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ABSTRACT 

The a b i l i t y  of s k e i e t a l  m u s c l e  t o  s y n t h e s i z e  s l y c o g e n  u s i n g  

l a c t a t e  a s  t h e  o n l y  s u b s t r a t e  w a s  a s s e s s e d  i n  i s o l a t e d  r a t  

n i n a l i m b s  f o l l o w i n s  1 2  w e e k s  of i n t e r v a l  t r a i n i n g .  T r a i n e d  

a n i m a l s  x e r e  s u b d i v i d e d  i n t o  a  T r a i n e d  C o n t r o l  G r o u p  ( n=10 ) ,  a  

S r o u p  u h i c h  p e r f o r m e d  a n  3 c u t e  r u n  t o  e x h a u s t i o n  ( T r a i n e d  

E x h a u s t e d )  ( n = l O i ,  a n d  a c j rou?  w h i c h  p e r f o r m e d  a n  a c u t e  r u n  t o  

e x h a u s t i o n  s u p e r s e d e d  b y  a  1 2  h o u r  f a s t  ( T r a i n e d  F a s t e d )  f n = l O ) .  

S c l e u s  a n d  g a s t r Q c n e n i i 3  m u s c l e  t i s s u e  s l i c e s  #ere  i n c u b a t e d  f o r  

~ n c  h o u r  i n  a rnedicrn c o n t a i n i n s  8 m i l l i m o l i r  - 1 - l a c t a t e  ana  1 

z i c r c x u r i e  of unifsrnly l a b e l l e d  l 4 ~  - 1- l ac t a t e ,  G l y c o y e n  c o n t e n t  

95' t h e  s o l e u s  a n b  c ; a s t r o c n e m i u s  o f  T r a i n e d  ~ o n t r o l  a n i m a l s  w a s  

i n c r e a s e d  258 a n d  15% r e s p e c t i v ~ e l y ,  f o l l o w i n g  t r a i n i n g  ( p < 0 . 0 5 ) .  

E x h a u s t i v e  e x e r c i s e  2 r m s c e d  3 75% a n d  8 4 %  a e ? l e t i n n  o f  g l y c o g e n  

i n  3 0 t h  m u s c l e s  ( p c G . 9 5 ) .  A 1 2  h o u r  f a s t  f o l l o w i n s  e x e , r c i s e  d i d  

nqt a a i n t a i n  t h e  ~ l y c o ~ e n  d e 2 l e t e d  s t a t e  s i n c e  g l y c o y e n  l e v e l s  

r e c g v e r e d  t o  near T r a i n e d  C o n t r o l  v a l u e s  i n  50th m u s c l e s .  D u r i n g  

i ? c u b 3 t i o n 1  t h e r e  w a s  a  n e a n  d e c r e a s e  i n  m u s c l e  g l y c o g e n  o f  1 2  

a n d  13 w n o l - g r a m - l  i n  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s  i n  .> 

S e 5 e n t a r y  C o n t r o l ,  T r l i n e d  C o n t r g l ,  a n d  T r a i n e d  F a s t e d  g r o u p s ,  

r . - , s r e a s  T r a i n e d  E x h a u s ~ e d  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e  L 

r e s y n t n e s i z e d  s l y c o g e n  t o  785 a n d  66% of T r a i n e d  C o n t r o l  v a l u e s .  

I r .n  r a d i o l a b e l l e d  c a r S o n s  &. l a c t a t e  w e r e  i n c o r p o r a t e d  i n  t o  t h  
z? 

; l y c 2 s s n  o f  a11 .grDu?s  i n  b o t h  m u s c l e s ,  a l t h o u g h  t h e  r a t e  o f  

I s z c 2 t e  conversi23 a n d  ehe p e r c e n t a g e  o f  l a c t a t e  c o n v e r t e d  to 

; l y c o g e n  w e r e  50% i q x e r  i n  t h e  s o l e u s  m u s c l e ,  f o r  a l l  t r e a t m e n t  

;r2_?s e x z e 2 t  T r a l n e i  E x n a u s t e d .  A c u t e  e x h a u s t i v e  e x e r c i s e  



- 
a c c e l e r a t e d  c o n v e r s i o n  o f  l a c t a t e  t o  g l y c o g e n  i n  s o l e u s  m u s c l e  

3 y  1 5 0 9 ,  s u c h  t h a t  t h e  r a t e  w a s  n o t  s i g n i f i c a n  5 y  d i f f e r e n t  f r o m  

T r a i n e d  E x h a u s t e d  g a s t r o c n e m i u s  m u s c l e .  F o l l o w i n g  e x h a u s t i v e  

e x e r c i s e  t h e  p e r c e n t a g e  o f  l a c t a t e  c o n v e r t e d  t o  g l y c o g e n  w a s  

i n c r e a s e d  f r o m  13% t o  4 8 %  i n  s o l e u s  m u s c l e  a n d  from 23% t o .  53% 

i n  g a s t r o c n e m i u s .  A c t i v i t i e s  o f  g l y c o g e n i c  e n z y m e s  w e r e  

c o n s i s t a n t l y  h i s h e r  i n  t h e  g a s t r o c n e m i u s  w h i c h  may e x p  a i n  t h e  3 
? 

