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ABSTRACT 

- - - - 

A number o f  node1 s  o f  muscle have been dFveloped w i t h  the expressed 1e 
purpose o f  revea l i ng  i n te rna?  events occu r r i ng  i n  muscular subuni ts  du r ing  

con t rac t i on .  I n  1950, H i l l  developed a model o f  muscle which comprised 

a c o n t r a c t i l e  component and a  se r ies  e l a s t i c  component w i t h  another e l a s t i c  

.component i n  p a r a l l e l .  ~ l f h o u ~ h  the  p rope r t i es  o f  t h i s  model and of 

muscle are  non- l inear ,  there  have been recent  attempts a t  development . -- 

o f  a  1 i nea r  model which can adeqaately-represent t h e  muscle s ince  a  l i ' n e i r -  

approximation simp1 i f i e s  manipulat ion o f  data .and reduces the  number o f  

repeated muscular con t rac t i ons  r e q u i r e  f o r  ana lys is .  To date, most 

 investigators have been concerned w i t h  the mechanical ' p rope r t i es 'o f  a  

s i n g l e  model o f  muscle determined under e i t h e r  d n a m i c  o r  i somet r i c  

cond i t ions  and l i t t l e  e f f o r t  has been made t o  descr ibe o r  compare the  1 

h 

p r o p e r t i e s  o f  the l i n e a r  and non- l inear  models o f  muscle obta ined du r ing  

i somet r i c  cont rac t ions .  ~ u r t h e r m o ~ e ,  a  comparison o f  these models has 
d 

not '  been performed f o r  a  var iety ,  o f  abnormal cond i t i ons  o f  muscle. The 

e f f e c t s  o f  disease, i n j u r y  and-drugs on the s t r u c t u r e  o f  muscle have been - 
inves t i ga ted  by h i s t o l o g i c a l  , h i  stochemical and biochemical techniques. 

Although the observed s t r u c t u r a l  cha'nges associated w i t h  these cond i t i ons  

have beem assumed t o  have an e f fec t  on the  mechanical p rope r t i es  o f  muscle, 
t 

s t r u c t u r a l  and mechanical changes i n  each of t he  components o f  muscle 
,' 

have no t  .been examined simul taneously . 
The present  study was designed t o  determine, the e f e c t s  o f  denerva- 

t i o n  and , t ra in ing  on the proper t ies '  of a  l i n e p r ' a n d  non-ITnear model o f  
I \  

muscle du r ing  isomet r ic  con t rac t i on .  1 n i  t i a l  ly , a t t e n t i o n  was d i r e c t e d  * '  

towards assessing and comparing the mechanical p r o p e r t i e s ' o f  both models . , 

d u r i n g - a  r i s e  i n  i s o w t r i c  Torce. I n  add i t i on ,  muscle t i s s j e  from one . 



- - - pp - pp -- - 

d e E a t e d  and one sedentary rat  were examined by histological and histo- 
4 

- - L 

chenricat technf ques In orfir €0 deternine the ;reTa€ionshTp 6etneen 

structural changes and the mechanical properties during isometric contraction. 

Denervation and training affected the mechanical properties of 

muscle as inFrpreted by both mdels. The magnitude of the force-veloci ty 
J 

relationship of the contractile components was significantly reduced by 

prolonged denervation. This reduction was demonstrated by a significant 

decrease tn the maximal force (97.3%) and maximal velocity 

d during Training produced an increase 
(991) atta% 
of app~oximately 40% in the maximal velocity of shortening of the contractile 

component. There was found to be no significant change in the maximal 

force produced by the contractile component due to training. Prolonged rep. 

denervation -increased the compliance of ttie series elastic component over 

the full range of isometric force whereas training increased compliance 

only a t  lower levels of force. The parallel elastic component became. 

s t i f fer  as d result of denervation, training and prolonged disuse. Uhen 

comparison was made between the linear and non-linear parameters of the 

above relationships, i t  was suggested t h a t  the 1 inear model 

d ,  % 
greater changes (approximately 20%) t h a n  were observed i n  the n n-linear 

model. This result was thought t o  be a consequence of one of the basic , 

assumptions inherent i n  the 1 inear mdel . . I t  was shown t h a t  the mechanical P 

properties present i n  isomtric contractions were different from those 

reported for dynamic contractions. The present results yielded la?. 

values. sf wlwi  ty in ?ow ~ ~ O R S  of fer4e whe~ea3 dyrtaRfic c ~ n t r a c t i m  

yield h i g h  values i n  the same Wgions of force. This phenomenon was 

attributed. to the assumption that active state develops as the isometric 

contraction progresses. Furthemre, there was a direct correlation between 



structural  changes and the mechanical properties o f  the denervated r a t  

gas trocnemi us. 

- 
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CHAPTER I 

INTRODUCTION 
-1' 

The mechanical properties of s t r i a t ed  muscle are comnonly' described 

w i t h  reference to  a three component model (Hi1 1 , 1950). Thi,s model 

cmprises  an actively contracting component (CC) i n  ser ies  w i t h  a passive -2 

e la s t i c  component (SEC), both being in parallel with another passive 
- I .  

e la s t i c  component (PEC). This model has been used t o  simulate dynamic 
s 

muscular contraction. , 

A . V .  Hill (1938) suggested tha t  the isometric myogram i s  vliquely 

determined by the force-velocity relationship of the CC and the s t ress -  

stra,in relationship of the SEC. Th?s suggestion has been experimentally 

applied without i t s  verification by*Katz (1939), Hill (1949) and Wilkie 

(1 950) who assumed that  the force-veq oci t y  relationship determined dyn- 

amically was the same as that determined under isometric conditions. 

MacPherson (1 953) produced resu l t s  which appeared t o  substantiate th i s  - 
assumption. However, the isometric and dynamic experiments performed 

by Parml ey , Yeatman and ~onnenbl i ck (1 970) demonstrated tha t  the' force- 

velocity relat ionship of the CC determined from isometric contractions i s  l * 

dis t inc t ly  different  frhm-+kf obtained during dynamic contractions. 

While numerous studies have been performed which support-the resul ts  o f  
6 

Pamley e t  a1. (f970), T i t t l e  d i rec t  experimen€ZXjn has been conducted 

to determine whether the mechanical properties of t t r e ' ~ ~ ~  vary between 

dynamic and isometric contractions as does the force-velocity relationship 

of the CC. 

Following Hi l l ' s  (1950) work, a number of models of increasing 

complexity have been developed to account for  the variety of information 



- \ob ta ined  on the separate mechanical components. As models o f  muscle 

have increased i n  complexity t o  encompass the whoie neuromuscular 

cont ro l  system, some e f f o r t s  have been made a t  s i m p l i f i c a t i o n  i m d e r  t o  

3 ' f a c i l i t a t e  analysis. One such model was presented by Houk (196 ) who 
C 

used 1 inear approximations of the non-1 inear mechanical propert ies o the 1 
components i n  H i l l ' s  model which s imp l i f i ed  the y h p l a t i o n  o f  these pro- 
0 (-i 

per t ies  whi le being s u f f i c i e n t l y  accurate. L inear i za t ion  was performed 

on the mec.hanica1 propert ies of the CC and SEC obtained dur ing dynamic c' 
contract ions. When these l i n e a r  propert ies were used t o  deduce an 

isometr ic  myogram the l a t t e r  f i t t e d  t h a t  experimental ly produced. On 
4 

t h i s  basis Houk (19q3) assumed the val i d i t y  of the process of 1 inear- 

i za t ion .  However the app l ica t ion o f  dynamjc proper t ies  

condi t ion are subject t o  question. 

A great  deal o f  h i s t o l og i ca l ,  histochemical and 

information has been acquired concerning the e f f ec t s  o f  

biochemical 
B 

denervation and 

t r a i n i ng  on the s t ruc tu re  o f  s t r i a t e d  mus,cle. Such resu l t s  have l e d  

invest igators  t o  draw conclusions on the effects o f  denervation.and 
( r 

traiiing on the mechanical propert ies o f  the musculo-tendinous system. 

To date, 1 i t t l e  d i r e c t  research has been performed which has allowed 

comparison of measured mechaiical propert ies w i t h  mechanical propert ies 

deduced from observed s t ruc tu ra l  changes. 

The purpose of t h i s  study was four fo ld .  The i n i t i a l  aim was t o  

describe the propert ies,  obtained during isometr ic  contract ion,  o f  

components o f  both the l i n e a r  and non-linear models o.f muscle. The 

second aim was t o  describe the changes i n  these propert ies which were - 

the  r e s u l t  o f  denervation and t ra in ing .  Th i rd ly ,  the changes i n  the 

l ' nea r  and non-l inear propert ies, brought about by denervation and d 



- .  
t ra in ing ,  were empared i n  an attempt t o  .determine whether each m d e l  i s  

equhl ly  useful f o r  revea l ing changes i n  the musculo-tendinous system. A 

fou r th  aim was t o  exp la in  changes i n  the mechanical propert ies by recourse 

I t o  s t ruc tu ra l  information. 

It was hoped t h a t  the resu l t s  o f  t h i s  inves t iga t ion  would provide 

a complete dossier o f  information concerning the mechanical propert ies o f  - 
muscle during isometr jc  cont ract ion along /with the e f f ec t s  o f  some 

experimental treatments on these 
\ 

This informat ion should have app 

i 

propert ies of mama1 i an  ske le ta l  

l i c a t i o n  i n  the f i e l d s  of Physica 

r c  Physical Eduation and Rehabi 1 i ta t ion .  

muscle. 

1 Medicine, , 
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A. BIOMECMNICS 0 

The mechan 

a mechanical model 

- 

CHAPTER I1 
t4 

F SKEL,ETAL MUSCLE 4 
i c a l  behavio; o f  ske le ta l  muscle has been explained by 

compri s i ng three functfional l y  d i  f f w e n t  components 
-- 

( H i l l ,  1950). The -con t rac t i l e  component (CC) %as considered - t o  be i n  

ser ies w i t h  an e l a s t i c  component (SEC), both b d  p a r a l l e l  w i t h  another 

e l a s t i c  component (PEC). This type o f  representat ion has been accepted 

as a good approximatfon o f  the actual muscular system under ce r t a i n  

experimental condi t iops.  

Hi1 1 (1 938) suggested t ha t  during isometr ic  con t jac t ion  the CC 

o f  the muscle shortens a t  the exp,ense o f  the SEC. He concluded t h a t  the 

form o f  the ?sometric myogram i s '  uniquely determined by the force-vel oc i  t y  

(F/V) curve o f  the cc and the s t ress-s t ra in  (E/F) curve o f  the SEC as 

fo l lows: 

where P = fo rce  produced 

x = the length  o f  the SEC 

t = time 

This re la t ionsh ip  i s  appl'icable t o  those isometr ic  contract ions which are - 
per fmed a t  a muscte length  where the con t r ibu t ion  t o  tension by the PEC 

can be ne#ected ( M l e r ,  1967). It was found t h a t  when the  i sane t r i c  

length  was greater than the res t i ng  length (Lo) the e f f e ~ t s ~ o f  the PEC 

could be subtracted from the t o t a l  output of force because the PEC developed 

a passive force which i s  constant a t  any given length. Therefore, as 

H i l l  (1938) suggested, invest igators  are concerned on ly  w i t h  two of the 



- .  
- three components of the muscle nodel when considering isometr ic  contract jons 

' 

a t  any muscle length a f t e r  compensating f o r  the e f f ec t s  o f  the PEC. I 

~ / 

I n  passive condi t ions the CC 1,s thought t o  be very .compliant and . J  

any res t ing  tension, which increases exponent ia l ly  w i t h  increased length<, 
4 

i s  considered t o  be duesto the PEC ( H i l l ,  1950; Wilkie, 1956; Jewel1 and 

Mi1 k ie ,  1958). I n  dynamic condition; the t o t a l '  tension produced i>& 

sum o f  tension due t o  ac t i ve  cont ract ion o f  the CC and t h a t  due t o  the PEC. 

I n  such condit ions the fo rce  developed by the CC i s  thought t o  be uniquely 
+ 9 

. C 
d 

I 
re la ted  t o  the ve loc i t y  o f  shortening by the hyperbol ic F/V rela- t ionship 

b 

( H i l l ,  1950; Wilkie, 1950, 1956; Sonnenblick, 1964). 1 
/- 

i ) ~ h e  force-veloci  t i  ~ e l a t i o n s h i  o f  the Act ive Contract11 e Component 

The ve loc i t y  of shortening o f  ac t i ve  i so la ted  muscle has long 

been known t o  be inverse ly  re la ted  t o  the magnitude o f  the load 1 i f t e d  

(Fick, 1893; B l i x ,  1898; Levin and Wyman, 1927; Fenn and Marsh, 1935; 
I 

Wilkie, 1950; Jewel1 and Wilkie, 1958). 

Levin and Wyman (1927) developed an ergometer which permitted 
g 

the muscle t o  shorten a t  a constant ve loc i t y .  They conf?@npd t h a t  the 
=J 

force produced by the muscle diminished as the ve loc i t y  o f  6 e  shortening 

o f  the CC increased.. Therefore the maximal force was developed when the 

ve loc i t y  o f  shortening was zero ( ie. ,  isoliretric contract ion).  Fenn and 

Marsh (1935) v e r i f i e d  these f i nd ing  us ing- i so ton ic  contract ions (shortening 

when tension i s  contant).  They i n i t i a t e d  t h e i r  research under the sup- 

pos i t i on  t h a t  the muscle consisted o f  two-springs i n  series, one being 

undamped and non-contract i le whi le  the other was embedded i n  a viscous 

medium. Under these conditons a l i n e a r  F/V re la t ionsh ip  was expected. 

Yet they found i n  i so la ted  muscle o f  bo t k  the,- f rog and c a t  t h a t  the 



r e l a t i onsh ip  was convex towards the o r i g i n  and i t  was described by the 

L fol  lowing exponential equation. 

where a and K were conbtants, P was the foPce generated, Po was the force 

produced i somet r i ca l l y  and V 'was equal t o  the ve loc i t y  o f  the shortening 

o f  the CC. - 
A s im i la r  r e l a t i onsh ip  was forind by H i l l  ( l938),  who suggesk@ 

tha t  the shape o f  the F/V re la t ionsh ip  was governed by the way i n  which 

energy was released dur ing mtfscle shortening. He produced the fo1 lowing 

equation from thermal measurements wh-ich f i t t e d  both the mechanical data 

o f t  Fenn and Marsh (1935) and subsequent r esu l t s  by other invest igators  

(Katz, 1939; Wilkie, 1950; Jewel1 and Wilkie,' 1958; Thompson, 1961): 

(P + a)  (v + b )  = c = (Po + a)b . (3) 
4- 

where a, b and c are constants, 

v = v = ve loc i t y  o f  shortening, 

P = force o f  cont ract ion and 

Po = the isometr ic  force 

produced 
-% 

These f ind ings resu l ted  i n  the "c lass ic"  F/V r e l a t i o n s h i j i w f i i d j h a s  

been accepted by most authors as i nd i ca t i ve  o f  the mechanical propert ies 

of the.CC under dynamic condi t ions (FIGURE 1 ). 

Bahler, Fales and Z ie r l e r  (19433) extended the wdrk' o f  H i l l  and 

found t ha t  a fami l y  o f  F/V curves existed, each curve being dependent upon 

the length  e i t he r  from which shortening began o r  a t  which measurements 

were taken. These authors concluded t ha t  there was a complicated i n t e r -  

re la t ionsh ip  between ve loc i t y  o f  shortening, muscle length and f o r i e  which 



must be i rwesti$ht& i n  order t o  unde rs tad  ful ly the functtonal prapcr t les  

of the CC (FIGURE 2a). Although i t  was found t h a t  there were d e f i n i t e  

changes i n  magnitude o f  fo rce  and v e l o c i t y  ,at various lengths, F c h  were 
I 

p a r t i a l l y  indicated by the s t a t i c  force-length re la t ionsh ip  o f  the CC, 

the general hypobolic shape.of the  F/V curve d i d  not  change f o r  d i f f e r e n t  

1 engths (Bahl e r  e t  a1 . , 1968). That i s ,  these curves were found t o  be 

approximately para l l  e l  (FIGURE 2a). Thus, the CC can best -be described 
A 

as t ha t  element of the muscle responsible f o r  the length, v e l o c i t y  and force 

re la t ionsh ip  when the e f fec ts  o f  the SEC are removed. 

The "c lass ic"  F/V re lat ionship_was developed through the use of 

dynamic and i sotonic cord i t ions  which represent actual  external  
$ 

o f  the  w s c l e .  Parmley, Yeatman and Sonnenbl i c k  (1970) ind icated th&, 

the F/V re la t ionsh ip  acquired under isometr ic  condi t ions was q u i t e l l i f f  a. ent  . 
b-4 

f r o m  the "c lass ic"  r e l a t i onsh ip  developed under dynamic condi t ions.  They 
7 

determined t h a t  the ve loc i t y  o f  shortening o f  the CC a t  any given load 

was lower dur ing isometr ic  contract ions than during i so ton ic  rcontract ions.  

. Furthermore, they ind icated a rap id  r i s e  i n  the ve loc i t y  o f  the CC a t  low 

forces which reached a peak value then decreased as the force increased. 

When the peak value was reached the form o f  the FJV curve fol lowed the same 

concave t o  o r i g i n  pat tern  as the c lass ic  curve, but a t  a reduced l eve l  of 

vel oc i  t y  f o r  any given force.  Parml ey e t  a1 . (1 970) sumnarized 

t ha t  dur ing the ea r l y  isometric por t ion  o f  

cont ract ion a r i s i n g  ac t i ve  s ta te  which 

would increase the €€ v e l o c i t y  i s  m r e  than 

balanced by the increase i n  force a% a re-  

duct ion i n  the CC length, both o f  which Y 
reduce CC ve loc i t y .  The net r e s u l t  dur ing \ 

t h i s  phase o f  cont ract ion i s  a constant-  

reduction i n  the CC ve loc i t y  fo l lowing 



-. 
FIGURE 1 :  

,The c l a s s i c  fo rce-ve loc i  t y  r e l a t i o n s h t p  of 

the  c o n t r a c t j l e  component of muscle a t  Lo. 

P' 
(Jewel1 and Wi lk ie ,  1958; p.  521) 





FIGURE 2: 

a )  Normal ized i sotonic force-veloci ty curves 
o f  the cont rac t i l e  component a t  various d 

--- 
lengths o f  the cont rac t i l e  component (p. 376). * 

b )  Three-dimensional representation o f  the a dynamic 1 ength-force- e l  oci ty phase 

space o f  the cont rac t i l e  component (p. 377). 

(Bahler, Fales and Z i e r l e r ,  1968) 
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an i n i t i a l  e a r l y  peak. As the a f ter load i s  

reached Bnd 1 i f ted,  CC ve loc i t y  r i ses ,  pre- 
,- 

sumably because of the  Inf luence o f  a r i s i n g  

length, since force i s  no longer r i s i ng .  

(Parmley, Yeatman and Sonnenbl i ck ,  1970; 

The above authors concluded t ha t  there ex i s t s  a d i - s t i nc t  d i f -  

ference between the F/V curves derived from dynamic condi t ions and those 

derived from isometr ic  condftions by app l i ca t ion  of equation (1). 

1 The F / V  r e l a t i onsh ip  o f  the CC has been determined .from data - - 

obtained by use o f  a technique invo lv ing  the add i t i on  o f  an added compliance 

i n  ser ies w i th  the musdle, dur ing isometr ic  contract ions.  This technique 

was f i r s t  developed by MacPherson (7953) who showed t h a t  from a s ing le  p a i r  
> 

o f  isometric contract ions,  one wi thout  and one w i t h  an added ser ies 

compl iance, the E/F r e l a t i o n  o f  the SEC and * the F/V curve o f  the CC could 

be derieved. The so le  assumption made was t ha t  the  v e l o c i t y  o f  shortening 

a t  any moment was, a func t ion  on ly  o f  the force a t  t h a t  moment. Parmley 

and Chuck (1973) studied the mechanical e f fec ts  o f  an added compliance 

placed i n  ser ies w i t h  the muscle, on both the maximal force output  and the 

subsequent calculated F/V r e l a t i onsh ip  dur ing isometr ic  contract ions. 

Their r esu l t s  i v i c a t e d  a reduct ion i n  the maximal force (Po) i n  the4q 
\ + I 

contract1 ons t ha t  incorporated the added series compl iance. They concl uded 

t ha t  the observed reduct ion i n  Po was d i r e c t l y  related, t o  the compliance 

o f  the spr ing placed i n  series. This indicated t ha t  the reduced maximal / 

force was due t o  the muscle shortening t o  a length  which was l ess  than the . - 
~ ~ l s c l  e 1 ength presen dur ing the isometr ic  contract ions incorporat ing no 

added compliance. < 
The observation by Parmely and Chubk (1973) t ha t  the reduced Po 



3 '  obtained when a Spring was added i n  ser ies was no t  indicated i n  MacPherson's 

research. I n  fac t ,  MacPherson's system of analysis required a p a i r  bf 

isometrjc contract ions w i th  the same termi nat ing magnitude o f  force.' As 

Parml ey and Chuck (1 973) concluded, the discrepancy between these f ind ings  

was due t o  the compliance of the springs used i n  -the separate experiments. 

This conclusion was confirmed by comparing the spr ing compliances used 

by both MacPherson and Parmley e t  a l . ,  where MacPherson used a spr ing whose 

compliance was approximately 50 times less.  Thus, the discrepancy i n  

maximal fo rce  production shown by Parmley and Chuck (1973) was due t o  the . 

high e x t e n s i b i l i t y  o f  the added ser ies  compliance which resu l ted i n  a 

la rge  change i n  the length  o f  the CC. , 

An a l t e r n a t i v  method o f  analyzing muscle contract ions was presented 7 
by Houk (1963). He kggested t h a t  a v iscoe last ic  model which assumed 

l i n e a r  approximations f o r  both the F/V re la t ionsh ip  o f  the CC and the 

E/F r e l a t i o n  o f  the SEC would be acceptable. ouk reasoned t h a W  * 
adoption o f  l i nea r i zed  approximations would s imp l i f y  the s imulat ion of 

the mechanical propert ies of muscle. This l i n e a r  model was designed t o  

demonstrate the mechanical propert ies o f  dynamic contract ions and thus, 

the c lass ic  F/V r e l a t i onsh ip  o f  the  CC. To date, the responses o f  t h i s  

1 inear model have no t  been evaluated under isometr ic  contract ions but  it 

i s  probable t h a t  t h i s  model could be adopted t o  analyze isometr ic  contrac- 

t i ons  by incorporat ion o f  the  added ser ies compl iances technique developed 

by MacPherson (1 953). 

i i ) The Stress-Strain Rela t ion ip  df the Series E las t i c  Component 

According t o  H i l l  (1 938'), during isometric cont ract ion the CC 

shortens a t  the expense o f  the SEC and therefore the force i s  developed 

across the SEC i n  accordance w i t h  i t s  E/F character is t ics .  



FIGURE 3: 

Comparative force-vel oci ty re1 ations of the 

contractile component obtained from isotonic 
( 0  ), quiqk release (a), andsisometric ( 0 )  

contractions. 

(Parml ey, Yeatman and Sonnenbl ick, 
1970"; p. 548) 
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The existence o f  an e l a s t i c  component i n  ser ies w i t h  the CC i s  

deduced p r ima r i l y  on the biphasic response o f  a muscle dur ing quick 

release (W'llkie, 1956; Jewell and Wilkie, 1958; Bahler, 1967; Bahler e t  al., 

1968; Cavagna, 1970; Close, 1972). When the muscle i s  released dur ing 

isometr ic  cont ract ion and allowed t o  shorten against a load l ess  than the 

isometr ic  tension, i t  exh ib i t s  an i n i t i a l  rap id  phase o f  shortening,which - 

i s  completed w i t h i n  a few mi l l iseconds (Close, 1972). This i n i t i a l  phase 

was a t t r i bu ted  t o  the release o f  e l a s t i c  energy stored in'  the SEC a f t e r  

the change i n  load. The second, slower phase i s  thought ' t o  be the r e s u l t  

o f  shortening o f  the CC i n  accopdance wf th  i t s  F/V proper t ies  (Jewell and 

N i l  k ie,  1958). Due t o  t h i s  biphasic r e  onse t o  quick re lease experi&nts Y 
it was concluded t h a t  the SEC was the component of the muscle which reacts 

t o  a instantaneous decrement of load. 
, 

S t ruc tu ra l l y ,  the fo rce  generated by the CC has been widely 

assumed t o  be the r e s u l t  of cross-bridge formation between the a c t i n  and 
6 

myosin f i laments (Podolsky, 1960). The SEC presents a much more d i f f i c u l t  

prpblem i n  the determination o f  s t ruc tu ra l  s i tes .  " Jewell and W i l  k i e  (1958) 

concluded t ha t  h a l f  o f  the ser ies compliance resided i n  the t tndon w i t h  

the remainder being d i s t r i bu ted  along the huscle f ibres.  These observations 

had been accepted up u n t i  1 1971 , yhen Hdxley and Simnons (1 W l a )  presented 

convincing evidence t o  the contrary. 

Huxley and Simnons (1971a) suggested t ha t  the greater pa r t  o f  the 

muscle's ser ies e l a s t i c  compliance appears t o  res iae i n  the sarcc ikre  

wfth the ma jo r i t y  being i n  the cross-bridges themsetves. These f ind ings 

have been dupl ica ted recen t l y  by Bressl e r  and C l  inch '(1974). Both groups 
'E 

of invesWgators questioned whe,ther o r  not  the tendon contr ibuted t o  the 

muscle's ser ies compliance i n  a prominent way. They suggested t ha t  i f  



most of the muscle's ser ies  compliance resided i n  the tendon then a t  

increasing 1 enbths the muscle's ser ies  compl iance should decrease, thus 
" F 

indicating i t s  independencqdof contract i le  act ivi ty .  On the contrary, 

these authors found an increase i n  the muscle's ser ies  compliance a t  

muscle lengths greater thaq Lo thereby demonstrating a d i rec t  relationship 

between cont+actil e ac t iv i ty  due t o  numbers of available cross-bridges 
, 

and the muscle's ser ies  compliance (Huxley and Simnons, 1971a; Blange, 1972; 

Bressler and Cl inch, 1974; Grood, 1975). Furthermore, they found the 
a 

increased muscle compliance corresponded to  a decreased area of overlap * 

of the myofilaments and thus a decrease i n  the number of force generating 

cross-bri dges (Gordon, Huxl ey and Jul fan, 1966). Bressl e r  and C l  inch 

(1974) concluded that  a muscle's compliance was closely related to i ts . + 

' contract i le  'activity or mar$ speciffcally,  t o  the contract i le  ac t iv i ty  

of the cross-bridges. These studies succeeded i n  disproving a popular 

misconception of a major contribution of tendon to  the properties of the 

SEC . a 

I t  was suggested that  part of the SEC residing i n  the sarcomeres 

corlsisted o f  two components. The f i r s t  was a passive e l a s t i c  component 

which was in ser ies  w i t h  the e l a s t i c i ty  of the cross-bridges. The l a t t e r  

was represented by a para1 le l  combination of a spring and dashpot (Huxley 

and Simnons, 1971a). The resu l t s  obtained by Huxley and S i m n s  (1971a), 

and Bresster and Clinch (19741 indicated a d i rec t  relationship between the 

nmbers of active moss-bridges, area of overlap of the myofilaments, and 

the SEC compliance. ,Therefore, i t  'was concluded tha t  most of the muscle's 

ser ies  compl iance was 1 ength dependent. An added suggestion' made by 

Huxley and S i m n s  (1971a) i'ndicated tha t  the portion of the SEC that 

resided in the cross-bridges was a1 so- time dependent. 



' Katz (1939), Hill, (1949) and Wilkie (1950) determined that the 

SEC of frog muscle was s t r e t d d  6 - 10% of the total  muscle length a t '  

full  isometric tension. A t  that  time these figures were consistent with 

thdse found earl i e r  by Gasser and Hill (1942). Jewell avd ~ i l  kie (1 958) 

indicated that  these findings were cons,iderably greater than the actual 

values. I n  f t ,  Hill (1950, 1953) estimated tha t  *these values were twice 'YE & 
as large as those found by d i rec t  measurement. Jewell and Wil kie (1958) 

P 

suggested that  the actual figure for  the muscle's ser ies  compliance a t  

maximum isometric tension was closer t o  3% for  frog muscle. 

Conflicting resu l t s  for  total  compliance a r i se  when comparing the T 
SEC' s of different.  animal s . Sonnebl ick (1964) determined . that for ca t  

papillary muscle the SEC was stretched 8 - 10% of the i n i t i a l  muscle 

length during isometric force generation. He concluded, as did Abbott 

and Mommaerts (1959), that the SEC of papillary muscle was considerably 

more compl iant than skeletal muscle of the same animal. ~kerGas Jewell 

and Wil kie (1958) summarized total  ser ies  compliance of 3% for  frog 

skel eta1 muscl e ,  Bahl e r  (1 967) found that  there was a maximum extension 

of the SEC of 7% for  r a t  gracil i s  anticus muscle. Close (1972) concluded 

these differences were due, probably, t o  differences in the amount of 
d 

ser ies  connective t issue in the muscles and to  variations in the e l a s t i c  

properties df these t issue and structures within the muscle f ibres  t h e m - .  

selves. 

Evidence presented by Close (1972) suggested tha t -  the extension 
P 

of the SEC a t  maximum isometric tension varied l i t t l e  between skeletal 

muscles of the sanie animal. This was found t o  be consistent with the 

+ resul t s  reported by Hi 11 (1 950, 1953): Jewel 1 and w i e  (1 958) and 

Cavagna (1970). I n  these studies the extension of the SEC was determined 
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t o  be 2  - 3% of the i n i t i a l  muscle length  o f  the soleus sar to r ius  and 

gastro,cnemius of the f rog.  Data presented by Close (1972) concerning 

r a t  ske le ta l  muscle l e n t  f u r t he r  support t o  t h i s  ,suggestion. " I n  f ac t ,  
. . 

the estimates he presented i nd i ka ted  an exten'sidn of 6 - 7% f o r  cat  

graci  1  i s  a n t i c u i ,  soleus and t ib ia173 anter ior .  Close (1 $72) ind icated 

t ha t  these f igures yerehigher f o r  measurements i n  v i t r o  than t h o s  i n  s i t u ,  

but  stated t ha t  the f i gu res  wereconsistent from muscle t o  muscle i n  each 

s i tua t ion .  He suggested t h a t  the differences were p a r t l y  due t o  the 

damping e f f e c t  o f  surrounding tissue, i n  s i t u .  
5 

* I n  a11 the studies mentioned, a t  l e a s t  one o f  -the fo l lowing 

teLhniques was used t o  c a l c u l k e  the E/F cyrve o f  the SEC: 

1  ) the con t ro l led  release method using f a s t  constant ve loc i t y  

releases ( H i l l ,  1950), 

I 2)  the quick release method where the fo rce  across the , I 

* 

muscle i s  changed from isometr ic  t o  a  given i so ton ic  

l eve l  (Wi lk ie,  1956; Jewel1 and Wilkie, 1958), 
1. 

3) ca lcu la t ion  o f  the E/F curve from the force-t ime re l a t i ons  

f o r  i so ton ic  shortening and isometric tension developnent 

( H i l l ,  1938), and 

4 )  ca lcu la t ing  the compliance-fqrce fC/F) and E/F curves 

from only two isometr ic  contract  ions, where one cont ract ion 
. L 

i s  wi thout  and the other w i t h  an added camp1 iance i n  - 
ser ies w i t h  the muscle (MacPherson, 1953; Houk, 1963; . 
Parml ey e t  a1 . , 1970, 1973). 

Methods 1 ) and 2 )  are d i r e c t  measurement techniques, whi le  3 )  

and 4 )  are calculated o r  estimated methods o f  determining the compliance 

o f  the SEC. Discrepancies i n  the corresponding F/V r e l a t i o n  of thec CC 



have been found between these two types o f  techniques. Parmley e t  a l .  

(1970) concluded t h a t  pa r t  of the discrepancy between the two techniques 

was due t o  the use of i so ton ic  and isometr ic  contract ions i n  the  d i r e c t  

and ca l  cu l  a t 4  techniques respect ively.  Very 1 i t t l e  evidence has been .. . 

presented t o  ind ica te  any di f ference i n  the resu l t i ng  E/F curves of the 

two techniques. I 

The val i d i  t y  of Hi1 1 ' s (1 958) model has been tested by comparing 

the observed and calculated values f o r  the three var iables presented i n  

equation (1 ). Katz ( 1  939) and Jewel1 and Wi lk ie  (1958) experimented on 

f rog  muscles and found t ha t  the estimated v a l u q  o f  ra te-o f - r ise  of +. . 
tension 

@ dP i n  isometr ic  cont ract ion were higher than the observed 

values. MacPherson (1 953), Parml ey e t  a1 . (1 970) and Pam1 ey and Chuck 

(1973) found t ha t  the calculated speed o f  shortening o f  the CC of 

r a t  soleus muscle was l ess  than t ha t  observed dur ing i so ton ic  contracttons. 

d x The estimated compliance of the SEC of cat  tenuissimus muscle was 

found t o  be twice t ha t  obtained- by the d i r e c t  con t ro l led  release method 

(McCrorey, Gale and Alper t ,  1966). These discrepancies have not  been 

s a t i s f a c t o r i l y  explained as yet .  Close (1972) suggested one poss ib f l  ity 

which might account for  pa r t  o f  the difference. He stated t h a t  a t  pa r t i cu l a r  

loads and lengths, the ve loc f t y  of shortening o f  the CC as a whole may be 

less i n  isometr ic  than i n  i so ton ic  contract ions and t ha t  t h i s  may have 

been the r e s u l t  o f  the r i s i n g  ac t i va t ion  s ta te  i n  the muscle. Parmley 
A 

A 

e t  a l .  (1970) made a s im i l a r  suggestion when they examined the i-*etr ic 
t 

F/V re la t ionsh ip .  They showed an almost instantaneous increase i n  the 

ve loc i t y  of shortening o f  the CC dur ing the t r a n s i t i o n  from isometr ic  t o  

i so ton ic  con t rac t im ,  where the maximum ve loc i t y  o f  shortening was reached 

much l a t e r  i n  the contract ion.  These f indings were supported by Bahler 
I 



e t  a1 . (1968) who concluded t h a t  a f t e r  a  period o f  acce lera t ion the peak 

i so ton ic  shortening ve1 oc i  ty which occurred was 1  arger than t ha t  found 

for  isometr ic  condi tons. Close (1 972) concl uded from these accumulated 

resu l t s  t ha t  there wouldbe a  higher recording of compliance of the SEC 

d  P d  x and an increased r a t e  o f  tension development i n ' t h e  isometr ic  

cond-i tons (equation 1  ) . Furthermore, Close (1 972)' suggested t h a t  the 

e f fec ts  o f  both t r a n s i t i o n  from one type-of  cont ract ion t o  t n  her and the 9" 
previous mechanical a c t i v i t y  on another cont ract ion were d i f f i c u l t  t o  ---- 
assess due to  i n s u f f i c i e n t  quan t i ta t i ve  information. But he d i d  no t  

discount, tha t  these fac to rs  may have part ial ly.accounted for  tb d is -  

crepancy found. 

Edrl  i e r  invest igat ions have produced the E/F re l a t i onsh ip  o f  the 

SEC f o r  a  number o f  d i f f e r e n t  animals and muscles using the quick release 

o r  con t ro l led  re lease techniques (Wilkie, 1950, 1956; R i t ch ie  and Wilkie, 
... 

1958; Jewel1 and Wilkie, 1958; Sonnenblick, 1964; Bahler, 1967; Bahler 

e t  a l . ,  1968; Parmley e t  a l . ,  1970; Bressler and Clinch, 1974). I n  each 

o f  these studies dynamic contract ions were examined and the resu l  t i n 9  

EIF re la t ionsh ips were s im i l a r  i n  shape. Charac te r i s t i ca l l y ,  the E/F 

re la t ionsh ip  o f  the SEC was represented by large increases i n  the length  

of the SEC as force increased; but as force approadreda maximum, the 

length changes o f  the SEC became ma1 l e r  (FIGURE 4 ) .  Through the years 

t h i s  general shape f o r  the E/F re la t ionsh ip  has been accepted as a  des- 

c r i p t i o n  o f  the mechanical behavior o f  muscle's SEC dur ing muscle 

ac t i va t ion .  

MacPherson (1953) determined the F/V r e l a t i onsh ip  o f  the CC and 

the E/F r e l a t i o n  o f  the SEC using a  technique invo lv ing  only two isometric 

contract ions. Pam1 ey e t  a1 . (1979) indicated t h a t  MacPherson had seemingly 
2 

/- 



ignored the i n i t i a l  points, representing low ve loc i t y  and low force, of 
' 

h i s  F/V data. Parmley - e t  a1 . (1970) suggested t h a t  h i s  overs ight  was 

probably  due tb biased expectations and therefore  the E/F re l a t i onsh ip  

produced from t h i s  data was a lso suspected t o  be biased i n  i t s  agreement 

w i t h  t h a t  obtained by d i r e c t  measurement o f  dynamic contract ions. To 
I 

a l l e v i a t e  t h i s  oversight, Parmley e t  a1 . (1970) u t i l  ized MacPherson's 

t o  deduce the F/V re l a t i onsh ip  which i s  now accepted 

as t h a t p r o p e r t y  o f  the CC occurr ing i n  isometric contract ions. ellk' 
they neglected t o  put  f e r t h  the E/F curve which would have been obtained 

from the isometr ic  F/V data. To date, the t rue  E/F re l a t i onsh ip  produced 

by t h i s  technique o f  analysis of isometr ic  contract ions does no t  appear 

t o  have been reported i n  the l i t e r a t u r e .  Therefore, i t  can on ly  be assumed 

tha t  the E/F re l a t i onsh ip  o f  the SEC i s  as unique and d i s t i n c t  as the F/V 

re la t ionsh ip  ~ roduced  dur ing isometr ic  contract ions. 

i i i )  The Force-Length Relat ionship o f  Both the Pa ra l l e l  E l as t i c  and 

Contract i  l e Components 
,, 

a)  Para l le l  E l a s t i c  component 
k 

It has been genera l ly  accepted t h a t  there ex is ts  a  passive e l a s t i c  

component i n  pa ra l l e l  (PEC) w i t h  the CC and SEC (FIGURE 5). The presence 

o f  t h t s  component i s  ind icated i n  a  r es t i ng  muscle when an extension 

r e s u l t s  from the ape1 i c a t i o n  o f  a load. 

The ma jo r i t y  o f  the s t r uc tu ra l  form o f  the.  PEC o f  W i l l  'si (1950) 
.*- 

muscle d e f  has been equated t o  the tendons o f  o r i g i n  and i nse r t i on  of the 

examined muscle (Jewel 1 and W i l  k ie,  1958). Tendon has been found t o  cons is t  

almost e n t i r e l y  o f  f i b e s  arranged i n  pa ra l l e l  which correspond w i t h  the 

p r inc ipa l  axis o f  the tendon. (Crisp, 1972). These f i b r e s  have been shown 

t o  be composed mainly o f  the p ro te in  collagen which confers upon the tendon 
; 



FIGURE 4 :  

Extension - force (load) relationship of 
the series elastic. component of the f a t  
gracilis ahticus muscle. 
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f l ex ib i l i ty ,  great tens i le  strength and relat ive inextensibi l i ty  (El l iot ,  
I 

1965). 

The f ib re  or primary tendon bundle of rauscle tendon has been 

defined as the coherent bundle of collagenous f i b r i  1 s lying between rows 

of tendon ce l l s  and encircled by their anastamosing processes (El l io t ,  

1956). Lerch (1950) showed tha t  the primary tendon bundles represented a - 

three djmemlonal rope-1 i ke twisting of collagen f ibres .  The mechanical 
L) 

properties of this structural arrangement of collagen f ibres  has been 

cmpared t o  those found fop a braided hollow cylinder ( i e . ,  Chinese finger 

lock) (Crisp, 1972). I t  was shown tha t  the braids or simulated collagenous 
a 

f ibres  were disoriented with respect t o  the long axis  of the cylinder a t  

resting length and tha t  under increased force the f ibres  became longitud- 

inal l y  a1 igned , t h u s  increasing the resistance to further length deformation: 

The F/L relationship produced as  the resul t  of extension of the braided 

hollow cyl i d e r  was found to be in close agreement w i t h  the exponential 

relationship determined for the extension of the PEC of Hi l l ' s  (1950) 

muscle model . Therefore, i t  has been concluded tha t  the combined mechanical 

properties of the col 1 agenous structure of the prfmary tendon bundles 

determined the mechanical response of the -PEC. 

St01 ov and ki 1 epp  (1 966) expanded these observations and suggested 

tha t  the PEC can be equated t o  a combination of six anatomical structures: 

(1 ) outer connective tissue sheath (epimysiun), ( 2 )  perimysium and 
- 

endanysium, (33/ sarcol m, (4)  i ndividual f ib re  content, (5) tendons 

o f  origin and insertfon and (6) adhesions to neighbouring structures. 

The mechanical properties of the PEC have presented i n  the 

form of an i s m t r i c  force-length (F/Y) a large number 

of muscles of different  animals (Wilkie, 1963; Stolov and Weilepp, 1966). 



FIGURE 5: 

(a), (b) s (c) The force-length re1 at ionsh ip  

f o r  d i f f e r e n t  muscles. I n  each 

case r indicates the F/L curve 

o f  the res t i ng  muscle, a shows 

t h a t  o f  the act ivated muscle and 

d(=a - r)  indicates the force 

developed by the CC on st imulat ion.  

Equivalent mechanical components 

i n  muscle , where: 

CC = con t rac t i l e  component 

PEC = pa ra l l e l  e l a s t i c  component and 
SEC = ser ies e l a s t i c  ~otnp0tEnt. 

(Wilkie, 1968; p. 30) 





This r e l a t i o n s h i p  has been determined by one o f  two methods: (1 ) app ly ing  
' 

var iohs  loads t o  the  muscle and record ing  t'he corresponding l e n g t h e  

(Stolov and Weilepp, 1966; 1970) or ,  (2) making s t a t i c  measurements o f  

f o rce  a t  var ious lengths  (Abbott  and M i l  k i e ,  1953; M i l  k ie ,  1963). The 

r e s u l t s  produced by bo th  techniques are s i m i l a r  i n  t h a t  the  PEC does n o t  

obey Hooke's law. Increased s t r e t c h i n g  o r  l oad ing  r e s u l t e d  i n  the muscle 

becoming more and more s t i f f ,  u n t i l  a  p o i n t  i s  reached where i r r e v e r s i b l e  

damage occurs. (FIGURE 5 ) ,  (Wil k ie ,  1963). This  passive re la t r ionsh ip  

has been found t o  be d i r e c t l y  r e l a t e d  t o  the  he1 i c a l  s t r u c t u r e  and mechanical 

b e h f l i o r  o f  the  co l lagen molecules which make up the  m a j o r i t y  of the muscular 

connect ive t i s s e s  (Cr isp,  1972). 

b )  C o n t r a c t i l e  Component 

When a  muscle i s  s t imu la ted  under i somet r ic  cond i t ions ,  the  CC 
-4' 

develops tens ion  which v a r i e s  according t o  the  l e n g t h  o f  t he  muscle 

(Gordon e t  a1 . , 1966; W i l  k i e  , 1953, 1963; Bahl e r  e t  a1. , 1968). S i n c e  

the PEC and CC a re  mechanical ly  i n  para l le l ,  the  e f f e c t s ' o f  both increased 

l e n g t h  and s t i m u l a t i o n  r e s u l t  i n  a f o rce  which i s  t he  sum o f  t h e  combined 

e f f o r t s  o f  both components (FIGURE 5) .  Therefore the  c o n t r i b u t i o n  of t he  

C C  t o  t he  t o t a l  F/L r e l a t i o n s h i p  can be determined by sub t rac t i ng  the  

e f fo r t s  of the  PEC from the  t o t a l  output  o f  force.  A more d i r e c t  method , 
+ 

of measuring t h e  F/L r e l a t i o n s h i p  o f  the  CC was devised by Gordon e t  a l .  

(7966) w h o  observed t h e  e f f e c t s  o f  l e n g t h  changes on the  f o r c e  generated 

by a  s i n g l e  muscle f i b r e .  Although t h i s  technique invo lved o n l y  one f i b re ,  
2 

the r e s u l t i n g  curve was not  u n l i k e  t h a t  determined f o r  t he  CC o f  i n t a c t  

muscle (FIGURE 6a).  The most i n t e r e s t i n g  fea tu re  o f  t h e i r  s tudy was t h a t  

t he  F/L r e l a t i o n s h i p  could be explained simply by the s l i d ing - f i l amen t  

theory such t h a t  the F/L r e l a t i o n s  o f  the  CC i s  d i r e c t l y  p ropor t iona l  t o  



the degree o f ,  over l  ap o f  the f i laments (FIGURE 6b) .' . 

