s t i c i t y was always 

greater i n stimulated muscle than i n relaxed muscle. 

The dynamic s t i f f n e s s , as a percentage of the 

i s o m e t r i c t e n s i o n , showed a considerable decrease as the 

temperature was r a i s e d . I n most muscles, the value at 5 C 
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was about twice t h a t at 30°C. I f no c o r r e c t i o n i s made f o r 

v a r i a t i o n s i n isometric t e n s i o n , the change i n dynamic 

s t i f f n e s s over the range of temperature i s not s u b s t a n t i a l l y 

a l t e r e d . The greater p a r t o f the decrease took place over 

the range 5°C - 15°C w i t h a s l i g h t decay t o l e v e l o f f over 

the range 20°C - 30°C. 

When considered as a percentage of isometric 

tension generated i n response t o a 1 % increase i n the length 

of the sarcomeres, the dynamic tension change i s 15% at 

30°C and 27% at 5°C. These f i g u r e s are comparable t o those 

found f o r r a t muscle. 

I t i s reasonable t o suppose t h a t , as i n rait and 

hamster muscles, the dynamic e l a s t i c i t y i n a c t i v e muscle 

i s a f u n c t i o n of the c o n t r a c t i l e mechanism. I n the case 

of t o r t o i s e muscle, t h i s i s also confirmed by the 

c o r r e l a t i o n between the. value of the dynamic tension change 

and the maximum is o m e t r i c t e n s i o n generated by the muscle. 

At a l l temperatures except 25°C, there i s a high degree of 

c o r r e l a t i o n between these two v a r i a b l e s , and i f the 

dynamic t e n s i o n changes c a l c u l a t e d at each temperature 

i n t e r v a l f o r each muscle are considered together, a l i n e a r 

c o r r e l a t i o n of r = 0.695 g i v i n g a P value < 0.001 i s found. 

The regression l i n e of t h i s c o r r e l a t i o n does not pass 

through the o r i g i n , thus g i v i n g the p r o p o r t i o n a l l y higher 

dynamic e l a s t i c i t y at lower temperatures. . 

I n the discussion of dynamic e l a s t i c i t y of r a t 

muscleis, a hypothesis was put forward t o account f o r increase 
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i n tension during the dynamic phase, and t o account f o r 

any d i f f e r e n c e s i n the size of the dynamic tension change. 

I n t h i s hypothesis, i t was suggested t h a t the tension 

increase i s due t o deformation of cross-bridges and that 

these cross-bridges may be broken eit h e r mechanically or 

by the a c t i o n of enzymes- I t was f u r t h e r suggested t h a t 

the amplitude and r a t e of stretches which have been applied 

t o the muscles would make the mechanical breakdown of the 

cross-bridges u n l i k e l y . Some breakdown by the a c t i o n of 

enzymes would take place and the greater the r a t e of 

a c t i o n of these enzymes, the more cross-bridges there 

would be broken. This i s consistent w i t h the r e s u l t s 

from t o r t o i s e muscle. As mentioned i n the discussion of 

iso m e t r i c t e n s i o n , the r a t e of formation of bonds, f , 

and the r a t e of breakdown of the bonds, g, both decrease 

w i t h temperature, e s p e c i a l l y i n the region 5°C - 20°C. 

This i s also the temperature range where one would expect 

t o f i n d , and where there i s , a r e l a t i v e increase i r i the 

dynamic s t i f f n e s s . 

This increase i n dynamic s t i f f n e s s w i t h 

decreasing temperature can be explained by the hypothesis 

put forward t o account f o r d i f f e r e n c e s i n dynamic 

e l a s t i c i t y between f a s t and slow muscles of the r a t . 

However, t h i s i s not the only possible explanation of the 

temperature r e l a t e d changes i n e l a ' s t i c i t y . 

I f the t o r t o i s e gastrocnemius muscle i s a mixed 

f i b r e muscle, c o n s i s t i n g of both slow and f a s t f i b r e s 

(Crowe and Ragab, 1972.) then the rates of r e a c t i o n , f and g. 
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of each f i b r e type may not change w i t h temperature at the 

same r a t e . I f the amount of dynamic tension, as a 

percentage of the i s o m e t r i c tension, i s not the same f o r 

each f i b r e type, then the o v e r a l l dynamic e l a s t i c i t y 

could be d i f f e r e n t at d i f f e r e n t temperatures. 