h i g h e r  r a t e s  of c c n v e r s i o n  o f  l a c t a t e  t o  g l y c o b e n  i n  t h i s  

-2-F m u s c l e .  B o t h  s l w  and f a s t  s k e l e t a l  m u s c l  i b r e s  o f  t h e  r a t  a r e  

c a p a b l e  of r a p i d  i n  t r a m u s c u l  g l y c o g e n e s i s  f r o m  l a c t a t e .  A c u t e  "i 
exhanstive exerciw- and/or k h e  accompanying g l y c o g e n  d e p l e t i o n  

a?>ea r s  t o  b e  a  s t i m u l u s  f o r  t h i s  p r o c e s s .  I t  is  s u g g e s t e d  t h a t  

c o n v e r s i o n '  o f  l a c t a t e  t o  g l y c o y e n  may 
\> 

r e p r e s e n t  a  s+teGy f o r  e n h a n c i n g  a n  e x h a u s t e d  a n i m a l ' s  a b i l i t y  

E=, s s r v i v e  f l i s h t "  s i t u a t i o n s .  
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I. INTRODUCTION 

The  p e r f o r m a n c e  o f  i n t e n s e  p u r p o s e f u l  w o r k ,  b e  i t  

o c c u p a t i o n a l  or  r e c r e a t i o n a l ,  is o f t e n  h a l t e d  b y  t r a n s i e n t  

l o c a l i z e d  f a t i g u e .  ~ a c t i c  a c i d  h a s  c l a s s i c a l l y  b e e p  t h e  f a c t o r  

i m p l i c a t e d  a s  d i r e c t l y  o r  i n d i r e c t l y  c a u s i n g  t h i S 3 i m p a i r e d  

m u s c u l a r  f u n c t i o n  ( T e s c h ,  1 9 8 0 ;  S a h l i n ,  1 9 7 8 ;  Asmussen  e t  a l . ,  
-7  

1 9 4 8 ;  Bang,  1 9 3 6 ) .  A l t h o u g h  t h e  c a u s a l  r e l a t i o n s h i p  r e m a i n s  t o  

be e s t a b l i s h e d ,  t h e  i n f e r e n c e  h a s  e x i s t e d  s i n c e  1 8 4 1  when t h e  

S c a n d a n a v i a n  c h e m i s t ,  B e r z e l i u s ,  c l a i m e d  t o  h a v e  f o u n d  l a c t i c  
f 

a c i d  i n  t h e  musYTe of  e x h a u s t e d  game ( c i t e d  b y  Hermansen  *and 
- 

V a a g e ,  1 9 7 9 ;  K a r l s s o n ,  1 9 7 1 a ) .  

C o n s i d e r a b l e  r e s e a r c h  a t t e n t i o n  i n  t h e  l a s t  80 y e a r s  h a s  

b e e n  d e v o t e d  t o  e x a m i n i n g  t h e  c o n d i t i o n s  l e a d i n g  t o  l a c t a t e  

p r w  i o n  a n d  t h e  c o n d i t i o n s  n e c e s s a r y  f o r  r e m o v a l .  F l e t c h e r  

a n d  H o p k i n s  ( 1 9 0 6 )  d e m o n s t r a t e d  i n c r e a s e d  l a c t i c  a c i d  p r o d u c t i o n .  

i n  m u s c l e  c o n t r a c t i o n s  c a r r i e d  o u t  i n  a n  o x y g e n  d e f i c i e n t  

rneaiurn, t h u s  a d v a n c i n g  t h e  o l d e r  h y p o t h e s i s  ( L i e b i g ,  c i t e d  b y  

K a r l s s o n ,  1 9 7 1 b )  t h a t  b l o o d  l a c t a t e  i n c r e a s e d  a s  a  r e s u l t  o f  
9 

h y p o x i a .  B a s e d  o n  t h e  r e s u l t s  of i n d e p e n d e n t  s t u d i e s  b o t h  

Eleyerho•’  ( 1 9 2 0 ,  1 9 2 5 )  a n d  H i l l  ( 1 9 2 4 )  c o n c l u d e d  t h a t  l a c t i c  a c i d  

f o r m a t i o n .  d u r i n g  e x e r c i s e  w a s  d u e  t o  l o c a l  t i s s u e  h y p o x i a .  T h i s  

h y p o t h e s i s ,  h o w e v e r ,  d i d  n o t  f i t  w i t h  a l l  e x p e r i m e n t a l  

o b s e r v a t i o n s  a s  C o r i  a n d  C o r i  ( 1 9 2 9 )  were a b l e  t o  d e m o n s t r a t e  
- 

t h a t  b l o o d  l a c t a t e  c o n c e n t r a t i o n  i n c r e a s e d  i n  r a t s  r e c e i v i n g  -. 

i n t r a v e n o u s  g l u c o s e .  