I n  a s t a t i c  state, where the muscle was stimulated, the CC developed r 

force which var ied according t o  the length  o f  the muscle o r  more precisely,  

the amount o f  over lap o f  the myofilaments. Gordon e t  a1 . (1966) showed' 

t h a t  the-act ive force production o f  the CC a t  d i f f e ren t  lengths was d i r e c t l y  

proport ional  to the amount o f  over lap o f  the myofilaments (FIGURE 6) -  They \, 

shared t h a t  a t  lengths less than Lo the a c t i n  f i laments o f . ind iv idua1 

sarcomeres over l  apped reducing the number o f  ac t i ve  s i t e s  ava i lab le  f o r  

cross-bridge formation. Progressive increases i n  the sarcomere length  

towards Lo resu l ted i n  increased numbers o f  ac t i ve  s i t e s  on the a c t i n  

f i laments by reducing the aniount o f  over lap o f  those f i laments.  -Further 

increases i n  sarcomere length  beyond Lo indicated a progressive reduct ion 

i n  force production as the r e s u l t  of smaller areas o f  overlap b h e e n  the 

a c t i n  and myosin myodil aments. Huxl ey (1 957) demonstrated t h a t  force 

production was d i r e c t l y  proport ional  t o  the number o f  ac t i ve  cross-bridges. 
d 

Gordon e t  a l .  (1966) succeeded i n  showing t h a t  there was a d i r e c t  r e l a t i on -  

sh ip  between cross-bridge numbers and fo rce  production, but  a lso  showed - 
t h a t  t h i s  r e l a t i o n s h i p  wh t o t a l l y  cont ro l  l ed  by the length  o f  the ind iv idua l  

sarcomeres and thus the amount of overlap o f  the myofilaments., Therefore, 

w i t h  l i t t l e  dev ia t ion i n  the in te rna l  s t ruc ture  o f  sarcomeres, then the 

shape o f  the FIL re l a t i onsh ip  of the CC would be unchanged f o r  ske le ta l  

R ~ U S C ~ ~ S  uf different a ~ i m a 1  S. Q b v i w s l y  there wcsuld be d i f f e tw t ces  in #e 

magnitude o f  force produced by d i f ferent  muscles but  t h i s  would be 

re la ted  more t o  the number ,of muscle f i b res  present i n  the muscle ra ther  

tha.n t o  the s t ruc ture  of the, component sarcomeres. 

Wi lk ie  (1968) $bowed the same basic pat tern  f o r  the F/L re la t ionsh ip  

o f  the CC for a number o f  d i f f e r e n t  f r og  muscles. He indicated t ha t  there 



FIGURE 6: 

(a) The force-length relationship of the 
contracti 1 e component obtained from 
a single muscle f ibre.  The arrows i 

along the top are  placed opposite the 
s t r ia t ion  spacings a t  which the 
c r i t i ca l  stages of overlap of filaments 

/ 

occur; numbers as i n  FIGURE 6b. 
f 

(Gordon, Huxley and Jul fan, 1966; p. 185) 

( b )  Crit ical stages in the increase of 
overlap between myosin and actin 
filaments as a sarcomere shortens. 

(Gordon, Huxley and Jul Ian, 1966; p. 186) .. 





were distinct d i f f e r k e s  in the position of Lo w i t h  respect to  the maximal 

-force een the varlous frog muscles and that these differences 

PEC and CC F/L relationship which was unique for 

each muscle. virtually no research has been performed with the precise 

the combined F/L relationship of the PEC and CC in 

Possibly it was assumed t h a t  the F/L relationships 

of m a 1  ian skeletal muscle would be similar to  those found for frog 

muslce. fir Wil k i e  (1968) has shown, there exists a great difference 

i n  the F/L relationships of muscles in one animal which made i t  highly . 

unlikely that the F/L relationships 0-scles of different - an'imals would 

be the same o r  even cmparatively similar when different modes of loco- 
J 

motion are employed. A1 though di stinc't differences were present between 

mammals and reptiles i t  has been shown that the process of contraction 

was identical in a variety of skeletal muscles from a number of different 

animals. T h a t  i s ,  the sliding f i l m n t  theory was found to apply to 
, 

most skeletal muscles and the structural format of,'theuf ilament arrangement 

d i d  not deviate frcnn skeletal muscle to muscle (Wilkie, 1968). Thus, i t  

would seem t h a t  the assumption that the shape of the F/L relationship of 

the CC would be similar for all  skeletal muscles, should prove to be quite 

correct, although research i s  necessary t o  confirm this assumption. I t  

f o l l w  then t h a t  the differences observed in t h e  relationship between Lo 

and the maximal force plateau of different muscles was more 1 ikely due to 
-- - 

the functional reguirenents related to locmtion and therefore differences 

i n  the ainount and distribution o f  connective tissue in the muscles 

(Yilkle, 1968). 



5 - 33 - -- - - - -  

i v )  The Effects o f  Denervation and Tra in ing on the Mechanical Propert ies 
/-ii 

of Skeletal Muscje 

a)  Denervati on -- 
The e f f ec t s  o f  denervation on the s t ruc ture  o f  ske le ta l  muscle 

has been well  documented. The most evident macroscopic change a f te r  

denervation i s  a progressive loss i n  weight. Fo1 lowing denervation i t  

was found t h a t  musi le sustains a loss  of weight o f  up t o  30% a f t e r  one 

month, Sncreasing t o  approximately 60% by the end o f  two months (Sunder- 

land and Ray, 1950; P c l l i g r i n o  and Franzini,  1963; E l l i o t ,  1965; ~ n i k ;  

Mac1 oya, Syrovy , Hol as and Krishna-Reddy , 1974). Pel 1 i g r i  no and Franzini  

(1963) determined t h a t  the loss  o f  weight was due t o  two separate processes. 

I n  the f i r s t  a degenerative a u t o l y t i c  process takes place a f t e r  denervation 

(up t o  one month) which resu l t s  i n  a loss of s t r i a t i o n  and the production 

o f  a la rge  numer o f  lysosomes. They suggested t h a t  t h i s  process represented 

up t o  a 50% loss  i n  weight f o r  the ind iv idua l  f i b r e s  and i t affected each 

f i b r e  t o  varying degrees. The e f fec ts  o f  the second process were more 

detectable a f t e r  one month and resu l ted i n  a reduction i n  the diameter 

o f  s ing le  myobf ibr i ls .  This process was due t o  the' detachment and migrat ion 
d 

o f  f i laments from the periphery o f  the f i b r i l s  t o  the i n t e r f i b r i l l a r  

spaces. Once these f i laments reached the i n t e r f  i b r i l  'far spaces, they were -< 
destroyed by the lysosomes which appeared among the  f i b r i l s  dur ing the f i r s t  

r 

process (Pel1 Pgri no and Fraz in i  , 1963; ~ e w i d 1 9 6 2 ) .  Thus, the volume 
< ,' 

f 
of the whole f i b r e  was reduced. A more recent study by M i led i  and S la ter  

(1969) confirmed t ha t  these f ind ings were appl icable t o  the denervatedl 

r a t  diaphragm. 

The main process by which the progressive destruct ion of the 

con t rac t i l e  mater ia l  occurred was due t o  the slow but continuous per- 



ipheral  detachment o f  f i laments  fm the f i b r i l s  fol lowed by the [ireakdown 

o f  these f i laments.  Therefore, the fundamental expression o f  denervation 

was considered t o  be the a t tack and breakdown o f  the c o n t r a c t i l e  com- 

ponents o f  the muscle. Th is  would suggest tha t  the  a b i l  i.ty o f  a dener- 

vated muscle t o  develop force a t  any giyen ve loc i t y  would be g rea t l y  

reduced, and the process o f  reduct ion would be progressive i n  correspondance 

w i th  the progressive loss  o f  con t rac t i l e  mater ia l .  

Stolov and Weilepp (1966) found t h a t  the connective t i ssue  

(epimysium, perimysium and endomysium) o f  the r a t  gastrocnemius undelirent 

1 i t t l e  change w i t h  denervation. Also, they found t ha t  the muscle length- 

ened as the per iod o f  denervation increased. The l a t t e r  f i nd i ng  o f  Stolov 

and Weif epp (1966) ban be explained eas i l y  when considering the reduction 

of volume of ind iv idua l  f i b r e s  found by Pel1 i g r i n o  and Franz in i  (1963). . , 

I f  the connective t i ssue  i s  considered as a f a i r l y  r i g i d  "stocking," 

being f i 1  l e d  w i th  c o n t r a c t i l e  mater ia l ,  then a reduced volume produced by 

decreased amounts o f  c o n t r a c t i l e  mater ia l  would obviously produce an increased 
-z; 

1 ength . A1 though Stolov and Ueilepp (1966) found &at the connective 

t issues changes 1 i t t l e  w i th  denervation, they d i d  f i nd  through histologi;al 

examination t ha t  there was an increase i n  the amount of connective t i ssue  

between the muscle f i b res .  These f indings correspond w i t h  the resu l t s  

&tained by E l l  l o t  (1965). The increase i n  the amount of connective t i ssue  

was demonstrated i n  the passive F/L re la t ionsh ip  developed by Stolov and 

Weilepp (1966), wfif ch indicated.  t h a t  denervated muscle s t i f f ened  o r  became 

less carrp'tfmrt w i t h  increasing days of denervation. 

It appears t ha t  denervation resu l t s  i n  the degeneration or  atrophy 

o f  one o r  rmre o f  the - s t ruc tu ra l  components o f  muscle. Evfdepee co l lec ted 
d 

t o  date i n d i c a t e s t h a t  the con t rac t i l e  mater ia l  su f fe rs  thb greatest 



effects  of denervation b u t  vir tual ly .no evidence has been presented t o  - 
demonstrate the effects  of these findings bn the CC and SEC of Hill's 

(1 950) muscle model . 
b )  Training 

In training, as i n  denervation, there i s  well documented his- 
' +. 

tol_ogical information on the changes occurring in skeletal  muscle. How-, 

ever, there i $ 1 i t t l e  or no  information on potential changes i n  the 

mechanical properties predicted by the components of Hill ' s (1950) muscle 

model. # 

Histological evidence has suggested tha t  a repe t i t ive  low-force 

ac t iv i ty  favoured sarcopl a m i c  protein production and increased muscle t 
mass, while a brief high-force ac t iv i ty  increased ,myofibrillar mass 

associated with hypertrophy of the muscle f ibres ,  bu t  not necessarily 

of gross mass (Holmes and Rasch, 1958; Helander, 1961;  ord do^, Kasmierz 

and Fri t t s ,  1967; Lesch, Pamley, Hamosh, Kaufinan and Sonnenbl'ick, 1968). 

Therefore, the effects  of exercising on the normal mechanical properties 
t 

of muscle would be to t a l ly  dependent upon the exercise program. 

When considering a low-force ac t iv i ty  1 i ke r u n n i n g ,  an investi-  

gator would expect an increase in the muscle mass t o  be apparant. The 

previous histological evidence suggested tha t  a low-force ac t iv i ty  would 

not appreciably affect  the maximum output of force of a muscle (Barnard, 

Edgerton and Peter, 1970 Part 11). In order to  resolve this area, of concern .J 

i t  was necessary to take a nwre precise look a t  the e f f ec t s  of training 

on the u1 t rastructure of muscle f ibres  before making any statement of 
I 

expectations concerning the mechanical outputs which might be expected. 

I n  fac t ,  Barnard e t  a1 . (1970, Part I )  found no s ignif icant  difference 

between the isometric forces produced by the low-force trained group and 
G 



the cont ro l .  Yet over a per iod of 60 minutes the t ra ined  muscle could 

maintain a higher l eve l  o f  isometr ic  force than the  cont ro l  muscles. They 

concluded t h a t  the cqpaci ty t o  maintain a higher isometr ic  f o h x h i b i t e d  

by the t rb ined group might be due t o  a number o f  adaptations, includi-ng 

(1)  an increase i n  the capacity o f  ox ida t i ve  phosphorylation, (2) an 

increase . i n  glycogen concentrations, o r  (3) an increase i n  the micro- 

c i r c u l a t i o n  which was i d i c a t e d  by an increase i n  the cap i l l a r y - t o - f i b re  

r a t i o .  I t  was i n te res t i ng  t o  note t h a t  these conditons could indeed 

enhance the stamina o f  the muscle whi le having 1 i t t l e  e f f e c t  on the force 

produced dur ing short  isometr ic  cont ract ion (Barnard e t  a l . ,  1970, 
c. 

Part  11). 

The r a t  gastrocnemius has been found t o  be a muscle comprised 

o f  three types o f  f i b res :  red, whi te and intermediate (Edgerton and 
4, 

Simpson, 1969). These f i b r e s  can be dist inguished by using the mito-  

chondrial enzyme succi nate dehjdrogenase as an ind ica to r  o f  m i  tochondri a1 

concentration. Further t i i s t o l  ogical  examination us ing the myosin ATPase 

s ta in ing  technique would ind ica te  these f ib res t o  be e i t h e r  f as t  o r  slow. . . 
Barany (1967) found t h a t  the. myosin ATPase a c t i v i t y  was d i r e c t l y  re la ted 

t o  the actual speed o f  the muscle, a slow muscle having low a c t i v i t y  and 

a f a s t  muscle higher l eve l s  o f  a c t i v i t y .  

- Using- these techniques, Edgerton and Simpson (1969) determined 
-. 

for  r a t  and guinea p i g  gastmcnemius t h a t  the intermediate f i b r e s  were 

slow, while the red and whlte f i b r e s  were f as t .  CAmbiRed w i t h  the f indings 

o f  Barnard e t  a1 . (1 970, Part I I), o f  increased numbers o f  red  f i b r e s  w i t h  

no change i n  the intermediate f i b r e  concentration, one might expect the 

l a - f o r c e  t ra ined muscle t o  be fas te r  than the control.) As ye t  there 

have been no studies performed t o  demonstrate the t r ue  effect of increased 



f i b r e  concentrat ion on the  mechanical parameters used t o  describe mamnal i an  

muscle. 

B. THE EFFECTS OF DENERVATION AND TRAINING ON ANATOMICAL FEATURES OF 

SKELETAL MUSCLE 

i) Muscle Weight (WW) and Body Weight (BW) 

It has been i n fe r red  t h a t  denervation o f  a group o f  muscles has 

1 i t t l e  o r  no e f f e c t  upon t o t a l  BW measurements (Stolov and Weilepp, 1966, 

1970). Conversely, t r a  i n l  ng has been shown t o  produce both s i gn i f i can t  

increases and decreases i n  BW "depending upon the t r a i n i n g  program. 

Mayer (1960) suggested t ha t  r a t s  w i l l  gain BW a t  an optimal leve l  

o f  enforced exercise but w i l l  lose BW i f  subjected t o  ove rac t i v i t y .  He 

indicated as d i d  Gordon e t  a l .  (1967) t h a t  t h i s  was the d i r e c t  r e s u l t  o f  

a food in take i n  r e l a t i o n  t o  ca lo r i e  expenditure. Barnard e t  a l .  (1970, 

Part  11)  found t h a t  t r a i n i n g  reduced s i g n i f i c a n t l y  (P < 0.05 l eve l )  the 

mean BW o f  guinea pigs. Gordon e t  a1 . (1967) had s i m i l a r  r e s u l t s  f o r  mean 

BY measurT< o f  r a t s  t ra ined  f o r  varying lengths o f  the time and d i f -  

ferent  d i s s e s  of exercise. They found no cor re la t ion  between distance 

run and BY and thu,s questioned the  r e s u l t  o f  Meyer (1960). Gordon e t  a l .  

(1967) concluded t h a t  t h e i r  r esu l t s  .may not  have been i n  disagreement w i t h  

the f indings of Mayer (1960) because i t  has been shown tha t  the i n t e n s i t y  
4 

C 

(work per u n i t  t ime) nddu ra t i on  determined --- the optimal leve l  of exercise. 
4 

These observations suggest t ha t  BW may be used t o  i nd i ca te  the e f f ec t s  

of a spec i f i c  t r a i n i ng  program but t ha t  a be t t e r  d e f i n i t i o n  of the term 

optima1 exercise i s  necessary. 

A much more d i r e c t  i nd ica t ion  of the e f f ec t s  o f  denervation and 

t r a i n i n g  on muscle has been provided by measurement o f  MU. Sunderland 



artd Ray ( 1 W ) ,  M i l e d i  and Sl-ater (1x9) and SthTov, et*. fF966, t9iFO, 

1973) showed dramatic losses i n  mean MW which were progressive and 
' 

represented upvard t o  a 6 E  loss  i n  mean MW over a two month per iod o f  

denervation. Sunderland and Ray (1950) a l l  suggested t h a t  these losses 

i n  mean MW were mainly a consequence of fragmentation o f  the muscle f ibres, 

w i th  subsequent degeneration of the fragments and d i s i n teg ra t i on  o f  myo- 

milaments. They found t h a t  fragmentation and d igest ion of myof i laments 

resu l ted i n  reduced volume of the ind iv idua l  f i b r e s  which was re f lec ted 

by i ncreased i n t e r f  i b r i  1 1 a r  spaces and decreased mean MW. 

Gordon e t  a t .  (1967) found f o r  r a t s  t ra ined  by low i n t e n s i t y  

running, isometric work and weight l i f t i n g  t ha t  mean quadricep MU'S 

were reduced bu t  no t  by a s i g n i f i c a n t  amount. Barnard e t  a l .  (1970, 

Part 11) determined t h a t  there was a s ign i f i can t  decrease i n  weight of the 

gastrocnemius o f  guinea pigs t ra ined  by low i n t e n s i t y  running. Holmes 
t 

/r 
and Rasch (1958) demonstrated an increase f n  the volume of r a t  sa r to r ius  

muscle a f t e r  running f o r  seven week (si; days per'&ek) where the i n t e n s i t y  
> \ .  

o f  exercise was increased weekly up t o  840 meters per day. They found no 

increase i n  the number o f  rnyo f ib r i l s  and concluded t ha t  the increased 

volume was due t o  increased sarcopl am.  Conversely, Helander (1 961 ) 

indicated a 15% increase i n  actanyosin concentrations w i t h  no change i n  

sarcopl asm concentrations f o r  guinea p i g  gastrocnemius t ra ined  1000 meters 

per day, s i x  days per week. These studies demnstrate t ha t  the resu l t s  

obtained f o r  a t ra ined  group o f  animals w i l l  vary w i t h  the t r a i n i n g  program. 

It can be suggested t h a t  Holmes and Rasch (1958) used a berow optimal o r  

optimal t r a i  n ing procedure where increases i n  exercise i n tens i t y  were made 

a t  equal increments thus al lowing the animals t o  adaptn t o ,  higher leve ls  

o f  t ra i 'n ing i n  a progressive manner. By contrast, Helander (1961:) subjected 



h i s  experimental animals t o  beyond optimal l eve l s  of a c t i v i t y  from the 

s t a r t  o f  the t r a i n i n g  program. This was indicated when Helander (1961 ) 

found h i s  animal s becoming exhausted and thus had t o  introduce two 10 

minute r e s t  periods. A1 though there was 1 i t t l e  agreement between the d i s -  

tance t rave l  l ed  dur ing t r a i n i n g  i n  these studies, the resu l t s  suggested , 

-\ 
t h a t  the ve loc i t y  o f  running and the method by which t h i s  ve loc i t y  was 

3 

!introduced were the deciding fac to rs  i n  muscle adaptation t o  t ra in ing .  

This observation was o r i g i n a l l y  presented by Petov and Siebert (1925) . 

( c i t e d  by Gordon e t  a1 . , 1967). 
a 

Peferr ing t o  the conclusions of *Gordon e t  a1 . (l967), some obser- 

vat ions can be presented. Barnard e t  a1 . (1970, Part  I I) showed reduced 

MU for  t rq ined guinea pigs, but  found no change in,maximum isometr ic  force. 

However?, the t ra ined muscles were able t o  maintain a higher l eve l  of isometr ic  

tension over a per iod o f  60 minutes. This data ind icates an increased 

l e v e l  of endurance w i t h  no increase i n  strength, thereby suggesting increased 

sarcopl asmic p ro te in  concentrations f o r  the t ra ined muscles. Therefore, 

the measured decrease i n  mean MW was not  re la ted  t o  cknges  i n  the mechanical 
, * 

propert ies of guinea p i g  muscle due t o  t ra in ing .  the suggested 

re1 at ions h i p  between increased MU and sarcopl asrnic concentrat ion 

presented by Holmes and Rasch (1958) does not  stand t r u e  when indicated 

by the ;hanges i n  mechanical propert ies.  Thus, i t  must be concluded t h a t  
i 

other circumstances were 'involved i n  producing the inconsi s tant  r esu l t s  

sf Barnard e t  a1. (IWO), Par t  E 1 ). - 
2 

i i )  Muscle L h g t h  (Pn) 

It h a w  d e m o F 4 t e d  .-- t ha t  mean.ML does not  change s i gn i f i can t l y  

a f t e r  an exte d per iod of t r a i n i n g  (Goldberg, 1967). I n  contrast, i3' 



prolonged denervation has been shown t o  increase the mean )(tl of muscles 

(Stolov and Weilepp, 1966, 1970). 

Stolov and Well epp (1 966, 1970) demonstrated increases i n  mean 
L 

ML over a per iod o f  f ou r  months of denervation. They showed t h a t  these 
B 

increases were s i g n i f i c a n t  up t o  and inc lud ing three months a f t e r  denervation 

and t ha t  there were no s i g n i f i c a n t  changes i n  mean ML between the t h i r d  and 

f ou r t h  month. There was found t o  be a s l i gh t '  increase i n  mean ML dur ing 

the per iod o f  denervation and increased ML was exponential. They concluded , 

t ha t  dramatic changes i n  mean ML occur dur ing the e a r l y  periods o f  

denervation and are reduced i n  magnitude as the per iod o f  denervation 

increased. 

Stolov e t  a l .  (1970) sumnarized t h a t  elongation o f  the gastrocnemius 

due t o  denervation may have been the r e s u l t  of one o r  a combination o f  a l l  

o f  the fo l lowing:  muscle atrophy, the loss of p lantar  f l e x i o n  o r  a 

r e l a t i v e  decrease i n  c o l l  agen. Muscle atrophy o r  loss i n  MW may have a 

unique e f f e c t  on gastrocnemius which would ' resu l t  i n  much 1 arger i ncreas,es 

i n  ML when compared t o  other muscles su f fe r ing  the e f fec ts  o f  denervation. 

The r a t  gastrocnemius i s  a pennate muscle where ind iv idua l  musclg f ibres 

o r i g i n a t e  and i n s e r t  along a tendinous sheath which i s  continuous w i t h  the 

tendons o f  o r i g i n  anddinsertion. Thus the plane o f  cont ract ion o f  i n -  

d i v idua l  muscle f i b r e s  would no t  be continuous w i t h  the plane drawn between 

the tendons *of o r i g i n  and i n s e r t i o  Stolov e t  a1 . (1 970) concluded t ha t  ? 
f i b r e  atrophy would r e s u l t  i n  decreased volume o f  the muscle and thus 

increase the dfstance between the tendons o f  o r i g i n  and i n s  n .  Therefore, 

muscle atrophy o f  the gastrocnemius would have resu l ted i n  a passive and 

progressive increase-in muscle length which would correspond w i t h  decreases 

i n  muscle volume. 



The toss ef p l m t a r  flexton ctue to -vf the ~ U S  

would r e s u l t  i n  shortening o f  the antagonist muscles and permanent 

dors i  f l ex ion .  The dors i  and p lantar  f l e x o r  muscles work as a un i t ,  

a c t i v e l y  control1 i n g  the range o f  movement around the ankle j o i n t s .  
P 

Shortening o f  one o f  these groups o f  muscles would be. l i m i t e d  by the 

s t ruc tu re  o f  the j o i n t  and more d i r e c t l y  by the antagonist group bf muscles. 

Thus, e l iminat ion o f  the c o n t r a c t i l e  capaci t ies o f  one of these groups 

would r e s u l t  in v i r t u a l l y  no c o n t ~ o l  o r  length  changes of the other muscle 

group. 

I t  seems h i g h l y  u n l i k e l y  t h a t  elongation o f  a denervated muscle 

m u 1  d be p a r t i a l l y  the r e s u l t  o f  reduced c o l l  agen content. Stolov, e t  a1 . 
(1970) showed a decrease i n  t o t a l  hydroxyproline, the charac te r i s t i c  amino 

ac id  of collagen. They concluded t ha t  the reduced t o t a l  hydroxyprol ine 

was not  necessar i ly  i nd i ca t i ve  o f  a loss i n  muscle col lagen bu t  might 

ind ica te  a slower r a t e  of acctnnulation i n  denervated muscle. Sunderland ' 

and Ray (1950) showed a r e l a t i v e  increase i n  connective t i ssue  between 

ind iv idua l  muscle f i b r e s  of denervated muscle when compared t o  the content 

of cont ro l  muscle. The combined resu l t s  of these studies suggested t h a t  

although connective t issue concentrations may increase a major component 

of connective t issue, c o l l  agen might -very wel l  demonstrate a slower 

accumulation r a t e  dur ing denervation around the ind iv idua l  muscle f i b res .  

i i i )  Typesof Muscle Fibres 

A l l  s t r i a t e d  muscle f ib res are s im i la r  i n  gross s t ruc tu re  and 

fun< t +on, ht there are  morpho't ogicaf and cytochenical differences whfch 

suggest inequal i t i e s  between f ib res .  SF o f  these di f ferences are observed 

i n :  1 ) colour, 2 )  f i b r e  diameter, 3) mitochondria1 content and 

d i s t r i bu t i on ,  4 )  s i z e  and shape of myof ibr i ls ,  5)  u l t r as t r uc tu re  of 

B 
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sarcomere, 6)  phosphorylase a c t i v i t y  , 7) glycogen content, and 

8) tri glycer ide content (Gould , 1973). Three d i  s t i  n c t  muscle f l bre types 

have been described using these c r i t e r i a :  red, whi te and intermediate 

(Henneman and 01 son, 1965; Edgerton e t  a1 . , 1969; Gould, 1973). Red f i b r e s  

ve been found t o  be small i n  diameter and d isp lay  a ,large number of 

mitochondria. White f i b r e s  , on the other hand, have been characterized 

by a l a rge r  diameter and t n s i g n i f i c a n t  amunts o f  mitochondria i n  r e l a t i o n  . 

t o  the red  f i b r e  content (Gould,- 1973; Sisson, 1974). Intermediate f i bres 

have been accepted as those f i b r e s  demonstrating m i  tochondrialc and 

dimensional proper t ies  which 1 i e  between the red and whi te f i b res .  
- 

Henneman e t  a l .  (1965) jndicated t h a t  f i b r e  composition o f  c a t  
/ 

gastrecnemius var ied w i t h i n  the rmscl; s k h  t h a t  the pekentage composi d o n  

o f  red, white and intermediate muscle f i b r e s  ranged from 9.4 t o  31.2, 

46.4 t o  58.5 and 2 1 . 3 F  36.4 respectively. .For -the medial gastrocnemlu.~ - 
they determined t ha t  'red f ib res represented 27%, whi te 50.9% and intermediate 

21 .3%.  Barnard 'et - a1 . (1 971 , Par t  I) found f o r  the medial gastrdcnemius 

o f  guinea pigs t ha t  the percent t o t a l s  were: 50.2% red, 38.6% white and 

11.7% intermediate. It i s  obvious from these r e s u l t s  t ha t  l a rge  dif ferences 

e x i s t  between the same mamnal ia r i  muscle of d i f f e ren t  animals. These 

dif ferences have been suggested t o  be the r e s u l t  o f  d i f f e ren t  modes of 
* 

,locomotion and thus d i f fe ren t  mechanical requirements o f  the muscles 

(Close, 1972). 

As f a r  back as 1935, ft was suggested by Tower (1935) t h a t  ck- 

nervated muscle t issue progressively l o s t  i t s  spec i f i c  c h a r a c t e r i s t k s  

becoming transformed i n t o  f ib rous t issue. shi described the transformation 

o f  muscle f i b r e s  t o  f ibrous t i ssue  as f i b r o t i c  ded i f fe ren t ia t ion .  Al tschul  

(1942) observed s im i l a r  changes i n  denervated c a t  and r a b b i t  muscle but 



suggested t h a t  the replacement o f  muscular t issue by connective o r  f ib rous 

t issue was accompanied by increased concentrations o f  f a t t y  t issue.  These 
a 

authors concluded t h a t  degeneration o r  atrophy o f  the ind iv idua l  muscle 

f ib res resu l ted i n  a progressive replacement o f  muscle f i b r e s  w i t h  connective 

t issue and small amounts of adipose t issue.  
6 

More recent research performed by Sunderland and Ray (1950) showed 

increased connective t i ssue  concentrations dur ing a period of denervation , 

but a t  no stage were atrophying muscle f i b res  replaced by f i b rous  t f  ssue. -b 

They indfcated t ha t  p r o l i f e r a t i o n  o f  connective t i ssue  i n i t i a l l y  appeared - 

i n  the per imys im dur ing the- f i r s t  month o f  denervation and t h a t  a f t e r  two 

months s i g n i f i c a n t  increases i n  connective t i ssue  concentrat ions were 

observed i n  the epfmysium and endomysium. A f t e r  a per iod o f  th ree  months 

5 
t i g h t l y  together 

i t was shown tha t  t h e  ind iv idua l  muscle f i b r e s  were no longer. packed 

but  were separated b y  an extrembly i n f l a t e d  endomysial 

layer  o f  connect 
- 

i v e  t issue.  These authors concluded t h a t  denervation was 

characterized by 
\ 

and an increase 
f i  

a ,sharp decl i ne  i n  the volume o f  ind iv idua l  muscle f i b r e s  

i n  the amount o f  connective t issue a r w n d  these f ib res .  

Adams, Denny-Brown and Pearson (1965) stated thaa the l a rge  
\ .  

histochemical and dimensional dif ferences observed between red and whi te 

m s c l e  f i b r e s  were v i r t u a l l y  l o s t  dur ing prolonged denervation. They 
1 

indicated t ha t  degeneration of these muscle f ibres progressed, a t  d i f f e ren t  

rates,  t o  a leve l  where both f i b r e  types were approximately the same s ize  . 

and demonstrated the same h i  stochemical propert ies. It was concluded t h a t  

prolonged denervation resu l ted  i n  more d r a k t i c  changes i n  f i b r e  s i ze  

of the white f i b r e s  and histochemical ly indicated q c t i v i t y  of the red 

f ibres.  

Edgerton and Simpson (1969) demonstrated t ha t  r a t  gastrocnemius, 



- 

1 i ke guinea p ig  gastrocnemius, comprised o f  three types of muscle f l  bres: 

red, whi te and i n t e n e d i a t e .  Griny (1967) found t h a t  theSspeed o f  con- 

t r a c t i o n  of a muscle was d i r e c t l y  proport ional  t o  the 1 eve1 o f  myosin 

ATPase a c t i v i t y ,  where a slow muscle was represented by low myosin ATPase 

a c t i v i t y  and higher l eve l s  o f  a c t i v l t y  were i nd i ca t i ve  o f  fast  muscle. 

Employing the observations o f  G r i n y  (1 967). Edgerton and Simpson (1 969) 

determined f o r  r a t  and guinea p i g  gastrocnemius t h a t  red  and whi te  muscle 

f i b res  were f a s t  cont ract ing wh i le  intermediate f i b r e s  were slow. Barnard 

e t  a1 . (1970, Parts I and 11) found t ha t  t ra ined guinea p i g  gastrocnemius - 
exhib i ted greater motochondrial p ro te i n  concentrations, a greater capacity 

f o r  ox ida t i ve  phosphorylation and a s jgn i  f i c a n t  increase i n  the percentage 

of red f ib res ,  whqcompared t o  tbe sedentary o r  cont ro l  muscle. Combining 

the f indings o f  Ed d er ton  and Simpson (1969) and &rany (1967) w i t h  the 
'7 

resu l t s  o f  Barnard e t  a1. (1970, Parts I and 11) i t  i s  suggested t ha t  the 

methcd o f  t r a i n i n g  used by Barnard e t  a l .  (1970, Parts I and 11) should 

have s i gn i f i can t l y  increased the speed o f  cont ract ion o f  the muscle as 

indicated by the increased n&ers o f  red muscle f i b r e s  and mitochondria1 

p ro te in  concentrations. Barnard e t  a1 . (1970, Parts I and 11) indicated 

t h a t  there was on ly  a small d i f fe rence  i n  t o t a l  r i s e  time o f  force 

production. 

C . . S M R Y  'OF RELATED LITERATURE - 
- 

There i s  s u f f i c i e n t  evidence now t o  show t h a t  mammalian ske le ta l  
/ 

P 

muscle, 1 i ke f r og  skel eta1 muscle, contai  ns three i n te rac t f  ng components : 
- 

the con t rac t i l e  component (CC), the ser ies e l a s t i c  component (SEC) and the 

para1 1 e l  e l  as t i c  component (PEC) . The mechanical para s o f  each of 

tlfese components have been widely demonstrated t o  be nonlinear. 



Invest igat ions i n t o  the mechanical responses of muscle durf  ng 

ac t i va t i on  have shown t h a e r e  were d i s t i n c t  d i f fe rences i n  the -F/V 
4 

re la t ionsh ip  o f  the CC obtained from dynamic and isometr ic  contract ions.  

A1 though these d i f ferences have been documented t o  be qu i t e  dramatic, 
?' 

researchers have neglected t o  examine i n  d e t a i l  the mechanical propert ies 

of the SEC dur ing the same isometr ic  condit ions. It has been i n fe r red  i n  
' -"+ 

the f i t e r a t u r e  t ha t  the charac te r i s t i c  E/F r e l a t i onsh ip  of the SEC was 

. t h e  same f o r  both types o f  contract ions. One o f  the purposes of t h i s  

thes is  w i l l  be t o  examine the mechanical proper t ies  o f  the CC and SEC 

dur ing isometr ic  contract ions by applying a technique developed by 

HacPherson (1 953), 

Houk (1963) .presented a model f o r  s t r i a t e d  muscle which assumed 

1 i near approximations o f  the mechanical parameters o f  ac t iva ted muscle. 

The best l i n e a r  f i t  t o  the nonl inear "c lassic"  i so ton ic  F/V r e l a t i onsh ip  
r' r 

s used i n  conjunction w i t h  the isometr ic  myogram t o  deduce the l i nea r i zed  

c p l iance o f  the SEC. However, i t  i s  known t h a t  d i f f e r e n t  F/V re l a t i on -  "$ . 
ships are  obtained from iso ton ic  'and isometr ic  contract ions.  It i s  hoped 

t h a t  the present study w i l l  reveal the degree t o  which changes i n  nonl inear 

propert ies are re f  1 ected by changes i n  A 1 inear ized proper t ies  obtained 

dur ing i s m t r i c  contract ion.  It i s  hypothesized t h a t  these changes w i l l  

r e s u l t  from denervated and t r a i n i n g  of the o f  the  r a t .  

The ef fects of denervation and 

anatomical measures have been examined by histochemical , h i s to l og i ca l  and 
* 

biochemical techniques. Very 1 i t t l e  work has been performed w i t h  the - 

expressed purpose o evaluating the e f fec ts  o f  these condi t ions oh the I 
mechanical propert iek 'of  the various components o f  H i l l  ' s  (1950) model. 

The F/L re la t ionsh ips o f  the CC and PEC w i l l  a lso  be examined. 



A1 though the F/L re la t ionship  o f  the PEC has been well  documented for  both 

mamallan and r e p t i l  i a n  muscles, the  s h e  re la t ionship  has been smkrhat 

overlooked for the CC o f  rnannal ian  muscle. 
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A. EXPERI MENT 

CHAPTER I11 

WTERIALS, METHODS AND PROCEDURES 

AL MATERIAL ~ .O  

# 

The experiments were performed on the gastrocnemius muscle 
f 

k -& 
of the r i g h t  % l e g  of t h i r t y - two  i t e  male Sprague Dawley r a t s  approximately 

nine months" old. The range of body weIghts was 500 - 800 grams and the 
* . . 

r a t s  were fed a n o n a l  balanced d i e t .  * They were separated i n t o  three 

groups: the sedentary o r  con t ro l  (N = lo ) ,  t ra ined  (N = 10) and denervated. 

I N  = 12 ) .  7 * 

Each group was then d iv ided i n t o  two unequal subunits f o r  use i n  

the F/V and F/L studies; see T B L E  1. The la rger  subunits of each o f  the 9 
three groups were used t o  quaht i fy  the e f fec ts  o f  denervation and t r a i n i n g  

on the mechanical proper t ies  of the l i n e a r  and non-l inear models. 

The denervated group used i n  t h i s  study was div ided f u r t he r  i n t o  two equal 

groups which were tested one m n t h  apart t o  determine the e f fec ts-o f  

prolonged denervation on the mechanical p ro$? r t i es  o f  the two models. 

The remaining subunits were used t o  determine the effects o f  the 

various experimental treatments on the s t a t i c  propert ies o f  the PEC and 

CC a t  d i f fe rent  muscle lengths. Furthermore, both o f  these denervated and 

sedentary subunits were d iv ided equal ly  and then test*eand h a e r  
1 

/ 

apart  respect ive ly .  The purpose of  t h i s  d i v i s b r r  wrs t o  determine ttre + 

effects o f  prolonged denervation and aging on the s t a t i c  proper t ies  o f  the 

muscular components. 

I n  add i t i on  one sedentary and one denervated r a t  provided muscle 

t i ssue  which was used i n  the h i s t o l og i ca l  and histochemical pa r t  o f y i s  



TABLE 1 : 

THE VARIOUS TYPES OF TREATMENTS APPLIED' 

TO THE GROUPS OF RATS AND THE EXPERIMENTS 

TO WHICH THEY WERE SUBJECTED.- '-----% ,. 

NUMBERS 
GROUPS I N  SUBUNITS AIMS TREATMENT , 

6 1 inear and non-1 inear 
anal ys i s 

SEDENTARY (1 0) 

2 F / L  relationships 
2 (PEC & C C ) ,  two 

mon&s between groups 

Kept in cages with- 
out specific exerci se 

$ 1  

4 linear and non-liner 
analysis for one and 

4 two  months after den-1 
ervation Kept in cages, lesions , 

of the ti bial nerve of 
DENERYATIW (1 2) appropriate level to , 

render both soleus and - 
/ - 

d 
2 F/L relationships gastrocnemSus muscle 
2 (PEC & C C )  , one and two inoperative. 

months after denervation 

8 1 inear and non-1 inear ~ormal'ly kept in cages ' 
analysis but  exercised on an 

incl ined treadmil 1 
EXERCISED (1 0)  three times a week for 

- 30 minutes at me half - 

2 F/L relationship to one mile per hour T L 

(PEC & CC) (8 months). - 



B. METHODS 

i )  Apparatus , 

4 

a) Muscle Support Systems 

The most important apparatus involved i n  these experiments were 
+" 

the mu3cle support systems. The various securing mechanisms used were 

designed t o  incorporate the actual  bones attached t o  the o r i g i n  and 

i nse r t i ng  tendons o f  the r a t  gastrocnemius. 

The o r ig ins  o f  the two-headed gastrocnemius are the two femoral 

condyles. To e l iminate  damage t o  the tendons o f  o r i g i n ,  the d i s t a l  

pa r t  o f  the femur, one centimeter (cm.)' i n  length, was removed w i t h  each 

muscle. A hole, 0.16 cm. i n  diameter, was d r i l l e d  through the p a t e l l a r  

surface along. a 1 ine corresponding w i t h  the long ax is  o f  the  sha f t  o f  

the femur. This hole alowed accanodation of a threaded stud whichi$rotruded 

from the force transducer. This sect ion o f  femur was- then securd ,  w i t h  

the p a t e l l a r  surface snug against the force transducer face, by an 

accompanying nut. This method of femoral. attachment d i d  not vary for  any 

of the experiments performed. 
/ ' 

Attachment of the i nse r t i on  bone (cal  caneus) presented d i f ferent  

. problems which were due t o  i t s  s i ze  and the type o r  method o f  experimen- 
* 

tat ion.. The tendo-calcaneus, which i s  the inser t ion tendon o f  both the 

e 
gastrocnemius and the soleus muscle, Inser ts  i n t o  the poster ior  po r t ion  

o f  the calcaneus (Wells, 1966). In the r a t  t t ie calcaneus i s  a r e l a t i v e l y  

s m l l  bone comparable i n  s ize t o  the ins ide diameter o f  the femoral 
'% 

shaft.> t o  the small size, the calcaneus d i d  not  lend i t s e l f  t o  

procedures invo lv ing the d r i l l i n g  o f  holes o r  p in  re ta iners .  The major 

d i f f i c u l t i e s  found w i th  these techniques were weakening and shat ter ing o f  

the bone, and i t  was decided t ha t  a system was needed which incorporated 

1 



PLATE 1: 

Support systems f o r  the force-length (A) 

and the fo-rce-velocity (8) studies.  hi 
support system f o r  the s t rap (C)  i s  shown 

a1 bng w i t h  a doubl e-headed brass clamping 

mechanis i (D) which secured one end o f  the 

aluminum st rap and the calcaneus. The 

sLlppart system for  <he force-veloci ty study 

was made up o f  a jewe l le r ' s  chain (E) ,  

a connecting metal loop (F), a spr ing (G) 

w i t h  a compliance of 0.0001 cm./gm. w t .  
and a j ewe l l e r ' s  watch c lasp (H) which 

secured the calcaneus. 





- 

the intact bone. 

A double-headed brass clamping arrangement was designed to  accom- 
h 

odate the calcaneus i n  the F/L experiments. Each h&d had a base platr 
\ 1 

fixed permanently to a brass tube 2 cm. in length. These base plates 

were fixed perpendicular to the long axis of the tube and muscle. A 

. notch was cut into both ends of the brass tube so that the base plates 

>fitted snugly within them before being soldered. Two r~&htkal pieces of 

brass plate were matched and each attached to the fixed plates by a pair 

d 
of screws measuring 0.32 x 1.0 an. (PLATE 1 ) . One pair of plates secured 

7 

the calcaneus while the other clamped on t o  one end bf a'  flexible alum- 
eL 

inim {strgp 6 cm. in lenGth. The other 'end of the strap ;a9 then clamped 

i n  a simi r system to the sol id metal displacement drum. The displacement, 

drum, 5 cm. in circbmference, was directly connected t o  the displacement 

transducer by a drive coupling (PLATE 2)rManual rotat iot  of the drum 

resulted in(a directly proportional change in muscle length because the 

compliance of the strap support system was wch less than that of the 

muscle. 

The compliance of the strap support system was tested by fixing 

the free end of the aluminum strap to the displacement drum and hanginq 

different sized weights on the free brass clamp. Length chanaes of the 1, 
system were measured by a telescopic micrometer for weights u p  to and 

including 3 kilograms ( K g . ) .  As there were no lengtktc)anges recorded 

weights tested, the compliance of the support system was found 

t h a n  1/1M) of a an. within the range tested. 

The F/V technique of analysis developed by MacPherson (1 953) 
1. 

required a t  least one pair of isometric contractions, one with the other 

w i t h o u t  an added cmpt iance. Houk's (1963) system of analysis nec- - 



essary t o  produce a la rge  number of both types o f  isometr ic  contract ions 

where a t  l eas t  one o f  each reached the same f i n a l  magnitude o f  force. To 

a c c m d a t e  these changes, a sol  i d  steel  p lat form was used which ,had a f ixed 

ver t ica l '  shaft, 30 cm. long, w i th  a ve r t i ca l  1 y adjustable .horizontal 

arm attached. The ca l  caneus was secured by wedqiw i t  i n t o  a jewel 1 e r ' s  

watch c lasp whi le  a j ewe l l e r ' s  chain, 8 an. long ( l i n ks  o f  w i re  2.26 mn. 
0 

i n  diameter), was secured t o  i t s e l f  around the adjustable hor izonta l  support 

arm (PLATE 3) .  The looped end of the watch c lasp was then attached t o  

the loose end of the chain by an overlapping loop of w i re  2.20 mn. i n  

diameter. The compliance o f  t h i s  system was determined t o  be zero by 

using the  telescopic m ic r& te r  and a, va r i e t y  o f  weights up t o  3 Kg. 

Rotat ion o f  the connecting metal loop from the experimental pos i t i on  

resu l ted i n  the f ree ing  o f  the watch clasp. A t  t h i s  po in t  the spr ing 

was added by placing one hooked end through the watch c lasp wh i le  the other 

end was hooked, through t h e  wi re  loop (PLATE 3 ) .  Adjustments f o r  the 

added length due t o  the  spring were made by hand-cranking the hor izonta l  

arm ~ p w a r d . ~  With the spring i n  place, the compl iance o f  the system was 

equal t o  t ha t  of the added spring because it was e a r l i e r  determined t ha t  

there was zero cqmpliance i n  the remaining support system. 

b )  Added Compl i ance 

The s ing le  most important piece o f  apparatus f o r  the F/V experiments 

was the added ser ies compliance o r  spring. Parmley and Chuck (1973) 

quan t i f i ed  the mechanical e f fec ts  o f  added canpliance on isometr ic  contrac- 

t i on .  Their r esu l t s  indjcated t ha t  there was a reduced l eve l  o f  force 

production which was d i r e c t l y  re la ted  t o  the leng th  changes af forded by 

the c m p l  iance o f  the spr ing placed i n  series. However, MacPherson's 

(1953) system o f  analysis required t h a t  two contract ions, one w i t h  and 



PLATE 2: 

The displacement transducer (I), displacement 

drum (J ) ,  stimulating electrodes ( K )  and the" 

force-1 ength support system ( A )  i n  posf t ion.  





PLATE 3 : 
r 

The support apparatus used I n  the fo rce-  

v e l o c i t y  study. The ad jus tab le  support arm (L )  

secured one end o f  t he  support system (B) wh i l e  

the  o the r  end re ta ined  the calcaneus. The Ringer 's  

s o l u t i o n  bath (H) i s  shown i n  the  experimental 

p o s i t i o n  w i t h  t h e  oxygenation tube (N) i n  place. 

The displacement transducer (I) and drum (3 )  - 
are  shown b y t  p lay  no p a r t  i n  experimentat ion 

f o r  t h i s  study. 