I n t h i s case, i f the f a s t f i b r e s stop c o n t r a c t i n g 

at a higher temperature than the slow f i b r e s , as i s 

l i k e l y , then the slow f i b r e s must have a greater dynamic 

s t i f f n e s s than the f a s t f i b r e s . 

Decay of t e n s i o n during the s t a t i c phase of the ramp 

The mean values of t j and ts f o r t o r t o i s e muscle 

are given i n Table 5.17. The half-decay times are very . 

much shorter than the corresponding h a l f - f a l l times f o r 

the same muscle at the same temperature. At 5°C, the h a l f -

decay time i s 3 - 4% of the h a l f - f a l l time. At 30°C, i t 

i s about 8 - 10% of the h a l f - f a l l time. For any 

p a r t i c u l a r muscle, the half-decay time at 5°C i s about 

twice the value at 30°C (see Table 5.17). Even w i t h these 

discrepancies, i t can be seen th a t the increases i n h a l f -

f a l l times w i t h decreasing temperature show concomitant 

increases i n half-decay times, possibly both being 

determined, i n part at l e a s t , by g, the r a t e of breakdown 

of cross-bridges. 

I n the discussion of stress r e l a x a t i o n i n r a t 

muscles, i t was suggested t h a t the reduction i n tension 

i s l i k e l y t o be the r e s u l t of the enzyme c o n t r o l l e d 

breakdown and f o r m a t i o n of cross-bridges. Further, i t was 

suggested t h a t i f the r a t e of r e a c t i o n , g, were slow, then 
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a sudden decrease i n t e n s i o n might be seen at the end of 

the dynamic phase, g i v i n g a biphasic aspect t o the stress 

r e l a x a t i o n of the s t a t i c phase. I f the traces f o r a c t i v e 

muscle i n f i g . 5 . 1 3 are examined, i t can be seen th a t t h i s 

sudden drop i n tension takes place i n t o r t o i s e muscle 

both at 30°C and 5°C. This biphasic aspect of the tension, 

decay i s also seen i n Table 5.17, where i t can be seen 

t h a t the d i f f e r e n c e between t i and t 3 i s l a r g e r than the 

value of t i , i n d i c a t i n g t h a t the i n i t i a l decay i n t e n s i o n 

i s more r a p i d than the subsequent decay. I t can also be 

seen t h a t the d i f f e r e n c e i s greater at 5°C than at 30°C. 

This tends t o substantiate the hypothesis put forward f o r 

r a t muscle to exp l a i n the decay of tension during the 

s t a t i c phase of a ramp. 

The e f f e c t s of temperature on the s t a t i c tension changes 

Th€ e f f e c t s of temperature on s t a t i c s t i f f n e s s 

are not so pronounced as the e f f e c t s upon the isom e t r i c 

t e n s i o n and the dynamic t e n s i o n changes. The minimum 

value f o r t h i s q u a n t i t y was u s u a l l y seen at about 20°C. 

The value at 3,0°C was about the same as, or, i n some 

cases less than the value at 5°C. The value at 5°C was 

u s u a l l y about twice the value at 20°C (see Table 5.17). 

The s t a t i c t ension changes, given as percentages 

of is o m e t r i c tension f o r a 1 % lengthening of the 

sarcomeres i s 8.25% at 30°C, 4.7% at 20°C and 7.8% at 

5°C. 

The excess ten s i o n over isometric tension can be 

explained as f o r r a t and hamster muscles i n terms of the 
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"locked-on" cross-bridges of Sugi (1972). The r e l a t i o n s h i p 

between the s t a t i c t ension and the cross-bridges i s f u r t h e r 

established here, since i t i s found t h a t there i s a 

p o s i t i v e l i n e a r c o r r e l a t i o n between the s t a t i c tension 

changes and the maximum isometric tension generated by the 

muscles, when a l l muscle stretches at every temperature 

i n t e r v a l are considered together ( r = 0.435 g i v i n g a P 

value < 0 . 0 1 ) . 