An e x a m i n a t i o n  . ~ f  t h e  k i n e t i c s  i n v o l v e d  r e v e a l s  t h a t  e x c e s s  

p y r d v a t e  w o u l d  sin?iy, by a mass a c t i o n  e f f e c t ,  l e a d  t o  l a c t a t e  



p r o d u c t  i o n .  The ra te  of p y r u v a t e  p r o d u c t  i o n  i s  r e g u l a t e d  by t h e  

i n t r a c e l l u l a r  r a t i o  o f  a d e n o s i n e  d i p h o s p h a t e i a d e n o s i n e  

t r i p h o s p h a t e  (ADP/ATP) .  A n  i n c r e a s e  i n  t h e  r a t i o  o f  t h e s e  two 

n u c l e o t i d e s  a u t o m a t i c a l l y  a c c e l e r a t e s  g l y c o l y s i s  t o  ma tch  t h e  

p r o d u c t i o n  o f  h i g h  e n e r g y  p h o s p h a t e  t o  t h a t  b e i n g  consumed i n  

m e t a b o l i c  p r o c e s s e s ,  a s  l o n g  a s  t h e  NADH+H+ f n  i co t  i n a m i d e  

a d e n i n e  d i n u c l e o t i d e ,  r e d u c e d )  p r o d u c e d  i n  t h e  pa thway - is 

r e - o x i d i z e d  t o  HAD+ t n i c o t  i n a m i d e  a d e n i n e  d i n u c l e o t  i d e  1. Under  

c o n d i t i o n s  of s e v e r e  e n e r g y  demand a s  imposed  by m u s c l e  

c o n t r a c t  i o n  f o r  e x a m p l e ,  s y s t e m s  r e s p o n s i b l e  f o r  s h u t t l i n g  

. N A D H + H +  i n t o  t h e  m i t o c h o n d r i a  may be e x c e e d e d  l e a d i n g  t o  a  b u i l d  

u p  of  r e d u c i n g  e q u i v a l e n t s  i n  t h e  c y t o s o l .  Under  t h e s e  

c i r c u m s t a n c e s  t h e  a c t i v e  s k e l e t a l  m u s c l e  enzyme l a c t a t e  
- 

d e h y d r o g e n a s e  c a t a l y s e s  t h e  r e d o x  r e a c t i o n  b e t w e e n  p y r u v a t e  and  

NADH+H'. The r e s u l t i n g  p r o d u c t s  o f  t h i s  r e a c t i o n  a r e  l a c t a t e  and  

BAD+ (Wenger  and  Reed ,  1 9 7 6 ) .  Thus  t h e  s i g n i f i c a n t  b e n e f i t  o f  

l a c t i c  a c i d  p r o d u c t i o n ,  l i e s  i n  t h e  m a i n t a i n e n c e  of a d e q u a t e  

c o n c e n t r a t i o n s  of t h e  h y d r i d e  i o n  a c c e p t o r  NAD+ (Wenger  and  

Reed ,  l 9 7 6 ) ,  and  c o i n c i d e n t l y  a  c y t o s o l ~ s t a t ~  c o n d u c i v e  

t o  a maximum g l y c o l y t i c  r a t e .  I 

S t u d i e s  on s e p a r a t e d  m u s c l e  f i b r e  t y p e s  ( E s s e n  -- e t  a l . ,  

1 9 7 5 )  r e v e a l  c o n s i s t e n t '  p a t t e r n s  of m e t a b o l i c  p r o f i l e s  and  

m e c h a n i c a l  p r o p e r t i e s .  E x t r a p o l a t i n g  f r o m  o b s e r v a t i o n s  o f  a n i m a l  

t i s s u e ,  B a r n a r d  ( 1 9 7 1 )  p r o p o s e d  a f i b r e  t y p e  c l a s s i f i c a t i o n  
- 

syszern which wou Id i n c o r p o r a t e  t h e s e  f e a t u r e s .  Thus  i n  mammalian 

s k e l e t a l  m u s c l e  t h r e e  c l a s s e s  o f  motor u n i t  p o o l s  a r e  i d e n t i f i e d  

f r o m  which  a n  a n i m a l  i s  a b l e  t o  r e c r u i t  when p e r f o r m i n g  m u s c u l a r  

w o r k .  T h e  s l o w  o x i d a t i v e  ( S O )  m o t o r  u n i t s  a r e  r e l a t i v e l y  s l o w  



c o n t r a c t i n g  a n d  s u i t e d  f o r %  u s e  i n  p r o l o n g e d  a c t i v i t i e s .  They  

r e l y  o n  o x i d a t i v e  m e t a b o l i s m ,  a s  i n d i c a t e d  b y  t h e  h i g h e r  . 

a c t i v i t y  o f  K r e b s  c y c l e  e n z y m e s  ( E s s e n  e t  a l . ,  l 9 7 5 ) ,  a s  w e l l  a s  -- 
a n  L D H  i s o z y m e  d i s t r i b u t i o n  w h i c h  f a v o r s  l a c t a t e  o x i d a t i o n  

( S j o d i n ,  1 9 7 6 ) .  

A t  t h e  o t h e r  e n d  of t h e  s p e c t r u m  a r e  t h e  FG, or fast 

g l y c o l y t i c  motor u n i t s .  T h e s e  u n i t s  d i s p l a y  f a s t e r  c o n t r a c t i o n  

t i m e s ,  h i g h e r  p e a k  t e n s i o n  ( T h o r s t e n s s o n  e t  a l . ,  1 9 7 7 )  a n d  a r e  -- 
e a s i l y  f a t i g u e d  ( B u r k e  a n d  E d g e r t o n ,  1 9 7 5 ;  T h o r s t e n s s o n ,  1 9 7 6 ) .  