4 
the other wi thout  an added compliance, must have the  same magnitude o f  

force. Therefore i e  was necessary t o  incorporate i n  added ser ies  spr ing 

which should have propert ies o f  compliance not  on ly  s im i l a r  t o  those 

Experiments were then conducted on the remaining springs t o  de- 

termine the l eve l  of added compl iance which best approximated the compl iance 

of the SEC. That i s  these springs were examined t o  determine the l eve l  "2 
of added cmpl iance which produced a d e f i n i t e  d i f ference i n  the i sane t r i c -  

of the SEC but small enough t o  negate la rge  changes i n  muscle length. 

MacPherson' (1953) introduced an  added ser ies spr ing w i t h  a 

m p l  iance o f  0.002 cm./gm. w t .  f o r  the study of frog a r t o r i u s  muscle. 

Due t o  conc~lusions found i n  the l i t e r a t u r e  concerning the SEC cmpl iance 

i n  d i f f e r e n t  animals , the a ed c m p l  iance used by MacPherson (1 953) 7 
-d 

cannot be used i n  studies invo lv ing r a t  ske le ta l  muscle. Therefore, 

experiments were conducted t o  determine the appropr iate ser ies  coinpliance 

f o r  r a t  gastrocnemius which would r e s u l t  i n  the f u l f i l lmen t  of MacPherson's 

c r i t e r i o n .  A group o f  ten springs were examined and t h e i r  E/F character- 

i s t i c s  recorded. A te lescopic micrometer, accurate t o  1/100 o f  a centimeter, 

was used t o  measure the extension o f  each spring a t  various loads, increasing 

f r o m  zero t o  three Kilograms weight. If the spr ing tes ted d i d  not  obey 

Hooke's Law throughout the experimental range, i t ' w a s  discarded. O f  the 

ten o r i g i na l  springs, only seven remained whose mechanical propert ies 

were 1 inear. Their  i nd iv idua l  c m p l  ianceq were: one a t  0.0006, two a t  * 

. - 
0.0004, one a t  0.0003 and three a t  0,0001 cm./gn. wt.  

r ise- t ime whi le  s t i l l  producing a magnitude o f  isometr ic  force comparable 

t o  the contract ions wi thout  an added c m p l  iance. It was found, and l a t e r  

tested several times, t ha t  an added cmpl iance of 0.0001 m./gm. w t .  

produced the best  comparable resu l t s .  Furthennore, only one of the 
+ 



three springs w i t h  thSs compl iance was' selected t o  perform these studf es. 

The two remaining sprlngs were el iminated because o f  e i t h e r  t h e i r  l a rge  

diameter o r  extreme length. 

C )  ~ r a n i d u c e r s  of Force and Length 
1 \ The force, transducer was a hor izontal ,  r i g i d  s tee l  "I" beam 

incorporat ing two resistance f o i  1 s t r a i n  gauges enclosed i n  a wa te r t igh t  

c y l i n d r i c a l  nylon mounting. It was f ixed securely t o  the bottom p la te  

o f  a 

end o 

5 an.' wide, U-shaped submersion platform (PLATE 4) .  Embedded i the 

f the-transducer beam and protruding from i t  was a threaded rod t h  a 
the .dimensions o f  0.16 x 3.0 cm. The femur o f  the muscle tested was 

placed upon the rod and secured by a nut. Force exerted upon t h i s  u n i t  

crea 

I n i  t 

1 
ted voltage which was d i r e c t l y  re la ted  t o  the de f lec t ion  force. 

i a l  cal  i b ra t i on  o f  the u n i t  determined a inear response between 

voltage output and de f lec t ing  force w i t h  a mean e r ro r  of 0.9%. The l i n e a r  

response was found t o  be i den t i ca l  i n  the reverse (180') s i tua t ion ,  but  a ' 

cross-torque of 4.5% was indicated a t  a perpendicular def lec t ion from 

the experimental posi t ion.  The cross-torque was discounted because 

the force transducer *as securely f i xed  i n  an upr igh t  pos i t i on  where no 

r o t a t i o n  was possible (PLATE 4).  

The dlsbiacement transducer2 used f o r  the F/L study was a com- 

merc i a l l y  made u n i t  which was attached by a d r i ve  coupl ing t o  the d i s -  

placement drum which was 5 cm. i n  circumference (PLATES 2, and 4).  

Ca l ib ra t ion  f igures were acquired through repeated 0.7 mn. movements o f  

the drum which W r e  measured on a f i x e d  p ro t rac to r  by an ind fca to r  arm 

.: _ " Designed and constructed by A. E. ,Chapman, Department of Kinesiology, 

I 
- Simon Fraser Univers i ty .  

3 

Type 151-5853B, 16 K 7143 Transducer, I R C ,  S t .  Petersburgh Div is ion,  
TRW Inc.  



?. 

PLATE 4: 

The force transducer (0) , oxygenating . tube (N) 

and one l i t r e  Ringer 's so lu t ion  bath (M) before com- 

mencement of experimentation. The force transducer 
4, 

beam, which incorporates f o i l  s t r a i n  gauges, i s  

enc w d r i c a l  nylon mounting. The 

lower end of the femur i s  d r - i l l ed  along the sha f t  

o f  the bone, placed on the threaded rod which pro- 

trudes from the transducer beam, and secured by a 

nut (P) .  





PLATE 5: 

The apparatus used fo r  recording a,nd display. 
Explanation of reference l e t t e r s  are for 
PLATES 1 to 4.  In addition, the following 

'+ reference l e t t e r s  apply: 
( Q )  C .  F .  Palmer Stimulator. Square wave output 

0 tq 25 vol t s ,  pulse w i d t h  0.1 to 5 msec., a 
frequency 0 to 1 20 Hz. 

( R )  Daytronic Strain Gauge Amp1 i f i e r  containing .. 
-% 

a model 3000 meter w i t h  a  type 91 s t ra in  . 
gauge transducer input module and a type-P 
gal vanorneter driving output module. 

( 5 )  Compressed Gas Cylinder containing 9% O2 ' 

and 5% C02 w i t h  flow contrcl gauges. 

( T )  Be1 1 and Howell ~ l f r a v i o l e t  Recording 
Oscill ograph for  permanent recording of 

0 

ou$puts from stiguJator and transducers of 
force and displacement. p 

(U )  Eight-Channel Di spl ay and ~ a l  "anometer 
Driving Ampl i f icat ion Unit (Teca - U n i t ) .  





attached t o  t h e  dFive coup1 ing. This .  procedure was repeated several  t imes 

i n  both d i r e c t i o n s  r e s u l t i n g  i n  a l i n e a r  response ( e r r o r  2 0.03%). 

d )  Amp1 i f i c a t i o n  and D isp lay  

A Daytronic  s t r a i n  gauge ampl i f i e r  w i t h  p lug - in  modules was used 

t o  ampl i f y  the  vo l tage  changes obta ined from t h e  f o r c e  transducer (PLATE 5 ) .  

This u n i t  co'ntained a model 300D i n d i c a t o r  o r  meter w i t h  a type 91 s t r a i n  

gauge transducer i n p u t  module and a type-P galvanometer d r i v i n g  ou tput  

module. This  s t r a i n  gauge transducer i n p u t  module had a range s e l e c t o r  , 

which reduced the transducer i n p u t  and thus the  ou tpu t  t o  the  galvanometer 

by vary ing  percentages f o r  f u l l  scale meter d e f l e c t i o n .  The experfments 

conducted invo lved the  use of a m p l i f i c a t i o n  l e v e l s  o f  10% f o r  the  dener- 

vated muscles and 50% f o r  t he  sedentary and t ra ined.  

The output  from the  s t r a i n  gauge a m p l i f i e r ,  the  displacement 

3 transducer and -the s t i m u l a t o r  were fed through an e i g h t  channel d i s p l a y  
/ 

+-+, and galvanometer d r i v i n g  a m p l i f i c a t i o n  u n i t 4  t o  a B e l l  and Howell 

5 u l t r a v i o l e t  record ing  osc i l l og raph  (PLATE 5, FIGURE 7 ) .  Only the  output  

from the  s t ra in ,  gauge ampl i f i e r  was passed t h r o u g h  a 0 t o  15 Hz. f i l t e r  

(-3 db p o i n t )  before en te r i ng  the  Teca U n i t .  The Teca U n i t  was used 

s t r i c t l y  f o r  d r i v i n g  and adjustment o f  galvanometer d e f l e c t i o n s  i n  t he  

u l  t r a v i o l e t  recorder .  P r i o r  t o  every experiment the  scales o f  d e f l e t t i o n  
v ,  

o f  t he  galvanometers were checked t o  insure l i n e a r i t y  o f  response fo r  

the fo rce  and displacement inputs  (APPENDICES 1, 2 and 3 ) .  

' Model 8043, St imu la tor ,  C .F. Palmer, London, England. .- . 

Model TE8, Teca Corporat ion, White Pla ins,  N.Y. ,  U.S.A. 
'\ 

Model 5-1 27, B e l l  and Howel 1 L td . ,  Consol ida ted  Electrodynamic 
i s i o n ,  Basingsto;ke, England. 
/ 



t -w 
3 ' 
The u l t r a v i o l e t  recorder produced 0.1 second t ime lines which were * 

of these time 1 i nes was cal  i brated t o  determine, accuracy by recording 

an external  input  of known frequency. It was ddtermined t ha t  the time 

1 ines occurred a t  0.097 second i n te r va l s  which represented a 3% er ro r  

from the stated time i n te r va l .  This e r ro r  was ignored because i t  was. 
- 

both consistent  and + o f  a smal1,magnitude. 

e) The Stimulator 

Square wave s t imula t ion was appl l ed  t o  the muscle through a p a i r  

o f  multi-element plat lnum electrodes placed i n  contact  w i t h  and on o ~ p o s i t e  

sides o f  the muscle (PLATE 2 and 3).  Thus the e l e c t r i c  f i e l d  was perpendicular 

to the long ax is  of the muscle whi le the p o l a r i t y  o f  the electrodes was , 
j. 

changed manually a f te r  each cont ract ion t o  minimize t he -e f f ec t s  o f  

po lar izat ion.  

A series o f  f i v e  pre l iminary  experiments were conducted t o  determine 

the appropriate strength, d h - a t i o n  and frequency o f  the e l c t r i c a l  

impulses appl i ed  to- the r a t  gastrocnemius. The voltage was se t  randomly 

between f igures o f  10.5 and 25 vo l t s .  A sequence o f  increasing frequencies 

ranging from 15 t o  100 Hz. were matched w i th  each o f  the various voltage 

l eve l s  andTested w i t h  impulse durat ion periods o f  2 and 5 msec. It, was 

determined ' that the best  te tan ic  responses i n  r a t  gastrocnemius were 

developed using an e l e c t r i c a l  s t imula t ion o f  25 v o l t s  h t h  a frequency 

o f  50 Hz. and imptrlrC durat ion of 5 rnsec. Therefore a t7  act ivated 
'd 

expe;iments conducted i n  t h i s  thes is  incorporated t h i s  l eve l  o f  supra- 

maximal st imulat ion.  

f )  The Maintenance of the Muscle 

$During t es t i ng ,  the muscle electrodes and force transducer were 

imnersed i n  one l i t r e  (L . )  o f  oxygenated bicarbonated-buffered Krebs- 



FIGURE 5: 

Block diagram of apparatus used for recording 
and display 
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Ringer's so lu t ion  a t  16.5'~. t o  17.8'~. , wi th  a pH of 7.3. The so lu t ion  

was pre-made i n  e igh t  l i t r e  quan t i t i es  cons is t ing of : .  NaC1, 116.8mM./LT; 

IlaHCOj, 28 mM./L.; CaC]p, 2.5 M./L..; MgS4, 3.1 mM./L.; KCl, 3.5 M./L.; 

KH2POq, 1.2 mM./L.; and glucose, 11 .l rrH./L. (Bahler e t  a l . ,  1968). 

The pH was checked before ach experiment whi le oxygenation (95% 02, 

5 1  C02) c m e n c e d  one h a l f  hour before and continued throughout the per iod 

o f  tes t ing.  

i i )  ~ i s t o l o ~ i c a l  and Histochemical ~echn ique  

His to log ica l  and histochemical studies were performed on one 

sedentary and one denervated muscle. ' The muscle t issues used f o r  the 

h i  st01 ogical  studies were f i x e d  , dehydrated i n  increasing concentrations 
4 

o f  alcohol, and impregnated by para f f i n  dispensed by the vacuum i n f i l t r a t o r  

6 and para f in  dispenser . Sections were cut  from the wax blocks on a micro- 

7 8 tome before being placed i n  a 37 '~ .  water bath f o r  easy s l i d e  pickup. 

The s l ides 'and t h e i r  accompanying t issue.were d r i ed  and then stained by 

the appropriate procedure. The resu l t s  of the s ta in ing  techniques were 
F 10 recorded on 35mn. coloured f i l m  by the use o f  a photomicroscope . 

The apparatu? used f o r  the histochemicaT studies consisted of 

l i q u i d  n i t rbgen f o r  k i c k  freezing o f  the t~issue, a cryostatl' f o r  . 

Model 224, Vacuum I n f i l t r a t o r  and Para f f in  Dispenser, Lipsan Manufac- 
t u r i ng  Company, De t ro i t ,  U. S.A. - -  - 

-2 
/- ' ,Hodel 820, Yicrotome, ~ m e r i c d n  Optical Company, U.S.A. 

Tissuemat Hater L t h ,  Fisher Sc ien t i f i c  Company, U:S.A. 

Model 66632, Sl ide Uamer, Precision S c i e n t i f i c  Company, Chicago, U.S.A. 

Pho tmic rosc~pe  11, Carl Zeiss, Oberkochen, West Germany. 

'l M e 1  CTC, Cryostat ~ n d n a t i o n a l  Equipment Company, Heedham Heights, 
u. S . A .  



sectioning of frozen t i ssue  a t  -20'~. , and a metab01 i c  incubator 12 

for incubation of natural metabol i c  cycles resulting i n  the subsequent 

u p t a w  staining material. Recording of the stained resul ts  was 
i performed by the use of the photomicroscope. 

r- 
/ 
7- 

i i i )  decording of Data 

The values fo r  the r a t ' s  body and muscle weights were recorded 
* 

by means of a Triple beam balance13 and Sartorius balance14 respectively. 

The muscle lengths e r e  measured t o  the nearest millimeter on a centimeter 

ruler  between the superior patelfar surface of the femur and the plantar 

surface of the calcaneus. 
0 

Data from the s t r a in  gauge amp1 i f i e r ,  displacement transducer . 
F 

and stimulator were recorded permanently on Kodak 1 inagraph d i r ec t  print 

u1 t raviolet  recording paper (Type 2022). All s e t s  o f  recordings were 
Q 

accompanied by the appropriate cal i bration figures.  An instantaneous 

recording was made of the force output for  each contraction on a storage 

cathode ra o ~ i l l o s c o ~ e ~ ~ .  These recordings were used f o r  visual &t- f 
imations 'and subsequently were removed before the next contraction. 

I 

The histological *and histochemic~l data was preserved on 35 m. 
L 

coloured Kodak film. 

Hodel 17AD-5, Dubmff Metabolic Shaking Incubator, Precision Scient i f ic ,  
Subsiduary of =A Cmporativn, Chfcago, It l ir tois,  U.S.A. 

j 3  Mode? 700, Triple Bean, BaIace, Ohaus Scale ~orpora i ion ,  Flarhm Park ,  
N.J., U.S.A. 

l 4  Hodel 2463, Sartorius Bal ance, Sartori us-Uerke, Gottingen, West Germany. 

l 5  W e 1  141 8, Cathode Ray OsciIloscope, Hewett an+Packard, U.S.A. 
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C. PROCEDURES 

i )  Training and Denervation of Rats 
..* 

The training program consisted of three half hour workouts a week 

on. an inclined treadmill a t  speeds ranging from 1/4 and increasing to one 

mile per hour (TABLE 2 ) .  On or  about the f i r s t  of each m o n t h  the incline 

was increased by f ive degrees u n t i l  ,a slope of th i r ty  degrees was reached. 

Slope increases accompany& by increased speeds of r u n n i n g  were used to  

localize the effects  of training on the gastrocnemius. Oncethe requirtid 

maximal slope and speeds of training were at ta ined,  they were maintained 

until the conclusion of experimentation on the trained groups. 

Denervation was performed on November 2nd and 3rd, 1974, one month  

before experiments comnenced. The animals were anesthestized with intra- 

peritoneal sodium pentobarbital, 5 mg. per/l00 gin. of body weight. ' , 

t rface hair on the r i  t leg, an incision was made 
ui t h  the 'bia. ~ h q  muscle t i ssue  wds 
'---' then separated along the septm between the b-icep femoris and the g rac i l i s  , 

exposing the popliteal fossa which accomodates the gastrocnemius. Towards 

the superior end of the pop1 i tea fossa the sc ia t ic  nerve divides into 

tYO d i m 1  branches, the t ibia1 and comnDn peroneal nerves (Wells, 1966). . 

Upon exposure of th i s  divis ion,  a 0.5 an. section of the t ib ia l 'nerve  

was removed to produce the desired denervated ef fec t  on the gastrocnemius 

anri xrleus mscles. There war one exception t o  th i s  pwcedttre which was 
A * 

-partly due to  the 1-#x'perience of the investigator. On that  occasion the 

camon peroneal nefve was sectioned resulting in denervation of the anterior 
1 

dorsi flexor muscles. 

i When the nerve sections'were moved  a cream .antibiotic (neosporan) . 
J 

, was applied ,to the-skin and- the incision was closed. using chromic 4-0 



TABLE 2: 

MONTH DATES SPEED (M. P.H. ) DURATION ( M I  N . ) UEVATION (DEGREES) 

JUNE 3,5,7,10 
12,14,17, 

, 19,21,24, 

JULY 

SEPTEMBER 2,4,6,9, 
11,13,16, 
18,20,23, 

'b 
25,27,3O 

OCTOBER ' 2,4,7,9, 

NOVEMBER l,4,6,8, 
11,13,15, 

(continued . . .$? 



Table  2 ( c o n t ' d )  
n - 

~ x e E ~  s e  Program f o r  t h e  Trained Groups of R a t s  J 
MONTH D A ~ E S  SPEED (M.P.H.)  DURATION (MI N. ) ELEVATION (DEGREES) 

3 

DECEMBER 2,4,6,9, 1 /2 5 30 
10.13.16, 1 25 
18,20,23, 
25,27,30 

JANUARY 
/ 



disso lvab le  suture. A d a i l y  v ig i lance was required w i t h  per iod ic  appl ica- 

i t i 0ns  o f  a powder a n t i b i o t i c  ( c i c a t r i n )  t o  ensure f u l l  recovery. 

Due to  an epidemfc of pneumonia and l a t e r  technical problems, 

which were beyond the con t ro l  o f  the invest igator ,  the denervation-pro- 

cedure had t o  be repeated March I s t ,  1975. A t  t h a t  time three r a t s  o f  

i den t i ca l  age and breeding as the o r i g i n a l  groups were denervated and 

used a t  the appropriate t ime i n  the F/L study. The mentioned epidemic 

occurred i n  November, 1974, k i l l  ing nine o f  the o r i g i n a l  32 r a t s  (o f  which 

s i x  o f  the dead were from the denervated groups. Two r a t s  from the t ra ined 

F/V group were tested even though they were suf fer ing the e f f ec t s  o f  

pneumonia. It appeared t h a t  the denervation operation weakened the animals 

t o  the .point where they were less res i s t an t  t o  a disease introduced close 

a f te r  such an operation. 

i i ) ,-Preparation o f  Muscles f o r  the Mechanical Experiments 

The t e s t i n g  program i s  ind icated i n  TABLE 3. A t  the appropriate 

time ind iv idua l  r a t s  were removed from the cages, weighed and k i l l e d  

using e thy l  ether anhydrous. The sk in  from the surrounding area of the 

r i g h t  l eg  was removed exposing .the underlying musculature. The biceps 

f e m o ~ i s  and g r a c i l l i s  muscle sheaths,were dissected away leav ing the 

gastrocnemius unobstructed. An i nc i s i on  was made betyeen the gashbcneinius 

and tAe t i b i a  which .freed the gastrocnemius and s h e r e d  the soleus muscle. 

The femur shaf t  was then exposed by removfng the surrounding musculature. 
a 

Using a scalpel,  the pa te l l a r ,  c ruc ia te  and c o l l a t e r a l  1-igarne* were Z 
/ 

severed f ree ing the superior ends o f  the t i b i a  and f ibu la ,  whi le  the 

i n f e r i o r  end o f  the t i b i o f i b u l a r  u n i t  was disconnected a t  the calcaneal  

facet by the use o f  bone snips. The t i b i o f i b u l a r  u n i t  was then removed 

whi le the metatarsa 1 bones were dissected away leaving the i n t a c t  calcaneous 



and muscle tendon: Once the  i nse r t i on  o f  the gastrocnemi@& freed, the 

shaf t  of the femur was cu t  a t  a. po in t  one centimeter sup&ior t o  the  

pa te l l a r  surface. The g a s ~ n e k i u s ,  accompaniedA by i t s  i"ta;t o r i g i n  and - 

a 
inse r t i on  bones was imnersed i n  oxygenated r i n g e r ' s  sol 'ut ion where the 

patel l a  and any rernainfng unnecessary musculature was removed. A p i n  - 

was than passed down the femoral- sha f t  and forced through the intercondylar  

\fossa o f  the p a t e l l a r  surface. Thfs hole was enlarged using a small 
'' 

pointed f i l e  t o  a1 low easy passage o f  the force transducer stud. 

i i i )  Co l lec t ion  o f  Mechanical Data 

a )  Force-Vel oc i ty  Data 

Preparations were made t o  a l low imnediate placement o f  muscle i n t o  

the apparatus before $.issection. Cal i barat ion f i gu res  were $aken t o  
1- 

conf i rm 1 i nea r i  t y  o f  the galvanometer' output from the force transducer. 

- These f igures were acquired .by applying forces t o  the force transducer 

s t u d a t 1 0 0  k i n c r e m e n t s u s f n g a n O h a u s s p r i n g s c d e ( ~ o d e 1 ~ 8 0 0 1 ) .  
J 

Depending upon the type o f  muscle tested denervated o r  t ra ined),  d 

a i n  gauge amp1 i f i e r  was set  t b  a f u l l  range o f  de f lec t ion  , 

of the galvanometer representing force i n  response t o  muscle contractfon. 
'W 

When these preparations were completed w i t h  the comnencement o f  oxygenation 

of the r i n g e r ' s  so lu t ion,  d i  ssection procedures fol lowed. 

A f t e r  the hole was made through the pa te l l a r  surface o f  the f a r e ,  

the calcaneus was lodged securely i n  the jewe l le r ' s  watch c lasp (PLATE 1) .  
,-4- - 

I n i t i a l l y  every muscle tested i n  the F/V study was secured.in the apparatus 

without the presence of the  added ser ies compl iance. When the muscle was 

secured, the r i n g e r ' s  so lu t ion  bath was l i f t e d  i n t o  place, imnersing the 

muscle whi le the hor izontal  arm o f  the support platform was ra ised t p -  

produce a pretension o f  approximately 10% o f  maximum force output (Bahler 



- .  I 

TABLE 3: 

- TESTING PROGRAM 
i 

DATE RAT I D E N T I T Y  GROUP STUDY r' 
/ 

DECEMBER 2 1 (9 SEDENTARY F/  V L 

/ 

DECEMBER 17 1 (0) DENERVATED F / v  
2 ( D l  DENERVATED F / v  

DECEMBER 19 DENERVATED F / v  ID) 6 D )  , DENERVATED F / v  
(ANTERIOR MUSCLE) 

SEDENTARY 
TRAINED 
SEDENTARY 

JANUARY 7 SEDENTARY 
TRAINED 

JANUARY 9 5 6) SEDENTARY F / v  
4 ( T )  TRAINED . F / v  

JANUARY 14 DENERVATED s/v 
DENERVATED F/V 

JANUARY 16 5 CT.) F/V 
1 ( T I  F / L  

TRAINED 
TRAIN ED 

'L 

FEBRUARY 25 3 ( s )  SEDENTARY F / L  f 
4 6) SEDENTARY F / L  . - 

A P R I L  1 1 (D) DENERVATED F / L  
-- - 

MAY 1 2 (D) DENERVATED F/L 
3 (D )  DENERVATED F /L  



the two types o f  contr-dtions,: M 

e t  al. ,  1968). From previous experimentation, estimates of maximum fo rce  - > 

f o r  each groupewere obtained and used- t o  determine the approximate - 10% 

pretension l eve l  s. Some fl uctuat ions i n  the pretension 1 eve1 s were 

necessary t o  produce subsequent generation o f  maxima1 fo rce  generation. 

The electrodes were then imnersed i n  the r i n g e r ' s  bath and placed i n  contact  

on ] e i  the r  side o f  the muscle. 

Two t o  four isometr ic  contract ions were performed and r ~ c o r d e d  

wi thout  the add i t i on  o f  a ser ies  compl iance. A f t e r  each con t rac t ion  

the p o l p i t y  o f  the electrodes were changed t o  reduce the e f f ec t s  of 
•÷ 

po la r i za t ion .  Upon completion o f  the contract ion,  where no m p l  iance 

was i n c o r p o r a ,  pretension was e l  itninated and the electrodes removed: 

p"4 A t  t h i s  time t e erlapping wire loop was ro ta ted  t o  re lease the watch 
a 

c lasp and calcaneous f r o m  . the securing chain. The added serf es spr ing was 

hooked $0 the watch c lasp  whi le  the hor izonta l  support arm was raised. 

When the increased he ight  o f  the support a m  accomodated the added length  

due t o  the spring, the free end o f  the spr ing was hooked i n t o  the  lowest 
8 .  

1 i n k  o f  the dangl id chain. &The 10% pertension l e v e l  was then sought * 

whi le  the electrodes were placed i n t o  p p i t i o n .  Two t o  four contract idns 

were made w i th  the added ser ies compliance i n  place. Again the p o l a r i t y  

of the electrodes was changed af ter  each cont ract ion and the resu l t s  

recorded on the u l t r a v i o l e t  recorder. 
5 

- This procedure was repeated as many times as the miiscle fa t igue  
a -- -- - - 

allowed, t ha t  i s ,  when the m a x i m  force output dropped t o  about 50% of 

the  i n i t i a l  sequence o f  contract ions. The number o f  contract ions performed 2 
was p a r t i a l l y  cont ro l  l e d  by the cbmparabil i ty o f  the force outputs between 

1 

Throughout the per iod of exper inentafon 95% O2 and 5% to2  were 
- t 



b"bb1ed i n t o  the r i n g e r ' s  solut ion,  whi le  the  pretension l e v e c o f  the  
-7 

types o f  contract ions were f luc tuated around the estimated 109)hf- 
I 

maximum-force-outpit l e ve l  t o  f a c i  1 i t a t e  the highest force production. 

The procedure was i den t i ca l  f o r  every muscle studied i n  the F/V 

experiments. Only- the pretension a d  the s t r a i n  gauge amp l i f i ca t ien  

l eve l s  were a l te red  t o  accomodate the  spec i f i c  charac te r i s t i cs  o f  each 

o f  the experimental groups. -- 

When the force leve l  o f  cont ract ion reached approximately 50% o f  

t h z  i n i t i a l  sequence o f  contract ions, the muscle was removed from the 

apparatus, weighed and i t s  length  recorded. Preparations were then made 

f o r  the next experiment. 

b) Force-Length Data 
/ 

Preparations o f  the apparatus f o r  the F/L study were s i m i l a r  t o  , 

t h p e  performed fo r  the F/V - experiments. Cal i bra t i on  f i gu res  f o r  force 

were acquired before each experiment using the same technique as i n  the 

F/V study. Addi t i ona l  cal i b r a t i o n  f i gu res  were obtained f o r  the d i s -  

p lacemnt  transducer. These were acquired by measuring consecutive 0.7 mn. 

increases i n  drum displacement on a f ixed p ro t rac to r  and recording the 

galvanometer response on the u l t r a v i o l e t  recorder (PLATE 2) .  L i hea r i  t y  

o f  the displacement output was v e r i f i e d  by measuring the displacement 

o f  the l i n e  p r in tou ts  f o r  each angle., When l i n e a r i t y  was confirmed f o r  
'C 

both the ,force and displacement transducer outputs, oxygenation of the - 
ringer' s sot u t f m ccmerrced . ~f ss&m proceedeckftm MrmdyweigM 

of the rat was recwded. 

When the d issect ion brocedure was completed w i t h  the hole, i n  the 

patel1,ar surface of the femur being made, the cat caneus was clamped securely 

' 

i n  the F/L support s t rap.  The support s t rap and the accompanying muscle 

9 



- -  - - 

-- was placed i n  the apparatus w i t h  the femur being posi t ioned on'the fo rce  

transducer rod and secured by a nu t . ,  The f r ee  end of the support s t rap  

was clerrped on the d i s p l a c m t t  drum where most of the slack was taken up 

before clamping. The d i  spl  acement drun was moved eccent r ica l  ly t o  

obta in  a v isua l  est imate of the loacat ion o f  the r e s t i n g  length  (Lo) using 

the f i r s t  i nd ica t ion  o f  force production recorded on tk o s c i l  loscope. 
- 

S t i w l a t i o n  was not  necessary t o  determine Lo becuase the - - pos i t i on  o f  the 
I 

i n i t i a l  increase o f  s t a t i c  force has been c l a s s i c a l l ~ ~ c e ~ t e d  as ind ica t j ve '  - .  
o f  Lo 's  position, the displacement drum was moved cgncen t r i ca l l y  3.5-mn. 

A t  eccentr ic  length  increases o f  0.7 mn., recordings were made 

of the s t a t i c  force l eve l  fol lowed by a recording o f  the st imulated o r  ,, 

ac t i ve  force production a t  the same length. Recordings were .mde o f  

both s t a t i c  and ac t i ve  forces dur ing consecutive l;npth increases*$ t~ 

a maximum o f  814 m. beyond Lo. Due t o  d i f ferences i n  the F/L charac- 
9 

t e r i s t i c s  of the PEC's o f  the three experimental groups, t h i s  maximal 

extension was not  always reached. Upon completion o f  a f u l l  range of 
, 

muscle lengths, the muscle was removed from the apparatus, weighed and i t s  

length  recorded. 
.4 . 

This procedure was s t r i c t l y  fol lowed f o r  every muscle tested. 

Only the leve l  of amp1 if i c a t i o n  o f  the force transducer output  was' changed 
* 

t o  f a c i l i t a t e  a f u l  

force l eve l s  o f  the 

i v )  C o l l e c t i  

scale galvanometer response t o  the d i f f e r e n t  maximal 

various experimental groups. - , -  -> 

t i 

n o f  H i s i o~og l ca?  and His€och&mical Data 

a)  H is to log ica l  Data 

Histology' techniques d i f f e r e d  frtjrn those o f  h istochemistry i n  
t 

t ha t  they involved longer periods o f  t ime between d issect ion-  and mounting 



of t h e  specimen, t h a t  i s  h i s t o l o g y  ihvo lves  the use o fdead  tTssSE. 
P 

For t h l s  reason a f i x a t i v e  was necessary t o  preserve t h e  s ize,  shape and 

. protoplasm o f  the  t i s s u e  studied. Therefore, f i x i n g  f l u i d s  a c t  as 

-* p reservat ives  and thus i n h i b i t  a u t o l y t i c  changes and 'bac te r ia l  growth 

' (Leeson and ~ e k s o n ,  1970). 

,The most c m n  reagents mployed'as f i x i n q  agents are  formal in,  

alcshul , mercur ic  h i ch lo r ide ,  potassium bichromate and c e r t a i n  ac ids 

( p i r i c ,  acet ic ,  o r  osmic) (Leeson and Leeson, 1970). No s i n g l e  f i x a t i v e  

possesses these cornwunds and remains i f  f e i t i v e .  Therefore ,a f i x a t i v e  

. was selected using s e t  c r i t e r i a :  1 ) t he  p a r t i c u l a r  t i s s u e  o r  component * 

- ,  

s tudied and 2 )  t h e  s t a i n i n g  method used. Fo; these reasons Bouin's 
" d  ' 

f l u i d  has ;elected t o  enable study o f  the  connect ive t i s s u e  composit ion 
1 

- f o f  muscle t i ssues us ing  f4al lory t r i p l e  s ta in .  
I . -  A cross - sect ional  t i s s u e  segment was taken from the  p o s t e r i o r  " 

p o r t i o n  o f  t h e  gastro'cnemih muscle b e l l y  o f  both a .sedentary and dener- 

v a t i d  r a t .  Each sec t ion  was d iv ided,  one was imnersed and. f i x e d  i n  

Bouin's f l u i d '  f o r  a pe r iod  of f o u r  hours, wh i le  t h e  o the r  p o r t i o n  was , '  

i n s t a n t l y  f rozen and ;tored f o b  t h e  h i  stochemicdl study. 

The f i x e d  t i s s u e  was, f i r s t  washed t o  remove e x c k s  f i x a t i v e  and 

then dehydrated by passing i t  through increasing st rengths o f  a lcoho l  
1 

(TABLE 4 ) .  The t i s s i e  was cleaned by removing. t h e  dehydrat ing agent and , 

rep lac ing  i t w i t h  a substance which was m isc ib le  w i t h  both the  dehydrat ing 
I 

and efftbedding agents. The miscible f l&d Led wcls t o h ~ - - T h e  d e a d n g  . 
C 

agent was progress ive ly  i n f  i 1 t r a t e d  by p a r a f f i n  us ing  increas ing quantip- -- - 

S;ies u n t i l  the  - t i s s u e  
a. 

3 -. 
e n  mater ia 

was imnersed' i n  100% o f  the  embedding materi-a1 . 
1 was then allowed t o  s o l i d i f y  around t h e  t i s s u e  t o  

. . ' form a b lock.  Once i n  the  sol  i d  s ta te ,  t he  t i s s e  was sect ioned and i t a i n e d .  , 
2. 



The t i ssue  blocks were i n d i v i d u a l l y  placed i n  a - - microtome - ---- where - 

crbss-sectional sections 6 - 10 p t h i c k  were cut. Before the sections 

ww-6 placed on s l ides,  they were put i n  a water bath of 37'~, wh i l e  a small 
ii 

amount of egg a1 bumen was smeared on the s l  ide. The a1 bumen provided 

an, adhesive between the s e c t i o k  and s l  ides, and the water bath p a r t i a l l y  
b 

k - -1 W the pa ra f f i n  which ' f u r t he r  enhanced adhesion. .Oncethe t i ssue  

sections were i n  place the s l ides  were d r i ed  ori tpl ide  warmer. - 

The purpose o f  s ta in ing  i s  t o  enhance natura l  contrasts whi le  
k 

&king more evident .the various c e l l  and t i ssue  components on an i n t r i n s i c  

mater ia l  (Leeson and ~eeson ,  1970). Therefore, before s ta in ing  was performed. 

the foreign mater ia l  had t o  be removed and the t i ssue  returned t o  a 

r e l a t i v e l y  natural  s t a te  (TABLE 4).  Thus, a p a r a f f i n  solvent, xylene, 

was used t o  deparaf f in ize the sections. A hydrat ion procedure, using 
6. 

. decreasing concentrat ions o f  a1 coho1 , was fol lowed t o  &remove the sol vent 

and,return the t i ssue  t o  a d i s t i l l e d  water leve l .  The s l  ides were then 

placed i n  the Mal tory  t r i p l e  s t a i n  f o r  s i x  minutes t o  enhance connective 

t i ssue  cont rast  i n  the sections. A f t e r  s i x  minutes the s l ides  and t i ssue  

sections were placed i n  running tap water f o r  faive minutes,$o~remove excess 

s ta in ing  mater ia l  and then returned t o  d i s t i l l e d  water. To preserve the 

t i r s u e  s e c t i ~ ~ n s  for  f u tu re  use, the s l i des  progressed through another 

dehydration sequence o f  alcohol s t o  remove any remaining water. The 
P 

I sections and 's l ides were cleaned using xylene and then mounted. Mounting 
t 

requires the use o f  an adhesive substance which has s im i l a r  r e f r a c t i k e  

index t o  gl.ass. I n  these studies, Canada balsam was appl ied t o  the sections 
9 . - 

e 

before being covered by a cover s l i p .  Photographs were then taken using 
; + '  

a photomicroscope a t  magni f icat ions of 31, 125 and 500. 
A 

= This procedure was f o l l w e d  f o r  t i s sye  sections taken from both 



TABLE 4: 2. ; 

FIXATION, EMBEDDING AND STAINING PROCEDURES 

after Davenport, 1960, p. 246) 
* + 

r' 
-AF 

'.: 
F ixa t ion  and Embedding 

F ix ing  time i n  Bouin's f l u i d  -- 4 hours 

#ash i n  running water f o r  1 hour 

Transfer t o  50% ethy l  alcohol f o r  1 hour 

Transfer t o  70% aTcohoT for  7' hour 

Transfer t o  95% alcohol for  1 -hour 

Transfer t o  absolute alcohol for  30 minutes 

Transfer t o  toluene (2 chaqges), 30 minutes each 

ed paraff in ( 2  changes, 30 minutes each 

Embed i n  para i n  t o  produce block. Transfer mr 
Sta in ing 

Deparaf f in ize t i ssue  sections i n  xylene f o r  2 
minutes, repeat twice 

B l o t  to  remove excess xy l  ene 

Transfer to absolute alcohol for 30 seconds 

Transfer t o  90% alcohol for 30 seconds 

Transfer t o  70% alcohol for  30 seconds 

Transfer t o  50% alcohol for  30 seconds- . 

Transfer t o  d i s t i l l e d  water f o r  1 minute 
Transfer to Hal lory  t r i p l e  s t a i n  for  6 minutes 

Move t o  running tap water f o r  5 minutes 
t 

Transfer. t o  d i s t i l l e d  water f o r  1 minute \ 

D ip  i n  50% alcohol - 
Dip i n  70% alcohol 

B ' 

Dtp in 30% a'1c8M6 
A 

Transfer t o  I@% alcohol f o r  30 se-conds - 
B l o t  t o  remove excess alcohol 

Dip i n  xylene 

Mount . 



I '  

the sedentary and denervated muscles. 
- 

b) Histochemical Data % 

The h.fstochunica1 procedure. used involved the use o f  the mito-  

chondrial enzyme succinate dehydrogenase t o  ind ica te  f i b r e  type. As the 

name suggests a dehydrogenase oxid izes a substrate by removing and passing 

hydrogen t o  a su i tab le  acceptor. By qnploying neotetrazol  ium chlor ide,  

t h i s  hydrogen t ranspor t  system was replaced r e s u l t i n g  i n  a b lue colour ing 

effect t B' any Krebs cyc le  a c t i v i t y .  Darker blue,-or h igh concentrations 
4 

o f  blue depicted a red f ib re ,  w i t h  decreasing amounts i nd i ca t i ng  intermediate 

t o  whi te f ibres.  - - 

Histochemical techniques invo lve l i v e  t i ssue  and subsequently 

inmediate processing. The frozen muscle sections o f  both experimental 

muscles were mounted on cryosta t  c u t t i n g  plates and placed i n  the cryosta t  

a t  -20'~. I n  t u rn  the sedentary and denervated muscle t issues were 

sectioned and placed on s l  ides. The t i ssue  sections were allowed t o  p e l t  

and d r y  a t  room temperature t o  provide some adhesfon t o  the s l ides.  L L  

The,fresh sections were then incubated a t  37'~. i n  the presence o f :  

1 )  a ,substrate t o  be o x i d i z e b 2 )  a. hydrogen acceptor, 3) an enzyme 

ac-t ivator  and 4 )  a te t razo l ium s a l t  which acted as the Gapping , agent . 

for the re1 eased hydrogen (Chayen , B i  tens ky, Batcher and Poul t e r  , l96F).  

The actual r e a c t i o ~  medium used consisted o f :  

1 ) 0.1 gn. neotetrgzol iun ch lo r ide  (o r  n i t r o -  
b l  ue t e t r azo l  iwn) , 

2 ) t BO ml .. c+ phosphate krfter <of ybd-&y*) 
a t  pH 7.8 and,: 

3)  1.36 gm. of sodim' succinate (6  H20) giv ing/ i  .< 
D.05 H so lu t ion.  

(Chayen e t  a1 . , 1969) 
. 



- - -- - 

The sections remained i n  the incubator f o r  30 minutes and were then removed. 
- - - 

Sl ides and t i ssue  sections were washed i n  d i s t i l l e d  water, and the egg 

a1 bumen and a cover s l  i de  were appl ied. Photographs were taken a t  a 

magni f ica t ion o f  125 and 500. 

v)  Analysis o f  Mechanical data 

a )  Theoret ical  Basis o f  the Analysis 

Both methods o f  analysis required the u s e o f  an added compliance 

i n  ser ies w i t h  the muscle f o r  ha l f  o f  the isometric contract ions of every 
rC-' 

muscle tested. Therefore the data co l lec ted  from a l l  the F/V experiments 

were analyzed us ing both methods. 

1 )  MacPher~on's~Non- l inear Technique 

The sole assumption made by MacPherson (1953) was t h a t  the Ve1ocit.y 
B 

o f  shortening o f  the C C  a t  any moment was a funct ion on ly  o f  force a t  
8 ' 

t h a t  moment. F u r t h e m r e ,  i t  been found tha t  when isometr ic  lengths 

are less  than o r  equal t o  the r e s t  length  (Lo), the  e f f ec t s  of the PEC '% 

are neglected. (Bahler, 1967). It was found tha t  when the isometr ic  length  

was greater than Lo the force produced by the PEC was subtracted because 

i t  was a passive force which was constant a t  tha t  length.  

The system of i s  was detennined i n  two parts: the f i r s t  

s i t u a t i o n  without, and with an added compliance.. 

S i tua t ion  1 was as fo l lows: 

C C  

where P = for devel 

x1 = length  o f  the SEC 

t = durat ion o f  contract ion 



. - 

From HiT1 's modet (Equation 1 ) : 

the ve loc i t y  o f  cont ract ion o f  the CC was 

detemined by rearra$gement as follows: 

Here the subscr jpt  "ow denotes the cont ract ion wi thout  added 
P 

compliance when compliance was added (S i tua t ion  2 )  the subscript.  "c" 
b 

was used as fol lows: P 

6 where x2 = leng th  o f  the added 

- compl iance 

which gave 
( w ) c  = (-*)c . ( % W c  

I n  t h i s  s i t u a t i o n  the t o t a l  shortening produced by the CC was 

the sum of  the extensions of both ser ies e l a s t i c  elements.   here fore, 

the ve loc i t y  o f  shortening o f  the CC was denoted by: 

Since the ve loc i t y  o f  shortening depended on ly  on the force, the 
- - - - 

values f o r  v e l o c i t y  f o r  any given force (P) i n  each s i t u a t i o n  were equated. 

Thus c&inat!o,n o f  equations (4)  and ( 5 )  resu l ted i n :  



where the compl lance o f  the SEC($$)WiT="& a id .  