There may be r e l a t i v e l y more "locked-on" cross-

bridges at 5°C than at 2.0°C and two possible explanations 

can be given which may account f o r t h i s . The slower 

biochemical breakdown of bridges could allow a r e l a t i v e l y 

high p r o p o r t i o n of cross-bridges t o remain i n the "locked-

on" s t a t e at the lower temperature, or, the slow muscle 

f i b r e s of a mixed muscle c o n t r i b u t e r e l a t i v e l y more s t a t i c 

tension at lower temperatures than do f a s t f i b r e s . , 

The r e l a t i o n s h i p whereby there i s r e l a t i v e l y 

more s t a t i c t e n s i o n at 30°C than at 20°C i s more d i f f i c u l t 

t o .explain. Since the enzyme catalysed breakdown of 

cross-bridges would decrease w i t h decreasing temperature, 

the r e l a t i v e increase i n the pr o p o r t i o n of cross-bridges 

remaining unbroken when the temperature i s lowered from 

20°C t o 5°C i s as expected. On t h i s b a s i s , the s t a t i c 

t e n s i o n r e l a t i v e t o the is o m e t r i c tension would be expected 

t o f u r t h e r decrease when the temperature i s raised from 

20°C t o 30°C, but i n f a c t the reverse of t h i s i s found. 

C l e a r l y the i n t e r a c t i o n between rates of making and 

breaking of cross-bridges, and the d i s t o r t i o n of the cross-
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bridges i s not so simple as i s suggested i n th i s thesis. 

I t i s , however, interesting to note from Table 5.17 

that the value of t i has a minimum at 20°C indicating the 

fastest rearrangement of cross-bridges at t h i s temperature. 

The isometric tension also has i t s greatest value at 20°C -

25°C before decreasing s l i g h t l y at 30°C. I t could well be 

that the proportionally lowest static tension at 20°C i s 

i n f a c t the expected re s u l t . 

The Visco-Elastic Model 

The three component model 

I n i t i a l l y tension responses of active and 

passive muscle were examined to determine whether or not 

the muscle could be represented by a Maxwell visco-elastic 

model consisting of three components, as given i n fig.3.1a. 

Discussion of the results referred mainly to 

st a t i c and dynamic e l a s t i c i t i e s and t o half-decay times 

of muscle. When these quantities are related to the three 

component model i t can be seen that the s t a t i c e l a s t i c i t y , 

the dynamic e l a s t i c i t y and the half-decay time correspond 

respectively to the p a r a l l e l e l a s t i c i t y , the series 

e l a s t i c i t y and the viscosity. 

Some aspects of muscle length/tension r e l a t i o n -
1 

ships can be modelled by the three component Maxwell 

system. I t i s possible to make the model predict changes 

i n s t a t i c and dynamic tension i n both passive and 
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contracted muscle, within the linear range of the model. 

However, i t i s not possible to predict the responses of 

one type of muscle using constants for the model derived 

from a dif f e r e n t muscle type, since the s t a t i c and 

dynamic e l a s t i c i t i e s vary from muscle to muscle. In 

addition to t h i s , i t has been shown fo r tortoise that the 

s t a t i c e l a s t i c i t y i s temperature; dependent. In the three 

component model, the s t a t i c e l a s t i c i t y would be 

represented by E,. This, being a purely elastic element, 

would not be expected to vary with temperature. 

Tension transients during the s t a t i c phase of a 

ramp stretch can be monophasic, and approximately 

exponential, f o r example i n rat ECRL and hamster 

gastrocnemius muscles. Such transients could be 

represented by the three component Maxwell model. The 

equivalent tension transients i n rat soleus and tortoise 

gastrocnemius muscles are biphasic and could not be 

represented by such a simple model. Even i n ECRL and 

hamster gastrocnemius muscles, the representation, though 

acceptable, would be superficial and would give no clue 

to the underlying mechanisms of muscle contraction. 

Another aspect of the muscle tension responses 

which could be represented by the three component model 

i s the difference i n tension between resting muscle and 

contracted muscle. The tension difference would be 

represented i n the model as a decrease i n the unstretched 

length of the p a r a l l e l e l a s t i c element, or an increase i n 

i t s elastic coefficient, or both. Tension changes during 
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the change from the active to the contracted state, and 

vice versa, would not be so easily predicted by the model. 

The three component Maxwell model shows many 

deficiencies i n the representation of mUscle. 