M e t a b o l i c a l l y ,  t h e s e  motor u n i t s  e x h i b i t  h i g h e r  a c t i v i t i e s  o f  

e n z y m e s  thought t o  be r a t e  l i m i t i n g  f o r  g l y c o l y s i s ,  i e .  - .  

p h o s p h o r y l a s e  ( P i e h l  a n d  K a r l s s o n ,  1 9 7 7  ) , phosphof  r u c k o k  i n a s e  

( E s s e n  -- e t  al., 1 9 7 5 )  a n d  l a c t a t e  d e h y d r o y e n a s e  ( S j o d i n ,  1 9 7 6 ;  

T h , o r s t e n s s e n  e t  a l . ,  1 9 7 7 ) .  B e t w e e n  t h e s e  e x t r e m e s  o f  t h e  -- 

s p e c t r u m  of m o t o r  u n i t s  a r e  t h e  so c a l l e d  FOG u n i t s  ( f a s t  

o x i d a t i v e  g l y c o l y t i c ) .  F i b r e s  c o m p r i s i n g  t h e s e '  motor u n i t s  h a v e  

t h e  c h a r a c t e r i s t i c  c o n t r a c t  i o n  p r o p e r t i e s  o f  FG f i b r e s  w i t h  t h e  

f a t i g u e  r e s i s t a n t  p r o p e r t i e s  o f  S O  f i b r e s  ( B u r k e  a n d  E d g e t o n ,  

1 9 7 5 ;  Burke e t  a l . ,  1 9 7 1 ) .  -- 
An a n a l y s i s  o f  t h e  m o t o r  u n i t  p o o l s  o f  s k e l e t a l  m u s c l e  

d e m o n s t r a t e s  c o n s i s t e n t l y  h i g h e r  r a t e s  of l a c t a t e  p r o  u c t i o n  i n  

FG f i b r e s  c o m p a r e d  w i t h  S O  a n d  FOG f i b r e s -  i n  human s u b j  b 
( T e s c h ,  1 9 8 0 ) .  T h u s ,  a r e l a t i o n s h i p  i s  i m p l i e d  b e t w e e n  p h y s i c a l  

p e r f o r m a n c e  a n d  l a c t i c  a c i d  p r o d u c t i o n ,  d e p e n d e n t -  o n  t h e  motor 

u n i t  d i s t r i b u t i o n  p a t t e r n  within t h e  m u s c l e  a n d  the i n t e n s i t y  - 

and d u r a t i o n  of the p e r f o r m a n c e .  

The  p r o d u c t i o n  o f  l a c t a t e  d u r i n g  h i g h  i n t e n s i t y  work may b e  

c o n s i d e r a b l e ,  H e r m a n s e n  a n d  S t e n s v o l d  ( 1 9 7 2 )  e s t i m a t e d  t h a t  a  



typical past e x h a u s t i o n  h luod  lactate concentxat  ion o f  150-200 

m g %  w o u l d  r e p r e s e n t  a p p r o x i m a t e l y  70-100 g r a m s  o f  t h i s  

m e t a b o l i t e  i n  a  human s z b j e c t .  T h e  s i t e  or  s i t e s  f o r  r e m o v a l  o f  

s u c h  l a r g e  q u a n t i t i e s  o f  l a c t a t e  h a s  b e e n  t h  

f o r  s e v e r a l  d e c a d e s .  S i n c e  l a c t a t e  i s  e s s e n t i a l l y  a  m e t a b o  

d e a d  e n d ,  t h e  p r i m a r y  s t e p  i n  i t s  m e t a b o l i s m  s h o u l d  b e  a  

r e - o x i d a  t i o n  to p y r u v a  te-  
a - 

'. Two s c h o o l s  of t h o u g h t  h a v e  p r o d u c e d  c o n f l i c t i n g  e v i d e n c e  

r e g a r d i n g  t h e  m d j o r  m e t a b o l i c  f a t e  of l a c t a t e  d u r i n g  r e c o v e r y  

f r o m  h i g h  i n t e n s i t y  e x e r c i s e  ( M e y e r h o f ,  1 '324;  B \ r o o k s  -- e t  a l . ,  

1 9 7 3 ) .  T h e  t r a d i t i o n a r  v i e w  of l a c t a t e  r e m o v a l ,  of H i l l  a n d  h i s  

a s s o c i a t e s  ( 1 9 2 4 )  p r o p o s e s  t h a t  o x y g e n  i s  consumed  d u r i n g  

r e c o v e r y  f r o m  e x e r c i s e  i n  e x c e s s  o f  C h a t  d u r i n g  res t  ( ' e x c e s s  

p o s t e x e r c i s e  0 2  c o n s u m p t i o n '  o r  EPOC ) ( B r o o k s  --  e t  a l ,  , 1 9 7 3 ;  

M a r g a r i a ,  -- e t  a l , ,  1 9 3 3 ) .  T h i s  0 2  d e b t  t h e o r y  was  m o d i f i e d  t o  

a s s i g n  a  p o r t i o n  o f  t h e  EPOC t o  t h e  r e ? h o s p h o r y l a t i o n  o f  A D P  a n d  

c r e a t i n e ,  t h e  so c a l l e d  " a l a c t i c  d e b t "  ( M a r g a r i a  -- e t  a l ,  1 9 3 3 ) .  