The on ly  d i f fe rence  between the contract ions was the add i t i on  o f  

an added ser ies compl iance i n  S i tua t ion  2 .  Therefore. a t  the same value 

o f  force (P), the compliance o f  the SEC d$ was t h e  same fo r  each 

s i t u a t i o n  whi le the discrepancy between the recorded m y o g m  was on ly  

due t o  the E/F charac te r i s t i cs  o f  the added compliance. 

f r  Graphic representat ion of the compliance-force (C,/F) r e l a t i onsh ip  

of the SEC gave an . indicat ion o f  the e f f ec t s  o f  theexper imenta l  cond- 

i t i o n s  on the SEC's mechanical propert ies. In tegra t ion  o f  t h i s  r e l a t i onsh ip  

w i t h  respect t o  fo rce  produced the E/F curve o f  the SEC and thus resu l ted 

* i n  the c lass ic  r e l a t i onsh ip  used t o  describe the proper t ies  o f  the SEC. 

dxl w i t h  t h e i r  corres- ~ u b s t i t u i o n  o f  the various values o f  p 
ponding forces ( P )  i n t o  equation ( 4 )  resu l ted i n  the ca l cu la t i on  o f  the 

ve loc i t y  o f  the cont ract ion o f  thd CC f o r  each muscle tes ted (Appendix 1 ) .  

a F ina l l y ,  these values o f  force and veloci ty,  were p l o t t ed  t o  produce the 

F/V re la t ionsh ip  f o r  isometric contract ions a t  a spec i f i c  l eng th  f o r  

each-muscl e. 

bfhen the F/V. C1/F and E/F curves were o b t a i n d  using t h i s  method 

f o  analysis,  a-comparison was made w i t h  the generalized l i n e a r  analysis t 

r 
o f  Houk's model by manipulat ing the same grouk o f  isometr ic  myograms. I 

Once t h i s  comparison was obtained, the effects o f d e n e r v a t l o n  arid t rafr r ing 

were assessed q i n g  these p a r t i c u l a r  mechanical parameters. - 

2)  M u k ' s  Linear Technique 

The system o f  analysis was s im i l a r  t o  MacPherson's i n  t h a t  i t  
c' a 

required the use o r a n  added compliance on h a l f  the myograms obtained 



fm each w c l e .  W (1963) made  t he  assumption that the forre generator 

(Fm) switched on instantaneously i n  the form o f  a step funct ion.  The 

experimental s i t ua t i ons  &re i den t i ca l  t o  MacPhersonls where one cont ract ion 
4' 

was performed w i t h  an added compliance and one wi thout  as fo l lows: 
R 

e 

a ftt)  

ormed wi thbut  an added complihnce where Fm 

represented the instantaneous force generator, B was a viscous damper, 

x1 ind ica ted  'the length o f  the SEC, wh i le  K, represented f he inverse of 

compliance o f  the SEC and the force produced w i t h  'respect t o  time was 

F@m the de f i n i t i ons ,  
0 .  

d x where El - 
K1 

Therefore, the subs t i t u t i on  o f  t h i s  value o f  El i n t o  equation (8) &sti l ted 

i n :  

Assum'ing t h a t  Fm acted as a step funct ion,  a Laplace 

was used t o  solve the equation by subs t i tu t ing  for  Fm, SF 

and F(s)  f o r  F ( t )  i n t o  equation (9) as fo l lows: d t 

. . . .  (9) 

operator 

s) f o r  

Fm B where ;;- = F(-s) (1 + Kls) 



- 1  1 0 

Using t k L a p l  ace inverse transform funct ion,  rn 
1 - e  -b t  Frn 2 - 
b , and making equivalent  t o  , subs t i t u t i on  i n t o  - 
e q w t t o n  (TO') . y ie lded:  

This equation p red ic ts  an exponential < r i s e  o f  fo rce  w i t h  respect t o  time 

The subsckipt "0" denoted the s i t u a t i o n  w i th  no added compl iance The -1 
b 

subscr ipt  "c: denoted the second s i t u a t i o n  w i th  a; added c m ~ l i r n c e  as 

f o i l  ows : ; 

where a known added compl iance K;! was placed i n  ser ies w i t h  the muscle 
. 

model., I n  t h i s  case, equation (8) can be modif ied as fo l lows: 

K + then F - B - I + - )  dt = F ( t ) .  . . . . (13) 
7 



- r 

Efy making the same assumption as i n  the f i r s t  s i t ua t i on ,  the  , 

Laplace operator "s" was used t o  produce 

where F ( s )  = 

J ' 

Incorporat ing the same Laplace inyerse,transform funct ion used i n  the f i r s t  

, s i t u a t i o n  resu l ted i n  

where the tip constant (yc)  was obtained by 

L 
and the subscr ipt  "c" denotes the cont ract ion w i t h  the added compliance, 

the time -constant(r) is defined as the t ime taken t o  reach 63.2% o f  the 

maximum range o f  force.  Therefore the values o f  T f o r  experimental con- 

d i t i ons ,  both w i t h  and without added compliance, were determined f o r  each 

myogram and the mean value f o r  each condi t ion was computed f o r  each 
/' 

muscle (Appendix 2 ) .  
1 

Using equations (1.2) and ( l 6 ) ,  the re la t ionsh ip  tetween the two 

values o f  used t o  determine the compliance o f  the SEC as foTTWsF 
0 



$ 
 heref fore the canpliance of the S E C ~ ~ C ,  ) was obtained Wm f -- -- - - 

where C1 = 
Kl 

Knowing' K2, the values found fo r  K1 were substituted into e i ther  equations 

(12) or (16) t o  determine B,. where B was equal in each equation, as follows: 
C 

- -  - 

= GK1 from equation (12) 

where B represents the slope of the 1 i ~ e a r  F/V vurve and thus 6 s  b lo t t ed  
I 

and compared w i t h  the mn-l-fnear curve derived f o r  the same. data.  In 
I 

addition, the maximum velocity of shortening for  the 1 inear model was 
* I 

determined from the maximal force ( P o )  and the gradient of the 1 inear 

F/V relationship a s  f0.1~1ows: . 

.. b) . Sta t i s t ica l  Treatment 

Mean values and standard deviations were calculated fo r  body weight, 

muscle weight and muscle length. The calculations were performed for  the 

~ s c l e s  used in the F/V  and F/L studies as follows : 

1 ) mean values (F) = cx/N 

2 )  standard deviation (SD) = 

where x represented the raw data and H was the n i r  of ~~~~~~~~ts 

Analyses of variance were performed on these measures t o  determine 

if  the differences among the experfmenfa1 groups were s ignif icant  (Appendix 8) .  

A n  F-ratio was determined from these calculations and the level of 



s l g c r f f k w - e  fwnd -k# r e f e h g  te f-rwtk + a b k s ~  , --- - -- - 

I If a s i g n i f i c a n t  d i f f  nce was represented by the F - ra t io  then 4K an HSD (Honestly s i g n i f i c a n t  D erence) t e s t  was performed t o  determi* 

e the a- leve l  of sfgni f lcance between the mean values of the  ind iv idua l  

groups (Habey and Runyon, 1973). A d i f fe rence  between two means was 

&gn i f i can t  a t  a given .-level i f  i t  equalled o r  exceeded value 

li 

which was calcu1ated)as fol lows: 
t 
\ 

'-s 2w HSD = qa 

2 where s  w = .w i t h i n  group variance 

n  = number o f  observed subjects 

qa = constant fo r  a  g iven - leve l  
C 

(Appendix 8) (Haber and Runyon, 1973). - 4 

The same system of s t a t i s t i c a l  analysis was used to determine the 

l eve l  o f  s ign i f icance o f  d i f ferences found between measurements obtained 
< 

f o r  the m a j w  experimental condi t ions i n  the F/V study. - Mean value and 

standard - dev ia t ion curves were computed f o r  the F/V and C1/F re la t ionsh ips  
# 

7 -  9 fo r  each groups using the fo l lowing APL program: 

(Appendix 4 and- 5) 
- -- 

Analyses of variance resulting i n  the=-level l' of  s ign i f kance  

were l i m i t e d  t o  the l i n e a r  mechanical parameters found i n  the F/V study. 

Analysis o f  the corresponding non-1 inear data was r e s t r i c t e d  t o  reading 

and discussion o f  the ind iv idua l  re la t ionsh ips.  



---L 

t h e  F/L study involved on ly  paired subjects in, each - o f  the ex- 

perimental s i tuat ions.  Therefore re1 evant s t a t i  ~ t i c a l  data cou ld  not  

be obtrined beyond mean va lue  relationships (Appendix 6). Thus the 

'i, man value curves p r e '  analysed by using the maximum force outputs, - the  

shape o f  each curve and the slope o f  a tangent drawn t o  the  upper end o f  

the F/L curve of the PEC f o r  each condi t ion.  
% 

c ) ,  Comparison o f  the Linear and Non-Linear models 
. h - L  - - -  A- 

The l i n e a r  and non-l inear F/V re la t ionsh ips  o f  the  CC and the 

C/F, EfF re l a t i onsh ip  o f  the SEC were compared'viuually for  a l l  the 

experimental groups.   he aim o f  t h t s  v isual  assessmenf.was determine ' 

whether any changes i n  <he i r ope r t i es  oflelements of the 1 inear d e l  - , - 1 

r e f l ec ted  those o f  the non-l inear model. It was concluded tha$ if these 

responses were s im i l a r  i n  d i r ec t i on  f o r  both models then the s t a t i s t i c a l  . . 

analysis performed on the l i n e a r  peraneters could be used t o  ind ica te  . 

any s i g n i f i c a n t  e f f ec t s  due t o  denervation and/or t r a i n i ng .  

It has been shown t h a t  b u k ' s  l i n e a r  model demonstrated a l i n e a r  

F/V r e l a t i cm ih ip  whosi t r i angu la r  area under-the-curve was i d e n t i c a l  t o  the 

area presented by the non-1 inear F/V re1 a t  ionshi  p acquired dur ing i so ton ic  

contract ions (Mi l  horn, 1966). It should be Joted t h a t  the po in t  representing 

maximal fo rce  a t  zero ve loc i t y  (Po) was i d e r i t i a l  f o r  both models i n  t h a t  

i t  was measured and notdeduced i nd i r ec t l y .  ~ h e r e i o r e  i t  was assumed t h a t  

a good l i n e a r  representat ion of a non-l inear mechanical property of e i t he r  

the CC o r  the SEC would be one t ha t  demonstrated the  same area under-the- . . 
curve. ConsequentTy the l i n e a r  and non-l inear F/V, C/f  and^/^ re la t ionsh ips  

of the larger sdmtary and t r a i ned  groups were compared w i  t3 t3e theore t i ca l  

re la t ionsh ips  calculated f r o m  the app l i ca t ion  o f  the above technique. 



A n a l ~ s i s  o f  h i s t o l og i ca l  and histochemical data-was r e s t r i c t e d  

t o  a, d iscusslan o f  mean estimates of muscle f i b r e ,  s ize and type. The 
e a 

histochemical data dea l ing w i t h  connective t i ssue  concentrat ions w i l l  

be 1 i m i  t ed  t o  a discussion of a v isual  comparison of photographic r esu l t s  

obtained froth denervated and sedentary muscle sections. 

Slfdes were made f o r  both techniques o f  muscle sections a t  

microscope m g n i f i c a t i o n s  o f  31-, 125 and 500. When these sl?des were 
1 

arged t o  3 * 5  x 5 i nch  photographs, the s ize o f  the photographed mater ia l  

s increaseq by 3.49. .Thug enlarging increased the magni f icat ion t o  , 

134, 430 aod 1720 respect ively.  

Estirtp~tes o f  s i ze  and diameter f o r  a number o f  tbe three types - 

of muscle f i b r e  found i n  r a t  gastrocnemius were made i n  m i l l  imeters from 

.the 134. and 430 magnified h is& log ica l  photographs. The m i l  1 imeter measure- - 
merits were then convertes t o  microns ( u )  t o  ind ica te  the.actua1 s ize of 

-- -- - 

the f i b r e s  as they are found i n  the muscle. 

The ~ S t i m a t e s  o f  f i b r e  composition were made f r o m  the same h i s to -  

k c 2 

l o g i c a l  phot~graphs.  F ib r  s ize and degree o f  s t a i n i ng  were used -as the 

c r i t e r i a  t o  ~ I s t i n g u i s h  between red, whi te and intermediate f i b res .  A 

ser ies of one inch squares were drawn on one photograph of both the den- 

ervated and the  sedentaey sections. Within each square the numbers of 

the three f i bbe  types were counted and tabulated. Mean values for each 

o f  the f i b r e  types were determined from the photographs of sec t ions  of-  

both the d e o ~ w a t e d  and sedentary muscles. The r e s u l t s  o f  t h i s  analysis 

are' examin& In, the DI!$USSION. $ 



RESULTS . .  

The purpo$e o f  t h i s ,  study was t o  assess the e f f ec t s  o f  both 

denervation and t r a i n j n g  on the mechanical propert ies o f  1 i n i a r  and non- . 
s 

1 inear models o f  i so la ted  r z t  gast~ocn&nlus muscle. The data obtained 
f . . 

a lso a1 lowed assessment o f  .the degree t o  whic@changes i n  '1 inear proper t ies  
- - -  -- 

1 -  

reflected thanges i n  the non-ki near .proper t i i s .  ~ n a t o m i c a l  , hi;tdlogi ca l  
- .  

and histochemical examinations were made , i n  order t o  quan t i f y  the e f f ec t s  
, . 

of bot'h denervation and r e s t r i c t e d  use on the s t r uc tu ra l  componehts o f  

muscle. Such examinations were made i n  order t h a t  the  mechanical chinges - 

could be in terpreted phys io log ica l ly .  
: - b 

\ A. ANATOMICAL I E A W R M E K I S  
', 

d * < 

The means and standard deviati.ons o f  body we'ight ( 
, 
w i g h t  (MW) and muscle length  (M) were calculated w f t h  respect t o  each - 

, experimental group (TABLE 5) .  Analysis o f  Variance (ANOV) was performed 

i n  order t o  determine the:effects o f  the exierimental treatments on 

BW, MU, and ML (Appendix 8) .  

i )  Body Weight 

An F value o f  0.406 was obtained for the ANOV o f  BW . (TABLE 6: . 

Appendix 8). This indicated t h a t  the experimental treatments had no 

s i g n i f i c a n t  e f fec t  on Bbl+ * - - --- - 

/- k i i )  Muscle Weight 
! 

The ANOV f o r  MU was performed i n  two parts. The f i r s t  pa r t  

determined i f  there were any s ign i f icanf 'd i f fe rences among muscle weights 



GROUP RAT F/L SUB- STUDY BODY WT. BFJ MUSCLE WT. RGI MUSCLE L .  A[r 
NO. GROUP (Bw) MEAN+SD (MW) MEAN+SD K MEAN+SD 

~ ~ . ~ t . ) ( ~ . ~ . ) ( g m . w t . ) ( g m . F t . )  (cm.) Cci.) 

ENERVATED 

F month ' 1 
2 
3 
1 

2 months -4 
5 
2 
3 

*6 

SEDENTARY 

TRAINED 

* Anteridr'nuscles were denervated and tested one month after  denervation. 

' These r a t s  were tested while suffering the ef fects  o f  pneumonia f o r  a one 
m n t h  period. 



TABLE 6: 

MEAN DIFFERENCES FOR BODY MIGHT 

GROUP DENERVATED sf DENARY TRAINED 

623.4 gm. wt. 6&9 gm. wt .  652.8.gm. w t .  

DENERVATED 

623.4 gm. w t .  

SEDENTARY 

631.9 gm. w t .  

TRAINED , --- 
652.8 gm. w t .  

k :  * Not Signi f icant  



pa r t  was performed on muscle weights of both denervated groups (one month 

and two months) and the  sedentary group. T h i k  procedure was necessary t o  

assess s i g n i f i c a n t  d i f fe rences between muscle weights o f  each denervated 

group (one month vs. two months) as wel l  as among the denervated (one 
ir 

month), t ra ined  and sedentary groups. 

ANOV f o r  MU i n  p a r t  one produced an F value of 141 .O7 which indicates 
- .- A - 

t ha t  there were s i g n i f i c a n t  d i f fe rences present among the three groups 

( ~ ~ ~ e n d i x  8). I n t e rp re ta t i on  o f  F by way of the HSD method resu l ted  i n  

the determination o f  s i gn i f i can t  differences tetween the  mean muscle 

weights o f  each p a i r  o f  the three groups a t  the. a- level  o f  0.01 (TABLE 7 ) .  

An AFIOV appl ied t o  pa r t  two (denervated one and two months and 

sedentary groups) showed an F val ue o f  351.0143 which ind icated a s ig-  

n i f i c a n t  d i f ference among muscle weights o f  the groups ( f o r  group mean 

d i f ferences see TABLE 7) .  I n  fac t ,  t he  HSD method ind icated t h a t  the 
' 

d i f ferences tween mean muscle weights of each denervated group was s ig -  

n i f i c a n t  a t  the same l eve l  (TABLE 7) .  The greatest  difference occurred 

between the m a n  muscle weights of the t ra ined and denervated 

groups and was a lso s i g n i f i c a n t  a t  the a- level  o f  0.01 (TABLE 

ii i )  Muscle Length . 
< 

The resu l t s  o f  ANOV o f  ML were s im i l a r  t o  those found 

(two months) 

7 )  

f o r  MU wi th  

one exception. The F value of 13.33 indicated s i g n i f i c a n t  differences 

b M e n  the muscl.e l e i g t k s  of the denervated f6rie ~Mi i thr ,  & & e ~ i F r j G i i E i  & 
trained groups fA&ix 8): The Srtbivfdttat d i f fk rences in  mean ML between 

the 

and 

h 

paired groups indicated no s i g n i f i c a n t  d i f fe rence between the sedentary 

t ra ined  groups while there was a 3 i g n i f i c a n t  d i f fembce  between the 
L -  .. \J 



(TABLE 8, Appendix 8) .  The exception arose when analyzing the d i f ferences 

between the mean muscle lengths of the t ko  denervated groups. 

B. THE EFFECTS OF DEHERVATION OF MUSCLE STRUCTURE 

The estimates o f  f i b r e  composition o f  the r a t  gastrocnemius muscles 

studies were made using the somewhat. a r b i t r a r y  c r i t e r i a  o f  f i b r e  s i ze  and 

degree o f  sta in ing.  Red f i b r e s  have been found t o  be r i c h  i n  mitochondria 

- and thus s t a i n  dark, whi le  they are also small i n  size. On the other hand, 

whi te  muscle f i b r e s  are  a t  l e a s t  tw ice the  s i ze  o f  red f i b r e s  and show 

i n s i g n i f i c a n t  numbers o f  mitochondria i n  r e l a t i o n  t o  red f i b r e  content 

(Gould, 1973). The t h i r d  type o f  f i b r e ,  intermediate, 1 i es  between these 

d i s t i n c t  types. Using these c r i t e r i a ,  the sedentary muscle t i ssue  com- 

pos i t i on  was estimated t o  be 15.2% red, 55.9% whi te and 28.8% intermediate 

(PLATE 6a, TABLE -9). Based on succinate dehydrogenase a c t i v i t y ,  the - 

gastrocnemius o *q the :* denervated animal was composed o f  a s i g n i f i c a n t l y  

smaller number o f  whi te f i b res  (34%) than the sedentary (55.9%). This 

reduct ion i n  whi te f i b r e  composition resu 

i n  the proport ion o f  red  f i b r e  (24%) and 

pos i t i on  (TABLE 9).  

l t e d  i n  a supposed increase 

intermediate f i b r e  (42%) com- 

Estimates o f  the f l K s i z e  were made from PLATES 6a and 66 

(TABLE 9) .  A be t t e r  v isua l  i nd ica t ion  o f  the e f f e c t  o f  denervatdon on 

J 
f j b r e  s i ze  i s  represent& a t  a magni f icat ion of 1720  PLATE 7a ppppp (sedentary) 

- - 

and PLATE 7b (denervated) . Visual estimates and measurements suggested 
- - 

a 50% reduct ion i n  f i b r e  s ize f o r  both r e d v t e r m e d i a t e  f i b re  types; 

whi le  the reduction i s  s ize due t o  denervation exceeded 70% f o r  whi te 

f i b r e s  (TABLE 9).  
* 



TABLE 7: 
P 

MEAN DIFFERENCESbFOR MUSCLE WEIGHT 

GROUP DENERVATED DENERVATED SEDENTARY TRAINED . 
(1 month) ( 2  months) 

2 .9669gm.wt.  2.2386gm.wt. 4 .9617gm.wt .5 .4894gm.wt .  

DENERVATED 
(1 month) --- 
2.9669 gm.wt., 

. j  
DENERVATED 
( 2  months) 
2.2486 gm.wt. --- -- - 2.7131* 3.2408* 

SEDENTARY --- 
4.9617 gm-wt. 

TRAI  NED --- 
5.4894 gm.wt. 

--'I. 
* Sign i f i can t  a t  a- level  o f  0.01 (see Appendix 8 )  

L/-- 



TABLE 8: 

MEAN DIFFERENCES FOR MUSCLE LENGTH 

GROUP DENERVATED 
(1 month) 
5 . 6  cm. 

DENERVATED 
( 2  months) 
5 . 8  cm. ' 

SEDENTARY 

5.23 cm. 

TRAINED 

5 . 2  cm. 

DENERVATED 7 

(1 month) --- 0 .2  0.37* 0.4* 
5 .6  an. 

DENERVATED 
(2 months) --- 
5.8 an. 

SEDENTARY 
5.23 cm. 

TRAINED 
5.2 cm.. 

, S i g n i f i c a n t  a t  a - l e v e l  o f  0 .01 (see Appendix 8 )  



TABLE 9: 

MUSCLE FIBRE COMPOSITION AND S I Z E  

MUSCLE F IBRE CCJMPOSITION (% TOTAL) F IBRE S I Z E  (p) 

TYPE RED WHITE . INTERMEDIATE RED WHITE INTERMEDIATE 

- - 
SEDENTARY 15.2 55.9 28.8 23.2 48.8 30.2 

DEN ERVATED 24.0 34.0 42.0 11.6 16.2 13.9 



Shown are the ' resu l t s  of the histochemical technfque 
* i nvo lv ing  the mitochondria1 enzyme Succinate 

Debydrogenase. 

a)  The types and propor t ion o f  muscle f i b r e s  

i n  sed&tary r a t  gastrocnemius. 

Magni f ica t ion 134x. 

.b) Demonstrates the s i ze  and type o f  muscle f i b r e  

present? i n  sedentary r a t  gastrocnemius. 

Magni f ica t ion 430x. 

c )  Shows the reduced s ize and a c t i v i t y  of succinate 

dehydrogenase i n  a l l  f i b r e  types firesent i n  r a t  ' 

gastrocnemius denervated f o r  two months. 

Magnification 430x. 1 -- 





Comparing the denervated t i ssue  w i t h  the sedentary t i ssue  a t  

both magni f icat ions ind icates decreased mitochondcial a c t i v i t y  f o r  a l l  

f i b r e s  present. This suggests t h a t  the aerobic capac i t ies  o f  the muscle 

were a f fec ted by denerva t ion.  
. 

I T ~ E  r e s u l t s  obtained by h i s t o l og i ca l  examination are shown a t  a 

tnagnif i c a t i o n  of 1720 in PLATES 8a and 8b. The e f f e i t s  of denervation on. 

f i b r e  s i ze  are cTearlylshown i n  these plates.  Although the d i s t i n c t i o n  h 
between f i b r e  types i s  not  present, i t  i s  e x i s t s  a t  

l e a s t  a 50% reduct ion i n  s ize o f  a l l  

The Mal lory  tr ichrome s t a i n  

indicated the presence o f  any connective t i ssue  by turquoise t o  blue 

colour.  4PLATE 8a, the sedentary t i ssue  section, ind icates very 1 i t t l e  . 
connective t i ssue  betwien the ind iv idua l  f ib res;  whereas, the denervated 

t i ssue  (PLATE 8b) demonstrates a s i g n i f i c a n t l y  l a r g e r  amount. This 

indicates tha t  connective t i s sue  bui ld -up o r  rep1 acement around the 

f 
s i nd iv idua l  f i b r e s  has been occurr ing dur ing the per iod o f  denervation. , 

C .  MECHANICAL PROPERTIES OF COMPONENTS OF THE LINEAR AND NON-LINEAR HCH3ELS 

The purpose of t h i s  sect ion i s  t o  compare the e f f ec t s  o f  denervation, 

r e s t r i c t e d  use and t r a i n i n g  on the mechanical proper t ies  o f  components 

o f  1 inear and non-1 inear node1 s o f  muscle. The comparative analysis o f  - 

m - 7  i ~ r  properties was r w t r k t e d  te  a vfsttaf cv&taWn and* - 
- 

ppppp 

J- 

results arc t he re fwe  presented as graphic relationships o f  the  propert ies 

o f  the CC and SEC. , S t a t i s t i c a l  eval uat ion o f  the 1 inear mechanical parameters 

was performed and w i l l  be presented i n  the appropriate sections. The 

mechanical propert ies o f  the CC and PEC a t  d i f f e r e n t  muscle lengths could 

not  be analyzed f o r  both the 1 inear and non-1 inear mde ls .  Therefore, 



PLATE 7 :  

The r e s u l t s  o f  histochemical s ta in ing  a t  a 

magni f ica t ion o f  1720x. . 

a)  Shows the s ize  and mitochondrial a c t i v i t y  

involved w i t h  red, whi te and intermediate 

muscle f i b r e s  i n  healthy sedentary muscle. 

b )  Demonstrates the effect o f  two months of 

denervation on the s ize  and mitochondrial 

a c t i v i t y  o f  these muscle f i b res .  





PLATE 8: 

The r e s u l t s  o f  the h i s t o l og i ca l  technique 

using ma l lo ry  t r i c h r m  s t a i n  t o  ind ica te  

connective t issue.  

Connective t issues are turquoise t o  blue i n  

colour, whi le  muscle f i b r e s  are ye l low t o  
k 3  

red. 

a )  Demonstrates the s ize of muscle f i b r e s  but  

g i ~ e s  no i nd i ca t i on  of f i b r e  type. Small 

amounts of connective t issue can be d i s t -  

i ngu i  shed between some o f  the f i bres. 

Magni f ica t ion 1720x. 

b)  Indicates a d e f i n i t e  decrease i n  f i b r e  size. 

Much la rger  amounts of connective t i ssue  

can be seen between every f i b r e  shown. 

Hagnif i c a t i o n  1720x. 





these p rope r t i es  and the changes due t o  the experimental treatments 

were exarniped 
- ,  

animals. The 

i n Appendices 
* .  

i )  The 

using-&he non-1 inear model and separate groups o f  experimental 

data obtained from these mechanical experiments i s  contained ke' 

1, 2 and 3. 

Contract1 1 e Components 

a)  The ~ o r c e - ~ e l o c i t $  Relat ionships 

The 1 inear and RM~-1 inear f ~ r c e - v e l o c i  ty (F/V) r e l a  t ionsh ips for 

the various experimental groups are shown g raph ica l l y  on d i f f e r e n t  scales 

( fo r  purposes o f  c l a r i t y )  i n  f igures 8 t o  13. For each group, mean values , 

for  v e l o c i t y  were computed a t  equal increments o f  force for the non- 

1 inear representat ions o f  each o f  the experimental condi t ions (Appendix 4). 

T k s e  values, along w i t h  those mean values (B)  calculated f o r  the l i n e a r  

F/v r e l a t i onsh ip  (TABLE 19) , were p l o t t ed  t o  produce mean values F/V 

re la t ionsh ips  f o r  a l l  condi t ions tested (Figure 14). The mean values o f  

Figure 14 were reproduced i n  Figure 15 w i th  the add i t i on  o f  bars representing 

standard deviat ions o f  the means of v e l o c i t y  a t  any given force.  I n  the 

l a t t e r  f igure,  two experimental sub groups, namely denervated group 3 and 

t ra ined  group 1 were no t  inc-luded. The reasons f o r  t h i s  omission were 

t h a t  these groups were not planned, they were not  of a s t a t i s t i c a l l y  

acceptable s ize and they represented treatments which deviated from the 

experimental condi t ions tested. ' Therefore the re la t ionsh ips  shown i n  

Figure 15 were the r e s u l t s  of those experimental conditons i n i t i a l l y  
pQ 

planned f o r  t h i s  study. - - - - - - - 

S t a t i s t i c a l  analysis was performed on the 1 inear F/V r e l a t i onsh ip  

obtained from the  denervated (group 1 ), sedentary and t ra ined (group 2) 

groups. The data obtained from these groups was shown i n  TABLE 10 and 

Appendices 4 and 5,  and the app l i ca t ion  o f  the ANOV t o  t h i s  data i s  shown 



TABLE -10: 
- -  - 

MEANS AND STANDARD DEVIATIONS OF LINEAR MECHANICAL PARAMETERSp - 

(See Method of Analysis, Chapter I 1 1  fo r  Abbreviations) 

GROUP F/V SUB- RAT NO. To Tc K1 COMPLIANCE €- 
GROUPS C=I / K ~  MEAN+~.  - D . 

(sec.) (sec.) (-1 an. ( (~-.) an. - gm.wt. 

DENERVATED 1 0.04250.0548 2894 0.000346 0.000454 - - - 

(1 month) 1 2 0.0538 0.0652 2119 OA0472 +O.M)OlOO 

3 0.0490 0.0580 1837 0.000544 
I 

(2 months) 4 0.0474 0 .0563 1877 0.000533 0.000509 

5 0.04220.0509 2062 0.000485 LO. 000034 

*6 0.0506 0.0700 3830 0.000261 
fl 

3 F 

SEDENTARY I 0.0635 0.0909 431 5 0.000232 

2 0.0612 0.0849 3873 0.000258 

3 0.0602 0.0836 
O Oo0fM 

3887 0.000257 LO. 00a013 
i 

TRAINED 

6 0.0643 0.0839 3048 0.000328 

v 

* Anterior muscles were denervated and tested one month af ter  denervation. 
> ' These r a t s  were tested while suffer ing the ef fects  o f  pneumonia for a one 

m t h  period. - - -- - 



- -- 

GROUP F/VSUB- RATNO. HAXIMUMFORCE P B B V V 
- 

GROUPS -PRETENSION(P~) MEARSD - MEAN+S - .D. 
.wt.sec. gm.wt.sec. cm 

(sm.wt.) (IF m. 
m. 

cm. )(&) ( K )  

DENERVATED 

(1 &nth) 

\ (2 months) 
i 
\ 

SEDENTARY 

TRAINED 

* ~ n t e r i o r  muscles were denervated and tested one month a f t e r  denervation. 

' These r a t s  yere tested while suffering the effects of pneumonia for a h e  
month period. 



The 1 inear (s t ra ight  1 ines) and 'non-1 inear 

force-vel oc i t y  relat ionships f o r  r a t  gast- 

rocnemius denervated one month. 



J 

FORCE 

DENERVATED 
GRP. 1 (ONE MONTH) 

0 - R A T  1 

. r' 

VELOCITY (em./sec.) 



FIGURE 9: 

The 1 inear (s t ra ight  1 ines) and non-1 inear 

force-velocity relat ionships f o r  r a t  

gastrocnaniu? denervated f o r  two months. 



FORCE 
(K*. wt.) 
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CRP. (TWO MONTHS ) 

. F 0 - RAT 4 



FIGURE 10: 

The 1 i near (straight 1 ines) and non-1 inear 
force-velocity relationships for rat gastro- 
cnemius when the anterior muscles were 
denerva ted one month. 



FORCE - 116 - 
-4 

( K ~ .  w t . )  

-J VELOC ITY (em. /see. 



The l inear ( s t ra ight  1 ines) and noq-1 inear 
force-veloci ty rebt ionships for s k a r y  
r a t  gastrocnemius. $ 



FORCE VELOCITY 

SEDENTARY 

VELOCITY (em./ see.) 



FIGURE 12: 

The 1 i near (s t ra ight  1 ines) and non-1 inear 

force 'velocity relat ionships for  trained 
r a t  gastrocnemius when the animal was sick. 



FORCE 
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FIGURE 13: 

The 1 inear (straight 1 ines) and non-1 inear 

force-velocity relationships for trained 

rat gastrocnemius. 



FORCE -VELOCITY 

TRAINED 
GRP. 2 

0-RAT 3 



FIGURE 14: 

Mean l i n e a r  (straight l i n e s )  and non-linear 

force-vel oc i t y  relat ionships for r a t  groups 

presented i n  FIGURES 8 to 13. Mean ve loc i ty  
values were c ~ p u t e d  a t  equal increments of 

force for each group. 
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FIGURE 15: 

Mean and standard deviation linear (straight 
1 ines) and non-1 inear force-vel oci ty curves 
for the primary experimental groups. 
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in Appendix 9. 

The use of s t a t i s t i c a l  analysis was just i f ied by the fac t  tha t  

the slope of each l inear  F/V relationship was described by a single value 

(B). Similar s t a t i s t i ca l  procedures were applied t o  the values of 

maximal isometric force ( P o )  and the theoretical values of maximal 

velocity (Vmax). The' l a t t e r  was obtained by dividing the value of Po 

- 1 (gms. w t .  ) by the corresponding value of B (gms. w t .  sec. cm. ). 

The re su l t  of the ANOV of the values of B was an F value of 43.88 

which indicated a s ignif icant  difference among the 1 inear F/V relationships 

of the denervated (group a ) ,  sedentary and trained (group 2 )  groups 

(Appendix 9 ) .  Application of the HSD method showed t h a t  a s ignif icant  

difference between the denervated and sedentary groups .existed a t  the ii 

:" 

a-level of 0.01 (TABLE 11 ) ,  while a a-level of significance of 0.05 was 

present between the sedentary and trained groups. These findings indicated 

that  b o t h  experimental conditions produced s ignif icant  e f fec ts  on the 

l inear  F/V relationship. Both denervatfon and training resulted in values 

of B which were lower than tha t  obtained from the sedentary groups; and 

the greatest  red"ction in B was due to denervation. 

The abil i t y  of the muscles t o  produce isometric force was assessed 

by performing an ANOV on the values of Po obtained from the same groups 

mentioned ea r l i e r .  A n  F value of 155.12 was computed which indicated 

t h a t  s ignif icant  differences existed among the groups (Appendix 9 ) .  The 

individual mean differences between groups were then tested and significant 

differences between the sedentary group and denervated group, and between the 

trained group and denervated group were present a t  the a-level of 0.01, 
# 

while no significant difference was found between the sedentary and trained 

groups ( T A B L E  12) ;  These findings showed that  denervation had a s ignif icant  



MEAN DIFFERENCES FOR B 

GROUP DENERVATED SEDENTARY TRAINED 

(1 month) \ (group 2)  

109.08 gn.wt.sec./cm. 244.64 gm.wt.sec./cm. 1.99.73 gm.wt~sec./cm. 

DENERVATED 

(1 month) - - - 

SEDENTARY --- 

TRAINED 

* Signif icant  a t  an a-level o f  0.05 
* .  I 

** Signi f icant  a t  an a-level' o f  0101 (see Appendix 9 ) .  



TABLE 12:  

MEAN DIFFERENCE FOR Po 

GROUP DENERVATED 

(1 month) , 

SEDENTARY TRAIN ED 

(group 2) 

TRAINED 

Signi f icant  a t  an a-level of 0.01 (see Appendix 9). 



ef f ee t  on m x i m l  f m  production, whereas t ra i l r fng  cHd not. 

- The po in t  a t w h i c h  the l i n e a r  F/Y r e l a t i onsh ip  crossed the 

ve loc i t y  ax is  represented t h a t  theore t i ca l  ve l oc i t y  which can be a t ta ined  

a t  zero fo rce  and thus is .  the maximal ve loc i t y  (VmaX) o f  shortening t ha t  

can be produced by the muscle. I n  the previous paragraph i t was s  d ated 

t h a t  no s i g n i f i c a t  d i f fe rence  was found getween mean values of Po o f  the 

sedentary and t ra ined  groups. As there was a  d i f fe rence  between the mean 

values o f  B o f  these groups, d i f fe rences between the mean values o f  V,,, 

and the same groups must be present. As expected, ANOV o f  V,, produced an 

F value of 153.20 which indicated a  s i g n i f i c a n t  d i f fe rence  among the  three 

groups (Appendix 9).  Further analysis o f  V,, ind icated t h a t  a  s i gn i f i can t  

d i f ference existed between the denerva tg  and sedentary groups and 

denervated and trained-groups a t  a  a- leve l  o f  0.01, whj le  the d i f fe rence  

between the sedentary and t ra ined groups was a lso  s i g n i f i c a n t  but a t  an 

a- level  o f  0.05 (TABLE 13). 

I n  an dttempt to assess the e f fec ts  o f  denervation and t r a i n i n g  

on the l i n e a r  and non-13near F/V re la t ionsh ips  o f  the CC, the.changes 

ind icated by s t a t i s t i c a l  analysis of the l i n e a r  F/V re la t ionsh ips  required 

conparison w i t h  the graphic representat ions o f  t he  n o n - l k a r  F/V r e l a t i on -  
/ 

sh-i p*nspection o f  ~ i g k e  14 indicated d i f ferences among the non- 

l i n e a r  F/V re la t ionsh ips  obtained from the various experimental groups. 

Figure 15 shared t h a t  the standalid deviat ions o f  v e l o c i t y  a t  a  given 

fo rce  d id  not  a l low any s i g n i f i c a n t  d i f fe rence  to be dist ingujshecl between 

the non-1 inear F/V re la t ionsh ips  o f  the sedentary and t ra ined  groups. 

The r e s u l t  conf l  i c t e d  w i t h  the observation t ha t  a  s i g n i f i c a n t  dif ference 

was indicated between the 1  inear F/V re la t ionsh ips (B)  o f  these groups. 
Q 

Conversely, the changes i n  both l i n e a r  and non-l inear F/V re la t ionsh ips  



TABLE 13: 

MEAN DIFFERENCES FOR Vmax 

GROUP DENERYATED SEDENTARY TRAINED 

(1 month) --- 
#*/,A 

2.21 cm./sec. 

SEDENTARY 
1 --- 

10.94 m. fsec. 

TRAINED 

5 * S ign i f i can t  a an a- leve l  o f  0.05 4 
** S i g n i f i c a n t  & an ;-level o f  0.01 (see Appendix 9). 



* 
- - - - 

which resu l ted from denervation were obviously great  (Figure 15). Comparison 

of changes i n  the l i n e a r  and non-l inear F/V re1at ionsh i .p~ due t o  the -  \ 

experimental treatments are examined i n  d e t a i l  i n  the DISCUSSION. 

b)  The Isane t r i c  Force-Lengt) Re1 at ionsh i  ps 

A separate group o f  r a t s ,  rece iv ing  the same experimental treatments 

as i n  the F/V study, were used t o  determine the isometr ic  force- length j 
I 

(F/L) re la t ionsh ips  o f  the CC. These r a t s  were ind icated i n  TABLE 6 - 

as being pa r t  o f  the F/L study. The F/L re la t ionsh ips  o f  two denervated 

and sedentary groups are shown g raph ica l l y  i n  'Figures 16 t o  19. Compariosn 

of the two groups i n  each cond i t i on  gave sane i nd i ca t i on  o f  the e f f ec t s  

o f  prolonged denervation and r e s t r i c t e d  use on the  CC o f  muscle a t  d i f f e r e n t  

isometr ic  lengths. A t h i r d  group, t ra ined,  i s  presented i n Figure 20 

which .indicates the e f f ec t s  o f  a spec i f ic  type o f  t r a i n i n g  on these 

mechanical propert ies. The experimental groups were 'not 1 arge enough i n  

numbers f o r  s t a t i s t i c a l  analysis, therefore  the analysis was 1 im i ted  t o  
0 

-*- 

observation o f  the ind iv idua l  graphs and the r e s u l t i n g  mean value curves 
- 

(Figure 21, Appendix 6) .  These r e s u l t s  were complementary t o  those des- 
\ 

--.+ 

c r ibed i n  the previous section, i n  which the isometr ic  fo rce  (Po) was 

examined a t  one length  o f  the muscie i n  the primary experimental group. 

The present r e s u l t s  substantiated those described previously i n  that the 

isometr ic  forces produced throughout a- range o f  lengths by the t ra ined  
G- 

r a t s  were only s l i g h t l y  greater than the equivalent r esu l t s  from the 

sedentary r a t s  (Figure 21 ). I n  fac t  the changes brought a b w t  by t r a i n i n g  

appeared less  than those due t o  a dff ference o f  two months i n  age of the  

sedentary groups. 
B 

TABLE 6 shows t ha t  the older r a t s  in' the sedentary group (sub 

group 2)  had a greater mean BW although the mean MW was no l a rge r  than 
i 



FIGURE 16: 

The force-length relationship for rat 
gastrocnemius denervated one month. The 
interrupted 1 ine indicates the tangent 
corresponding to the approximate linear 
portion of the mean F/L relationship 
of the PEC for this group. 

The letterFCC and PEC denotes the F/L 
relationships for the contractile ccnn- 
ponent and the parallel elastic component 
respectively. (SEE LABELL 1% ON GRAPH) 
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FIGURE 17:  

The force- length re1 a t ionship  f o r  r a t  

gastrocnemius denervated two months. 
The i n t e r r u p t e d  l i n e  ind icates  the 

tangent corresponding t o  the  approx- 

imate 1 i n e a r  p o r t i o n  o f  t h e  mean F/L . 

r e l a t i o n s h i p  f o r  the  PEC f o r  t h i s  group. 
(SEE LABELLING ON GRAPH) 
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FIGURE 18: 

The force-length relationship for 
sedentary rat gastrocnemius. The 
interrupted line indicates the 
tangent corresponding to the approx- 
imate 1 inear portion of the mean 
F/L relationship o f  the PEC for 
this group. (SEE LABELLING ON GRAPH) 



LENGTH - 

SEDENTARY 
GRP. 1 

0 - R A T  1 

A- RAT 2 - 



The force- length r e l a t i o n s h i p  f o r  

sedentary r a t  gastrocnemius. These 

animals were two months o l d e r  than 
those shown i n  FIGURE 18. The 

in ter rupted  1 ine ind icates  the 

tangent corresponding t o  t h e  approx- 

imate l i n e a r  p o r t i o n  of the  mean F/L 

r e l a t i o n s h i p  o f  the  ~ E C  f o r  t h i s  

group. (SEE LABELLmG ON GRAPH) 
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FIGURE 20: 

The force-length re la t ionsh ip  f o r  

t ra ined r a t  gastrocnemius. The 

in ter rupted l i n e  ind icates  the  

tangent corresponding t o  t h e  approx- 

-. irnate l ' inear  por t ion  o f  the mean F/L 

re la t ionsh ip  of $e PEC for  t h i s -  

group. (SEE LABELLING ON GRAPH) 
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I 

FIGURE 21: 

Mean force-length relationships for, 

rat groups presented i n  FI-GURES 16 

to 20. Mean force values were com- 

puted at - equal increments of 1 engtti. 
I 
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531 t h a t  of sedentary sub group 1. As obser i n  the previous section, 

denervation prbduced great reduction in isometric force, and this reduction 

persisted throughout a full change in length( I t  may also be seen in 

Figure 21 t h a t  the reduction jn  isometric force increased'with the length 

of time after denervation. A n  examination of Figure 21 also revealed 

that the experimental treatments did not appear to affect the - shape of 
5 

the isometric F/L relationship of tlfe CC. 

i i  ) The Series Elastic Component 

a )  The Compl iance-~orce Relationship 

The mechanical, properties of the non-1 inear series elastic 

component (SEC) were examined in terms of changes in i t s  compl iance w i t h  

respect t o  force ( C / F  relationship). I n  the 1 inear analysis the SEC 

was equated with a purely elastic spring. Consequently only one value of 

compliance was obtained for a l l  values of force. Both linear ana non- 

1 inear c / F r  re1 ationships for each of the various experimental treatments 

are shown graphically i n  Figures 22 t o  27. Mean and standard deviations 

were computed for both linear and non-linear relationships of each group 

1 
I (Appendix 5 ) .  Graphic representation of the mean value curves for all the 
I 
I 

- experimental groups were made in order t o  compare the 1 inear values w i t h  the 
I 

non-1 inear relationships (Figure 28). Mean and standard deviations for 
P only the four major planned groups were plotted in order t o  give an indi- 

cation o f  a n y  significant differences between the groups which may have 

been due t o  the experimental treatments (Figure 29). 

r 
Statistical analysis was performed on the 1 inear C/F relationship 

obtained f r o m  the denervated (sub-group 1 ), sedentary and trained (sub- 

group 2 groups. The data obtained from these groups 
I mi/shoun in TABLE 10 

\ 
i 



FIGURE 22: 

The 1 inear (s t ra igh t  1 ines) and non-1 inear compl i-  

ance-force re la t ionsh ips  f o r  the SEC o f  r a t  

gastrocnemius denervated one month. 
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FIGURE 23: 

The 1 inear (s t raight  1 ines) and non-1 inear 

compl iance-force re1 ationshi ps f o r  the SEC 

o f  r a t  gastrocnemius denervated two months. 
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DENERVATED 
GRP. 2 (TWO MONTHS) 



FIGURE 24: 
1 

The 1 inear  ( s t r a i g h t  1 i n e )  and non-1 i n e a r  
compliance-force r e l a t i o n s h i p s  for  the  SEC 

o f  r a t  gastrocnemius when the a n t e r i o r  

muscles were denervated one month. 
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FIGURE 25: 

The 1 inear (straight 1 ines) and non-1 inear 

compliance-force relationships for the SEC 

of sedentary rat gast'rocnemius . 
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FIGURE 26: 

The 1 inear (straight lSin&) and non-1 inear 

compliance-force relationships for the SEC 
of trained rat gastrocnemius when the animal 

was sick. 
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FIGURE 27: 
+ .  

The 1 i nea r  ( s t r a i g h t  1  i nes )  and non-1 i nea r  

compliance-force r e l a t i o n s h i p  f o r  t h e  SEC 

o f  t r a i n e d  r a t  gastrocnemius, 
* 
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FIGURE- 28: 

The 1 inear (ktraight 1 ines) and non-1 inear 
compl iance-force relationships for the SEC 

# 

of ra t  grpups presented i n  FIGURES 22 to 27. 

Mean compliance values were computed a t  
equal increments of force for each group. 
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FIGURE 29:  

/ The 1 inear  ( s t r a i g h t  1 i nes )  and non-1 i nea r  

mean and standard d e v i a t i o n  compliance-force 

curves f o r  the SEC of the pr imary experimental 

groups. 
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and .Appendices 4 and 5 ,  while the application o f  the  ANOV t o  t h i s  data 
. . 

was shown i n  Appendix 9. The use of the s t a t i s t i c a l  analysis was just i f ied 
'\ 

by the fac t  that  the 1 inear C/F relationship was 

value ( C  = K, see TABLE 10). 

The resu l t s  of the ANOV was an F value of 16.08 which\indicated .- 
s l g n i f i m t  differencek among the mean compliances of the SEC obtained 

< 

from each group. The mean compliance of the trained group was signif-  

icantly greater than tha t  of the sedentary qroup a t  an a-level of 0.01; 
/ 

and the mean compl iance of the denervated group was a1 so s ignif icant ly 

greater (a-level of 0.01 ) than that  of e i ther  the sedentary or  trained 

groups (TABLE 14) .  

In an attempt to  assess the effects  ef denervation and training 

on the l inear  and non-1 inear' C/F relationships of the SEC, the changes- 

obtained from s t a t i s t i c a l  analysis of the l inear  C/F relationships required 

compariosn w i t h  the graphic representations of the non-linear C/F relation- 

ships (Figure 29). A signif icant  difference was observed between the . 
l inear  compliances of the sedentary and trained groups while the equivalent 

non-linear C/F curves i n  Figure 29 were not in accord w i t h  t h i s  finding. 

These curves were f o e t o  be almost coincidental of the greater part  
-1 

of the i r  range except a t  low forces where the greatest  difference between 

mean compliances was to  be found. The large variance of data from both 

groups, except a t  0.4 Kg force,  negated the significance of any difference. 

I t  should be noted that  the curves described were of the same shape. 