The f i v e component model 

A Maxwell model consisting of f i v e components, 

as given i n f i g . 3 . l b would give a better representation of 

muscle, since tension transients could be more accurately 

predicted. 

Such a model would give a better representation 

of tension changes during isometric contraction and 

relaxation of the muscle and would also give a reasonable 

f i t t o the biphasic tension decay found i n rat soleus and 

tortoise gastrocnemius muscles, during the st a t i c phase of 

the ramp stretch. Both of these tension responses are 

d i f f i c u l t to predict using the three component model. 

I t was previously suggested that static and 

dynamic tensions are not due to the same structure i n 

passive and active muscle. The tra n s i t i o n from passive to 

the contracted states may be modelled by the f i v e component 

model, but i t i s not possible to correlate components of 

the model with structures of the muscle during such changes. 

However, the properties of passive and active muscle may 

be correlated separately with the f i v e component model. 

In previous sections of the discussion, a 

hypothesis was put forward which would account for 

differences i n dynamic e l a s t i c i t y and differences i n stress 

relaxation during the st a t i c phase of a ramp applied to 
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di f f e r e n t muscle types. This hypothesis can be related to 

a f i v e component Maxwell model, and the properties of 

the muscle represented by the components of thi s model. 

E, , the pa r a l l e l e l a s t i c i t y of the model, would 

represent the force generated by the cross-bridges, and, 

on elongation, would also represent the additional tension 

due to stretched cross-bridges, giving the static e l a s t i c i t y . 

Ej and , one visco-elastic element, would 

represent the rate of breakdown of cross-bridges i n the 

part of the muscle where cross-bridges can be broken down, 

but no new ones made. 

B3 and V3, the other visco-elastic element, would 

represent the forces due to the interaction of rate 

constants f and g, controlling the making and breaking of 

cross-bridges i n the area of overlap of actin and myosin, 

where cross-bridges can be both broken and made. 

Using these relationships f o r active muscle, i t 

may even be possible, by the choice of suitable conditions, 

to represent the " s l i p " phenomenon of Sugi (1972), as well 

as the other visco-elastic properties of muscle. The 

model would s t i l l not be able to represent changes i n 

stat i c e l a s t i c i t y with temperature. Further refinement of 

the model would be necessary to achieve t h i s . 

In conclusion i t i s possible to say that the 

results of t h i s thesis can be explained i n terms of the 

Huxley model of muscle and, i n a limited way, the visco-

elastic properties can be represented by a f i v e component 

Maxwell, model. 
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APPENDIX I 

Abbreviations used i n the t e x t , f i g u r e s and t a b l e s 

d «s the r a t i o , where the means are not 

assumed t o be of samples from one population. 

e - base of n a t u r a l logarithms 2.718 

E.C.R.L. = extensor c a r p i r a d i a l i s longus 

E, = p a r a l l e l e l a s t i c element of the Maxwell 

model 

E2 ~ series e l a s t i c element of the Maxwell model 

E3 " l i g h t l y damped series e l a s t i c element of the 

f i v e component Maxwell model 

f = degrees of freedom 

F = f o r c e 

F' = variance r a t i o 

g = grams 

G * the t r a n s f e r f u n c t i o n between le n g t h and 

tension of the Maxwell model 

H = height of ramp s t r e t c h 

L s= l e n g t h 

m = metres 

N = newtons 

N.S. = not s i g n i f i c a n t 

P = p r o b a b i l i t y 

r - c o r r e l a t i o n c o e f f i c i e n t 

s = seconds 



l o i 

S.E. " standard e r r o r 

t • time 
X, -X2 

t " the r a t i o g g , where the means are 

assumed t o be of samples from one 

population. 

to • the time at the s t a r t of the s t a t i c phase 

of a ramp s t r e t c h , 

ty^ = the time taken from the s t a r t of the 

s t a t i c phase t o where the tension generated 

i s equal t o h a l f the tension at the end of 

the dynamic phase. 

T - d u r a t i o n of the dynamic phase of a ramp 

= the time from the end of the l a t e n t period 

of a muscle c o n t r a c t i o n t o where the 

tension i s h a l f maximum> 

Vj = viscous element of the Maxwell model 

Vj = smaller of the two viscous elements of the 

f i v e component Maxwell model 

X t! the mean of a number of samples. 

B O i r c f 

2 OCT??: 