The 0 2  - d e b t  t h e o r y  m a i n t a i n s  t h a t  t h e  m a j o r  f r a c t i o n  ( 8 0 % )  o f  

l a c t a t e  f o r m e d  d u r i n g  e x e r c i s e  i s  c o n v e r t e d  t o  g l y c o g e n  i n  t h e  

i m m e d i a t e  p o s t  e x e r c i s e  p e r i o d ,  w h i l e  t h e  r e m a i n d e r  is  o x i d i z e d  

t o  C 0 2  a n d  w a t e r .  T h e  AT? g e n e r a t e d  b y  o x i d a t i o n  t h u s  s u p p l i e s ,  

t h e  e n e r g y  n e c e s s a r y  f o r  g l y c o g e n  r e p l e t  i o n .  

Much o f  the r e c e n t  l i t e r a t u r e -  i n d i c a t e s  t h a t  a n  

i c s i g n i f  i c a n t  a m o u n t  of g l y c o g e n  i s  r e s y n t h e s i z e d  i n  t h e  
A - 
i m e c l i a t e  p o s t  e x e r c - i s e  r e c o v e r y  p e r i o d  ( H u l t m a n  aq$ B e r g s t r o m ,  

1 9 6 7 ,  P i e h l ,  197=.--). - A l s o ,  c o m p l e t e  r e s t o r a t i o n  o f  muscle 

g l y c o g e n  a p p e a r s  t~ be d e p e n d e n t  o n  a h i g h  d i e t a r y  i n t a k e  o f  

c a r b o h y d r a t e .  B r o o k s  and G a e s s e r  ( 1 9 8 0 )  were a b l e  t o  d e m o n s t r a t e  



s k e l e t a l  m u s c l e  g l y c o g e n  r e p l e t i o n  f o l l o w i n g  pulse i n j e c t i o n s  of  

l a c t a t e  b u t  t h i s  was n o t  s i g n i f i c a n t .  n o r  w a s  it' i n  p h a s e  w i t h  

the t i m e  o-00~ d e c l i n e  t h o u g h t  t o  r e p r e s e n t  EPOC. R a d i o a c t  i v e  

t r a c e r  s t u d i e s  u s i n g  14c l a c t a t e  a l s o  s u g g e s t  t h a t  t h e  p r i m a r y  

f a t e  of l a c t a t e  a t  r e s t ,  a u r i n g  e x e r c i s e  a n d  r e c o v e r y  is b y -  

o x i d a t i o n  ( B r o o k s  apd G a e s s e r ,  1980 ; S e a r l e  a n d  C a l a v a r  i ,  1 9 7 2 ;  

D e p o c a s  -- e t  a l . ,  1 9 6 9 ) .  

T h e r e  a r e  s e v e r a l  n o t a b l e  e x c e p t i o n s  t o  t h e s e  f i n d i n g s ,  one,, 

of w h i c h  is c o n t a i n e d  i n  a r e p o r t  by Hermansen  a n d  Vaage ( 1 9 7 7 ) .  
7 

T h e s e  a u t h o r s  c o n c l u d e d  t h a t  d u r i n g  r e c o v e r y  f r o m  h e a v y  
a 

i n t e r m i t t e n t  e x e r c i s e ,  75% o f  t h e  l a c t a t e  p r e s e n t  i n  human 
R 

s k e l e t a l  m u s c l e  w a s  c o n v e r t e d  t o  g l y c o g e n  w i t h i n  t h e  m u s c l e  

i t s e l f ,  and  a .  much sma l l e r  f r a c t i o n  ( l e s s  t h a n  1 5 % )  w a s  

~ x i d i z e d .  ~ h e s e  f i n d i n g s  v i n d i c a t e  a  ser ies  o f  much o l d e r  a n d  

3 f  t e n  o v e r l o o k e d  g u b l i c a t i o n s  by Meyerhof  ( 19 2 5 ,  1 9  2 0 )  
A 

d e m o n s t r a t i n g  i n  i s o l a t e d  f r o g  s k e l e t a l  m u s c l e  t h a t  r e m o v a l  o f  

i a c t a t e  d u r i n g  a e r o b i c  r e c o v e r y  f r o m  e x h a u s t  i o n  i s  a , s s o c i a t e d  

with g l y c o g e n  r e s y n t h e s i s .  H i s  o b s e r v a t i o n s  a l s o  i n d i c a t e d  t h a t  
&> 

up t o  75% of  t h e  reinoved I a c t a t e  w a s  c o n v e r t e d  t o  g l y c o g e n  

d i r e c t l y  w i t h i n  t h e  m u s c l e ,  w h i l e  a p p r o x i m a t e l y  20% w a s  o x i d i z e d  