A1 ternatively,  the mean 1 inear compf iances of the SEC of each group of . 

I dcnbrvated r a t s  dere f a r  greater than those of the trained and sedentary 

i groups. This finding was reflected i n  the non-linear C/F curves of the - 

denervated groups shown i n  Figure 29. In th i s  cas the greatest  compliance - 



I 

was obta ined a t  a much smal ler  force than the  greates t  compliance o f  e i t h e r  
\ 

the  sedentary o r  t r a i n e d  groups r While i t  should k n o t e d  t h a t  t he  greates t  
i 

complihnces o f  t h e  denervated groups were comparable i n  maqnitude w i t h  t h a t  
I 

o f  t he  t r a i n e d  the subsewent  drop i n  compl iance w i t h  increas ing  
i 

force was f a r  l e s s  than t h a t  obtd ined f o r  e i t h e r  t he  sedentary o r  t r a i n e d  
., 

gkoups. I n  f a c t ,  t h e r e  was l e s s  o f  a drop i n  compliance as the  l eng th  ~f 
1; 

1 t ime a f t e r  denervat ion increased. This  observat ion can be v e r i f i e d  by  
I 7 ---1 

comparing the  r e s u l t s  obta ined from denervated sub-proup 1 w i t h  denervated , . 
t ? --. . ' 

sub-group 2. 
1 

b )  The Extension-Force Re la t ionsh ips  

An a l t e r n a t i v e  way o f  observing the  p rope r t i es  o f  t h e  SEC i s  by 

examining the  r e l a t i o n s h i p  between extension and f o r c e  (E/F). Such a -.. 
r e l a t i o n s h i p  was obta ined from the  C/F r e l a t i o n s h i p  by i n t e g r a t i n g  campliance 

(D * 
w i t h  respect  t o  f o rce .  The l i n e a r  equ iva len t  o f  t h e  non- l inear  E/F r e l a t i o n -  

sh ip  was a l i n e  which had a g rad ien t  equal t o  the  s i n g l e  l i n e a r  va lue o f  

compliance. The process of i n t e g r a t i o n  has been app l i ed  t o  t h e  C/F curves 

shown i n  F igure 29 and the  r e s u l t i n g '  1  inear 'and non-l i nea r  E/F curves are  

shown i n  F igure 30. The standard dev-iat ions shown were c a l c u l a t e d  from 
i 

the  same r e l a t i o n s h i p s  us ing  the  maximum p o s i t i v e  and negat ive  dev ia t i ons  

of compliance f o r  each increment o f  fo rce  (Appendix 7 ) .  

Comparison o f  t h e  1 i nea r  and non-1 inear  E/F re1 a t i onsh ips  i nd i ca ted  

a b e t t e r  dgreement between the two systems of ana lys i s  than d i d  the  

C/F r e l a t i o n s h i p .  The non- l ins$ E/F r e l a t i o n s h i p  o f  t he  

t r a i n e d  groups were extremely s i m y  i n  shape, w h i l e  no s i b n i  f i c a n t  

d i f f e r e n c e  could be suggested between these groups -because o f  t h e  magnitude , - 
of standard dev ia t i on .  Yet a s i g n i f i c a n t  d i f f e r e n c e  between the  same 

I 

sedentary and t ra ind -g roups  may be observed by consu i n g  the  l i n e a r  'T 



TABLE 14: 

. <  
MEAN DIFFERENCES FOR C 

DEN ERVATED 
r (1 month) 

0.000454 
cm./gn.wt. 

SEDENTARY 

O.OOOZ44 
cm. /gm. w t .  

TRAINED 
(group 2) 
0.000324 

cm. /gm.wt. 

DENERVATED 
(1 month) Pr 

0.000454 
--- 0.00021 P* 0.0001 30*- 

cm./gm./wt. 
I 

** S i g n i f i c a n t  a t  an 3-level of  0.01 (see Appendix 9 )  



FIGURE 30: 

Resul ts  obtained by the  a p p l i c a t i o n  o f  t h e  

process o f  i n t e g r a t i o n  t o  FIGURE 29 
x 

produced the extension-force r e l a t i o n -  

ships fo r  t he  pr imary experimental 

groups. 
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values fo r  bo th  t h e  C/F' and E/F r e l a t i o n s h i p s .  

i i i )  The P a r a l l e l  E l a s t i c  Component \ 
I 

The ef fects of denervat ion, prolonged d isuse and t r a i n i n g  on the  

mechanical p rope r t i es  of t h e  para1 l e 1  e l a s t i c  component (PEC) can be 

assessed by examining the graphs obta ined from t h e  i somet r i c  F/L experiment 
4 

(F lgures 16 t o  20). I n  aeneral t he  non-1 i nea r  behavior  of t h e  PEC was 

charac ter ized by a decreased compl iance ( increased s t i f f n e s s  o r  g rad ien t  
I' 

o f  t h e  F/L r e l a t i o n s h i p )  w i t h  increased force.  F igures 16 and 17 appeared 

t o  demonstrate a d e v i a t i o n  from a smooth and regu la r  decrease i n  compliance 
b 

w i t h  increased fo rce .  This phenomenon appeared n o t  o n l y  i n  bo th  denervated 

groups b q t  a l s o  i n  the  same range of  l e n g t h  o f  t he  muscle (between 3.5 mn. 

and 4.9 m.). The l a t t e r  f a c t  suggested t h a t  the  measurement o f  l e n g t h  

by the  displacement transducer was subjected t o  some e r r o r  w i t h i n  a g iven 

range o f  lengths.  Therefore the  d i s c o n t i n u i t y  i n  the change o f  compliance + 
can no t  be a t t r i b u t e d  t o  the  changes brought about by  denervat ion. 

Inspect ion  o f  F igure 21 Fevealed t h a t  i n  the lawer range o f  i ,ncreasing - 

force the  compliances o f  t he  denervated PEC's decreased more r a p i d l y  than 
il 

: those o f  the  sedentary and t r a i n e d  groups. I n  t he  upper range of force 

the compliance was approximately constant  and 'tan b e  considered t o  represent  

t he  l i n e a r  ra/nge o f  p rope r t i es  o f  the  PEC. ~ h c ~ h ~ l f a n c e s  represented 

. - 
' by  the  rec ip roca l  o'f the  slopes o f  those r e l a t i o n s h i p s  ( t h e  i n t e r r u p t e d  

l i n e s  i n  Fi.gures.16 to 20) a r e  shorn i n  TABCE 15 along w i t h  t h e  l e n g t h  a t  
* 

e crossed the  length  a x i s - o f  the F/L graphs. 

o f  the ca l cu la ted  est imates of  PEC compl9ance 

o f  the  eAperimental groups was c l o s e l y  r e l a t e d  t o  the r e s u l t s  of t he  

. C/F r e 1  at.ioriships o f  t h e  SEC. It was o g e r v e d  t h a t  prolonged denervat ion 
\ 

progress ive ly  decreased the compliance o f  the PEC when compared t o  the 
8. 



base 1 i ne 

a s i m i l a r  

group (sedentary sub-group 1 ) , w h i l e  t h e  t r a i n e d  groups exhib- i ted 

d e c l i n e  i n  compliance o f  t h e  PEC but  a t  a reduced l e v e l .  These 

f lnd ings  i nd i ca ted  t h a t  bo th  denervat ion and t r a i n i n g  brought about s t i f f e n i n g  

of t h e  PEC b u t  t h a t  t h e  e f f e c t s  o f  these experimental t reatments were n o t  
A 

as g r e a t  as prolonged d isuse (sedentary sub-groups 2 ,  T A ~ E  15). 

The d e c l i n e  i n  compliance of t he  PEC due t o  these experimental  

t reatments was a l so  r e f l e c t e d  i n  a reduced l e n  a t  which the  tangent p" 
crossed the  l e n g t h  a x i s  o f  the  F/L graphs (T* 15). The o v e r a l l  t r end  

6 

o f  these r e s u l t s  was cons i s ten t  w i t h  t h a t  demonstrated by compl lance, 

where denervat ion and t r a i n i n g  both-1 ted  i n  a reduced l e n g t h  a x i s  

i i n t e r c e p t .  Only when the t r a i n e d  and edentary (sub-group 2 )  groups were - 

compared were there  any d i s t i n c t  d i f fe rences i n  t h e  t rend.  It should be 

noted t h a t  when these gfoups were compared i t  was observed t h a t  the  t r a i n e d  

group exh ib i t ed  a much lower l e n g t h  a t  which the tangent crossed t h e  
d 

l e n g t h  a x i s  o f  the  F/L graphs. The l a t t e r  f i n d i n g  suggested t h a t  t he  . 
compliance of the  PEC demonstrated an e a r l i e r  invoTvement i n  l e n g t h  changes 

o f  t he  muscle i n  the  t r a i n e d  group t h a t  i n  any o the r  group whether denervated 

o r  disused f o r  extended per iods o f  . - 

i v )  The Re1 a t i o n s h i  p Retween and Nan-Linear Measurements 

o f  Mechanical Proper t ies  L 

I I n  t h i s  t h e s i s  t he  mechanical behavior of t he  musculo-tendinous 

system has been examined i n  r e l a t i o n  t o  models con ta in ing  completely 

? i m r  and  on-linear e ' i m t s .  Although $tie p r o p e r t i e s  of elements ~f 
I 

t h i s  s y s t q  are known t o  d i s p l a y  non- l inear  behavior, l i n e a r  est imates 

i 
i 
1 -  

have been used by a number o f  authors because o f  the  ease w i t h  which the 

l inezr  mode7 can beana lyzed.  The ma thmat i ca l  processes by which 

correspondence between l i n e a r  and non- l inear  models was detennined 

the 

has 



TABLE 1 5 :  

' E S T I M T E D  SLOPE OF THE PEC 

GROUP SLOPE OF TANGENT COMPLIANCE OF LENGTH A X I S  
(Kg.wt./mm.) THE PEC INTERCEPT (m. ) 

(cm./fm: wt. ) 

DENERVATED 
(1 month) 

DENERVATED 
(2 months) 

TRAINED 0 . 6 4 5  ( . 0 0 0 1 5 5 )  2.7 



k 
been shown i n  t h e  s e c t i o n  on Methods of  Ana lys is  (Chapter 111). F igure  31 - 
shows both l i n e a r  and non- l inear  F/V r e l a t i o n s h i p s  om t h e  sedentary 

and t r a i n e d  ( s u b g r o u p  2)  groups o f  r a t  muscles. 

i n  t h i s  f i g u r e  represent  t h e  1  i nea r  r e l a t i o n s h i p  c a l c u l a t e d  as being 

mathematical ly equ iva len t  t o  t h e  non-1 inear  re1 a t i onsh ip .  As can be 

- seen, the l i n e a r  r e l a t i o n s h i p s  obta ined from t h e  a p p l i c a t i o n  o f  t h e  l i n e a r  

ana lys i s  tended t o  produce a  decreased slope .of t he  1  i nea r  F/V r e l a t i o n -  

sh ip  w i t h  a  consequent overest imate o f  t he  maximal v e l o c i t i e s  o f  shor tening.  

Even w i t h  t h i s  overest imate o f  Vma, t he  comparison between r e s u l t s  obta ined 

from t h e  sedentary and t r a i n e d  groups was apparent ly  t h e  same when determined 
' 

by e i t h e r  the  l i n e a r  ana lys i s  o r  t h e  mathematical equ iva len t .  

L inear  C/F r e l a t i o n s h i p s  f o r  t he  same groups were ca l cu la ted  i, 
mathematical l y  us ing  the  method p rev ious l y  mentioned. S i m i l a r  r e s u l t s  

were found i n  t h a t  t h e  l i n e a r  C/F r e l a t i o n s h i p  obta ined from the  l i n e a r  

ana lys i s  represented an overes t imat ion  o f  t he  m a t h q i c a l l y  ca l cu la ted  

1  i nea r  compf iance f o r  bo th  sedentary and t r a i n e d  groups (F igure  32); 

The general e f f e c t  o f  t r a i n i n g  on t h e  SEC i nd i ca ted  by the  C/F r e l a t i o n -  

sh ip  r e s u l t i n g  from the  l i n e a r  ana lys i s  was s t i l l  shown by the  mathematical - . 
equiva len t  o f  t he  non-1 i nea r  r e l a t i o n s h i p .  

6 I n t e g r a t i o n  o f  t h e  1  i nea r  C / F  r e l a t i o n s h i p s  which were ca l cu la ted  

, . from t h e  non- l inear  C / F  r e l a t i o n s h i p s  produced t h e  t h e o r e t i c a l  l i n e a r  E/F 

r e l a t i o n s h i p s  fo r  both groups. The r e s u l t s  i n d i c a t e  cons i s ten t  overest imat ion 

o f  t h e  grad ien t  of t h e  E/F r e l a t i o n s h i p  when l a t t e r  was obta ined from .. 
the  o r i g i n a l  1  inear  Rbodels (F igure  33). A1 though the  overest imates of the  

g rad ien t  o f  t he  E/F r e 1  a t ionsh i f o r  both groups corresponded i n  magnitude 

(-20%) K i t h  those found f o r  t h e  F/V and C/F r e l a t i o n s h i p s ,  i t  should be 

mentioned t h a t  the  nvthemat ica l  equ iva len t  l i n e a r  E/F r e l a t i o n s h i p s  d i d  



FIGURE 31 : 

The non-1 i near and 1 i near force-ve1 oci ty 

relationships obtained experimentally for 

the sedentary and trained groups (sol id 

lines) as shown in Figureb15. In addition 
9 

the theoretical linear force-velocity 

relationships calculated from-the non- 

1 inear relationships (broken 1 ines) . 
(See Text) 

J 
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not  appear t o  produce a be t t e r  f i t  f o r  the non-1 inear E/F re la t ionsh ips  

f o  e i t h e r  group. 
d % 

A t  f i r s t  these resu l t s  were q u i t e  surpr is ing bu t  an explanation 
%? 

was found a f t e r  examining-the o r i g i n a l  assumption o f  the l i n e a r  model. 

The model i n i t i a l l y  assumed t h a t  the force generator (Fm) was act iva ted 

, , maximally and instantaneously. This assumption held t r u e  f o r  dynamic 

-- contract ions where the muscle would be t o t a l l y  ac t i va ted  a t  the t ime 

measurement would be taken. On the other hand, the analysis o f  isometr ic  
- \ 

contract ions involved the t o t a l  development o f  fo rce  from an inact iva ted 

' %& a t o t a l l y  ac t iva ted state.  Therefore, ' the isometr ic  myogram shpwed 

a slow r i s e  i n  force j u s t  a f t e r  the onset /of s t imu la t ion  which then rose 

qu i c l y  before gradual ly  slowing as Po was approached. The accomodation 

of t h e  o r i g i n a l  assumption o f  t h e - l i n e a r  model required t ha t  the ea r l y  

r i s e  i n  force had t o  be negated t o  produce the Xes i red exponential 

force-t ime curve o r  isometr ic  myogram (Figure 34). Therefore the t ime taken 
* 

t o  reach 63.2% o f  Po would have fbeen calculated as being less than the 

rea l  t ime taken t o  reach 63.2% of Po. I t  was observed t ha t  the under- 

estimates o f  the time ( T )  t o  63.2% was approximately equal t o  the 20% 
4 

overestimation $ re f l ec ted  by the 1  inear re la t ionsh ips  presented f o r  the 

mechanical behavior o f  the CC and SEC. 



FIGURE 32: " 

The non-1 i near and 1 i near cornpl iance-force 

relationships obtained experimentally for 

the sedentary and trained groups (sol id 
lines) as shown in Figure 29. In addition, 

the theoretical linear compliance-force 

relationsips calculated from the non-linear 

relationships (broken-1 ines). (See Text). 
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FIGURE 33: 

The non-linear and linear extension-force 

relationships obtained experimentally for 

the sedentary and trained groups (sol id 

lines) as shown in Figure 32. In addition, 

the theoretical 1 inear extension-force 

relationships calculateh from the non-linear 

re1 at ionshi ps (broken lCines) . (See Text). 
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Graphic representation o f  a force-time 

( i  sometrfc myogram) curve resul t ing 

from an isometric contraction. Indi-  

cates a possible explanation f o r  

overestimations presented by 1 inear 

analysis . 
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CHAPTER V 

DISCUSSION 

A .  ANATOMICAL EFFECTS OF DENERVATION AND TRAINING 

The various treatments d i d  not  a f f e c t  BW i n  any s i g n i f i c a n t  way - 
a1 though some chands i n  percentages o f  muscle and f a t  may have b v n  the 

r e s u l t  o f  the d i f f e r e n t  TeveTs o f  a c t i v f t y  o f  the groups. However, such- 

changes may have been cancel 1 ed ou t  leaving no overa l l  changes i n  BW. + 

As both the denervated and sedentary groups were confined i n  cages, + the . l y  p o s s i b i l i t y  which may have l e d  t o  d i f ferences i n  BW was the 

atrophy o f  the denervated muscle. As the weight o f  a s ing le  gastrocnemiui 

muscle amounted t o  approximatel~,0.4% o f  the t o t a l  BW, the s i m i l a r  

eventual BW's o f  the two groups were t o  be expected. An epidemic o f  
t 

pneumonia resu l ted i n  the deaths o f  a number of ra ts ,  but  t h i s  f a c t o r  was 

c m n  t o  a1 1 experimental groups. Thus i t i s  concluded t h a t  denervation 

should have l i t t l e  o r  no e f fec t  on BW because postoperative s i tua t ions  were 

iden t i ca l  f o r  a l l  groups and, t ha t  severing the t i b i a 1  nerve a f fec ted only 

a small percentage o f  the t o t a l  BW. 

Theoret ica l ly ,  changes i n  mean BW brought about by a spec i f i c  

t r a i n i n g  program .could be used as an ind ica to r  o f  the progress of t h a t  

program if the resu l t s  o f  Mayer (1960) are used as a guide 1 ine.  The major 

problem w i t h  using changes i n  BW as an ind ica to r  o f  the e f f ec t s  o f  t r a i n i n g  

i s  t h a t  the t e n  " i@~iimal exerci  sen i s  ambl'guous aniT TEiKewhatarbi t raryF 

Hayer (1966) indicated t ha t  r a t s  t ra ined  a t  below -1 o r  optfmaf 

l eve l s  o f  exercise w u l d  d m n s t r a t e  s i gn i f i can t  increase i n  BW whi le  

o v e r a c t i v i t y  would r e s u l t  i n  reduced BW measurements. Although there was 

a small i nc reases in  mean BW of the t ra ined group o f  20.9 gm.wt. ( ~ 3 . 3 %  



total BWh, . this increase was not significant when compared with the mean 

BW o f  t h e  sedentary groups. Further investigation showed t h a t  the differences 

beheen the results o f  the present study and, those of other authors were 

probably due to the different training program used. Therefore, the results . 

of denervation and training cannot be realistically measured in terns of BW. 

Consequentl'y, a more precise indication of the effects of a localized 

treatment can be obtained by examing the structure of the muscles. Thus 

the effects of denervation and training can best be assessed by comparing 

the mean MW and ML of the gastrocnemius of these groups with those of the 

disused muscles. 

Statistical analysis of the mean MW's for the derieriated (sub- 

groups 1 and 2 ) ,  sedentary and trained groups indicated t h a t  there were 
V 

significant differences between each pair of the four groups a t  the 

a-level of 0.01  ABLE 7 ) .  These findings showed t h a t  the denervated 

groups demonstrated a progressive loss in mean MW when compared to the - 

.. 
mean MW of the. sedentary groups. / 

The observed decreases in mean MW presented by the denervated 
# 

groups were in close agreement with the observations of other authors. 
i 

I t  was found t h a t  the loss i n  mean M W  of the denervated rat gastrocnemius 

was 40.2% (1.9948 gm.wt.) a t  the end of one month and 54.7% (2.7131 gn.wt . )  

after two months. Through histochemical analysis i t  was shown t h a t  all 

fibre types present in rat gastrocnemius were reduced in cross-sectional 
- - -  

area by a t  least 80% after two months ofpdenervati6. These observations 

substantiate those of SunderIan6 and Ray (1950), Pellegri no and Franzini 

(1963) and Miledi and Slater (1969). Subsequently, i t  was concluded t h a t  

the progressive loss in MW over two months of denervation was the direct 

result of atrophy of the composite muscle fibres in the denervated rat 



TABLE 7 ind icates t h a t  t r a i n i n g  produced a S ign i f i can t  d i f fe rence  

- between mean M W ; ~  o f  the t ra ined a n d t a r y  .groups a t  an a- leve l  of 

0.01 . The mean d l f  ference o f  0.5277 gm.. w t .  represented an i ncvease i n  

mean MW of' 10.6% over t h a t  o f  the sedentary groups. Both Gordon - .  e t .a l .  

(1 967) agd Barnard e t .  a1 . (1 970, Pgr t  I I )  showed t ha t  there was a decrease B 

i n  mean MW f o r  animals trained by tow i n t e n s i t y  running- Qbv ious l j  the '  - 

resu l t s  of h e  present study do not  correspond w i t h  the f i n d i n g ~ ~ o f  

these authors. such disagreeing r e s u l t s  of anatomical measurehents of 

t ra ined  animals suggest f u r t he r  supporflor the e a r l i e r  conclusion t h a t  
A 

the t 3 ain ing programs used by Go&et.al. (1967) and Barnard e t .a l .  

(1970, Par t  11) cannot be =?bed w i t h  t h a t  used ' i n  the present i nves t i -  

k gation. However, some in te rCs t ing  statements can s t i l l  be made when 

considering the f ind ings  o f  these and other  invest igators .  

Gordon e t  a1 . (1 967) suggested that-peti t i ve -exerc ises  enhance 

the concentrat ion o f  energy 1 i bera t i  g enzymes (sarcopl asmic pro te ins)  

r e s u l t i n g  i n  the  development o f  l oca l  muscl e endurance whi le  forceful 

xerc ise developed increased strength through increases i n  the concentrat ion P a  
I of myofibri  1 l a r  proteins.  S imi lar  r e s u l t s  f o r  low i n t e n s i t y  running were 

presented by Holmes and Rasch (1958) and Barnard e t .a l  . (1970, Part  11); 

"wh i le  the findPngs of He1 ander (1 961 ) demonstrated t h a t  increases i n  

m y o f i b r i l l a r  proteins may be ind icated by an increase i n  MW. The resu l t s  \ 

' o f  the present T ~ v e s t f g a i i o n  suggest an increase i n  mrck vdumem&a 

s i g n i f i c a n t  i n c r e a s e i n  rean WW dur ing  t r a i n i n g  which wdd suggest 

increases i n  both sarcoplasrnic and m y o f i b r i l l a r  p ro te in  concentrations. 

The inconsistancies o f  MW resu l t s  between the present study and 

those o f  other authors may ind ica te  t h a t  increases o r  decreases i n  sarco- 



- - - - - - - - - - - 

plasmic and m y o f i b r i l l a r  p ro te i n  c6ken t ra t i ons  can be used as an index 
, . 

t o  d i s t i ngu i sh  the vartous types o f  t r a i n i n g  procedures and t ha t  MW trends 

are subject  t o  question. Without biochemical analysis, the on ly  method o f  

determining which factor  ( ie.,  sarcop lamic  o r  m y o f i b r i l l a r  p ro te in  

concentrat ions) resu l ted  i n  the observed increase i n  mean MW was- to examine 

the mechanical behavior o f  the t ra ined muscles; p l m s  and ~as;h (1958). 

i Gordon e t  .a1 . (1967) d Barnard e t .a l  . (1967) suggested t h a t  n t y o f i b r i l l a r  
* 

p ro te in  concentrations .can be used as an ind ica to r  o f  force of cont ract ion 
m . ,  

of muscle. The present study show! a s i g n i f i c a n t  increase i n  the mabmal 
-- - 

vel 'oc i ty o f  shbrtening ( V k x )  with' no change i n  the maximal force (Po) o f  

cont ract ion o f r the  t ra ined  compared w i th  sedentary muscles ( T A ~ E s  12 
51 

and 1 3). Therefore, i t  i s  concluded' t h a t  the observed increase i n  mean 

MW o f  tk tra ined group was the r e s u l t  o f  i n c r e a s a  sarcoplasmic p ro te in  

concentrations and may be i nd i ca t i ve  a fas te r  re lease o f  calcium i n t o  t h e '  

, muscle sarcomeres. 

Very 1 i t t l e  work has been perfonhed t o  determine the  ef fects of 

denervation and /o r - t ra in ing  on Ca because t h i s  measurement has been assuned 

t o  provide r e l a t i v e l y  1 i t t l e  information. TABLE 8 ind icated t h a t  there 

were s i g n i f i c a n t  d i f fe rences in'mean ML between each o f  the denervated 

and the sedentary,groups. This same tab le  indicated t h a t  there was no 

s i g n i f i c a n t  dif ference between the two denervated groups, OF between the 

sedentary and t ra ined groups. v - - 

- f t was fawtd tk8-ere was a 3.7 m. inmm-immmMt af te r  -- - -- -- 
-4 

oy mth o f  denerwtion, This increase represented a f i gu re  more than 

50% l a rger  than t ha t  obtained by Stolov and Weilepp (1970). It i s  
I 

a suggested t ha t  the 3.7 m. increase i n  mean K may not  be i nd i ca t i ve  o f  

the actual effects o f  denervation over a one month per iod due t o  the la rge  
+ 



..- -- - - - - - - - - - - - 

difference; i n  the ind iv ldua l  ML measurements (TABLE 6). Obviously l a rge r  

experimental groups were necessary t o  produce an accurate assessment o f  E .  

v the e f f ec t s  o f  denerva t i o n  over t h i s  period. 

The v a r i a b i l i t y  i n  r e s u l t s  observed for  the ind iv ldua l  K ' s  o f  

r a t  gastrocnemius denewated f o r  ,one month might suggest t h a t  t he  e f f ec t s  
- 

\ 

o f  denervation over t h i s  per iod are  qu i t e  dramatic and i n d i u i d u a l l y  - 
or iented.  Pet 1 e g r i m  and Fmnzinf (1963) ind icated t h a t  t he  earl-f e r  

s ta  es of the degenerative processes involved .in denervat i on  f l uc tua ted  4 
one month of denervation. The f ind ings 

of these authors and o f  M i l e d +  and S la te r  (1969) ind ica te  t h a t  the most 

c. 
- dramatic changes i n  muscle due to denervation atrophy were observed a f te r  

t 

one-&nth o f  denervation; and t h a t  a f t e r  one month these changes s tab i l ized,  

becoming ;ess s i g n i f i c a n t  as t i m e  progressed. Stolov and Wei lepk (1970) 

suggested t ha t  there was a d i r e c t  r e l a t i onsh ip  between atrophy o f  the 4 

indiw-idual muscle f i b r e s  and muscle' elongation where the HL increased 

as atrophy o f  the f i b res  progressed. 
r 

The trends exh iMted by t h e p a n  MW and ML of the denervated 
rJ 

muscles suggests t ha t  t h i s  r e l a t i & s h i p  does indeed e x i s t  where the most 
r t  - dramatic a.nd f l u c tua t i ng  differences were observed i n  the f i r s t  month 

* " 

of denewation. Therqore,  i t  i s  concluded t ha t  the  r a t  gastrocnnnius, 

which' is a p n n a t e  muscle, denonstrated a unique re l a t i onsh ip  between 
, 

i&eased mean Ik and m a n  MM dur ing prolonged denervation. 
1 

Stotov and Ueilkpp (1970) macie an a~Hl f t i ona l  suggestion €ha€ - - 
i 

muscle elongatfon bw to dem-vat ion m y  als-o be the r e s u l t  o f  the  effects 

2 o f  an ac t i ve  group o f  antoagonist ic muscles. This in te rp lay  between muscles 

was demonstrated by the I% measurements of a l l  the denervat* animals i n  

the present study (TABLE 6).  I n  one instance the an te r i o r  do rs i  f l e x o r  
' " + 



- - m,scles were denervated resulting i n  permanent short&ifhg of the iiki@nii€Tic 

muscles (gastrocnemiu,~ and S O ~ ~ U S )  with consequent plantar flexion 
5 ). 

w e r v a t e d  rat  16 ,  TABLE 6) .  All the other denervated animals denanstrated 
. a  P 

permanent dorsi fl exion due to  denervation ofShe gas trocneius' and sol eus 
f- 

muscles. There'fore, denervation of any group of muscles would result in 

limited control over the activi-ties of the antagonist muscles 6 tkrefo ie  

h produce. active elongation sf,-the den v a t 4  muscl s. 
?? 

Isolated denervation of the plantar flexors (gastrocnemius and 

soleus muscles causes elongation of those muscles and shortening of the 
1 

antagonist muscles. Furthermore, i t  ias suggested that there was a direct 

relationship between atrophy and elongation of denervated muscle. ' I t  

seems 1 ikely t h a t  both processes were i n d v e d  in muscle elongation, but 
ZI 

t o  wha t  extent their involvement accounted for changes in ML fs unknown. . 

- 
I t  i s  isggested that the involvement of each of these factors could be 

assessed by the use of two denervated g%ups of animais, the f i r s t  of 

which would have the plantar fiexors denervated while the la t te r  group 

would have both the plantar and dorsi flexors denervated. By employing 

the results of these two groups an accurate&assessment of the effects of 
'7 

the antagonis'tf muscles on the elongation of the Wexoys could be I- 
d 

/ obtained during denervation. 

The effects of training on mean M'L were found to be insignificant 
d 

J (TABLE 8).  Although there was a small decrease i n  mean bll no conclusions 

could be derived concerning changes i n  ?he mechantal behav- ' of -the -2 . - 
trained muscles. 

B. EFFECTS OF DHERVATIW ON MUSCLE STRUCTURE ' 
r. 

The preset  study verifi* the existence o f  the three fibrebtypes 



\ 

't 
- 

3 i n  r a t  gastmcnmius by estimating the ac t iv i ty  of succinate dehydrogenase. - 

i A1 though 1 arge mounts, of h i  stochemical and biochemical research has 

invoived the use ofna number of r a t  muscles, no reference could be located 

which described the muscle f ib re  canposi t ion ( in  terms of % total  ) of 

r a t  gastrocnemius. 
* .- The sedentary r a t  gastrocnemius had a f ib re  composition of 15.2% . 

,--\ 

red, 55.9% white bnd qB.8% fntenn&fate. I t  . i s  - opserved--that these values 
- 

for  f ibre  composition of r a t  gastrocnemius are w i t h i n  the ranges found 

for  the three f ibre  types -present i n  ca t  gastrocnemius - (Close, 1972). 

 ist to chemical data col ledted for  r a t  and ca t  soleus muscle, which i s  a 

muscle closely related o the gastrocnemius, irldicate tha t  there were ft 
significant d i f f d e s  in f ibre  composition o f  about 20% between these 

animals (Close, 1972). Consequently, a comparison between r a t  and ca t  

gastrocnemius i s  questionable in that  the similar1 t i e s  demonstrated may 
.I 

have been only coincidental. 

Denervatian fo  the r a t  gastrocnemius resulted i n  an observed 

-.decrease in white f i b r e  coinposition (55.9% to  34%) which produced re la t ive  

increases in the red (15.2% to 24%) and intermediate (28.8% t o  42%). f ibres ;  
- - 0 

Marin and Denny-Brown (1965) noted similar resu l t s  and indicated that-here . 
were increased nmbers of red f ibres  as atrophy due to  denervation 

1 

progressed an3 that  histochemical studies revealed a greater reduction i n  

the number and s ize of the white muscle f ibres .  Thus i t  can be concluded 

t h a t  denervatim atropfry of muscte was respom%te for a reduced number 

o i  white muscle fjbres which was partially indicated by a relat ive increase 

in red and l n t e m d i a t e  f ibre  conctntratiohs.  heref fore the data hem- 
onstrated that there was no increase i n  the red and intermediate muscle 

f ibre  population and that  the percent composition indicated only a 
6 & 



decrease i n  the whi te 7 i b r e  numbers. 
a 

A close examination o f  PLATES 6 and 7 revealed t h a t  there was a 

s i g n i f i c a n t  decrease i n  the mitochpndrial a c t i v i t y  f o r  a l l  f i b r e s  i n  the * 

denervated sect ion as was ind icated by the fn tens i t y  o r  degree o f  s ta in ing .  

H a c w a s  and Padykula (1958) noted t h a t  i n  the r a t ,  denervation produced 

a decrease i n  succinate dehydbogenase a c t i v i t y ,  a reduct ion i n  glycogen 
A+' 

and 1 i pi,d content whf 1 e ATPase content was not  af fected.  It was concluded 
I 

by Romanul and thgan (19%) t h a t  Ind iv idua l  types l o s t  those enzymes 

normal ly '  present i n  higher concentrat ions, whereas there was 1 i ttl e. o r  no 
ICp 

change i n  enzymes normally low. The enzymatic and thus the mechanical 

d i s t i nc t i ons  o f  the ind iv idua l  f i b r e s  ev ident ly  tend t o  be t dur ing 

pro1 onged denervat ion.  
9 

Y 
The lack  o f  d i s t i n c t i o n  betweenThe three types o f  muscle f bres .g 

due t o  denervation was enhanced f u r t he r  by the estimates o f  f i b r e  size, 
." r 

I t  was found f o r  sedentary r a t  gastrocnemius t h a t  whi te muscle f i b r e s  - 

(48.8 ) were twice the s ize of red f i b r e s  (23.3 V )  w i t h  the intermediate 

f i b re  s i ze  (3052 tr) being between the ' red and whi te f i b r e  sizes. I n  

contrast ,  the denervated t i ssue  demonstrated reduct ion i n  s i ze  of a1 1 

three f i b r e  sizes. The most d ras t i c  decrease i n  s ize was recorded f o r  the 
t 

white muscle f i b r e s  o f  the denervated t issue, where the s i ze  o f  these 

f ib res were found t o  be 66% ma7 ler (16.2 p )  than the sedentary measurements 

o f  the same f i b re .  Reductions i n  the s jze o f  the red and intermediate 
3. 

nuscle f i b r e s  were also found t o  be s i g n i f i c a n t  and were est%iFted--to 
- 

be 50% (11.6 p) and 46% (13.9 p )  respect ive ly  (TABLE 9). These f ind ings 

impl ied t ha t  progression o f  denervation resu l ted i n  a trend towards a 

i n tegra t ion  of the three muscle f ib res;  

Comparison of measurements o f  the denervated f i b r e s  w i t h  those 

/ .  

- - 
--ur 



a t t a i ned  f o r  the sedentary muscles i n d  i ca ted  dramatlc reduct ions . I n  s i ze  

f o r  a l l  f i b r e  types due t o  denervation - 
ind icated t h a t  there was a decrease 

f i b r e s  a f t e r  two months o f  denervation 
* 

. Pel legr ino and Franz in l  (1963) 
% 

s ize  of 40 t o  55% o f  a l l  muscle 

i n  the rpt gastrocnmius.  S im i la r  

observations have been presented by Sunderland and Ray (1950), and M i l ed i  

and S la te r  (1969). A1 though these studies d i d  n o t  i nd i ca te  the percentage 
- 

changes i n  muscle f i b r e  s i ze  o f  he ind iv idua l  f i b r e  types, these authors 't 
d i d  demonstrate t h a t  an ind iv fdua l  f i b r e  was ;educed by approximately 

a 70% i n  i t s  c r o s s - s ~ t l o n a l  web.  

H is to log ica l  examination cf the sedentary and denervated t i ssue  

sections dhowed t h a t  la rge  amounts o f  connective t i ssue  were present i n  
5 

the denervated 'sections, whi le  v i r t u a l l y  nonewas . t found i n  the  sections o f  

sedentary muscle (PLATES 8a and b). Connectfve t i s sue  i s  ev iden t l y  

syn the~ i zed  around the ind iv idua l  muscle f ibres.  

The f i n d i ~ g s  o f  t h i s  i nves t i ga t i on  lend support 'for those p r e s ~ n t e d  
2 - ' -  

by  Sunderland and Ray (1950). It was observed t h a t  the  i n t e r v a l s  between 

the atrophied muscle f i b r e s  o f  the denervated sections were occupied by 

a thickened band o f  connective t issue,  the endomysium. Therefore, i t  i s  

concluded t h a t  denervation r e s u l t s  i n  a progressive depos i t ion of con- 

nect ive tfssu+ arou d the atrophying muscle f i b r e s  and a t  no t ime was i t  S 
observed t ha t  the growth of connective t i ssue  resu l ted  i n  any.disorganization 

of  the inteurnal a rch i tec tu re  o f  the muscle f i b r e s  themselves. 
-- - -- - - 

There were d i f ferences between the s ta in ing  proper t ies  of the den- 
- - -  

ervated and sedentary muscle sections dur ing the h i s t o l og i ca l  examination 

f o r  connective t i ssue  (PLATES 8a and b).  This inconsistancy was observed 

i n  the i n t e n s i t y  o f  s t a i n i ng  o f  the ind iv idua l  muscle f ibres.  I n  the  
. 

sedentary t i ssue  sections the major1 t y  o f  muscle f i b r e s  sta ined ye1 low 
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. w i t h  on ly  the per iphera l  muscle f i b r e s  s ta in ing  red  (PLATE 9a). On M e  

other 'hand, the denervated t issues demonstrated t h a t  the ma jo r i t y  o f  the 

/, muscle f i b r e s  stained red wh i le  fust  the cent ra l  regions o f  the sect ion 

stained yel low (PLATE 9b). The di f ferences between the  i n t e n s i t y  o f  s ta in ing  
. 8 

SI of the s k e n t a r y  and denervated t issues could no t  haye ,been due t o  incon- 

~ i s t e n c i e ~  i n  the s ta in ing  procedure because both t i ssue  types were processed 
* 

simul taneoul sy . Davenport (1 960) stated t ha t  the Ma1 Tory t r i ch rome  s t a l n  
- -- 

was canposed o f  three d i f f e r e n t .  s ta ins,  and t h a t  the d i f f e r e n t  ra tes of 

transmission o f  these s ta ins  across t i ssue  sections might r e s u l t  i n  d i f fe rent  
-v 

degrees o f  s t a i  niog w i t h i n  ind iv idua l  t issues. Furthermore, he suggested , 
I 

I 
t h a t  =the p e r i p k r a l  areas o f  a t i ssue  sect ion wolild demonstrate a more 

I 

intense degree- o f  s ta in ing.  Thus df fferences i n  s t a i n i ng  i n t e n s i t y  of 

t i ssue  sections should be expecXed when employing t h e  Ma1 l o r y  t r i ch&  

s ta in .  The question s t i l l  remains as t o  why the denervated muscle t i ssue  

d b n s t r a t e d  1 arge df  f ferences i n  s ta in ing  propert ies, , The answer may 

= 1 i e  i n  the discussed f a c t  t h a t  denervation resu l t s  i n  the i n teg ra t i on  of 

the d i f f e r e n t  f i b r e  types through the a t tack and e l fminat ion o f  the 

c h a ~ a c t e r i s t i c  enzyme systems o r  i t  may simply be the r e s u l t  o f  incomplete 
I '  E ~ 

f i xa t ion .  B 

C. ~IE&A~ICAL PROPERTIES OF WPOHENTS OF THE LINEAR AND NON-L*R MODELS 

A feature  o f  isometr ic  contract ions inherent i n  t h i s  study b u t -  . ,\ 
not general ly foundp i n  dynamic experiments . i s t hechange  -inaCttfvationTf 

= - -the muscle from zero t o  maximal. I t  i s  f e l t  t h a t  changer tn  t h e s t a t e  o f  

ac t l va t i qn  a r e  the underlying f a c b r s  responsible f o r  the mechanical 
1 

responses o f  the CC and SEC dur ing the ea r l y  stages o f  fo rce  prdduction. 

For t h i s  reason the mchanica l  propert ies o f  these components o f  muscle are 



PLATE 9: 

The resul ts  o f  the histological  technique 

involving the Mallory trichrome sta in  f o r  

connective t issue. 

a )  Sedentary muscle t issue section,. 
Magnification 134x. 

- 

b )  Denervated muscle t issue section. 
Magnification l34x.  
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described as being uniquely d i  f f e ren t  than those determined under dynamic 

condit ions. 

1) The c o n t r a c t i l e  Component 

a) The Force-Velocity Relat fonshi  p 

1 ) The L inear  and Non-Linear Relat ionships 

P - Figure 11 shows the ca lcu la ted 1 inear b - and non-1 fnear F/V r e l a t i on -  - 

ships o f  a number o f  r a t  gastrocnemius t h a t  made up the sedentary group. 

I t  can be seen t ha t  each o f  the f i v e  muscles demonstrated a non-l inear 

, F/V re la t ionsh ip  w i t h  approximately the same shape. The mean value curve 

expressed the unique shape o f  these F/V re la t ionsh ips  i n  a much m r e  

c lear  and precise manner. A r ap id  r i s e  i n  ve loc i t y  o f  shortening o f  the 

CC was observed a t  r e l a t i v e l y  low forces. This r i s e  i n  v e l o c i t y  can be 

seen t o  terminate a t  a p,eak ve loc i t y  near 15% o f  the maximal fo rce  produced 
1 

(Po) (Figure 14). The ve loc i t y  o f  shortening of the  CC the? gradual ly  

decreased as the force o f  cont ract ion increased. This general shape f o r  

the F/V re la t ionsh ip  o f  the CC has been described i n  tpe l i t e r a t u r e  as 

being i nd i ca t i ve  o f  t h a t  re la t ionsh ip  acquired from isometr ic  contract ions 

For'years it was assumed t h a t  the F/V re lat l ionship o f  the CC 
P 

XJ- groduced during i s m e t r i c .  cont ract ion was i d e n t i ~ a l  t o  t ha t  acquired under 

dynamic condit ions. It was not  u n t i l  Pamley e t  a1 . (1970) presented 

t h e i r  r esu l t s  fo r  isometr ic  contract ions t h a t  these expectations -- 

--'T 
were pu t  t o  res t .  These authors suggested - tha t  the unique shape of the 

F/V curve o f  the CC d m n s t r a t e d  the e f f ec t s  o f  a t  l e a s t  one prominent 

fac tor  which could no t  be measured o r  indicated d&ing dynamic contract ions. 

They suggested'that tb. i n i t i a l  r i s e  i n  ve loc i t y  o f  shortening of the 

CC observed during isometr ic  contract ion was due mainly t o - t he  r i s e  i n  the 



s ta te  o f  ac t i va t i on  o f  the muscle. Jewel1 and W i l  k i e  (1958) estimated 

t h a t  the maximum s ta te  o f  ac t i va t i on  was reached approximately 60-msec. 

a f t e r  comnencement of .s t imulat ion i n  f r o g  muscle a t  2 '~ .  It was estimated 

for  the isometr ic  contract ions o f  the sedentary muscles i n  t h i s  study t ha t  
' maximum ac t i va t i on  of the muscle was reached 20 t o  35 msec. a f t e r  the s t a r t  

of s t imula t ion.  These values were obtained by assuning t h a t  the r i s e  
-- A -- L P  

i n  the ve loc i t y  o f  shortening of the CC.was due t o t a l l y  t o  the r i s e  i n  

a c t i v a t i o n  o f  the muscle and therefore the highest l eve l  o f  ve l oc i t y  a t ta ined 

would correspond w i t h  the reaching o f  the maximum eventual l e v e l  o f '  

ac t i va t ion .  It was observed t h a t  these estimates were not  comparable w i t h  

those found by Jewel1 and W i l  k i e  (1958). The d i f ferences between these 

resu l t s  could have been the consquence o f  a number o f  fac to rs  inc lud ing the 

use of a d i f f e r e n t  animal and muscle, the s ize o f  the muscle, a d i f ference 

- i n  the l eve l  o r  degree o f  transmission o f  s t imula t ion throughout the muscle, 

and the temperature o f  the muscle. These di f ferences suggest t h a t  the 

v a l i d i t y  o f  the above mentioned assumption should be questioned as we1 1 

as the comparabi l i ty o f  the r i se - t ime t o  maximum a c t i v a t i o n  of muscles from 

d i f ferent 'an imals ,  

Several other f a c t o n  have been presented i n  the  1 i t e r a t u r e  as 

possible, part4a1 causes of the observed ,increase i n  ve loc i t y  o f  shortening 

ofi the CC a t  low forces during isometr ic  contract ions. Parmely e t  a l .  

(1970) speculated t h a t  there might have been a be t t e r  synchronization of 
- - -- -- - - -- 

force-generating c r w d g e s  i n  dynamic contract ions which would augment 

ve loc i t y  o f  shortening a t  a given load. S im i la r l y ,  Grood 11975) suggested 

t h a t  the compliance res id ing  i n  the cross-bridges reacted d i f f e r e n t l y  i n  

isometr ic  and dynamic contract ions. Both groups o f  authors impl ied t ha t  

a d i r e c t  re la t ionsh ip  existed between the mode o f  'contract ion and the 



t 
mechanical properties of the cross-bridges. They obtained support for  

urin isometric contractions the i r  conclusions from the observed f ac t  tha t  

lowe; velocities of shortening of the CC were dev'eloped throu'ghout a fu l l  

range of force than during dynamic contractions. 

Another factor which has been suggested to  have a limited effect  

on the velocity of shortening of the CCduring -- the i n i t i a l  stages of 

force development was the internal f r ic t ion  or viscosity of the muscle 

( ~ l a n ~ ; ,  1972). In the analysis of dynamic contractions the effects  of - 
internal viscosity of the muscle would not be prevalent because the muscle 

i s  to ta l ly  activated, shortening a t  a constant velocity against a given 

load when the velocity of shortening i s  measured. In contrast ,  the 

analysis of isometric contractions involves the use o f  the complete process 
, 

- 
of force development from zero to Po. Therefore, the effects  of internal 

viscosity must be overcome in the i n i t i a l  stages of force development before 

the velocity of shortening of the CC i s  allowed to increase to  maximum. 