t o  C 0 2  a n d  H20. T h i s  c o n c e p t  w a s  a d v a n c e d  by  H i l l  (192.5)  who 

e x a m i n e d  t h e  r a t e  o f  l a c t a t e  r e m o v a l  i n  terms of i t s  h e a t  o f  

c o m b u s t i o n .  T h e  c o n c l u s i o n  w a s  t h a t  o n l y  20% o f  t h e -  l a c t a t e  
CC 

removed d u r i n g  r e c o v e r y  c o u l d  b e  a c c o u n t e d  f o r  by o x i d a t i o n ,  t h e  

r e m a i n  i n g  80% S e i n g  r e s y n t h e s i z e d  t o  g l y c o g e n .  Meyerhof  's  

o r i g i n a l  t h e s i s  h a s  s u p p o r t  f r o m  work  on 

i s o i a t e d '  s k e l e t a l  n s  a n d  r a d i o a c t i v e  t r a c e r s  
C 

- 
{ C o n n e t t ,  1979;  B e n d a i l  a n d  T a y l o r ,  1970  ; McLean a n d  H o l l o s z y ,  



1 9 7 9 ) .  T h e s e  s t u d i e s  a l l  i p d i c a t e d  t h a t  u n d e r  c e r t a i n  

c i r c u m s t a n c e s  l a c t a t e  P .  s a s i g n  i f  i c a n t  g l y c o y e n i c  p . r e c u r s o r  i n  

s k e l e t a l  m u s c l e .  b-- 

The a c t u a l  s i t e  or s i t e s  of v l y c o g e n i c  p r o c e s s  i s  
P 

c o n t r o v e r s i a l .  Meyerhof ' s  p r o v o c a t < v e  h y p o t h e s i s  of g l y c o g e n ' e s i s  

w i t h i n  t h e  m u s c l e  i t s e l f ,  a s  opposed  t o  a  h e p a t i c  p r o c e s s ,  h a s  

been  s e v e r e l y  c r i t i c i s e d  ( K r e b s  and  Woodf o r a ,  1 9 6 5 ;  K r e b s ,  

1 9 6 5 ) .  The u n f a v o r a b l e  e n e r g e t i c s  of a  r e v e a s a l  of g l y c o l y s i s  

i m p l i e s  t h e  n e c e s s i t y  of  s o m e  a d d i t i o n a l  r e a c t  i o n s  w h i c h  

overcome s e v e r a l  thermodynamic  b a r r i e r s .  T h e s e  r e a c t i o n s  a r e  

c a t a i y s e d  by t h e  enzymes p h o s p h o f e n o f  ) p y r i v a t e  c a r b o x y k i n w  f E C  

fructose-1,6-diphosphatase ( E C  3 . 3 . 3 . 1 1 ) .  Because  t h e r e  i s  good 
- 

a g r e e m e n t  i n  t h e  l i t e r a t u r e  t h a t  py ruva  t e  c a r b o x y l a s e  d o e s  n o t  

e x i s t  i n  mammalian s k e l e t a l  m u s c l e  ( C r a b t r e e ,  H i g g i n s  and  

Newsholm, 1 9 7 2 ) ,  B e n d a l l  a n d  T a y l o r  ( 1 9 7 0 )  p r o p o s e d  a n  - 
e x t r a m i t o c h o n d r i a l  s y s t e m  o p e r a t i n g  t h r o u g h  t h e  so c a l l e d  " m a l i c  

enzyme" ( m a l a t e  d e h y d r o g e n a s e ,  NADP+, d e c a r b o x y l a t i n g ;  EC 

1 . 1 . 1 . 4 0 ) .  R e c e n t  e v i d e n c e  i n d i c a t e s  t h a t  mammalian s k e l e t a l  - 

m u s c l e  d o e s  p o s s e s s  t h e s e  p r o t e i n s ,  v i n d i c a t i n g  t h e  b i o c h e m i c a l  

b a s i s  of musc l e  g l y c o g e n e s i s  (Mclean  and  H o l l o z y ,  1 9 7 9 ;  P e a r c e  

and  C o n n e t t ,  1 9 8 0 ;  S e a r l e  and  C a v a l i e r i ,  1972 ;  Op ie  a n d  

Newsholm, 1967 ; Krebs  a n d  Woodf o r d ,  1 9 6 5 ) .  

The f a t e  of l a c t a t e  i n  t e r m s  of s k e l e t a l  m u s c l e  g l y c o g e n  
*. 

forma t i o n  h a s  g r e a t  t h e o r e t i c a l  i m p l i c a t i o n s  f o r  e x e r c i s e  

science. - 1  n view of the importawe of l a c t a t e  a s  a- metabl ic  

b y p r o d u c t  of h i g h  i n t e n s i t y  m u s c u l a r  work and i t s  s u g g e s t e d  role  

i n  l i m i t  i n 5  m u s c u l a r  p e r f o r m a n c e ,  it was n e c e s s a r y  t o  u n d e r t a k e  

- - 



"3 t 
f u r t h e r  e x p e r i m e n t s  t o  i n v e s t i g a t e  i t s  f a t e  d u r i n g  r e c o v e r y ,  ~ h &  

p r i m a r y  p u r p o s e  o f  t h i s  s t u d y  w a s ,  t h e r e f o r e  t o  d e t e r m i n e  i f  

mammalian s k e l e t a l  m u s c l e  c a n  d i r e c t l y  s y n t h e s i z e  g l y c o g e n  f r o m  

T o  s o l v e  t h i s  p r o b l e m  i t  w a s  n e c e s s a r y  t o  d e t e r m i n e :  

1. i f  d i f f e r e n t  mammalian  s k e l e t a l  m u s c l e  t y p e s  p o s s e s s  t h e  

e n z y m e s  n e c e s s a r y  f o r  t h e  c o n v e r s i o n  o f  l a c t a t e  t o  g l y c o g e n .  

2 .  w h a t  t h e  e f f e c t s  of t r a i n i n g  were o n  t h e s e  e n z y m e s .  

3 .  w h a t  t h e  e f f e c t s  of t r a i n i n g ,  a c u t e  e x h a u s t i v e  e x e r c i s e ,  a n d  

n u t r i e n t  s u p p l y  d u r i n g  r e c o v e f y  f r o m  a c u t e  e x h a u s t i v e  

e x e x i s e  were on t h e  p o t e n t i a l  of ,mammalian s k e l e t a l  m u s c l e  

t o  s y n t e s i z e  g l y c o g e n  f r o m  l a c t a t e .  

SCOPE AND L I M I T A T I O N S  

The e x p e r i m e n t a l  m e t h o d s  u s e d  i n  t h i s  t h e s i s  r e p r e s e n t s  a  
- 

u n i q u e  a p p r o a c h  i n  t h a t  a n  i n  v i t r o  i s o l a t e d  r a t  s k e l e t a l  m u s c l e  - 
p r e 3 a r a t i o n  w a s  used. One m u s t  u s e  c a u t i o n  i n  p t t e m p t i n g  t o  

\ 
e x t r a p o l a t e  t h e  - i n  v i t r o  m e t a b o l i c  p o t e n t i a l  o f  m u s c l e  t o  t h e  

__ c o m p l e x  m e t a b o l i c  c o n d i t i o n  f o u n d  i n L v i v o .  T h e  v a l i d i t y  o f  -- 

c o n c l u s i o n s  a b o u t  t h e  m e t a b o l i c  p r o c e s s e s  i n  human t i s s u e  d r a w n  

f r o m  a n i m a l  e x p e r  i r n e n t s  a r e  a l s o  c a u t i o n e d .  

D E F I  N I T  ION OF TERM1 NOLOGY - 
D e f i n i t i o n s  a n d  a b b r e v i a t i o n s  u s e d  i n  t h i s  t h e s i s  i n c l u d e :  , 

1 .  S h o r t  t e r m  

r e p e a t e d  

t i m e ,  f o l l o w e d  by a  s i m i l a r  p e r i o d  of r e s t .  I n  t h i s  c a s e  

r e p e a t e d  b o u t s  of o n e  m i n u t g  o f  r u n n i n g  a t  1 meter p e r  



-. 
s e c o n d  u p  a n  8% g r a d e ,  f o l l o w e d  *by o n e  m i n u t e  o f  rest.  

- 
2 ,  1 - l a c t a t e  f f - l a c t i c  a c i d ) .  L a c t i c  a c i d  i s  o f t e n - r e f e r r e d  t o  - - 

a s  l a c t a t e  s i n c e  i t  is l a r g e l y  d i s s o c i a t e d  a t  p h y s i o l o g i c a l  

p H .  Both t e r m s  w i l l  b e  u s e d  i n t e r c h a n g e a b l y  i n  t h i s  t h e s i s .  - 
1 4  3 .  C - l a c t a k e .  Commerc i a l ly  p r e p a r e d  s o d i u m  1 - l a c t a r e  i n  wh ich  - 
a l l  t h r e e  c a r b o n s  l a b e l l e d  a s  c a r b o n  1 4 .  

4 .  9 & c o u n t s  per m i n u t e .  The number of d i s i n t i g r a t i o n s  p e r  

m i n u t e  of  a r a d i o a c t i v e l y  d e c a y i n g  e l e m e n t  r e g i s t e r e d  i n  a  
i 

c o u n t i n g  s y s t e m .  

5 .  DJTJ pr d i s i n t i g r a t i o n s  per m i n u t e .  The  a b s o l u t e  number of 

d i s i n t i y r a t i o n s  p e r  m i n u t e  of a  r a d i o a c t i v e  e l e m e n t  i n  a 

G .  compound sample :  e q u i v a l e n t  t o  t h e  cpm c o r r e c t e d  f o r  s ample  
1 

p r e p a r a t i o n  a n d  r e c o v e r y ,  background  and  t h e  e f f i c i e n c y  of 

' I  
-the c o u n t i n g  s y s t e m .  

6 , S p e c i f i c  a c t  i v i t y . T h e  t o t a k  . r a d i o a c t i v i t y  of a  g i v e n  i s o t o p e  

( i n  F h i s  c a s e  l4c3 ,  p e r  u n i t  w e i g h t  o f  t h e  compound or 

t i s s u e  e .g .  ~ p n * r n ~ - l ,  or llPrn*rnl4-l. 