I t  seems l ikely tha t  the i n i t i a l  r i s e  i n  velocity of shortening 

of the CC during isometric contractions may be due t o  a complex combination 

and no jus t  one of the discussed factors.  Evidence presented to  date 

suggested th-at the r i s e  - i n  activation of the muscle during isometric 

force-production tends to  play a dominant role i n  the determination of 

the velocity of shortening of the CC during the early stages of force 

production. The role of cross-bridge synchronization - - - on velocity -- of - - 

shortening of the CC during isometric contraction is  not c lear  / If the 
cross-bridges were not. synchronized a t  the onset of stimulation i t  would 

seem 1 ikely that  the would become so soon a f t e r  activation. However, Y\ 
the resul ts  of P a r m l e w  a1. (1970) indicated that  the velocity of 

shortening was lower in isometric than in dynamic contractions fo r  a 



- - - 

f u l l  range o f  loads. Therefore, if cross-brfdge synchronization was not 

the factor a f fec t ing  t h i s  depressed leve l  of ve loc i ty  during i s d t r i c  

contraction then another factor must be responsible. / 
* 

Grood (1975) demonstrated tha t  the r e l a t i v e  f i lament ve loc i ty  was 

dependent on the mde o f  contraction where there was a sudden increase 

i n  ve loc i ty  o f  shortening i n  an isunetric-to-dynamic changeover and a 
-- 

sudden decrease i n  the reverse process. Many authors have observed :the 

fact tha t  the ve loc i ty  o f  shortening of the CC during i s m e t r i c  contractions 

was lower than tha t  obtained during dynamic contractions, but they have 

not shown t h i s  repeatable changeover i n  the magnitude of veloci  t y  when 

the node of contraction was instantaneously changed. Grood (1975) concluded 

tha t  the compliance res id ing i n  the cross-bridges played an i n t r i c a t e  par t  

i n  the ve loc i ty  response of the CC for anyegiven load o r  mode o f  conWaction. 

The non-1 inear F/V re la t ionship of the CC o f  r a t  gastrocnemius 

produced during i s m t r i c  contractions i s  s imi lar  i n  shape t o  those presented 

'by other authors. F u r t h e w r e ,  i t  i s  suggested tha t  the unique shape of 

t h i s  re la t ionship i s  the r e s u l t  o f  a combination of factors which are 

unique to  isometric contractions. ~ l t t i w g h  the shape of the isometric 

non-1 inear F/V relat ionship,  beyond the observed peak velocity, was s imi la r  

t o  those obtained during dynamic contraZJions, a nunber of authors. have 

L 

observed that  the level  o f  veqocity o f  i s  lower i n  isometric 

than i n  dynamic conditons. I t  i s  concluded that  the depressed ve loc i t y  
! 

- --- 

Tevels observed f o r  i s m t r i c  contractions a r e  the d i  r e c t x u l  t -o f the--  i 
cmpt  f ancc of the cross-bridges . 

The l inear  F/V relat ionships f o r  the individual muscles i n  the 

sedentary group indicated a f a i r  representation o f  the non-linear relat ionships 

(Figure 11). One of the major f au l t s  w i th  any process involving l inear iza t ion  



' i s  tha t  the f iner  points o r  d i s t i n c t  character ist ics o f  any non-linear 

system are overlooked. Indeed, i t  was observed tha t  t h i s  was the case 

i n  the present invest igat ion. Through- the process of l inear izat ion,  l i t t l e ,  

if any o f  the unique behavior o f  the CC during isometric contraction can 
e3 

be observed. I n  fact, only by comparison o f  the l inear  F/V relat ionships 

obtained from dynamic and isometric contractions could any real  i s t i c  
A 

conclusion be made about differences i n  propert ies o f  the CC f o r  these 

modes of contract.ion. A1 though t h i s  comparison was not performed i n  the 

present investigation, it has been speculated tha t  differences would be Q 

observed between the values of B of the 1 inear F/V re la t tonship obtained 

from the two modes o f  contraction. This speculation was brought about by 
7 

the fact that t ve loc i ty  of shortening o f  the CC o f  the non-linear re la -  

tionships have been observed t o  be much lower i n  isometric than i n  dynamic 

contractions for a f u l l  range of force (Parmley e t  a1 . , 1970). Therefore, , 
B 

i t  was c o x 1  uded tha t  the 1 inear model should &inonstrate the d i f f e r e n t  

effects of the compliance of the cross-bridges on the F/V relat ionships 

acquired through the use of d i f f e r e n t  modes o f  contraction, but  tha t  the 

effect of a r i s i n g  act ivat ion state and internal  v iscos i ty  could not be 

' separated from those o f  the cross-bridges themselves. Thus, as could be 

expected, specific character ist ics of the non-1 inear F/V re la t ionship wire 

l o s t  or  forfeited f o r  ,the s impl ic i t y  of analysis presented by the l i nea r  

model and the process of l inear izat ion.  
- -- 

2 )  Effects o f  Denervation and Training 

The shapesof the non-linear F/V curves were s imi la r  f o r  a l l  the 

experimental groups whereas the 1 im relat ionships were observed t o  provide 

.- good approximations o f  the non-1 inear curves f o r  a1 1 but one group. The 

effects of both t ra in ing  and prolonged denervation on the F/V re la t ionship 



- - - - - - -- -- - 

were simi 1 ar  f o r  both the 1 inear and non-1 inear model . 
The s i m i l a r i t i e s  between the sedentary and denervated (sub-groups 

1 and 2) groups were l im i ted  to  the r e l a t i v e  shape o f  the curves. Comp- 

parison o f  the nean maximum force  (Po) and peak ve loc i ty  o f  shortenfng = 

o f  the CC f o r  these groups indicated large differences between groups 

(Appendix 5; Figure 14). Sunderland and Ray (1950), Pel l e g r i m  and 

Franzini (1963) and Mi led i  and Slater (1969) a l l  concluded tha t  denervation 
4 

was characterized by progressive fragmentation and digest ion o f  myofilaments 

resu l t ing  i n  reduced volume of the indiv idual f ibres.  It has been assumed 

f o r  a long time tha t  the production o f  force by muscle was closely related 

t o  interact ions between the myofi laments (Huxley, 1969). Therefore, the 

decrease i n  MW due t o  fragmentation and digest ion o f  myofilaments 

ind icat ive o f  a reduced level  o f  in teract ion between the muy- 

filaments and thus a rMuced a b i l  i t y  to produce force. Comparison of the 

denervated groups and the sedentary group showed tha t  t h i s  was exactly 

.what occurred. 

It was ea r l i e r  suggested tha t  the most dramatic and var iable changes 

i n  muscle due t o  denervation occurred during the f i r s t  month o f  den- 

ervation and tha t  during subsequent months the changes should s tab i l  i z e  

becaning progressively smaller. This suggestion gained addit ional  support . 

when the mean values of Po o f  the denervated groups were examined as a 

percentage of nean Po o f  the sedentary group (Figure 14). It was found 
- -- -- 

that  during the f i r s t  month o f  denervation the mean Po o f  the denervated 

group was reduced by 91% representing only 9% o f  the mean Po o f  the 

sedentary group. This was followed by an addit ional 6.3% reduction i n  

man PO af ter 2 months of denervation which indicated tha t  the mean Po of 

t h i s  group was j u s t  2.7% of. the mean Po o f  the sedentary group. These 



- - -  - -  - - - 

findings indicated tha t  an abrupt slowing d t h e  e f fec ts  o f  the degen- 

erat ive processpn force production accurred during the second m n t h  o f  

denervation. Sunderl'and and Ray (1 950) indicated tha t  denervated opposing 

muscles were s t i T l  v j s lb ley  d i s t i n c t  indent i t ies and tha t  myofflaments 

were s t i l l  prominent i n  the tissue. They concluded tha t  a t  no time would 

denervated muscle lose i t s  capacity t o  produce force. The f indings o f  the 
F- 

present study provide some addit ional  support f o r  these conclusions;+- ' 

Beyond the assessed differences i n  mean Po, i n i t e  differences T ,  
i n  the ve loc i t ies  o f  shortening o f  the three groups wer'hubserved. 

- 
Analysis o f  the mean peak ve loc i t ies  o f  the non-1 inear F/V relat ionships 

' * 

of the sedentary and denervated groups showed tha t  there were s ign i f i can t  
P 

differences between the three groups a t  an -Tevel o f  0.01. It was 

observed that these s ign i f i can t  differences were not 1 imited to the mean 

peak veloc i t ies but /hat f o r  any coinciding increment o f  force, the 

ve loc i ty  o f  sb r ten ing  o f  these groups di f fered qui te s ign i f i can t l y  

(Figure 14). 

Investigations using only the mean peak ve loc i ty  of t h e . t h r c  

groups showed tha t  the degenerative effectst of denervation a f t e r  tno 

months were greater on ve loc i ty  o f  shortening than on mean Po. It 

was found that  a f ter  one month o f  denewation the mean peak ve loc i ty  was 

reduced by 85% indfcat ing that  the mean peak ve loc i ty  o f  the denervated 
-.-- 

group 1 was 15% of the sedentary groups mean peak velac i ty  (Figure 14). 
--- - - - 

Consequently, the changes i n  mean peak veloc i ty  was less tha t  those 

found f o r  the mean Po a f t e r  one m n t h  o f  denervation. The in terest ing 

resu l ts  were feud a f t e r  two months o f  denervation i t was found that  

there was an addit ional decrease i n  mean peak veto 14.6%. This 

decrease indicated that  the mean peak veloc i ty  of shortening of the 



.denervated (subgroup 2) group was 0.4% o f  the mean value o f  ;he sedentary 

group (Figure 14). Therefore, the slowdown i n  the effects o f  denervation 

was more marked on the ve loc i t y  of s b r t e n i n g  o f  the  CC than on Po dur ing 
' 

- 
pro1 onged denervation. Furthermore, t h i s  observed effect o f  denervatlon 

m y  be i nd i ca t i ve  of a much greater e f fec t  on the enzymatic a c t i v i t y .  

of muscle ra ther  than on myofi lament concentrations dur inh advanced stages. 

& r i m y  (1967) showed t ha t  the speed o f  shortening o f  a muscle 
> 

,- 
was re la ted  t o  the a c t i v i t y  and concentrat ion o f  myosin ATPase present, 

i where low leve ls  ind icated slow muscle whi le  h igher l eve l s  'represented 

f as te r  muscle. Myosin ATPase i s  an enzyme thought t o  be c lose ly  involved 

w i t h  the myosin f i laments.  Therefore, fragnentat ion and d igest ion o f  

myof i laments dur ing denervati  on would r e s u l t  i n  reduced l eve l s  o r  concen- 

t r a t i o n s  o f  myosin ATPase and thus wquld r e s u l t  i n  the decreased speed 

of shortening o f  the CC. 

Davfes (1963) suggested t h a t  myosin ATPase played a major r o l e  

i n  breaking the act in-myosi n cmss-bridqes by hydrolyzfng ATP. Therefore, 

6 the present study, reduced concentrat io Ch, o f  mitochondria as indicated 

by reduced a c t i v i t y  of succinate dehydrogenate would suggest t h a t  there 

was decreased a b i l i t i  t o  supply ATP which would i n d i r e c t l y  r e s u l t  in. 

reduced myosin ATPase a c t i v i t y .  I n  t h i s  way, the h i s t o l og i ca l  r esu l t s  

o f  the present study ind icated t h a t  the a c t i v i t y  o f  the myosin ATPase 
& ,  

would be fur ther  hampered resu l t i ng  i n  an added f ac to r  which might a f f e c t  

the speed of shortening o&he CC. 

~ d g e r t o n  e t  a1 . (1969) presented addi t iona l  information r e l a t i n g  

t o  the s ign i f i can t  e f fec t  o f  denervation on speed o f  shortening o f  the CC. 

They determined t ha t  red and white muscle f i b r e s  i n  r a t  gastrocnemius 

were f a s t  contract ing f i b res  whi le intermediate muscle f i b res  were slow. 



The present study showed through reduced f i b re  composition and s ize  t ha t  

the whi te muscle f i b r e s  suffered the most extensive damage o f  the three 

f i b r e  types dur ing a two month per iod of denervation. These resu l t s  alone 

would suggest a d r a m t i c  reduct ion i n  the speed of shortening o f  the  CC 

i n  denervated muscle. ap/ 
An addl t i o n a l  observation made was t ha t  the peak ve loc i t y  o f  

shortening o f  the 'CC was reached a t  lower l eve l s  of force as the e f f ec t s  

of denervation progress (Figures 8, 9 and 11). It was concluded t h a t  

these reductions were i nd i ca t i ve  o f  decreases i n  the t ime t o  t o t a l  a c t i v -  .-- 
- at ion,  i n te rna l  viscos4ty and cross-bridge c q p l  iance a l l  o f  which were 

a 

found t o  be c lose ly  re la ted  t o  the number of ac t i ve  muscle f i b res  and t h e i r  

component myof i lamnts .  

The denervated (sub-group 3) group demonstrated a unique exper- 

imental s i t ua t i on  nh ich presented s u m  very i n t e res t i ng  r e s u l t s  and 
v . 

ther  o e required some special a t ten t ion .  I n  t h i s  group the an te r i o r  v 
w s c l e s  were denervated i r s tead  of the poster ior  muscle ( ie.,  the gastro- 

cnemius and soleus) i n  which case the mechanical proper t ies  o f  the gas- 

trocnemius should have been unchanged. Figures 10 and 14 showed t h a t  t h i s  

was not  the case. These f igures indicated t ha t  there was a s ign i f i can t  

reduct ion i n  the complete d imnsions of the F/V r e l a t i onsh ip  of the CC. 

Estimates for  Po and the peak ve loc i t y  showed t h a t  the reduct ion was 

approximately 505; of the sedentary group's mean values. 

Referr ing t o  e a r l i e r  sections o f  the discussion, i t  was shown tha t  

t h i s  group demnstrated a reduct ion i n  ML. Thi  s decrease i n  HL was suggested 

t o  occur because o f  the  loss o f  funct ion o f  antagonist ic  muscles. These 

antagbnist ic  muscles w u l d  have normally maintained a pa r t i cu l a r  ML which 

was advantageous t o  t h e  whole system. Therefore, i t  was suggested tha t  

f 



- - - 

w i  thout  the presence' of a functioning antagonist ic  muscle group, the gastro- 

cnemius and soleus muscles were f r ee  t o  shorten oyer a per iod o f  time. 
+ 

The f i n a l  r e s u l t  was t h a t  a t  t-b tine of.e;perimentation the r e s t i n g  length  
8 .  

of the muscle was much s h b r t f ~ t h a n  the mean ML of the sedentary group. 

The shortened ML and e co r r  X g mechanical responses of the 

CC o f  t h i s  group presented a precise on of the relatfonshdps 
- 

between force, ve loc i t y  and &. Bahler e t  a l .  (7968) showed t h a t  there 

was a F/V re la t ionsh ip  which was untque f o r  any spec i f i c  M l .  A t  f f r s t  i t  
i 

was thought tha t  the denervated (sub-group 3) group represented a muscle k 1 

funct ioning a t  a d i f f e r e n t  ML. ever, the resu l t s  o f  these authors 

y r e  obtained from normal muscles. Therefore, the resu l t s  o f  Bahler e t  ah 
(1968) demonstrated the mechanical behavior o f  normal muscle funct ion ing ? 

--%A 

a t  d i f f e r e n t  M ' s .  I n  contrast ,  Tabary, Tabary, B rd ieu  and Tardieu (1971) 

examined the states o f  prolonged, forced extension and shortening on 
I 

ske le ta l  muscle. They found t h a t  extended p e r i d s  o f  imnob i l i za t ion  i n  

t_he shortened pos i t i on  rdsu l ted i n  decreased numbers and s ize  o f  the 

sarcomeres i n  muscle. Their r esu l t s  suggest t ha t  the mechanical propert ies 

of muscles which have undergone pro1 onged periods of imnobil i z a t i o n  should 

reflect the changes observed i n  the sarccnneres. Thus i t  i s  suggested t ha t  

the denervated group {sub-gmup 3 )  presented a F/V r e l a t i onsh ip  which demonstrated 

the changes i n  the mechanical propert ies of a muscle which has undergone 

a prolonged per iod o f  imnob i l i za t ion  i n  a shortened ML. 

Two t ra ined groups were examined i n  t h i s  study. Tke f i r s t ,  

t ra ined sub-gmup .I, consisted o f  two r a t s  which were examined wh i le  under 

the inf luence of t h e  resp i ra to ry  disease, pneumonia. The other t ra ined  

group, sub-group 2, consisted o f  four  healthy animals. It was found t h a t  

the dimensions o f  the mean F/V re la t ionsh ips o f  the two t ra ined groups were 



qu i t e  d i f f e r e n t .  The heal By t ra ined  (iub-group 2) group demonstrated 

much greater l eve l s  o f  v e l o c i t y  o f  shortening and Po productlon than the 

unheal t h  t ra ined (sub-group 1 ) group. r 
It was shown t h a t  the MW's 

and when combined, t h e i r  mean MW's 

than th$ sedentary group's mean MW 

were found f o r  the K ' s  o f  the two 

t h a t  no s i g n i f i c a n t  d i f fe rence  was 

o f  both t ra ined groups were comparable 

were found t o  be s i g n i f i c a n t l y  l a rge r  

a t  an a-1 eve1 of 0.01. S imi lar  r e s u l t s  

t ra ined  groups; although, i t was shown 

present between themean ML's o f  the 

sedentary and combined trafrred groups. The s i m i l a r i t i e s  i n  the anatomical 

measurements o f  the two t ra ined  groups indicated t h a t  prolonged periods o f  

t r a i n i n g  had the same e f f ec t s  on both t ra ined  groups. It was previously 
6 

mentioned t ha t  these s i m i l a r i t i e s  were not  ind icated by the F/V re la t ionsh ips  

o f  the CC o f  the two groups. Therefore, i t  i s  concluded t h a t  the pneumonia 

had a s ign i f i can t  e f f e c t  upon the mechanical response o f  the  CC which was 

not indicated by the anatomical measurements. 

Gordon e t  a1 . (1 969) showed t ha t  force production was d i r e c t l y  

re la ted  t o  myof ibr i  l l a r  p ro te i n  concentrations whi le  the ve loc i t y  of 

shortening o f  the muscle was proport ional  t o  sarcoplasmic p ro te i n  concen- 

t r a t i ons .  The t ra ined  (sub-group 1 ) group demonstrated a 38% reduct ion 

i n  both mean peak ve loc i t y  and Po which may have been re la ted  t o  a decrease 
i 

' - in the concentrations o f  both myofi lament proteins and sarcoplasmic proteins.  

I n  addi t ion,  pneumonia may have reduced the t ranspor t  of oxygen t o  the 
- - -- C * - -  - 

muscle, i n d i r e c t l y  decreasing the a c t i v i t y  o f  the ox idat ive phosphorylation 

process and/or possib ly reduced glycogen stores w i t h i n  the affected muscles. 

The stress syndrome may also have accounted f o r  the reduced a c t i v i t y  i n  

t ha t  t h i s  system increases the secretion o f  adrenal co r t i co ids  which resu l t s  

i n  slow metabol ism o f  the con t rac t i l e  proteins.  These p o s s i b i l i t i e s  were 



&/- --. - -- - 

assuned to'be hIghly l i k e l y ;  however, t o  make any d e f i n i t e  conclusions, 

histochemicaT, biochemical and h is to log ica l  examinations would have been 

necessary t o  compare both trained groups. 

The effects o f  t ra in ing  on the mechanical propert ies ofnXhe CC 

wereobserved by comparing the F/V relat ionships obtained from the sedentary 

and trained (sub-&up, 2)  groups. The F/V relat ionships of the CC for 

these groups were found to be almost ident ica l  f o r  forces above 566 gm. 

while below t h i s  force level  there were large differences. It was suggested ' 

i n  previous sections tha t  the r i s e  i n  ve loc i ty  t o  a peak level  o f  the CC 
B 

a t  low force levels  can be attri'buted t o  a complex combination o f  the 

effects o f  the compliance o f  the cross-bridges, the r i s i n g  act ivat ion 

state and in ternal  v iscos i ty  o f  the muscle, Figure 14 shorn tha t  the 

mean peak veloc i ty  o f  shortening o f  the CC was reached a t  a lower force 

f o r  the trained (sub-group 2) group than the sedentary group. This 

indicates tha t  the t ra in ing  procedure used i n  the present study had an 

af fe t t  on one or more o f  these factors. It i s  suggested tha t  these 

differences were probably the r e s u l t  o f  changes i n  hi? ra te  o f  act ivat ion 

o f  the wsc le .  
A 

Cmparison of the indiv idual F/V relat ionships o f  these groups 

wi th  the computed mean value curves indicated tha t  the peak ve loc l ty  o f  

shortening o f  the CC was a much more d i s t i n c t  e n t i t y  I n  the trained . 

(sub-group 2) than i n  the sedentary group.   he t ra in ing  program used i n  
-- - - - 

' the  p r e s b t  t i ga t i on  tended to re f i ne  the process o f  veloci tydevelop- - 
merit o f  the CC a t  %wr forces which resulted i n  i m r e  consistent r i s e  

and accented peak ve loc i ty  d the shortening o f  the CC for the trained 

animal s. 

Gordon e t  a l .  (1967) suggested tha t  increases i n  sarcoplasmic 



protein concentrations w u l d  r e s u l t  i n  increased ve loc i ty  o f  shortening 

and increased endurance o f  the muscle, They defined sarcoplasmic proteins 

as being representative o f  the enzynes h v o l  ved i n  energy 1 i beration. 

Therefore, increased concentratichs o f  these enzymes would r e s u l t  i n  an 

increased a b i l i t y  t o  supply ATP which i s  necessary t o  form o r  break act in- 

myosin cross-bridges and thus accanodate an increased turnover o f  ATP 
- - 

and cross-bridges. It i s  concluded tha t  the increase i n  ve loc i ty  o f  shorteiring 

of the CC as demonstrated by the mean peak veloci ty,  was the d i r e c t  r e s u l t  

of inc reasd s a r c o p l a ~ i c  prote in concentrations and tha t  t h i s  increase 

was indicated by the increase i n  mean MW o f  #e t ra ined group. Additional 

support for t h i s  conclusion was obtained from the invest igat ion peruformed 

by G r i n y  (1967). where he showed tha t  there was a d i r e c t  re la t ionship ' 

between myosin ATPase a c t i v i t y  and veloc i ty  of shortening o f  a wsc le .  
h. 
)i 

Close examination o f  the whole mean non-linear F/V relat fonships 
h 

f o r  both the sedentary and trained (sub-group 2) grdups indicated tha t  the 

two curves were almost ident ica l  i n  the course they followed for  forces - 
greater than 600 gms. This can be explained by the MW resu l ts  o f  the present 

invest igat ion and those resul t s  presented by ~ u x l e y  (1 958). Huxley (1958) 

has shown that Po corresponded t o  the maXimun number of activated cross- 

bridges fo r  a given uaiscle length, and that  f o r  the upper port ions of the 
. +  

dynamic non-linear F/V re la t ionship there was a close r e l a t i o n  between the 

n\arbers of cross-bridges and the force produced a t  a given veloci ty.  
- - - - -- - - 

Training was shcmn t o  increase mean MW s ign i f i can t l y  and t h i s  was 

suggested t o  be the r e s u l t  of an increase i n  the energy l i be ra t i ng  enzymes 

i n  the muscle (sarcoplasmic proteins). AT no time was there any ind icat ion 

o f  an increase i n  the myo f ib r i l l a r  proteins which suggests tha t  there 

was no increase i n  the nmber o f  available cross-bridges. These findings 



- - - --- - - - 

show tha t  there should have been l i t t l e  difference i n  the number of avai lable 

cross-bridges between the sedentary and trained (sub-group 2) muscles and 

tha t  t h i s  would suggest that  there should have been l i t t l e  difference i n  
+ 

1 

the non-linear F/V relat ionships of these groups a t  high forces. It i s  
0 

concluded that  these o ations gai ned unquestionable support when the 

graphic resu l ts  o f  the l i nea r  F/V r e l a t i o n ~ h i p ~ f o r  these groups were , 

-- A -- 

examined . 
3) Comparison o f  the Linear and Non-Linear Relationships 

It was shown tha t  s ign i f i can t  differences existed between the non- 

dnear  F/V relat ionships o f  the dmervated sub-groups 1 and 2 and the 

sedentary group. Examination o f  the indiv idual F/V relat ionships for these 

groups Indicated tha t  'the l i nea r  relat ionships gave a good approximation 

of the non-linear curves f o r  the indiv idual animals t h a t  made up these 

groups (Fjgures 8, 9 and 311 ). S ta t i s t i ca l  anlaysis of the mean slope 

(0). Po and maximal ve loc i ty  V )  showed that- the l i n e a r  F/V relatfonships 

for the denervated groups were s ign i f i can t ly  d i f f e r e n t  from those o f  the 

sedentary group a t  an a-1 eve1 o f  0.01 (TABLES 11 , 12 and 13). Therefore, 

*- i t  was concluded tha t  the l i n a r  nodel indicated the s ign i f i can t  ef&t 

of prolonged dqnervation and gave a good approximation o f  the non-linear 

re la t ionship o f  the denervated groups. 

A nunber o f  inconsistencies were observed t o  occur be-n the 
I 

I 

I l i near  and non-linear F/V relat ionships o f  the various experimental groups. 
- - - - - - - - - - - - - 

Previously i t  was reported tha t  prolonged denervation was observed t o  

a f fec t  the mean peak veloc i ty  o f  the non-linear F/V re la t ionship more than 

man Po. The mean l inear  F/V relat ionships o f  the denervated groups d id  
. , 

not substantiate t h i s  observation and i n  fact ,  suggested the opposite 

(Figure 15). The mean l inear  F/V relationships of the sedentary and trained 



(sub-group 2) groups were observed to provide a f a i r l y  good representation, 
N 

but some doubt arose 'as t o  t h e i r  comparability w i th  the non-1 inear F/V . 

re1 at ionshi ps f o r  these groups. 

It was suggested tha t  a good l i nea r  representation o f  a non-linear 

h~cyrve would be one tha t  demonstrated the same area under the curve. The 

mean non-linear F/V relat ionships of the sedentary and trained (sub-group -- - - . 
2) groups were integrated t o  determine the area under each o f  the curves. 

The theoret ical  mean l i nea r  F'/V re la t ionship calculated f o r  both groups 
I 

was shown t o  indicate V,, values which were approximately 20% lower than -- 

the values produced by the l i nea r  model (Figure 31). This overestimation 

of V,,, shows tha t  the theoret ical  &an B values were therefore higher 

than those produced by the l i nea r  model. Therefore, i t  was concluded tha t  

the 1 inear m d e l  produced overestimations o f  VmX and underestimations 

of B f o r  the F/V relat ionships o f  a1 1 the experimen&l groups. It was 

observed that  these discrepancies w u l  d account f o r  the conf l  iC t ing  

resu l ts  presented by the l inear  and non-1 inear F/V relat ionships o f  the 

denerva ted groups. 

A t  f i r s t  these resul ts  were qui te  surpr is ing but the explanation 

was found after examining the o r i g ina l  assunptions o f  the l i n e a r  d e l .  ! 
Thi s model assumed tha t  t h e  force generator (Fn) was maximal l y  actf  vated ' 
instantaneously. This assunption held t rue  f o r  dynamic contractions where 

the muscle was t o t a l l y  activated a t  the tim veloc i ty  o f  shortening was 

measured. The analysis o f  isanetr ic  contractions, on the other hand, 
-- 

involved the t o t a l  development of force from an inactivated to a t o t a l l y  

actlvat,ed state.  hewf fore, the i s a e t r i c  myogram shared a slow r i s e  i n  

force j u s t  a f t e r  the onset o f  st imulat ion which  the^ rose steeply before 
U 

gradually slowing as maximum force production was approached. To accomodate 



0 

the i n i t i a l  assmption o f  the 1 lnear d e i ,  tha t  the force gcnewtor reacted- 
, : 

~ns tan taneous l~ ,  the ear ly  r i s e  ..in force -was neglected. by continuing the -. 

steep port ion of the isometric t o  the time axi s and thus produc ing  . the 

desired exponential curve (Figure 34). Therefore, the estimated time taken 

t o  reach 63.2% o f  maximal force was lower than the real  value f o r  the iso- 

metric farce &velopment. -This difference was found t o  bg r e s p n s i b l e  for 

the 20% overestimate o f  the calculated 1 inear mean F/V relat ionships f o r  

a1 1 the experimental groups. It i s  concluded tha t  these overestimates 

must be expected i f  the I fnear  rnodel i s  used t o  analyze isometric contractions 

i n  the present form. 

Although there were some inconsistencies i n  the SD's o f  the 

l inear  and non-linear F/V relationships, both relat ionships were shown t o  

indicate s ign i f i can t  differences i n  the F/V responses o f  the CC o f  muscles 

denervated f o r  an extended period o f  time. Thls concl ls ion could not be 

j 
- 9- made w f i e h e  1 inear and non-1 inear F/V relat ionships o the trained < ,' 

(sub-group 2) group were compared. The significant differences indluted 

by the l inear  parameters were not as prevalent i n  the nan-linear mean 
I) 

F/V curves of the sedentary and t r a i n d  (sub-group 2) groups. Although 

there was a de f in i te  increase'. i n  ve loc i ty  o f  shortening o f  the CC a t  low 

forces of the trained group, the SD's o f  the non-linear F/V re la t ionship 

were so large tha t  the differences were not s ign i f icant .  The large SD's 

of the non-1 i n m r  w a n  FJV curve _ere _mre_prob_8bx the d i rec t  r e s u l t  o f  
* 
the non-1 inear system o f  analysis and t h e  small number of experilnental -- 

animals i n  the group. Therefore, i t  was concluded tha t  the 1 inear system 

o f  analysis would be bet ter  than the non-1 inear f o r  purposes of determinfng 

the overal l  e f fec t  o f  an experimental treatment because o f  i t s  simp1 i s t t c  

f i t e rp re ta t i on  of the raw data. 



Only- one group presented 1 inear and non-1 inear FfV relat ionships a - that  were obviously not  comparable. The denervated sub-group 3 showed a 

t ha t  the l inear  F/V re la t ionship bore 1 i t t l e  resemblance to the non-1 inear 

curve (Figure 10): No d e f i n i t e  conclusions could be mad,e about t h i s  

unique resu l t  because the group consisted o f  only one animal. - 
I 

+ b) 'The Isometric Corcelength RelaUonships - K 

1)  Effects of-Prolonged Denervation, Disuse and Training 
% -  

Figures 16 and 17 indicated tha t  the CC of the denervated groups 

exhibited F/L relat ionships w i t h  the expected shape which has been explained 

i n  terms o f  the area o f  overlap o f  the myofilaments. It was observed tha t  

- there was a r i s e  i n  force which leveled o f f  forming a plateau where 

maximum contract i le  force was developkd. This plateau occurred a t  ML's 

greater than Lo. Comparing tbe F/L re lat ionship f o r  the sedentary, denervated - 

and trained groups showed tha t  the actual shape of t h i s  re la t ionship for 
- - 

a1 1 the groups were qu i te  s imi lar.  Between group d i f f ~ r e n c e s  were found t o  

be present i n  the magnitude o f  the curves and ML's where the force 
7- 

pmduces by the CC approached zero beyond Lo. 

It was previously mentioned tha t  denervation resul ted i n  the 

progressive fragrrentation and digest ion o f  the myofilaments which e f fec t i ve l y  

reduced the nunber o f  available cross-bridges and thus the force tha t  was 
I 

produced by the m.scle. The effects o f  progressive fragmentation and 

digest iun  of m p f i l  waent s were c l e a d y  o ~ ~ - t ~ a r ~ ~ ~ ~ ~ - W ~ ~ d r ' t p s -  

of the denervated groups when compared t o  the sedeatary g ro_ups. I twas  - 

observed that  the force plateau o f  the denervated (sub-group 1)  group was 

rcbuced to approximately 20% of  the ~ x i n n a n  force plateau o f  the sedentary 

subgroup 2 and that  the magnitude o f  force produced by the denervated 

(sub-group 2)  group was reduced t o  only 5% o f  the sedentary level  (Figure 30). 



- - - - - - -  -- 
t 

These resul ts  provided fur ther  evidence t o  support the concl ustan tha t  

pPol onged denervation drast ica l  l y  reduces the contract i  1 e capabil i t i e s  o f  

skeletal muscles. Furthermore, it was observed tha t  the suggested slowing , 

o f  the degenerative processes as the period of denervation progressed was 

evident i n  the F/L r'elattonships o f  the CC when the denervated groups were 

cornpared t o  the sedentary groups. 
- ---- 

There was some evidence t6 suggest tha t  denervation affected the 

functioning range o f  length of the ZC. It was observed that' the muscle 

length a t  & ich the f m e  produced by the CC approached zero became 

progressively closet- t o  Lo as the period of denervation increased (Flgure 30). 
1 
I 

I Similar resu l ts  were found t o  occur wi th  age as was indicated by the two 
* 

I 
I sedentary groups. These f indings suggested that  the changes i n  the re lat ion-  

ship between I(L and zero force production o f  t h e  CC was the r e s u l t  of changes 
. i n  the Nchanical  propert ies of the PEC. It was shown tha t  i n  the case 

, 
o f  prolonged denervation and disuse there were marked increases i n  i h e  

s t i f fness  and range o f  the PEC (TABLE 15). 

Figures 18 and 19 presented the F/L relat ionships of the K C  and 
t 

CC f o r  sedentary groups tested two months apart (sub-groups 1 and 2). 

This tm, month separation was observed t o  resu l t  i n  an increased a b i l  tty 

of the CC to  produce force for the sedentary sub-group 2 for  M ' s  below 

Lo where a naxinum force plateau ex is ts  f o r  r a t  gastrocnemius. Furthermore, 

the sedentary sub-group 2 demonstrated a much more rapid decline i n  force 
- -- - - - -- - -- 

f o r  lengths greater than Lo (Figure 21 ). 
- - 

, The increased l e v e i  of force n produced by the sedentary sub-group 

I 2 f o r  the muscle lengths corresponding t o  the maximun force plateau of the 

F/L r e l a t f m s h i p  of the CC was a t t r ibu ted  t o  p ro l i fe ra t ion  of the.contract i le 
P 

processes. This means tha t  the older sedentary group probably had be t te r  
L 



development and u t i l  i za t i on  o f  the myo f ib r i l l a r  and sarcoplasmic proteins - 
* 

or perhaps even inc r  as concentrations of these proteins. P 
, Figure 20 showed the F/L relatfonships o f  the trained group. It 

was .found that  the CC o f  the trained groups produced a somewhat greater 

level  o f  force on the maximum force plateau but' tha t  t h i s  increase was not 

lengths. 

i f )  The Series E las t ic  Component - 

a). The Compl iance-Force Relationship 

1 ) The Linear and Non-Linear Relationships 

Sam confusion arose when the compliance-force (C/F) relat ionships 

shown t o  be s ign i f i can t .  The force level  declined rap id ly  f o r  muscle 

lengths greater than Lo and th f s  decline was found t o  follow.almost the 

same course as was exhibi ted by the sedentary sub-group 2 (Figure 21). 

These resul ts  indicated tha t  the mechanical propert ies o f  the CC, as 

expressed by the F/L relationships, d i d  not change s ign i f i can t l y  w i th  the 

advent o f  the described t ra in ing  program. These f indings were found t o  be 
/ 

consistant wi th  those expressed by the mean Po values deternlned f o r  the 

F/V reldtionshfps for these groups. . 

The speedy decl ine i n  force produced by the CC f o r  lengths 

greater than Lo was suggested t o  be the r e s u l t  o f  a more p m i n a n t  r o l e  

played by the PEC i n  the sedentary (sub-group 2) and trained groups. 

The decline i n  force was found t o  be much more rapid i n  the sedentary 

sub-group 2 than i n  sub-group 1 which corresponded w i th  a s t i f f e r  PEC4n 

the second group (TABLE 15). These f indings suggested tha t  during aging 

the PEC becomes s t i f f e r ,  resul t i n g  i n  a more prominent e f fec t  on nuscle 

,lengths greater than Lo, thus reducing the ef fects  o f  the CC a t  those * 



- - - 

o f  the SEC f o r  the sedentary group fo animals were canpared w i th  those 

presented i n  the l i t e ra tu re .  ~ i l k i e  (1950) showed the C/F re lat ionship 

o f  human muscle t o  have a shape syaeuhat s imi lar  t o  the isometric F/V 
\ .  

relat ionshtp, where the compliance diminished as force increased (Figure 35). 

Results s imi la r  t o  Wilk ie 's have been recent ly obtai'ned by Sanderson (1975). 

I n  the studies performed by both authors the kchan ica l  evaluation of !he 

muscular components were acquired 'by using the added coinpl iance technique 

devised by MacPherson (1953). Therefore, the C/F resu l ts  obtained by these 

authors should have been comparable to those present& i n  the present study. 
9 

This was not the case. L 

The resu l ts  o f  the C/F re la t ionship o f  the SEC of the present 

study indicated tha t  the non-1 inear re la t ionship was as unique as was the 

F/V re la t ionship f o r  isometric contractions. It I s  suggested tha t  the non- 

1 inear C/F re1 at ionship produced from i sanetric contractions o f  normal 

healthy muscle i n  the present study can be divided i n t o  three d i s t i n c t  

sections. These sections were described as: 1 )  the l n i t f a l  r i s e  t o  a 

peak compliance a t  low forces; 2) a rapid decline i n  compliance t o  a 

steady level  throughout the middle ranges o f  force and 3) an addit ional  

rap id decrease i n  c a p 1  iance a t  higher forces approaching haxinun isometric . 

force. 

I f  the cross-bridges were the major s i tes o f  the muscle's SEC 

cmpljance, then -- - the non-1 inear C/F re lat ionship would be easi ly  explained 

by cross-bridge involvement as the r e s u l t  o f  length and/or ac t iva t ion  

changes o f  

act ivat ion 

assuned t o  

the CC. With the onset o f  st imulation resu l t ing  i n  a r i s i n g  

level ,  the n-rs of force-generating cross-bridges were 

increase and therefore would resu l t  i n  the shortening of the 

CC and extension of- the SEC. As the resul ts  o f  Huxley e t  a l .  (1971a) and 



FIGURE 35: 

> The var ia t ion  of compliance w i t h  force 

(tension),  arm alone (C)  , cmpl  iance 

of system added (D) . 
(Wilkie, 1950, P. 264) 
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Bressler et al. (1974) 'indicated, there should be a decrease in the muscle's 

SEC compliance which would correspond with the increased area of overlap 

of the myofitaments and thus increased number of cross-bridges during 
+- 

shortening of the CC. The general trend of the mean C/F relationship of 

the sedentary group exhibited the expected decrease in SEC compliance as 

the CC shortened but a contradiction was presented by the early portion of 

the curve (Figure 19). 

If it can be assuned that the cross-bridges exhibit mechanical 

activity only upon stimulation or activation, then the initial rise in 

the non-1 inear C/F relationship found in the present study would suggest 
< 

that the SEC compliance is activation dependent. This activation dependency 

could be interpreted in two different ways. Firstly, the initial rise in 

the non-1 inear C/F relationshjp may have been indicative of the increased 

involvement of fully activated cross-bridges where increasing chemical or 

etectrfcal activity i n  or around each cross-bridge changed its resident - 

canpl iance. The other a1 ternative was that this rise in the non-linear 

,CIF relationship was direc y related to the Increased involvenent of the /" r 
cross-bridges and th r resident compliance and thus indicated a transition I"' 
period between ten& and cross-bridge dominance in the determination of 

\\ 
the cmpl iance prop&*ies of the SEC. Therefore, the SEC may present 

\ properties\similar to t ose o f  an inert spring during dynamic contractions 
L .  

but that the active i n v o l v m ~ t  of the force-generating cross-bridges from 
- - -  - 

zero to total activation as expressed by isometric contraction may a1 ter 

these properties. 

Figures 22 to 28 showed that the initial rise in SEC compliance 

at low forces was exhibited by a1 1 the experimental groups. A1 thwgh .the 

~n-linear C/F relationships for each treatment was indicated to start 
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a t  the o r i g i n  o f  the graph, t h i s  was d e f i n i t e l y  not the case. For each 

experimental group a t  leas t  two valyes o f  SEC compliance were calculated 

which suggested a trend toward a k ak leve l  o f  SEC compliance. This 

trend was then extrapolated t o  incorporate the o r i g i n  and thus accent the 

shape o f  

contract 

the non-linear C / F  re la t ionship of the SEC obtained during i s  Tic 
ion. lnaactual  fact, i t  can be assumed tha t  a t  no time or  con- 

d i t i o n  whould b io log ica l  material exh ib i t  zero compl lance. Thus, i t '  i s  

suggested that  i n  actual f ac t  the non-1 inear C/F re la t ionship o f  the SEC 

was i n i t i a t e d  from a non-activgted .compl i,ance 1 eve1 which was larger t k n  

zero and tha t  f r o m  t h i s  level  the non-linear C / F  re la t ionship increased 

t o  a peak. level a t  low forces with the increased inv%lvement o f  cross- 

bridges. It could be proposed tha t  t h i s  i n i t i a l  level  o f  compliance o f  ' 

the SEC 

o f  tha t  

tissue. 

SEC ind 

before st imulat ion could be ind icat ive o f  the mechanical properties 

port ion o f  the that  resides i n  the muscle tendons and connective 

Therefore, the ear ly  r i s e  i n  the non-linear re la t ionship o f  the 

cates .a t rans i t iona l  period o f  changing SEC .compliance which i s 

a t t r ibu ted  t o  the r i s i n g  state o f  act ivat ion.  As no d i r e c t  measure o f  

ac t iva t ion  i s  possible, the only par t  o f  the C/F curve which may be 

chsidered i s  t ha t  which was obtained a f t e r  maximal act ivat ion was achieved. 

This point  i n  time i s  d i f f i c u l t  t o  ident i f y ,  i t  i s  probable tha t  it 

occurred a f t e r  the point  where ve loc i ty  began t o  decrease wi th  increasing 

force i n  the F/V relat ionship.  This paint  can be ident i f ied om the C/F  
6 

curves as being that  a t  which compliance was maximal. 

The central regions o f  the non-linear C/F  re la t ionship o f  the SEC 

f o r  the sedentary and trained (sub-group 2) groups demonstrated a d i s t i n c t  
I 

s i m i l a r i t y  i n  shape t o  tho'se relat ionships presented i n  the l i t e r a t u r e  for 

dynamic contractions (Figure 35). This t n v s t i g a t i o n  showed t h a t  the peak 
-u 

leve l  o f  compliance o f  the SEC corresponded to the peak ve loc i ty  o f  shortening 



f 

o f  the CC and t h i s  indicated tha t  the area o f  the non-1 Inear curve where . 
ntaximal act ivat ion and myosin ATPase a c t i v i t y  was reached for the whole 

muscle. Progressive isometric force devel~pment beyond these peak level  s 

of ve1 oc i  t y  and compl I ance resul ted i n  changes i n  1 ength of the CC and SEC. 

. These length changes were ind ica t ive  of increased numbers of cross-bridges -, 

u n t i l  Po was reached Jhe reduced value o f  the ve loc i ty  o f  shortening o f  +-. 
the CC wi th  smal l e r  and smaller changes i n  the 1 ength o f  the CC d 
and SEC. ~ h e r k r e ,  when the force productjon o f  the CC continued t o  increase 

r 

towards P,, the a b i l i t y  o f  the SEC t o  accmdate  addit ional '  increases i n  

length began t o  decrease resu l t ing  i n  increased reslstance t o  length 

changes,decreased ve loc i ty  o f  shortening o f  the CC and thus decreased 
C 

> compliance o f  the SEC. It can be concluded that  the mechanical behavior 

of the SEC was 1 ength and force dependent and tha t  t h i s  dependency can 

be expressed i n  the form o f  an extension-force (E /F)  relat ionship.  Further- 

more, the central  regfon o f  the non-linear C/F  re la t ionship o f  the SEC 

produced during isometric contraction can be explained i n  terns o f  nuhers 

of i nvol ved cross-bridges , where, as the number of involved cross-bridges 

increases, the compl iance o f  the SEC decreases. 

It was observed tha t  as PO was approached there was a sharp decline 

i n  the compliance o f  the SEC f o r  both the sedentary and tralned (sub-group 
- 

2) groups (Figure 28). The decl lne i n  SEC canpl iance a t  high forces 

demonstrated tha t  the maximal extension of the SEC was being approached 
- - - - - -- - - - -- - - -- 

and that  the resistance to length changes was i ncreasing dramatically. 

This increased resistance or decreased canpliance can be observed by 

examining the E / F  re la t ionship o f  the SEC where, a t  high levels  o f  force, 

increasingly larger levels  of force were required t o  produce s ign i f icant  

length .change i n  the SEC. Obviously factors other than the number o f  
i 



involved cross-bridges affected t h i s  decline. Thus i t  i s  speculated tha t  

the maximal compl iance of the cross-bridges themselves had t o  be attained 

or was being approached as indicated by the plateau region o f  the non- 
I 

l i near  C/F relat ionships o f  the sedentary and trained (sub-group 2) groups, 

and tha t  fur ther  force production resul ted i n  the extension o f  the SEC 

residing i n  the tendons o f  the muscle (Figure 29). Therefore, the sharp 
- -- 

decline i n  the non-linear C/F relat ionships observed f o r  these groups i s  
7 

/ i  * suggested t o  indicate the increasing involvement o f  the SEC present i n  

the tendons. Further evidence which may support t h i s  suggestion was observed 
-. - 

a + i n  t ha t  there was a s imi la r  terminal compliance leve l  f o r  a number o f  the 

experimental groups (Figure 29). 

A possible method o f  determining the contr ibut ion o f  the SEC 

compliance o f  the muscle and tendon would be t o  acquire the non-linear ~i6' 
P 

' 
and C/F relat ionships o f  a muscle wi th  and without i t s  tendons intact. '  

Comparing these .relationships would g ive a good ind icat ion o f  the tendon's - 

- contr ibut ion t o  the SEC's compliance. Another p o s s i b i l i t y  could be t o  

acquire the isometric F/L relat ionships o f  ,a muscle wi th  and without i t s  

tendons in tac t .  Subtracting the isometric F/L relat ionships o f  the muscle 

without i t s  tendons i n t a c t  from tha t  obtained with t h e  tendons i n t a c t  

would produce the E/F re la t ionship o f  the SEC that  resides i n  the tendons. 

Hopefully these techniques may provide a good e s t b t i o n  o f  the SEC 

compl ianFa(that resides i n  the tendons . 
- i - 

4. 

b b e f i ~ l s l ~  f t  was laentioned tha t  €he llnear reTatlonship gav 

l i t t l e  ind icat ion o f  the unique non-linear F/V re la t ionship o f  the-CC 
Y 

. . 
i produced during isaaetr ic  contraction. A s imi lar  statement can be made 

for  the comparison o f  the 1 r and non-linear C/F relationships o f  the SEC.. /" 
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Visual evaluation suggested t h a t  the l inear  C/F re lat ionship was much less 

accurate i n  representfng the non-linear C/F re lat ionship o f  the SEC than 

was found fo r  the F/V re lat ionship of the CC. ' I n  fact ,  the 1 inear repres- 

entation provides v i r t u a l l y  none o f  the specl f ic character is t ics  of the 

non-linear C/F re la t ionshfp which might help d is t inguish between a l i nea r  

value obtained from dynamic or  isometric conditions Y 
2) E f f e c t s  of Denmat ion  and Training 

\ 

The denervated (sub-group 3) group presented a unique experimental 

s i tua t ion  which d&nstrated qui t e  d i s t i n c t  non-1 inear C/F resul t s  (Figure ' 
-23 

24). A1 though th is '  group consisted o f  only one animal , i t  represented apJ 

s i tua t ion  &re the  e f fec ts  o f  denervation could be assessed on an antag- - 
on is t i c  group f o  muscles. I t  has been shown that  the gastrocnemius was 

not denervated i n  t h i s  group and tha t  it underwent s ign i f i can t  passive 

shortening during the period o f  denervation o f  i t s  antagonistic nuscl es. 

Furthermore, i t was suggested tha t  t h i s  shortening resul ted i n  an increased 

overlap o f  the myofilaments and thus a reduced number o f  cross-bridges. 

This change i n  ML was thought t o  be indicated by a di f ferent non-linear 

FfV re la t ionship which was dictated by the shorter #. Eivdence t o  support 

the suggested change i n  myof i lament over1 ap and number o f  cross-bridges 

was thought t o  be demonstrated by the much slower r i s e  i n  SEC compliance 

a t  low forces of the denervated (sub-group 3 ) .  I n  fact ,  the denervated 

(sub-group 3) group demonstrated a slower r i s e  Pn the SEC non-linear C/F 

re lat ionship than b o t h  denervated sub-grows 1 and ?, M k  expresstng Lt --- 

* approximtcty the sane r i s e  i n  &plianc& the sedentary gmup. An 

obvious inconsistency was presented by these resul ts;  for -  if the shorter 

K d id  i n  fac t  represent a decrease i n  the nwnber o f  avai lable cross- 
\ 

bridge;, then the denervated (sub-group 3)  group should have demonstrated 



- -  - A np --- - - - - -- - 

a r i s e  i n  SEC compliance which was much slower reaching a higher peak 

compliance than that of the sedentary group. Thus the question arose as 

t o  the effect of a prolonged shortened state on healthy'muscle. 

Tabary , Tabary , Tardieu and Tardieu (1971 ) demonstrated tha t  

muscle imnobil ized i n  a shortened posi t ion resulted i n  decreased numbers 

and the size of the sarcomeres and thus i n  the numbers of avai lable cross- 
.d 

bridges. Although these authors d i d  not examine muscles shorteneztas a 

resul t o f  antagonistic denervation, t he i r  f indings suggested tha t  muscles 

shortened for an extended period o f  time undergo st ructura l  changes which 

should be reflected i n  the mechanical properties o f  the various components. 

It was concluded then that the non-1 inear C/F re la t ionship of the denervated 

(sub-group 3 )  group was ind icat ive of t ha t  re la t ionship which should be 

expected fo r  muscl'e which has undergone an extended period of shortened 

-- length. Consequently t h i s  group demonstrated an Lo which was shorter than 

the normal muscle and thus the various muscle components demonstrated 

propert ies which were effected by s t ructura l  changes. 

Dramatic differences i n  compliance o f  the SEC were observed between 

the sedentary and trained (sub-group 2) groups during the ear ly  stages o f  

force developnent (Figures 25, 27 and 28). It was suggested tha t  d i f -  

ferences between these @ups, as expressed by the mean non-1 inear F/V 

re1 ationships,, were due t o  changes i n  sarcopl awnic prote in concentrations 

and thus the r a t e  of act ivat ion o f  the muscle and a1 terat ions i n  the 

cmptfance o f  the crass-bridges. The o%servattonn w ~ s m ~ ~ t h I t € i i e p p a k  
- -- 

cmptiartce of  the SEC was higher and attained a t  a lower force fn the traCned 

(sub-group 2) group than i n  the sedentary group. This indicated tha t  the 

ra te  o f  r i s e  in-  complfance was increased by t ra in ing  and was-attr ibuted t o  

an increased r a t e  of act ivat ion o f  the muscle with the advent o f  st imulation. ' 
1 



- The peak fettets o f  amp1 iance of t h e n o n + m a r W m M p  - 

were assumed t o  indicate maximal act ivat ion of the muscles as d l d  the 

peak ve loc i t ies  of the non-linear F/V relationships. The .trained (sub- 

group 2 )  group demonstrated a peak canpl iance which was much higher than tha t  

of the sedentary group (Figure 28). It was concluded tha t  t h i s  increased 

compliance of the SEC a t  the onset of t o t a l  act ivat ion was ind ica t ive  o f  

changes i n  some port ions o f  the SEC. 
- -- - 

The major por t ion o f  the mean non-linear C/F re lat ionship o f  the 

SEC o f  the trained (sub-group 2) group was'almost ident ica l  t o  tha t  o f  the 

sedentary group. This suggested tha t  the numbers o f  involved cross- 

bridges throughout the normal range of force production were s imi la r  f o r  

both group*. Pod01 sky and No1 an (1973) have indicated tha t  the dynamic 

C/F r e l a t i o b h i p  c w l d  be described i n  terms o f  the rider of involved 

cross-bridges. There i s  l i t t l e  doubt tha t  t h i s  observation can be applied 

t o  that  port ion of the isometric C/F relat ionship which l i e s  beyond the 

peak cmpl  iance level .  Considering the resul ts  of Podolsky and Nolan 

(1973) i n  conjunction wi th  the f indings o f  the present study, i t  was 

concluded that  t ra in ing  resulted i n  v i r t u a l l y  no change i n  q y o f i b r i l l a r  

protein concentrations. These observations tend t o  support the conclusion 

tha t  the t ra in ing  program used affected an increase i n  sarcoplasmic prote in 

concentrations. Fu r themre ,  the s i m i l a r i t i e s  fn  the mean non-linear 

C/F relat ionships of the sedentary and trained (sub-group 2) groups 

suggested that  the la rger  port ion o f  the SEC cmp l  lance residlng in& 
c. 

-- - - - - 

cross-bridges was unchanged. This port ion o f  the SEC compliance was - 
- * 

thought t o  be adequately described by the para1 l e b  combination o f  a 

dashpot and spring presented by Huxl ey and Simnons (1 971 a). 

The trained (sub-group 1 ) group presented a non-1 inear C/F 



i 
re la t ionship o f  the SEC which was different than the other t rained group 

and was f e l t  t o  be the r e s u l t  of the effects of pneumonia. It was 

suggested ear l  i e r  t ha t  pneumonia w y  have affected any one o f  a number of 
i 

the energy l i be ra t i ng  metabolic processes and/or substrates, or  could have 

f a c i l i t a t e d  the destruction of myo f ib r i l l a r  proteins v ia  the Stress 

Syndrolne. Throughout the f u l l  range of force production o f  t h i s  group 
- 

there was observed t o  be a higher leve l  o f  compliance of the SEC than - 

that  o f  the trained group (sub-group 2). Taking i n t o  account the con- 

clusions o f  Podolsky and Nolan (1973) i t  was suggested tha t  pneumonia . 

resulted i n  decreasing the number and a c t i v i t y  o f  the cross-bqidges by 
+ 

the ~ l i s m  of m y o f i b r i l l a r  proteins. It must be concluded t h a t  

addit ional research involving biochemical , his to log ica l  , histochemical and 

biochemical analyses 4s necessary before relevant conclusions can be made 

concerning the ef fects  o f  pneumonia on the mechanical propert ies o f  muscle. 

I n  all thl? experfmental groups the l inear  m d e l  produced l i nea r  

approximations o f  the non-1 inear C/F re1 ations hips which seemed inadequate. 

This inadequacy was not 1 i m i  ted t o  the descript ion o f  the spec i f i c  

character ist ics but seemed t o  represent an overestimation o f  the non- 

1 inear C/F relationships. I n  each case the I inear approximation was 

observed t o  be affected more by the peak level  o f  compl lance rather  than . 
i;i 

the main bady o f  the non-linear C/F relationship. It must be stated that  

a1 though there seemed t o  be a consfstant overestimation o f  the theoret ical  
- - -- --- 

nun-1 inear C/F re la t ionh ip  by the 1 inear mdel ,  the mean l i nea r  approximations 

d id  suggest s imi lar  trends as the mean non-1 inear curves which were due t o  

the experimental treatments. 

3) Comparison o f  the Linear and Non-Li near Relationships 

The mean 1 inear compl lances o f  the denervated groups were greater 



than those o f  the sedentary group a t  an d- level  o f  0.01 (TABLE 14). 

There was a progressive increase i n  the magnitude o f  the l inear  compliance 

as the e f fec ts  o f  denervation progressed. This progression was a1 so 

exhibited by the mean peak compliance o f  the non-linear C/F relat ionships 

of the denervated groups. It i s  concluded tha t  the 1 inear values indicated 

the trend o f  the non-linear C/F relat ionships for the denervated groups 

(sub-groups 1 and 2)  but that  the l i nea r  values seem t o  demonstrate a 

' bias f o r  the mean peak compl inace levels.  

The standard deviations (SD' s) o f  the 1 inear and' non-1 inear mean 

value C/F relat ionships o f  the denervated (sub-groups 1 and 2) and seden- 

ta ry  groups suggested tha t  the l inear  evaluations of complinace o f  the 

SEC were more consistant than the calculated increment compliances o f  
> .I * 

the non-linear curves (Figure 29). It was suggested e a r l i e r  a@ i s  
I 

concluded here tha t  the 1 inear model was much more accurate i n  i t s  assessment - 

of the isanetFic myograms because o f  i t s  s impl is t fc  in terpretat fon o f  the 

raw data. A1 though the numbers o f  experimental animals were small i n  each 

group, the 1 inear estimates of cmpl  iance were s t i l l  qu i te  consistant i n  

comparison t o  the indiv idual non-1 inear C/F curves (Figures 22, 23 and 25).  

Therefore, i t  was concluded tha t  the much larger SD's observed f o r  the 
1 

non-1 inear CJF curves o f  the SEC f o r  these groups were the d i r e c t  resu l t  4 
2 

of  experimental errors i n  determining the shape o f  the isometric myograms i 

As  was observed f o r  the F/V re1 a t  ionshi p , the,denervated (sub-group 

3) group demonstrated a unique resu l t  when comparisons are made between 

the 1 inear and non-1 inear C/F relationships. The non-1 inear C/F re lat ionship 

of the denervated sub-group 3 indicated tha t  the c m p l  iance level  of the 

SEC was l a r e r  than the sedentary group mean value C/F re lat ionship (Figure 28). 



- - , 

However, the 1 ipear estimate of compliance suggested that the compl iance 

of the SEC was higher than the sedentary 1 inear mean C/F relatfonship ' 

for the full range of force produftion (Figure 28). No definfte conclusion 

could be presented for these results because the group consisted of only 

one animal. A; previously suggested, the 1 inear model seemed to have 
\ 

difficulty i n  reflectfng the effects of decreased ML's less than Lo. In 

fact, f t 'was speculated that Lo was shifted t o  a value lower than that of - 

- - 

the sedentary groupl,s and that this shift  resulted i n  changes i n  the 

internal structure of the muscle (~abary e t  a1 . , 1971 ) . Therefore, i t  

could be suggested t h a t  the linear model lacked the ability to demonstrate 

changes in the mechanical behavior of healthy muscle suffering the effects 

of prolonged reduced ML ' s. - 

The 1 inear mean C/F relationship of the trained (sub-group 2) group 

indicated a simil -r increase i n  compliance over the sedentary value as 

d i d  the denervated groups (Figure 29). A1 though the increase was not as -4 
dramatic a s  i n  the denervated g r ~ " ~ s ,  it was found to be significantly 

< 

different from the sedentary linearmean value a t  an=-level of 0 

(TABLE 14).  TSli's significant difference was not evident when the 

linear man C/F relationships were cmpared for the sedentary and 

(sub-group 2)  (Figure 29). I t  was suspected t h a t  a slgnif 

05 

non - 
trained 

cant 
5 
1 

difference may have existed a t  low force between the mean non-1 inear C/F 5 

r 

relationships of these groups, but  only one point -- the peak compliance -- 
fndtcated that thts was true. The r ~ i ~ a 7 i i t i ~ ~  of mean non-li- W- - -- 

re1 a tiomhips of these groups demomtrated absolutely no difference. 

Therefore, i t  was concluded that changes in compl iance of the non-1 inear 

C / F  relationships of the SEC during the early stages of force development 

plajed d prominent role i n  the determination o f  the 1 inear qmpl iance 



impressfon obtained Prom the Tltereature was €kitthe i samet r icT lF  

re lat ionship was the  same as tha t  obtained during dynamk contractions. 
Y 

Obsewding the E/F re la t ionship o f  j u s t  the sedentary group shoved tha t  t h i s  

was not legi t imate assumption. I n  fact ,  unl ike the dynamic EIF re la t ion-  

The SD's determined f o r  the non-linear mean C/F relat ionships of 

the sedentary and trained (sub-group 2) groups were o f  such a magnitude 

that  i t  was d i f f i c u l t  t o  suggest t ha t  there were s ign i f i can t  d i f ferences.  

f o r  any port ion of the curves. It was suggested that  a s ign i f i can t  d i f -  

ference extsted between the mean non-1 inear C/F relat ionships o f  these 

groups a t  low forces but the SDis o f  only one point  o f  the curves-supported 

t h i s  suspicion. There was no doubt i n  the resul ts  o f  the l i nea r  mean values 4 

for these groups (Figure 29). The SD's of the l inear  mean values o f  

compliance o f  the SEC were such tha t  there could be no doubt t ha t  the 

differences were s ign i f i can t  f o r  these groups. As i n  the mean F/V resul ts  

for these groups, i t must be concluded again tha t  the 1 inear system o f  

- analysis presented a much simpler method o f  assessing isometric myograe. 

This s imp l ic i t y  was ref lected i n  terms o f  experimental e r ro r  and thus the 

SD o f  the 4t1 C/F relationships. 
. 

e 

b) The Extension-Force Re1 ationship 

1) The Linear and Non-Linear Relationships 

The E/F relat ionships o f  the SEC were determined by in tegrat ing 

the mean C/F relat ionships o f  the major experimental groups (Figure 30). 
* 

These relat ionships were found to be as unique to isometric contraction 

as were the C/F ar.d F/V relationships. To date, the isometric E/F 

re lat ionship of the SEC has not been examined i n  great de ta i l .  The general 

ship, the i s a r # t r i c  re la t ionship demonstrated a slow r i s e  i n  extension 



1 

of the SEC was ac t iva t ion  dependent i n  the ear ly  stages o f  ispmetric force 

production. - 

The overa l l  trend of the E/F relat ionships o f  the SEC during 

isometric contractions was s imi la r  t o  those acquired by dynamic contractions. 

The only di f ference i n  shape observed was present i n  the ear ly  stages o f  

force development where there were r e l a t i v e l y  small changes i n  lengM o f  , 

the SEC. This por t ion o f  the curve corresponded t o  the ear ly  r i s e  i n  

compliance. ~ h u s  i t  was concluded ' that t h i s  ear ly  port ion o f  the E/F 

re lat ionship indicated the introduction and increased involvement o f  the 

cross-bridges. One t o t a l  act ivat ion was reached, Ule Isometric E/F 

re lat ionship o f  the SEC resembled tha t  produced during dynamic contractions. 

Similar concl usions can be made concernirlg the comparabll i t y  of the 

1 inear and non-1 inear E/F relat ionships as were presented f o r  the F/V a 

and C/F camparison o f  those relationships. Obviously speci f ic  character- 

i s t i c s  o f  the non-1 inear re la t i onsh ip  were sacr i f iced by the 1 inear-model 

f o r  the purposes of simp1 i c i t y .  There was sow suggestion tha t  the 1 inear 

E/F relat ionships gave a bet ter  ind icat ion o f  the non-linear relat ionships 

than d id  any o f  the previous 1 inear parameters. Even then, t h e 1  inear 

isometric E/F relat4onship would be hard t o  d is t inguish from one produced 

during dynamic contractions due t o  the lack o f  speci f ic  information which 

was provided by the non-1 inear E/F relat ionship o f  the SEC. 

2) The Effects o f  Denervation and Training 
- - pp-p - -- 

The denervated groups demonstrated a progressive decrease i n  the 

~ g n i t ~ d e  o f  length changes during isometric force production (FQuPe 30). 
f 

There were signi f icant decreases i n  mbn Po which was equated wi th  the 

effects o f  the degenerative processes character ist ic o f  prolonged denervation. 
Ik 



Podolsky and Nolan ,(1973) suggested tha t  the number of act ive cross- 

bridges had a d i rec  on the compliarke o f  the SEC. It i s  suggested 

i n  the present invest igbt ion tha t  there was a progressive reduction i n  
\ 

the n&r o f  cross-bridges resu l t ing  from denervation. I n  addit ion, there 

were de f i n i t e  increases i n  the slope o f  the E/F relat ionships o f  the 

denervated groups when compared t o  the sedentary groups. Thus, i t  was 
- - - - - - - 

concluded that  the incresie i n  slope o f  th; E/F curves observed f o r  the- 

denervated groups are representative o f  the progressive decrease i n  the 

nlrmber and a c t i v i t y  o f  involved cross-bridges which was indicated by the 

reduced level  i n  mean Po. 

,The i n i t i a l  por t ion o f  the signoid E/F curves of a l l  the experimental 

groups suggested tha t  there were d e f i n i t e  changes i n  the mechanical pro- 

pert ies o f '  the SEC during the onset a o f  act ivat ion. These 

ear ly  changes were a t t r ibu ted  t o  the state- o f  act ivat ion 

on the mechaniaal propert ies o f  the SEC.L Theseresul ts%pggest tbt 

HacPherson's (1953) method does not apply t o  isometric condit ions because 

the basic assumption made i n  h i<  technique i s  violated. 

An Interest ing re lat ionship was found t o  e x i s t  between mean peak 

veloc i ty  o f  shortening o f  the CC and the maximal m a n  extension o f  the SEC. 

It was found tha t  there was,an 85% reduction i n  both the mean peak veloc i ty  

'of the CC and maximal extension o f  the SEC during the M r s t  month o f  

denervation (denervated sub-group 1 ). Af ter  two months o f  denervation the 

of the CC new found t~ be s lmi lar  f o r  both these parameters- It i s  

concluded that  the maximal extension o f  the SEC was ve loc i ty  dependent. 

This conclusion suggests that  extension o f  the SEC was d i r e c t l y  re la ted 

to the e f fec ts  o f  the nmbers and act iv i ty ,  o f  the 

h 



compliance propert ies o f  the  cross-bridges themelyes nr the wons.~ 

It was shown tha t  there was a s i g n i f i c a n t  increase i n  the amount /-w . 

o f  connective t issue around the muscle. f i b res  a f t e r  two months o f  denervatlon. 
pa 

I f  t h i s  increase was i nd i ca t i ve  o f  increases o r  changes I n  thq-amount of 

connective t i ssue  i n  the tendon then i t  could be suggested t h a t  there would 
4 a 

be a decrease i n  the compliance o f  the SEC thus reducing i t s  a b i l i t y  t o  

increase i n  length. Jhis was not found t o  be the  case (Figure 30). It 

was suggested by the C/F re la t ionsh ip  o f  the SEC tha t  there was an increase 

i n  the overa l l  compl lance o f  the SEC thereby suggesting an increased 
! 

a b i l i t y  t o  undergo length changes (Figure 28). F r o m , t W  resu l t s  it i s  

concluded tha t  the l eve l  o f  extension reached by the SEC was c lose ly  re la ted  
\ 
t o  the numbers and a c t i v i t y  o f  'the cross-bridges. This wouild tend t o  suggest 

t h a t  the E/F re la t ionsh ip  accents the r o l e  o f  cross-bridge compliance i n  

the determination of the mechanical propert ies o f  the SEC. 
\ '  

The E / F  r e l a t i onsh ip  o f  the t ra ined groups substahtiated the  

conclusions made i n  the previous paragraphs (Figure 30). The same signold w 

shape f o r  the E/F curves was demonstrated by the t ra ined  group. As i n  the 

previous groups discussed, t h e  i n i t i a l  por t ion  o f  t h i s  re la t ionsh ip  

suggested t h a t  cnanges i n  the e l a s t i c i t y  o f  the SEC occurred dur ing the 

process of  act ivat ion.  

'It was observed t h a t  the E l F  re la t ionsh ip  o f  the t ra ined group 

denonstrated a high r a p  o f  length changes i n  the SEC wfth the  development ,' 
of force. Ear1 i e r  it was shown t h a t  the increa ie  6 t ra ined m a n  MU was . 

- -- - - - - --- - - - - - - - - 

, ind i ca t i ve  o f  an increase o f  sarcaplasmic p ro te in  conbcntrations and thu i ,  4 

energy 1 ibera t ion  and cross-bridge a c t i v i t y .  Coupled w i t h  the observed 
F 

increase i n  r a t e  o f  ac t i va t ion  o f  the muscle, these f ind ings suggested 

t h a t  the increased r a t e  of extenslon o f  'the SEC was the r e s u l t  o f  these 



3)  Comparison o f  the Linear and Non-Linear Relat ionships 

The l i n e a r  d non-linear mean C/F re la t ionsh ips  of the SEC were 

in tegrated t o  produce the 1 inear  and non-1 inear E/F r e l a t i onsh ips  of the 

fou r  major experimental groups. The 1 inear re la t ionsh ips  were found 

t o  provide a be t t e r  f i t  for  the non-l inear E/F re la t ionsh ips  of the SEC 

than was observed f o r  the other mechanical parameters o f  the muscle com- 

ponents f o r  these groups. 

3ntegration o f  the theore t i ca l  C/F r e l a t i onsh ip  o f  the  SEC f o r  the 

sedentary and t ra ined  fsub-group 2) groups produced the theore t i ca l  E/F 

r e l a t i onsh ip  f o r  these groups. It was found t h a t  the l i n e a r  mean E/F 

r e l a t i onsh ip  demonstrated the 20% overestimation o f  the theore t i ca l  

r e l a t i onsh ip  which was observed dur ing the comparicon o f  the mean C/F 

, re lat ionships (Figure 33). There was some question as t o  the representat ion 

o f  the non-1 inear E/F re la t ionsh ips  by the theoret ica l  1 inear ' re lat ionship 
@*Jq' 

for both the sedentary and t ra ined  groups. It seemed %hat the theore t i ca l  

curves underestimated the non-1 inear E/F re la t ionsh ips  but  a t  the same 

time presented a f a i r l y  good ind ica t ion  o f  general t rend o f  these re l a t i on -  
3 - 

ships (Figure 33). I n  more precise terms, the l i n e a r  mean E/F r e l a t i o n -  

ship demonstrated the 204 overestimation o f  the theore t i ca l  r e l a t i onsh ip  

which was observed dur ing the comparison o f  the mean C/F re la t ionsh ips  

( ~ i g u r e  33). There was some question as t o  the representat ion o f  the m- 
- 

1 inear EJF re la t ionsh ips by the theoret ica l  1 inear r e l a t i onsh ip  f o r  both 

the sedentary and t ra ined groups. It seemed tha t  the theore t i ca l  curves 

underestimated the non-l inear E/F re la t ionsh ips bu t  a t  the same time 

presented a f a i r l y  good i n d i c ~ ? i o n  o f  general t rend o f  these re la t ionsh ips 
, 

(Figure 33). I n  more precise t e r n ,  the 1 inear model's representat ion was 



- - 

a good ind icat ion of the E/F relat ionships when tk indh idua l  points 

were examined f o r  the non-linear E/F relat ionships o f  the SEC for these 

groups. On the other hand, the theoret ical  E/F relat ionships provided an 

adequate ind icat ion of these non-1 inear E/F relat ionships when the slope 

a t  each point  was considered. It was suggested tha t  the course, and hence 

the slope, o f  the l i nea r  E/F re lat ionship provides a much more accurate 

tndicatton o f  the E/F propert ies o f  the SEC during isometric contractions. - 

Therefore, i t  was concluded tha t  the 1 inear model overestfmated the trend I 

o f  the noti-1 inear E/F Pelationship o f  the SEC by 20%. Furthermore, t h i s  J 

overestimation was believed t o  be the d i rec t  resu l t  o f  the l i n e a r  system 

o f  analysis where 7 was consi s tan t ly  underestimated (Figure 34). 

i i i ) The Para1 l e l  E l  as t i c  Component 

a) The ~ o r c e - ~ e n ~ t h  Relationship 

1 ) The Effects o f  Prolonged Denervation, Training and Disuse 

The denervated groups d q n s t r a t e d  a progressive increase i n  the 

slope and decrease i n  the length axis intercept f o r  the mean F/L re la t ion-  

ships o f  the PEC when compared to the sedentary (sub-group 1) group (TABLE 

15). It was shown t h a t  denervation resulted i n  a s ign i f i can t  increase 

i n  the concentrations o f  connective t issue around the indiv idual tmiscle 

f ibres. Thus it was concluded that  the progressive increase i n  the 

concentration o f  connk t ive  t issue produced the observed increased slopes 

or decreased colnpliance o f  the PEC (Figure 21 ). 

Histological  analysis performed i n  the present study showed a 

s ign i f icant  decrease i n  the size and a c t i v i t y  o f  the three types of muscle 

f ibres found i n  r a t  gastrocnemius during denervation. It was suggested 

tha t  these decieases were ref lected i n  progressive decreases i n  the con- 



t r a c t  

force 

pan i e' 

- - - - -  - - - -- 

i l c  processes involved i n  force productlan. The levels o f  act ive - 
- 

production were shown t o  decrease as denervation progressed accom- . 
: 

d by a less d i s t i n c t  t rans i t i on  between CC and PEC force as HL was \ 

increased beyond Lo. Thus the functional range o f  length o f  the CC was 

being continual ly reduced as denervation progressed. 

Prolonged disuse produced a s ign i f i can t  increase i n  the slope and 

decrease i n  the length axis in tercept  of the F/L r e l a t  1% nship o f  the 

PEC o f  r a t  gastrocnemius (TABLE 15). These changes resul ted i n  reduced 

extensibi 1 i t y  o f  the who1 e muscle and a much more rapid t rans i t i on  between 

CC and PEC dominanceas, the ML was increased (Figure 21). 

E l  1 i o t t  (1 965) showed tha t  tendon was composed of para1 1 e l  aggreg- 

ations o f  collagen f i b res  long i tud ina l l y  a1 lgned. There was a continual 

process o f  cross-1 ink formation between the collagea f lbres which were 

aligned i n  para l le l  (Petruska and Hodge, 1964). Some o f  these cross-1 inks 

have been reported t o  be permanent whi le others can be broken once formed 

during act ive stretching o f  the tendons (Elden, 1968). It i s  concluded 

that  the observed s t i f f en ing  o f  the PEC during prolonged d t  suse was the 

d i rec t  consequence o f  the continual formation o f  the cross-l ink network 

i n  the connective t issue (collagen) o f  the tendons. Thus the progressive 
\ 

s t i f f en ing  o f  t h e  PEC. reduced the dominance o f  the CC f o r  lengths much 

greater fhan Lo thereby decreasing the functionfng range of the CC 

(Figure 21). These decreases were expressed by a more d i s t i n c t  t rans i t i on  

from CC t o  PEC dominance i n  s t a t i c  force production as the ML was increased. 

Training was observed t o  induce a s imi lar  increase i n  the slope of 

t h e  mean F/L re la t ionship o f  the  PEC as was demonstrated by the denervated 

(sub-group 1) group (TABLE 15). However, the functional range o f  ML of 

the trained group was reduced f a r  more dras t ica l l y  than tha t  exhibited 



, by the denervated (sub-- 1) group (TABLE 15)- T r M - p r e d u c e c h  - 

s t i f f en ing  o f  the PEC which ref lected a reduced involvement of the CC 

f o r  lengths greater than Lo. This s t i f f en ing  e f fec t  may have been due 

sole ly  to, the t ra in ing  procedure o r  t o  the natural process of aging or  t o  

both. Cmpar ingthe mean F/L re lat ionship o f  the PEC of the trained and 

sedentary (sub-group 2)  groups shared tha t  the curves differed very l i t t l e .  

No conclusions could be drawn from these resul ts  because the experimental 

groups comprised only two animals. I t  was suggested tha t  t ra in ing  had 

v i r t u a l l y  no effect on the F/L re la t ionship o f  the PEC due to the fac t  

# a t  there was no obvious differences i n  the force production of the CC 
' 

between the sedentary (sub-group- 2)  and trained groups. 

Examination o f  the values o f  compliance obtained f o r  the PEC 

of the various groups produced a very in terest ing correlat ion. I t  was 
. - 

observed that  the compl iance o f  the PEC of the sedentary (s.ub-group 1 ) 

and trained groups bore an extremely close resemblance t o  the compliance 

exhibited by the plateau region o f  the non-linear C J F  relat ionships o f  

the 5EC f o r  these gro . It was concluded e a r l i e r  t ha t  the non-linear r"; 
C/F re lat ionship o h  SEC a t  higher forces demonstrated the increasing 

- 7  

involvement o f  the SEC compliance residing i n  the tendons. Thls increased 

involvement was thought t o  occur as the compliance o f  SEC that  resides i n  

the cross-bridges approached tha t  of the tendons. The s i m i l a r i t i e s  i n  

the PEC and SEC compl iance a t  these higher levels of force seem t o  sub- 

s tant ia te the above conclusion for the sedentary and trained (sub-group 2) 
- -- 

groups. These s imi lar  resul ts  could be purely accidental but they suggest 

tha t  tk compliance tha t  resides i n  the cross-bridges could be equated 

w f  t h  tha t  o f  the fascfa of  the muscle a t  high forces because the compliance 

o f  the tendons were coffwron f o r  both methods o f  data acquisi t ion (le., 



F/L and F/V study). v 

From these resu l ts  i t was thought that  the compliance of the tendons 

do not contribute t o  the compliance o f  the SEC t o  any s ign i f icant  degree 

f o r  the denervated grdups. This conclusion was supported by the f a c t  tha t  

nei ther denervated group presented a plateau region i n  the non-linear 

C/F re1 ationshi p o f  the SEC. Furthermore, the non-l inear C/F re1 ationship 

o f  the SEC f o r  these groups probably demons t r a  ted-the compl iance propert ies 

of only the cross-bridges. 

i v )  Jus t i f i ca t i on  o f  MacPherson's (1 953) Technique 

MacPherson (1953) developed a technique to  determine the mechanical 

propert ies o f  the CC and the SEC using a pa i r  o f  i s  r i d  contractions. + 
This technique incorportated an added series compliance i n  h a l f  the per- 

fokd isometric contractions and required that  a pa i r  o f  isometric con- 

tractions, one wixh and one without t h i s  added'compl iance, had thb same 

eventual steady state. A number o$ problems were encountered usfng t h i s  
I 

technique. 

The basic assumption inherent i n  t h i s  technique i s  t ha t  the ve loc i ty  
- 

o f  shortening o f  the CC i s  a funct ion only o f  force. - However, i t  i s  

we1 1 known that  a fami ly o f  F/V curves can be deduced a t  d i f f e r e n t  levels  

o f  act ivat ion o f  the muscle. As the contractions performed i n  the 

present study began f r o m  a res t ing  s tate o f  the muscle, and as act ivat ion 

takes time to  develop-, i t  i s  probable that  i n  the ear ly  stages of . 
isometric contraction the ve loc i ty  i s  dependent upon both force and 

act ivat ion. In"addi t ion,  the time t o  reach a given level  o f  force i s  
lj .- 4 

dif ferent i n  the two contractions (with and without the added compliance) 

and therefore t h i s  force w i l l  be achieved wi th  a di f ferent level  of 



a c t i ~ a t i o n .  Consequently the values o f  dP/dt w i l l  - same level  o f  force but a t  di f ferent levels  o f  a c t  

be _e_quated wi!!hG!!!pp 

i va t i on. Thus MacPherson ' s 

assumption must be inapplicable i n  the ear ly  stages o f  isometric contractions 

which begin from res t ,  as i s  tha t  par t  o f  the resu l t i ng  F/V curves. 

A f a i r l y  large number o f  isometric ,contractions had t o  be performed 

f o r  each muscle t o  acquire two contractions with the same force. Furthepmore, 

the -force decreased w i th  the number of contractions ind icat ing fatigue. 

I n  a number o f  cases, MacPhersonts (1953) technique had t o  be applied t o  

isometric contractions produced a t  di f ferent stages o f  fatigue. Inad- 

ver tent ly  t h i s  would r e s u l t  i n  the incorporation of the e f fec ts  o f  fat igue 

i n to  the analysis. Therefore, i t was concluded tha t  the isometric force- 

time curves should 'be analyzed i n  terms o f  percentage maximal force 

(Po) to eliminate the problems encountered wi th  muscle fa t jgue and acquis- 
' -  

i t i o n  o f  two isometric contractions with the same eventual steady state 

(Figure 36). The conversion of each isometric F/T curve t o  %Po/T curves 
/ 

therefore would present a mean value curve which discounted the ef fects  

o f  fat igue during the non-1 inear analysis and i n d i r e c t l y  would simpli f y  

the appraisal o f  both types o f  isometric contractions by the 1 inear technique. 

Figure 36 shows the mean %Po/T curves o f  two types of isometric 

contractions, one w i th  and the other without an added series compliance, 

o f  a sedentary muscle. There was no s ign i f i can t  di f ference between a 

number of contractionsFat equal increments o f  forces up t o  and including 

60% of Po for both types of isometric contractions. Beyond 60% o f  Po, 

fatigue had a noticeable e f fec t  on the rates o f  force d e v d m n t  aiid thus 

- maximal force produced. Kee$iaese observations i n  mind, hcPherson1s 
i 

(1953) technique can be used. The ' l inear model was found t o  be v i r t u a l l y  

unaffected by fatigue due t o  the f a c t  tha t  the analysis required time 



FIGURE 36: 

%Po-Time rel 'ationship o f  a series o f  isometric 

contractions by the gastrocnemius o f  

a sedentary r a t .  Two types o f  isometric 

contractions are shown, ( A )  without an added 

compliance, and (0) with an added compliance. 
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v) Summary 

The present study has shown tha t  the mechanical behavior o f  the 

various components o f  H i  11 ' s (1 950) model o f  muscle are unique t o  the mode 
,- 

o f  contraction. Previous investigators have demonstrated tha t  the isometric 

F/V re la t ionship o f  the  CC was d i s t i n c t l y  d i f f e ren t  from tha t  produced 
- -- 

during dynamic contractions. This observation has also been made i n  the 

present study. It was shown that  the non-linear F/V re lat ionship o f  'the 

CC d m n s t r a t e d  a rapid r i s e  i n  ve loc i ty  reaching a peak level  a t  low 

forces. The ve loc i ty  o f  shortening o f  the CC was then observed t o  
/ 

decrease as force increased, not un l ike that  seen i n  the data obtained 
C 

from dynamic contractions. It was concl uded. t ha t  the rapid r i s e  I n  ve loct ty  

o f  shortening o f  the CC a t  low forces was the 

state o f  ac t i va t l  ,n i n  the muscle, in ternal  v 

d i rec t  r e s u l t  o f  a r i s i ng .  

iscos i ty ,  and the changing 

compl iance o f  the cross-bfidges. 
- 

I 

I 
I The resul ts  presented by ~ i l ' k i e  (1950) suggested tha t  the iso- 
I 
I 

I metric C/F re la t ionship o f  the SEC shown i n  the present invest igat ion was 

unique t o  isometric contractions. The compliance o f  the SEC was observed 

t o  r i s e  rapidly,  from a very low level ,  t o  a peak value a t  low forces and 
I 

t 

then decreased as force increased during isometric force production. 
L. 

The sedentary and trained (sub-group 2) groups showed tha t  the compliance 

of the S C  formed a plateau where the values o f  compliance changed very 
- -  - 

l i t t l e .  This plateau occured a t  forces between 50 and 80% of Po. Bsyond 

80% Po the compliance o f  the SEC was observed t o  decrease dramatically, 

resu l t ing  i n  increased resistance t o  stretch. It was suggested tha t  t h i s  

- shape indicated the ef fects  o f  a r i s i n g  state o f  act ivat ion. 



- - - - - --- - - -- 

The isometr ic E/F re la t ionsh ip  of the SEC was found t o  bear a 

strong resemblance t o  t h a t  produced dur ing dynamic contractions. The only 

d i f ference i n  shape observed was present i n  the ear l y  stages o f  force , 
?^ - 

development where there were rel&T%ely ... small changes i n  length o f  the *SEC. 

This por t ion  o f  the isometr ic E/F re la t ionsh ip  corresponded t o  the ea r l y  

r i s e  i n  compliance o f  the  SEC and thus fndicated the in t roduct ion and 

increased .involvement of the extensf on propert ies of the  cross-bridges 

dur ing the r i s i n g  s ta te  of ac t i va t ion .  When maximal ac t i va t i on  o f  the 

muscle was reached, the isometr ic E/F re la t ionsh ip  of the  SEC was observed 

t o  resemble t ha t  produced during dynamic contractions. It was concluded 

t h a t  the ear l y  por t ion  of t h i s  re la t ionsh ip  demonstrated t h a t  the SEC was 

ac t i va t i on  dependent a t  low forces. Furthermore, i t  was suggested t h a t  

the isometric E/F re la t ionsh ip  of the SEC was sigmoid i n  shape which was 

d i s t i n c t l y  d i f f e r e n t  than the exponential re la t ionsh ip  found dur ing dynamic 

contractions. 

The F/L re la t iohsh ips of the CC and PEC o f  the r a t  gastrocnemius 

were found t o  be simi 1 a r  i n '  shape' t o  those present i n  the 1 i tera tu re  for . 

dl 
muscles of other animals. The force produced by the CC of the r a t  gas- 

trocnemius was observed to increase, l eve l  ing  o f f  t o  form a plateau where 

maximal con t rac t i l e  force was developed as Lo was approached. This plateau 

occurred a t  ML's less than LO, where Lo was posit ioned a t  a po in t  where 

con t rac t i l e  force j u s t  s tar ted t o  decrease. The force developed by the 

CC progressively decl ined f o r  R ' s .  greater than L.,. I€ wasciMcfiaed tlit 

t h i s  charac te r i s t i c  re la t ionsh ip  &of  the  CC coould be explained i n  terms of 

the area o f  overlap of the myofilaments present i n  the muscle. The res t i ng  
7 

length (Lo) o f  the r a t  gastrocnemius was found to be indicated by the 

f i r r t  changes i n  force as the muscle was passively stretched. When Lo was 



- 

determined, the transmissi on o f  force by the PEC was observed %-increase - 

exponential ly. w i t h  addi t i o n a l  passive increases i n  ML wh i le  there was 
. . 

no indication of force transmission f o r  ML's less  than Lo. The conclusion 

was made t ha t  the F/L re la t ionsh ip  o f  the  PEC r e f l ec ted  the mechanical 

changes i n  ML o f  connective t issue on. the musculo-tendinous behavior t o  

system. 

The 

1 i near mode 

. , 
conpsrison o f  the mechanical behavior o f  a 1 inear  and-non- 

1 o f  muscle produced some very i n t e res t i ng  observations. It 

was shown when the ind iv idua l  mechanical parameters o f  the two models 
/ 

were compared, t h a t  a1 1 the 1 inear re la t ionsh ips e l  iminated some o f ,  the 

- essent ia l  charac te r i s t i cs  o f  the non-l inear re la t ionsh ips  which were 

unique t o  isometr ic  contract ions. Although t h i s  has to be expected when 

applying the process o f  l i nea r i za t i on ,  i t  would make i t  6ry d i f f i c u l t  

t o  d is t ingu ish  the l i n e a r  r e l a t i onsh ip  produced from dynamic contract ions. 

When the 1 inear and non-1 i near re1 at ionships o f  a1 1 the experimental , groups 

wevecompared, i t w a s  found t h a t  the l i nearmode l  ind icated t h e o v e r a l l  . - .  
trends, demonstrated by the non-1 inear model , which were the r e s u l t  o f  

the experimental treatments .' The mast important r e s u l t  o f  t h i s  comparison 

was the fact  t ha t  the l i n e a r  model cons is tent ly  overestimated the mech- 

anical  behavior o f  the  non-l inear model. It was found t h a t  t h i s  over- 

est imation was the d i r e c t  r e s u l t  o f  one o f  the basic assumptions of the 

1 inear model . l i n e a r  model assumed t h a t  the force generator (Fm) 

was fnstantan act iva ted maxtma? ty which wotr'lb r es t t l t  in an exponential 

r i s e  I n  isometr ic  force w i t h  time. It was observed t h a t  dur ing isometr ic  

force development there was a much slower r i s e  i n  force j u s t  a f te r  the 

onset of s t imula t ion than would be expected i f  t h i s  assumption was true. 

' To accomdate t h i s  assumption i t was found necessary t o  ignore the ear l y  
I 



portion of the F/T 'curves. Hence, these c u r v e m r e  aTtereC-toprofice 

a true exponential curve. This a1 teration was found to produce a 20% 

smaller value of the time taken to reach 63.2% of Po for a1 1 the experimental 

groups. I t  was concluded that this underestimation of the time constants 

must be taken i n t o  account before using this 1 inear model to analyze 

i smt r i - c  contractions. 

Prolonged denervation and training were found t o  affect large 
Vs 

changes in the mechanical behavior of all the various components of the 

1 i near and non-1 i near model s of muscle. Prolonged denervation was shown 

to produce progressive reductions i n  mean Po and peak velocity of the 

F/V relationship of the CC. There was sufficient evidence to suggest that 

the speed of shortening of the CC suffered the greatest effects of 

denervation. In contrast, training produced an increase in mean peak 

velocity of shortening of the CC while demonstrating l i t t l e  effect on C 

most of the course and mean Po of this relationship when compared to the . 
- 

F/V relationship of the sedentary group. I t  was concluded t h a t  prolonged 

denervation reduced enzymatic activity and myofibrillar concentrations 
< 

and thus affected the observed changes in the F/V relationship of the CC. 

In addition, the FJV relationship of the CC of the trained (sub-group 2) 

group suggested t h a t  the particular training program used in this study 
\ 

'-qwoduced increased enzymatic activity while having 1 i t t l e  effect on myo- 

f ibr i l  lar protein concentrations. 

The C/F relationship indicated similar dramatic changes In the -- s 

? 

mechanical behavior of the SEC as were observed for the CC due to the 

experimental treatments. Prolonged denervation was shown to affect 
> 

progressive increases i n  mean peak compliance and rate of r ise to peak 

compliance of the SEC while reducing the range of isometric force. These 
p 



- - - - - - - 

f ind ings were suggested t o  be the d i r e c t  resu l t s  o f  decreased numbers o f  

5 
avai 1 able cross-bridges which was due t o  the progressive fragmentation and 

d igest ion o f  myoff lament4 dur ing denervation. On the other hand, t r a i n i n g  

was observed t o  increase the  peak compliance o f  the  SEC a t  low forces but  - 
demonstrated l i t t l e  e f f e c t  on the ma jo r i t y  o f  the C/F re la t fonsh ip  when 

9 f 
compared t o  t h a t  of the  sedentary group. It was suggested t h a t  the 

increased compliance a t  low forces was the  consequence o f  accelerated 

e l e c t r i c a l  o r  chamical a c t i v i t y  around the cross-bridges which may have 

been i nd i ca t i ve  of an increase i n  sarcoplasmic p ro te i n  concentrations L '  

and/or r a t e  o f  ac t i va t i on  o f  the muscle. 
+ 

4 

\ The E/F re la t ionsh ips  o f  the SEC f o r  a l l  the experimental groups 

were sigmoid i n  shape. Prolonged denervation resu l ted  i n  s ign i f i can t  

decreases i n  maximal extension and&~qases i n  the  r a t e  o f  length  changes 
\ 

of the SEC when compared w i t h  the E/F reqat ionship o f  the sedentary group. 

Conversely, t r a i n i n g  produced an increase i n  both these parameters. An 

i n te res t i ng  coincidence was- found between the maximal ve loc i t y  o f  short-  

ening o f  the CC and the maximal  extension o f  the SEC. This coincidence 

suggested t ha t  the extension o f  the SEC was ve loc i t y  qependent and thus 1 
d i r e c t l y  re la ted  t o  the e f f ec t s  o f  the numbers and a c t i v i t y  o f  the cross- -. 

% 

bridges on the proper t ies  o f  compl iance o f  the cross-bridges themselves. 

Prolonged denervation , disuse and t r a i n i n g  were shown t o  increase 

the slope and decrease the length  ax is  in te rcep t  o f  the F/L re la t ionsh ip  

of the PEC. Prolonged denervation was observed t o  irs&se s i g n t f i c m t 3 y  -- 

the  concentrat ion o f  connective t i ssue  w i t h i n  the muscle. It was concluded 

t h a t  the increase o f  conrrective t issue produced the s t i f f en ing  effect 

observed i n  the PEC. S imi lar  increases.. i n  connective t issue o r  st i f fness 

o f  the ex i s t i ng  connective t i ssue  were suspeqted t o  have produced the 



effects demonstrated by prolonged disuse and training on t h a ~ ~ .  
*. 

!The F/L relationship of the CC indicated that denehation and 

training had dramatic effects on the magnitude of force devel opnent for 

the full  range of ML's. As i n  the compartson of the F/V relationships, 

o f  the GC , pro1 onged denervation resul ted i n  significant decreases i n  

force, wkle  training demonstrated 1 i t t l e  effect on force production wheri 
, 

- compared to the FJC relationship of the sedentary group. These results 
2 . 

confined t h a t  dene&ation had a significant effect on the CC resulting 

from fragmentation and digestion of-the myofi 1 anents . The earl iey conclusion 

that the training program used in the present investigation had virtually 

no effect on force production and myofibrillar protein concentrations tends 
. . 

to be substantiated by these results. 



CHAPTER V I  

--'---- 
A number o f  impor tan t  aspects o f  muscular biomechanics were i n -  

ves t iga ted  i n  t h i s  t hes i s .  
'% 

A grea t  d e a l  o f  research has been devoted t o  the  de terminat ion  o f  

tire mechanical p r o p e r t i e s  and t o  t h e  development of a  reasonably accurate 

model t o  d e p i c t  these p r o p e r t i e s  of rnuscje. Most-of t h i s  research has 

been concerned w i t h  dynamic cont rac t ions .  A1 though the  mechanffal be-* 

hav io r  o f  the  CC has been determined fo r  i somet r ic  cont rac t ions ,  t h e  

mechanical p rope r t i es  o f  the  SEC have n o t  been accu ra te l y  repor ted  f o r  

i somet r ic  cont rac t ions .  I t  was found here t h a t  t h e  mechanical behavior 

of the SEC dur ing  i somet r i c  con t rac t i ons  was d i f f e r e n t  f rom t h a t  produced 

du r ing  dynamic cont rac t ions .  It has t o  be s ta ted  t h a t  one of  t h e  most 

important  d e s c r i p ~ i v e  r e 1  a t ionsh ips  *o f  t h e  mechanicpl p r o p e r t i e s  o f  t he  

SEC has been sadly overlooked. The C/F r e l a t i o n s h i p  du r ing  i somet r i c  

cont rac t ions  prov ides a unique i n s i g h t  i n t o  the  mechanical behavior o f  

t he  SEC. I t  was suggested t h a t  a r i s i n g  s t a t e  o f  a c t i v a t i o n  had a  
9 

s i g n i f i c a n t  e f f e c t  on behavior of t he  SEC. Addi j o n a j  research i s  4 
necesspry t o  determine the  mechanical behavior o f  t h e  SEC f o r  d i f f e r e n t  

l e v e l s  o f  a c t i v a t i o n .  

Denervat ion was found t o  have a  s i g n i f i c a n t  e f f e c t  on bo th  t h e  

mechanical p r o p e r t i e s  and s t r u c t u r e  o f  the  muscle. The e f fec ts  of t r a i n -  

ing were not as obviow . The r e s u l t s  of t h i s  s tudy and many o thers  have 

presented one major fac t ,  t h a t  i s  t h a t  the t r a i n i n g  programs used by 

researchers are as numerous as the i nves t i ga to rs .  I t  i s  suggested t h a t  

there  must be some guide1 ines o r  1  i m i t s  def ined t o  descr ibe the  var ious 



- - 

types o f  t r a i n i n g  programs and t h e i r  effects. -No concise conclusions can 

be made concerning s t r uc tu ra l  and/or mechanical change i n  muscle u n t i l  

these defined standards are achieved. 

Houk's (1963) 1 inear model o f  muscle was found t o  supply a f a i r l y  

good representat ion o f  the non-1 inear mechanical propert ies o f  the CC and 

SEC dur ing isometr ic  contract ions.  Furthernore, the 1 inear model indicated 
0 

gross changes, dmons t r a t e d  by the non-1 inea;mdel , i n  the mechanical 

behavior o f  the CC and SEC which were the r e s u l t  o f  the experimental t r e a t -  

ment. I t  i s  suggested t h a t  there would be some d i f f i c u l t y  on d is t ingu ish ing  

between the 1 inear parameters produced dur ing isometr ic  and dynamic 

contract ions.  General 1y the 1 ineay model provides a simple method o f  * 

determining gross changes i n  the mechanical behav-ior o f  the CC and SEC, 
P-. 

but if more speci f ic  informat ion is'necessary, another system o f  analysis 

and model should be considered. 

MacPherson's (1953) technique was shown t o  be an ideal ,  bu t  some- 

what cumbersome method o f  analyzing isometr ic  contract ions once the l eve l  
+ 

o f  ac t i va t i on  reached maximal . ,fly u t i l  i z i  ng computerized data analysis 

* 
and 

the 

/ 

converting the F I T  curves'io %Po/T curves, the greatest  po r t ion  o f  

ponderous d e t a i l s  wduld be e l  iminated. 
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APPENDIX 1: NON-LINEAR ANALYSIS RAW DATA 

LEGEND : 

D P - 
. D T o  + 

Force i n  grams weight 9 
Change i n  force w i th  respect 
(wi thout  added compl iance) ( 

Change i n  force w i t h  respect t o  t ime 
(w i th  added compl iance) (gm. w t .  /sec. ) 

Compl iance o f  added spr ing i n  cm./gm. 

Compl iance o f  SEC a t  any val  ue of P (cm. /gm. ) 

Ve loc i ty  o f  shortening o f  CC a t  any value o f  P 
(cm. /sec. ) 



CONDITION: 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 
PRETENSION: 

DENERVATED 1 MONTH 
1 
593.8 gm 
3.0760 gm 
5.3 cm 
77 gm 



i 
\ 

CONDITION: 
- RAT NUMBER: , 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 
PRETENSION: 

DENERVATED 1 MONTH 
2 
668.7 gm 
3.1662 gm 
5.4  cm 
39 gm 



CONDITION: 

RAT WE1 
MUSCLE WEIGHT : 
~ S C L E  LENGTH: 
PRETENSION : 

DENERVATED 1 MONTH 
3 
709 .0  gm 
2 .9710  gm 
5.9 cm 
18 gm 



COND I T I O N  : 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 
PRETENSION : 54 gm. 

DP 
- 
D T  c 

67 5 
643 
588 
570 
250 



CONDITIOH: DENERVATED 2 MONTHS 
RAT NUMBER: 4 
RAT WEIGHT : 617.0 qm. 
MUSCLE WEIGHT: * 2.2362 gm. 
MUSCLE LENGTH : 5.8 cm. 
PRETENSION: 50 qm. 



CONDITION: 
KAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 
PRETENSION : 

DENERVATED 2 MONTHS (ANTERIOR MUSCLES) 
6 
655.6 gm. 
4.6913 gm. 
4.8 cm. 
83 gm. 



CONDITION: 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 
PRETENSION: 

SEDENTARY 
1 
656.3 qm. 
5.0391 gm. 
5.2 cm. 



\ 
\ CONDITION: SEDENTARY 

RAT NUMBER: 2 
R#T WEIGHT: 765.9 gm. 
MUSCLE WEIGHT: ' 4.9247 gm. 
MUSCLE LENGTH: 5.3  em. 
PRETENSION: 80 grn. 



CONDITION : 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE,: WEIGHT i 
MUSCLE LENGTH: 
PRETENSION: -267 gm. 



- 

CONDITION: , 

RAT NUMBER: 

RAT WEIGHT: 

MUSCLE WEIGHT: 

MUSCLE LENGTH: 

PRETENSION: 

SEDENTARY 

4 < 

7 0 5 . 0  gm. 

5.1427gm. 



CONDITION: 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 
PRETENSION: 

SEDENTA~Y ' 
5 
612.4 gm. 
4.8291 gm. 
5.3 cm. 
111 gm. C 



CONDITION: TRAINED (SICK) 
RAT NUMBER : 1 
RAT WEIGHT : 774.8 gm. 
MUSCLE WEIGHT: 5 . 6 3 8 7  gm. 
W S C L E  LENGTH: 5.2 cm. 
PRETENSION: 150 gn. 



CONDITION : 
RAT NUMBER: 
RAT WEIGHT: , 

MUSCt E WEIGHT: 
MUSCLE LENGTH: 
PRETENSION: 

TRAINED ( S I C K )  
2 
579 .9  gm. 
5.4672 gm. 
5 . 2  cm. 
7 5  gm. 



CONDITION : 
RAT NUMBER: . 
RAT WEIGHT : 
MUSCLE WEIGHT: 
MUSCLE LENGTH : 
PRETENSION : 

P DP. 
- 
DT o 

TRAINED 
3 
678.1 grn. 
5.6544 grn. 
5.3 cm. 
8 0  gm. 



CONDITION : 
RAT NUMBER: 
RAT WEIGHT: 
WSCLE WEIGHT: 
MUSCLE LENGTH : 
PRETENSION : 

TRAINED 
4, 
662.6 gm. 
5.8803- grn. 
5.2 cm. 
0 grn. 



f 

T W I N E D  
5 
700.0 gm. 
5.6790 gm. 
5.3 cm. 
333 gm. . 

CONDITION:  
RAT NUMBER: 
RAT WEIGHT: . , 
MUSCLE WEIGHT: - 
MUSCLE LENGTH: 
PRETENSION: 



CONDITION: TRAINED 
KAT NUMBER: 6 -  
RATWE-IGHTi ) 683.7gm.  
MUSCLE 5.5158 gm. 
MUSCLE LENGTH : 5.1 cm. 
PRETENSION : 133 gm. 



LEGEND : , 

WO Without added compl i anc,e 

W Y i th-  added compl i ance 
+ 

.~r D a t a  used f o r  t h e  non-1 inear analysis 

rnax. Maximal force produced i n  divisions 

Force level  i n  divisions where contractions rnin. w e - i n i  t i a t e d  - 

r Time (sec. ) taken to reach 63% o f  maximal i 
force 



COND I T  ION : DENERVATED 1 MONTH 
RAT NUMBER: 

* I 
RAT WEIGHT: 

- 
593.8 gm. 

MUSCLE WEIGHT: 3.0760 gm. 
MUSCLE LENGTH: 5 . 3  cm. 

.+ 1 

RUN COND I T  ION 

CAL IBRATION FIGURES: 

GRAMS DIV IS IONS 

MAX. MIN. 



IT & DENERVATED 1 MONTH 

;; ;FIE$ 2 
668.7 gm. 

MUSCLE WEIGHT: 3.1662 gm. 
MUSCLE LENGTH: 5.4 cm. 

RUN 

1 
2 
3 
4 
5 
6 
7 
8f' 
9 

10 
I l *  
12 
13 
14 
15 

' 16 

CONDITION MAX. MIN. I 

c a ~ ~ m m t i  F ~ G U R E L  

GJ?AHs - DIVISIONS 

0 0 
1 00 a 1  4 
200 28 
300 - 42 
400 56 .-{ 
500 70 



COND IT ION : 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: ' 

RUN CONDITION 

CALIBRATION FIGURES: 

GRAMS DIVISIONS 

DENERVATED 1 MONTH 
3 
709.0 gm. 
2,9730 gm, 
5.9 cm. 

MAX .' MIN. 



CONDITION : DENERVATED 2 MONTHS 
RAT NMBER: 4 
RAT WEIGHT: 617 .0  gm. 
WXLE #EIG#T : 2.2W 9. - -- - 
MUSCLE LENGTH: 5.8 an. 

RUN CWD I T  ION MAX. M IN .  '/ 

CALIBRATION FIGURES: 

G W S  DIVISIONS 



CONDITION: 
RAT NUMBER: 
RAT WEIGHT : 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 

RUN CONDlTION 

DENERVATED 2 MONTHS 
5 
634.1 gm. 
2.4167 gm. A 
5.8 cm. 

-- 
.2 

MAX. 

7.25 
7.50 
4.50 
4.25 
4.00 
3.50 
3.50 
3.50 
4.75 
4.50 
4.75 
4.50 
4.50 
5.00 
4 ..50 
4.25 
4.00 
4 .00  

MIN .  

CALIBRATION FIGURES: 

GRAMS D I V I S I O N S  



COND I T  I O N  : DENERVATED 2 M O N ~ H S  (ANTERIOR MUSCLES) 
RAT NUMBER: 6 
RAT WE IGHT  : 655.6 qm. 
MUSCLE WEIGHT: 4.6913 gm. 
MUSCLE LENGTH: 4.8 cm. a 

RUN . CONDITION MAX. M IN .  I 

C A L I B R A T I O N  FIGURES: 

W S  D I V I S I O N S  



CONDITION : S SEDENTARY 
W T  NUMBER : 1 
RAT WEIGHT: 656.3 grn. 
WSCLE WEIGttT: 5.0391 gm. 
MUSCLE LENGTH: 5.2 cm. 

RUN COND ITIOA- MAX. MIN. cc I 

CALIBRATION FIGURES: 



C O N D I T I O N :  SEDENTARY . 
RAT NWBER: 2 
RAT WEIGHT : 765.9 gn. 
MUSCLE WEIGHT: - 4.9247 gm. 
MUSCLE LENGTH: 5.3 cm. 

RUN C O N D I T I O N  HAX . 

C A L I B R A T I O N  F I G U R E S :  

D I V I S I O N S  

MIN.  



CONDITION : 
RAT NUMBER: " 

RAT WEIGHT: 
MSGLE WEIGHT: 
MUSCLE LENGTH: 

RUN CONDITION 

SEDENTARY 
3 
698.3 grn. 
P.mQ0 gm. 
5.2 an. 

M I N .  

B 

CAL I BRAT ION FIGURES : 

GRAMS D I V I S I O N S  



' CONDITION: 
RAT W W R :  
RAT WEIGHT: , . 
MUSCLE WEIGHT: 
MSUCLE LENGTH: 

RUN COND N I O N  

SEDENTARY ' 

4 - A L L  

705.0 gm. 
5.1427 gm. 
5.3 cm. 

* CALIBRATION FIGURES 

rl 

HIN. I' 
4 
2.50 0.055 
2.50 0.055 
2.50 0.053 
3.00 0.080 
3.00 0.080 

r< 3.00 0.078 
3.00 0.075 
3: 00 - 0.058- 
3.00 0.050 
3.00 0 .a55 
3.00 0.055 
3.00 0.055 
3.00 ' 0.090 
3.00 0.080 
3.00 0.080 
3.00 - 0.060 
3.00 0.060 
3.25 0.058 
3.25 0.058 



\ 

C O N D I T I O N  : 
RAT NUMBER: 

* 5 S+W 

RAT YEIGKT: 612.4 gm. 
WXLE WEIGHT: 4.8281 gm. - 
MSUCLE . LENGTH: 5.3 cm. 

RUN C O N D I T I O N  

C A L I  BRAT I O N  F I G U R E S  

GRAHS . D I V I S I O N S  ' 

MAX. M I N .  



\ 

i 
* 
2 

? !  

-- 

I., 

I 

- ~ -  

CONDITION: 
RAT* NUMBER : 
RAT WEIGHT: 
MUSCLE WEIGHT : 
MUSCLE LENGTH: 

1 
774.8 gtn. \ -. 
5.6387 6 
5.2 an. " 

RUN CONDITION MAX. * MIkI. , I 

GCVIMTION FIGURES 
P-" 

6mm D I V I S I W S  



RUN CONDIT.ION 

CALIBRATION FIGURES 

GRPMS DIVISIONS 

CONDITION : TRAINED (SICK) 
RAT NUMBER: 2 

.RAT WEIGHT: 579.9 gm. 
MUSCLE WEIGHT: 5.4672 gm. 
MUSCLE LMGTH: 5.2 an. 

MAX. MIN. I 



CONDITION : 
RAT NUMBER: 
RAT EIGHT,: 
MUSCLE EIGHT: 
MUSCLE LENGTH : 

RUN CONDITION 

CALIBRATION .FIGURES: 

GRAMS DIVISIWS 

TRAINED 
, 3  
678.1gm. . 
5 . 6 5 4 4 , 9 .  
5.3 an. 



, 
CONDITION': 
RAT NUMBER: 
RAT WEIGW:  
MUSCLE E I G H T :  
WXLE LENGTH: 

TRAINED 
4 
662.6 gm. 
5.8803 gm. 
5.2 cm. " 

. . 
RUN CONDITION MAX. MIN .  

CALIBRATION FIGURES: 

W S  B I V I S I O H S  



CONDITION:  
RAT NUMBER: 

TRAINED 
5 % 

RAT WEIGHT: 
MUSCLE W E I G ~ :  

CONDIT ION MAX. RUN. 

CAL IBRAT ION FIGURES: 
I 

GRAMS D I V I S I O N S  



CONDITION : 
RAT W B E R :  

TRAINED 
6 

RAT WEIGHT: 683.7 gm. 
MUSCLE WEIGtiT: . 5.5158 w. -- 
WSCLE LENGTH: -5.f-cm. 

RUN CONDITION MAX. 

CALIBRATION FIGURES: 



APPEND1 X 3 : FORCE-LENGTH RAW, DATA SHEETS 
- 



CONDITION : 
KAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT : 
MUSCLE LENGTH: 

FORCE 
, M I  

0 
0 
0 
0 
0 

2 0 
30 
50 

200 
430 
630 
630 
670 

11 70 
1630 
1970 

CALIBRATION FIGURES: 

DIVISIONS GRAMS 

0 .0  0 
t. 5 TOO 
3.0 200 
4.5 306 
6 .0  400 
7.5 509 

DENERVATED (1 MONTH) 
1 

402.4 gn, - - - - - 

2.6546 gm. 
5 .8  cm. 

FORCE 
(sn) 



CONDITION : 
*RAT # W R  I 
RAT HEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 

CALI  BRATION d s  : 

D I V I S I O N S  GRAMS 

DENERVATED (2WNTHS) 
2 
544.3 gn. 
2.4074 gm. 
5.8 ,an. 



CONDITION : 
RAT NUHBER: 
RAT WEIGHT: 
WSCLE WEIGHT: 
MUSCLE LENGTH.: 

DENERVATED (2 MONTHS) 
3 
585.3 g ~ .  
1.9340 gm. 
5.7 cm. 

LENGTH 
(m 1 

-3.5 
-2.8 
-2.1. 
-1.4 
-0.7 
0.0 
0.7 
1.4 
2.1 
2.8 
3.5 
4.2 
4.9 
5.6 

PASSIVE 
.(DIV) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.50 
2.30 . 
6.00 

14.00 
27.50 
49.00 
54.00 
57.00 
79.08 

FORCE 
(F) 

0 
0 
0 
0 
0 

10 
46 

120 
280 
550 
980 

1080 
l lBO 
1580 

ACTIVE 
( D I V  1 

6.30 
8.00 
7.50 
8.00 
8.00 
6.50 
5.50 
3.80 
2.50 
1.50 
1 .oo 
0.00 
0.00 
0.00 

FORCE 
(m) 

126 
1 60 
150 
160 
160 
130 
110 
76 
5 0 
30 
20 
0 
0 
0 

\ 

TOTAL FORCE 
( p )  (pn) 

DIVISIONS GRAMS 



CONDITION: SEDENTARY (GROUP i ) 
RAT NUMBER: 1 
RAT WEIGHT: 521.0 gm. 
RUSCLE WEIGHT: 4-9963 gm, 
MUSCLE LENGTH: 5.2 an. 

LENGTH 
m) 

ClAIBRATIr?N FIGURES: , 

DIVISIONS GRAMS 

ACTIVE  FORCE 
( D W  (PI 

27.00 , 1350 
32.50 1630 
36.00 1800 
39.00 1950 
39.00 1950 
40.70 2040 
40.00 2000 
37.30 1870 
36.00 1800 
34.00 1700 
30.00 1500 
25.20 1270 
18.20 910 
14.50 730 
8.00 400 
3.00 $0 
2.00 P l O O  
1.00 ! 50 

i 



CONDITION : SEDENTARY (GROUP 1 ) 
_ RAT NWBER: 2 

RAT EIGHT: 547.1 gn. 
MUSCLE WEIGHT: 5.0602 gm. 
MUSCLE LENGTH: 5.2 cm. 

LENGTH . PASSIVE FORCE 
(4 6 9 )  

ACTIVE 
(DIV 

29.00 
29.W 
29.50 
35.00 
33.50 
32.50 
32.00 
30.70 
28.20 
25.50 
22.50 
20.00 
16.00 
15.50 
14.00 
6.50 
2.50 
1 .SO 

FORC E 
(9$ . 

1450 
1450 
1480 
1750 
1680 
1620 ' 

1600 
1540 
1420 
1270 
1120 
ttm 
800 
770 
600 
330 
130 
7 0 

CALIBFMTIOH FIGURES: 

D I V I S I O N S  GRAMS 

TOTAL 
(D IV )  

29.00 
29.00 
29.50 
35.00 
33.50 
33.00 
32.50 
31 .SO 
29.50 
28.00 
26.00 
28.00 
25.50 
28.00 
31 .SO 
33.50 
36.50 
45.00 

FORCE 
(sm) 

1450 
1450 
1480 
1750 
1680 
1650 
1630 
1 580 
1480 
1400 
1300 
I400 
1280 
1400 
1 580 
1680 
1830 
2250 



CONDITION : SEDENTARY (GROUP 2)  
RAT NUMBER: 3 
RAT WEIGHT: 583.6 gm. 
WSCLE WEIGHT: 5.1333 gm. 
MUSCLE LENGTH: 5.2 ern. 

' CALIBRATION FIGURES: 

D I V I S I O N S  GRAMS 

FORCE 
( s m )  

0 
0 
0 -  
0 
0 

10 
130 
250 
380 
500 
750 
930 

1630 
2280 

ACTIVE FORCE 
( D W  (gn) 

37.00 
37. 50: 
37.80 
42. 50 
41 .OO 
42.00 
42.30 
35.00 
32.50 
31.30 
32.50 
34.80 
42.50 
SO. SO 

FORCE 
(sm) 



CONDITION : ;-= 
FIAT NUMBER: 
RAT MIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 

SEDENTARY (GROUP 2)  
4 * 
597.7. gm. 
4.8407 gn. 
5.2 cm. 

LENGTH PASSIVE FORCE ACTIVE FORCE 

CAL I W T I O N  FIGURES: 

D I V I S I O N S  GRAMS 

0 
1 0 0  
2 0 0  
3 0 0  
400 
500 



C O N D I T I O N :  
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LEffiJAx, 

, i f W I N E D  
1 

579.5 gm. 
5.2530 gm. 
5.2 an. 

/ 

LENGTH 
(4 

P A S S I V E  FORCE 
( D W  (gm) 

A C T I V E  FORCE 
( D I V )  (gm) 

TOTAL FORCE 
W V )  (gm) 

- 
C A L I E R A T I O N  F I G U ~ ~ S :  

D I V I S I O H S  GRAMS 

0.0 0 
1 .-5 loo  
3.0 208 
4.5  300 
6.0 400 
7.5 m 



w 
COND IT I OH : 
RAT NUMBER: 
RAT WEIGHT: 
MUSCLE WEIGHT: 
MUSCLE LENGTH: 

LENGTH 
(m> 

-3.5 
-2.8 
-2 .1  
-1.4 
-0.7 
0.0 
0.7 
1 .4  
2.1 
2.8 
3.5 
4.2 
4.9 
5.6 
6.3 

TRAINED ' 

2 
563.9 m. 

PASSIVE FORCE 
t D W  (94 

CALIBRATIOH FIGURES: 

TOTAL 
( D W  

30.00 
34.50 
36.00 
35.50 
35.00 
33.00 
30.00 
26.50 
24.00 
22.00 
22.50 
25.00 
30.80 
35.00 
39.50 

FORCE 
(sm)  # 



APPENDIX 4: MEANS AND STANDARD DEVIAT IONS OF VELOCITY 
'f 

CORRESPONDING' TO THE LEVELS OF FORCE 

PRODUCED DURING ISOMETRIC CONTRACTION. 

THE LOWER SECTION SHOWS THE MAXIMAL 

VELOCITY AND MAXIMAL FORCE OBTAINED FROM 

THE L INEAR SYSTEM. 

COMPUTER PROGRAM USED TO CALCULATE MEANS AND 

STANDARD DEVIATIONS (SD) 



FORCE (gm) 

DENERVATED: GROUP 1 

VELOCITY (cm/sec ) 
RAT 1 RAT 2 ' RAT 3 

LINEAR FORCE: 

LINEAR VELOC ITY : 

1 .6  2.5 2.6 

MEAN L 



DENERVATED: GROUP 2 

LINEAR VELOCITY: 

RAT 4 

0.0 
0.2 
0.5 
0.5 
0.4 
0.3 
0.2 
0.0 

0.8 

75 
4 

VELOCITY (cm/sec) 
RAT 5 . MEAN SD ' I 



DENERVATED : GROUP 3 

V E L O C I T Y  (cmlsec)' 
FORCE (gm) RAT 6 1 MEAN SD 

t 
L I N E A R  V E L O C I T Y :  

5 6.9 

LINEAR FORCE: 



SEDENTARY GROUP 

' . VELOCITY (cm/sec) 

FmCE (gm) RAT 1 

1 INEAR VELOCITY: 

9.5 

LINEAR FORCE : 

261 5 

RAT 2 
- 

0 
6.5 
9.3 
9.5 
8.1 
6.8 
6.4 
5.6 
3.9 
3.1 
1.8 
0.9 
0.3 
0.1 

0 
0 

10.5 

2480 

RAT 3 

0 
10.3 
12.9 
13.2 
10.5 
6.3 
4.3 
3.9 
3.3 
2.9 
2.4 
I-. 7 
0.9 
0.3 

0 
0 

11.1 

2600 

RAT 4 

0 
8.3 

10.6 
8.4 
6.0 
4.6 
3.4 
2.7 
2.3 
2.3 
1.9 
1.7 
1.4 
0.9 
0.4 

0 

12.0 

2934 

RAT 5 

0 
7.8 
9.8 

11.0 
11.4 
10.4 
10.0 
9.4 
6.9 
5.3 
4.5 
3.5 
2.7 
1.7 

* 0.8 
0 

11.6 

271 1 

MEAN - SD 
-- 



TRAINED : GROUP 1 

- - - -  - 

VELOCITY (cm/sec) 
- FORCE (gm) RAT 1 RAT 2 MEAN SD 

LINEAR FORCE: 

1800 1 7 1 5  



TRAINED: GROUP 2 

FORCE (gm) a ~ 3  

LINEAR VELOCITY: 
12.9 

LINEAR FORCE: 
2240 

VELOCITY (cm. sec) 
RAT 5 

0 
13.5 
16.1 
10.7 
6.0 
4.9 
4.8 
4.2 
3.5 
3.2 
2.7 
2.1 
1 . I  
0 
0 

12.3 

2400 

RAT 6 

0 
15.6 
16.9 
12.9 
8.1 . 
5.8 
4.2 

: - a 
2.5 
2.4 
2.1 
1.3 
0.8 
0 

14.0 

2734 

-- 



APPENDIX 5: MEANS AND STANDARD DEVIATIONS OF 

COMPLIANCE CORRESPONDING TO THE 

LEVELS O f  FORCE PRODUCED DURING 

ISOHETRIC CONTRACTION. THE LOWER 

SECTION SHOWS THE VALUES OF COM- 

PLIANCE OBTAINED FROM THE LINEAR 

SYSTEM. ?- 



DENERVATED: GROUP 1 

FORCE (gm) RAT 1 RAT 3 

LINEAR COMPLIANCE: 

MEAN 

0 
0.52 
0.51 
0 . 3 1  - 
0 . 1 6  
0 

- 

0.45 
L 



FORCE 

0 
12 .'5 
25.0 
37.5 
50.0 
62.5 
73.0 

DENERVATED: GROUP 2 - 

LINEAR COMPLIANCE: 

COMPLIANCE (cm/Kg) 
€* 

RAT 4 - RAT 5 



DENERVATED: 

FORCE (gn) 

0 
250 
500 
750 

1000 
1247 

GROUP. 3 

r, 
COMPLIANCE (an/Kg) 

RAT 6 MEAN S D 

L I# EAR COMPLIANCE : 
0.26 



FORCE (gm) RAT 1 

0 
ZOO 
300 
4-00 
600 
800 
loo0 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 

LINEAR COMPLIANCE : 

0.23 

RAT 2 

0 
0.14 
0.32 
0.32 
0.27 
0.28 
0.24 
0.22 
0.19 
0.21 
0.18 
0.13 
0.08 
0 
0 

0.26 

CWPL IANCE (em/ Kg) 

RAT 3 

0 
0.40 
0.49 
0.48 
0.39 
0.23 
0-17 
0.16 
0:15 
0.15 
0.14 
0.14 
0.09 
0.05 
0 

0.26 

RAT 4 

0 
0.25 
0.28 
0.24 
0.19 
0.15 
0.11 
0.09 
0.08 
0.08 
0.09 
0.09 
0.10 
0.10 
0.09 

0.23 

RAT 5 

0 
0.34 
0.36 
0.38 
0.37 
0.31 
0.29 
0.28 
0.23 
0.20 
0.19 
0.18 
0.17 
0.15 
0.1 1 

7 

0.24 

MEAN SD 



TRAINED: GROUP 1 

COMPLIANCE (cm/Kg) . '  

FORCE (gm) RAT 1 RAZ 2 

- 0  - 0 
0.89 0.36 
1.01 0.36 
0.60 0.34 

LINEAR COMPLIANCE: 

0.34 



TRAINED: GROUP .2 

2 

FORCE (gm) RAT 3 

LINEAR COMPLIANCE: 

0.36 

RAT 4 

0 
0.38 
0.60 
0.74 
0.27 
0.18 
0.17 
0.16 
0.16 
0.18 
0.12 
0.14 
0.12 
0.11 
0 

0.31 

RAT 5 

0 
0.61 
0.60 
0.40 
0.21 
0.17 
0.18 
0.20 
0.19 
0.21 
0.21 
0.20 
0.14 
0 
0 

0.30 

RAT 6 

0 
0.54 
0.53 
0.43 
0.26 
0.20 
0.14 
0.12 
0.12 
0.11 
0.13 
9.14 
0.12 
0.09 
0 

0.33 

MEAN 

0 
0.50 
0.62 
0.56 
0.30 
0.24 
0.20 
0.18 
0.17 
0.18 
0.18 
0.17 
0.10 
0.05 
0 



APPENDIX 6: MEAN VALUES FOR THE PASSIVE, ACTIVE 

AND TOTAL FORCES CORRESPONDING TO 

D I FFEREHT MUSCLE LENGTHS (ZERO REFERS 

TO RESTING LENGTH Lo) .  



DENERVATED: GROUP T - -- 

LENGTH 
(d 

PASSIVE FORCE 
(sn) 

RAT 1 MEAN 

ACTIVE FORCE 
(sm) 

RAT 1 MEAN 

TOTAL FORCE 
( g d  

RAT 1 MEAN 



DENERVATED: GROUP Z 

PASSIVE FORCE ACTIVE FORCE 
(sm1 (F) 

RAT1 RAT 2 MEAN RAT 1 R A T 2  

TOTAL .'FORCE 
(sn) 

MEAN' RAT 1 RAT 2 MEAN 

1 00 
130 
133 
1 30 
135 - 
113 
136 
173 
333 
61 0 

1030 
1140 
1190 
1665 



SEDENTARY: GROUP 1 

LENGTH 
f n f  

PASSIVE FORCE 

RAT 1 

0 
0 
0 
0 
0 
10 
30 
30 
50 
80 

150 
260 
490 
700 

la8Q 
1480 
1980 
2100 -- 

(gm f 
RAT 2 MEAN 

ACTIVE  FORCE TOTAL FORCE 
(sml (d 

RAT 1 RAT 2 MEAN RAT 1 RAT 2 MEAN 



SEDENTARY: GROUP 2 

LENGTH 
(m> 

PASSIVE FORCE 
(9) 

RAT 3 RAT 4 MEAN 

ACTIVE FORCE 
(m) 

RAT 3 RAT 4 MEAN 

TOTAL FORCE 
(sml 

RAT 3 RAT 4 MEAN 

1975 
2030 
21 40 
2255 
21 40 
2215 , 
21 50 
1900 
1800 
1705 
1 840 
1860 
21 90 
2655 
2780 



* - 

TRAINED GROUP 

LENGTH 
(m 

-3.5 
-2.8 
-2.1 
-1.4 
-0.7 

0 
- 0.7 

1.4 
2.1 
2.8 
3.5 
4.2 
4.9 
5.6 
6.3 
7.0 

t 

PASSIVE FORCE ACTIVE  FORCE TOTAL FORCE 
(w) (PI 
RAT 2 MEAN RAT 1 RAT 2 RAT 1 

0 
0 
0 
0 
0 

30 
40 
7 0 

130 
360 
370 
600 

1OOO 
1870 
21 70 
2530 

C 

(sm) 
MEAN R A T 1  RAT2  MEAN 



APPENDIX 7: INTEGRATED VALUES OF EXTENSION h 
STANDARD DEVIATIONS CORRESPONDING 

TO THE LEVELS OF FORCE PRODUCED 

DURING ISOMETRIC CONTRACTION 
(SEE TEXT).  



DENERVATED: GROUP 1 

FORCE (gm) EXTENS ION (cm) 



DENERVATED: GROUP 2 

FORCE (gin) EXTENSION (cm) 



SEDENTARY GROUP 

FORCE (gn) EXTENSION (m) 



TRAINED: GROUP 2 

FoRCE (gm) ' EXTENSION (an) 



- -- I 

APPENDIX 8: STATISTICAL ANALYSIS OF ANATOMICAL MEASUREMENTS 

LE6m) FOR MYSIS OF VARIANCE 

TABLE 1 

GROUP 1 

n =number i n  
group 1 

GROUP 2 

= mean value 
f g r  group 1 

GROUP 3 

TABLE 2 

SQUUCE OF Sun OF DEGREE OF 
VARIATION 

VARIABLE F 
SQUARES FREEDOM ESTIMATE % 

2 rx2d rx i  -ExTOT 2 d f B  = k-1 2 2 GROUPS (B) B 7 SB = BxB/dfB 
7 4 -  where k=# o f  S: 

groups F~ 
Y I T H I N  2 S~ . 

d*Y = k k  --+.ii 2 =- -x$df ii---- 
df ~ / d f *  

dfY- - -  

2 for F r a t i o  
TOTAL dfTOT = dfB + d f y  tab1 es 

o r N - 1  



INTERPRETATION 0 F . F  -- A difference between two mans i s  signif icant,  
a t  a given a-1 evel , i f  i t ' equal s or exceeds 
H S D ,  which i s  

H S O I  qa - 

where HSD = honestly significant 
d i f f erence . 

2 \ s,,, = the within ghup 
variance estimate. 

n = number o f  subjects 
i n  each group. 

q~ = table d u e  for a 
given a -1 evel cor- 
esponding to  dfy 
and k. 



BODY WEIGHT (BW) 

B 

DENERVATED 

BW1 

SEDENTARY TRAINED 

1 593.8' 
2 668.7 
3 709.0 
4 602.4 
5 617.0 
6 -  634.1 
7 585.3 
8 544.3 
9 655.6 
10 

a TOTAL 561 0.2 

"i4 

-- 

SOURCE OF Stfn O F '  DEGREE OF VARIABLE F 
VARIANCE SQUARES FREEDOM ESTIMATE 

BETWEEN 
GROUPS (B)  

WITHIN 108657. 4 
GROUPS ( W )  

TOTAL 112498.1 

F = 0.406% 3.42 for the dfBIy o f  2/23, no. s igni f icant  difference 

a t  the F level  of 0.05.  



MUSCLE WEIGHT (MW) 

DENERVATED 

MY1 .1: 

TOTAL 1 1 .8678 35.3603 

SEDENTARY 

Mw2 4 
TRAINED 

Mw3 6 

I 

SOURCE OF SUM OF DEGREE OF VARIABLE ' F 
VARIANCE SqUARES FREEDOM EST M A T E  

BETMEEN 17.4722 2 8.7361 
GRWPS (B )  144.0724 

WITHIN 1.0698 18 0.0594 
GRoUPS ( W )  a % 

TOTAL 13.5420 20 

F = 141.0724, 6.01 for the dfglW of 2/18, there i s  a significant 

difference at the F leve l  of 0.01. 
. . 



INTERPRETATION OF F 

Ra, 2 "3 

01 = 0.5727 for denervated group 

01 = 0.4050 for trained group 

Therefore both treatments had a signif f cant 
effect on MW at  the a-level of 0.01. 



MUSCLE HEIGHT (MN) 

DEN ERVATED SEDENTARY ' 
(2 MONTHS) 

"Y nw: WY2 % 

TOTAL 1 1 .8678 35.3603 - 44.6556 221 ,7561 

n1 =4 Wl -2.9669 n2=9 m2=4. 961 7 

TRAINED 

SOURCE OF SUM OF DEGREE OF VARIABLE F 
VARIANCE _ SQUARES FREEDOM - ESTIMATE 

- 

BETWEEN 24.5008 2 12.2504 
GRWPS (B)  351.01 43 

Y I T H I N  0.4886 
GROUPS ( W )  - 
7 OTAL 24.9894 - 16 

F = 351.0143 26.51 for the dfBiy of 2/14, there i s  a signiffcant 

difference at the F -level of 0.01. 
-- - - 



INTERPRETATION OF F 

w1 "2 m3 

Both denervated groups presented Ws 
which were significantly d i f fe rent  
than the sedentary and each other a t  
the a-level o f  0.01. 



TOTAL 

- - 

MUSCLE LENGTH (M l )  

DENERVATED 
(1 MONTH) 

ML1 ML; 

1 SEDENTARY 

H L ~  ML; 

TRAINED 

SOURCES OF SUM OF DEGREE OF VARIABLE F 
VARIANCE SQUARES FREEOW ESTIMATE 

BETWEEN 0.48 
WWPS (B) 

WITHIN 0.32 18 0.018 
GROUPS ( W )  . 

TOTAL 0.80 a 20 
"/ 7, 

\ 

F = 1 3 . 3 3 > [ 6 . 0 1  - ,  f o r t h e d f  o f 2 / 1 8 ,  t h e r e i s a s i g n i f i c a n t  
B/ W 

difference a t  the F level o f  0;01. 



0.37 - ;. 4.32 -- The 'denervated group demonstrated a 
which was s ign i f i cant ly  d i f f e r e n t  tha t  
tha t  o f  the sedentary group a t  an a-level 
o f  0.01. i 

-- There was no s ign i f i cant  d i f ference between 
the K s  o f  the trained and sedentary groups. 



DENERVATED SEDENTARY 
(1  MONTH) 

DENERVATED 
(2 MONTHS) 

TOTAL 22.40 125.70 47.10 246.51 23.10 133.41 

n1=4 K 1 = 5 . 6  n2=9 K2=5.23  "n3=4 m 3 = 5 . 8  

SOURCE OF  SCtM OF DEGREE OF VARIABLE F 
VARIANCE SQUARES FREEDOM ESTIMATE 

BETWEEN 0.94 2- 0.47 
GRoUPS ( B )  

f 23.5 

WITHIN 0.29 14 
GROUPS (W) 

TOTAL 1.23 , 16 
\ 

F = 23.5 - > 6.51 f o r  the df of 2/14, there i s  a signif icant  E L M  - - ---- - - - - - -- 

difference a t  the F - leve l  o f  0101. 



INTERPRETATION OF F 

01 = 0.34 . f o r  both denervated groups 

Both denervated groups demonstrated K s  
which were L i g n i f i c a n t l y  d i f f e r e n t  than 
those o f  the sedentary group a t  an a- level  . 
o f  0.01. There was no s ign i f i cant  difference 
between the denervated groups. 



APPENDIX 9: STATISTICAL ANALYSIS OF THE 
CALCULATED LINEAR PARAMETERS. 



DENERVATED 
(1 MONTH) n 

TOTALS 327.25 36282.48 

n1=3 E1=109.08 

SEDENTARY TRAINED 

SOURCE OF 
VARIANCE 

SUM Of SQUARES DEGREE OF- VARIABLE F 
FREEDOM ESTIMATE 

BETK EN 
GROUPS (B)  

WITHIN 
GROUPS (1) 

TOTAL 38092.47 11 

F = 43.88 2 8.02 f o r  the  dfBIW o f  2/9, there i s  a significant 
i di ff erence a't an F - leve l  o f  0.01 . 

- - pp - - - 

IHTERPRETATIWS OF F 



HSDo. 01 = 62.17 f o r  the denervated (1 month group) 

05 = 39.18 f o r  the trained group. 

135.56 > 62.17 -- - Signi f icant  difference between the B value o f  
the sedentary and denervated groups a t  an 
a-level o f  0.01. 

44.91 - > 39.18 -- Difference between values o f  the sedentaryY 
and t ra ined groups a t  an a- level  o f  0.05. 



1 

2 

3 

4 

5 

TOTAL 

DENERVATED SEDENTARY TRAINED 

- SOURCE OF SUM OF DEGREE OF VARIABLE F 
VARIANCE SQUARES FREEDOM ESTIMATE 

BETWEEN 214.48 2 107.24 
GRQUPS ( B )  5 ' 153.20 . 
WITHIN I 
GROUPS ( W )  6 . 3 2  9 0.70 

TOTAL 220.80 11 

F = 153,20 - > 8.02 for the dfg,y o f  2/9, there i s  a s ign i f i cant  

di f ference a t  an F - l e v e l D o f  0.01. 

INTERPRETATION OF F 



HSDO .01 = 2.62 for the denervated group 
I ,f 

HY)O. 05 = 1.65 for the trained group. 
f ,  

8.73 7 2.62 -- Difference between the V values of the denervated 9 

t - 
% and sedentary groups a t  an a-level of 0.01. 

'1.91 - 7 1.65 -- Significant difference between the Y values of the 
sedentary 'and trained groups a t  an a-level of 0:05. 

/ 

- I '  - -- 
L 



DENERVATED 
(1  MONTH) 

SEDENTARY TRAINED 

3 232 53824 2480 6150400 2400 5760000 

4 2934 8608356 2734 7474756 

5 2711 7'349521 
I 1  

TOTAL 706 17021 2 13340 35706502 10241 26472045 
- 

n1=3 F1=235 - n2=5 F2=2668 n3=4 - F3=2560 

SOURCE OF StfM OF DEGREE OF VARIABLE F 
- VARIANCE SQUARES FREEDOM ESTIMATE 

BETWEEN 128221 30 2 
GROUPS (B)  

WITHIN 
GROUPS ( W )  371 969 9 4.1 330 

TOTAL 1 31 94099 1 1  

F = 155.12 1 8 . 0 2  f o r  a d f  o f  2/9, t he re  i s  a s i g n i f i c a n t  
B/W 

difference a t  an F -level o f  0.01. 

INTERPRETATION OF F 



There was a s ign i f i cant  di f ference between the F 
values o f  the denervated and sedentary groups a t  an 
a - level  o f  0.01. 

There was no s igni f icant  di f ference between the 
values o f  the sedentary 'and t ra ined groups. 

2-- 



DEN ERVATED 
(1 MONTH) 

C1 : 

TOTAL ,001 362 . CJOOOOO6384 - 
m1=3 c 1 = . o ~ 5 4  

COMPLIANCE (c) 

SEDENTARY 

u'. 

SOURCE OF SUM OF DEGREES OF VARIABLE 
SQUARES FREEDOM ESTIMATE 

F 
VARIANCE 

- 
z BETWEEN .0000000836 2 .0000000418 

GRGUPS ( B )  , 16.08 
E 

W ITHIN  
GROUPS ( W )  

- 

TOTAL .0000001170 11 

F = 16.08 - > 8.02 for dfBIy of 2/9, there i s  a significant d i f fer -  

. ence a t  an F -level of 0.01. 

INTERPRETATION OF F x 



.000210 - > .000159 -- A s ign i f icant  difference between the values 
of the-denervated and sedentary group existed 
a t  an alevel o f  0.01. 

0.000101 - > .000080 -- No s ign i f i can t  difference between the sedentary 
and trained group. This r e s u l t  was disput-ed 
by the graphic represen ta t i on  o f  the standard 
deviat ion curves o f  the groups. Addi t ional 
analysis i s  necessary. 



SEDENTARY TRAINED 

. . There was a s ign i f i cant  d i f -  
erence between the values 
of the sedentary and t ra ined 
groups a t  an a-1 eve1 of 0.01 . 