.I I. METHODOLOGY 
4 

2.1 AN1 MAC CARE Z&D SELECT ION -- 
F o r t y  ma le  r a t s  of  t h e  @ i s t a r  s t r a i n  ( s p e c i f i c  p a t h o g e n  

f r e e )  were  o b t a i n e d  a t  a p p r o x i m a t e l y  12-15 weeks o f  a g e  (300-350 

g r a m s )  t h r o u g h  t h e  d i r e c t o r  o f  a n i m a l  c a r e  a t  Simon F r a s e r  

U n i v e r s i t y ,  Burnaby ,  B r i t i s h  ~ o i u m b i a .  Upon a r r i v a l  t h e  a n i m a l s  

w e r e  w e i g h e d ,  h o u s e d  i n d i v i d u a l l y  i n  s BY: c l e a n i n g  cage,s k e p t  o n  

r a c k s  i n  an  ' b  i r  c o n d i t i o n e d  room ( 2 2 O ~ )  a n d  p r o v i d e d  w i t h  

c o m m e r c i a l  rat f e e d  ( P u r i n a  Lab Chow) and w a t e r  a d  l i b i t u m .  - 
4 

I m m e d i a t e l y ,  t h e  a n i m a l s  w e r e  s u b j e c t e d  t o  a  r e v e r s e d  l i g h t / d a r k  

c y c l e  ( l i g h t  f rom 1600 h  t o  0800 h )  t o  a l l o w  t r a i n i n g  s e s s i o n s r  

t o  b e  p e r f o r m e d  d u r i n g  t h e  a n i m a l s '  n o r m a l  peak  a c t i v i t y  p e r i o d .  
ST 

Each morn ing  a l l  a n i m a l s  were h a n d l e d ,  t h e  c a g e s  were 

r o t 9 t e d  on t h e  c a g e  r a c k ,  s o i l e d  p a p e r s  were c h a n g e d ,  and food  

and  w a t e r  were r e p l e n i s h e d .  The c a g e s  were washed a n d  s t e r i l i z e d  

e v e r y  t w o  weeks  a n d  t h e  r a t s  were we ighed  week ly .  A f t e r  one  week - 
of o r i e n t a t i o n  t o  t h e  l a b o r a t o r y  t h e  a n i m a l s  were randomly  

a s s i g n e d  t o  one  of  f o u r  g r o u p s ,  one  s e d e n t a r y  (N=10) a n d  t h r e e  

e x e r c i s e  t r a i n i n g  g r o u p s  ( N = 3 ' 1 0 ) .  Due t o  i n j u r y  and p o o r  

r ~ n n i n g  a b i l i t y  f i v e  a n i m a l s  w e r e  e l i m i n a t e d  f r o m  t h e  t r a i n e d  

G? g r o u p s .  Thus ,  t h e d  f i n a l  number of e x p e r i m e n t a l  a n i m a l s  u s e d  i n  

t h e  s t u d y  was 35.  



2 . 2  INTERVAL TRAINING 

T r a i n i n g  f o r  s h o r t  t e r m ,  h l g h  i n t e n s i t y  work was p e r f o r m e d  
i 

f o u r  d a y s  p e r  week ( e . g .  Mon., T u e s . ,  F r i . ,  S a t .  ) a t  

a p p r o x i m a t e l y  1200  h o u r s .  P r i o r  t o  e a c h  r u n n i n g  s e s s i o n  t h e  

a n i m a l s  h i n d  q u a r t e r s  w e r e  s o a k e d  w i t h  w a t e r  and  a f t e r  e a c h  

s e s s i o n  t h e  a n i m a l s  were t h o r o u g h l y  d r i e d  a n d  i n s p e c t e d  b e f o r e ,  

b e i n g  r e t u r n e d  t o  t h e i r  c a g e s .  
f 

The f i r s t  week of t r a i n i n g  was e s s e n t i a l l y  a  t r e a d m i l l  
* 

o r i e n t a t i o n  programme c o n s i s t i n g  of one.  1 0  m i n u t e  r u n n i n g  f73 
/ 

s e s s i o n  e a c h  day  a t  . 3 3  k0sec- I  u p  a n  8% g r a d e .  F o l l o w i n g  t h i s  

p r e l i m i n a r y  e x p o s u r e  t h e  t r a i n i n g  programme was  i n  it i a t e d ,  
A 

c o n s i s t i n g  of 5 i n t e r v a l s  of  one  m i n u t e  r u n n i n g  a t  - 3 3  m0sec- l ,  

up a n  8% g r a d e  f o l l o w e d  by one m i n u t e  . r e s t .  

The t r e a d m i l l  S p e e d  w a s  p r o g r e s s i v e l y  i n c r e a s e d  by . 0 8 3  m *  

s e c - l  e a c h  week u n t i l  a l l  a n i m a l s  were r u n n i n g  5 i n t e r v a l s  a t  1 

r n * ~ e c . - ~ ,  up a n  8% g r a d e .  The number of i n t e r v a l s  p e r f  orrned e a c h  

t r a i n i n g  s e s s i o n  w a s  i n c r e a s e d  by one  e a c h  d a y  u n t i l  a l l  a n i m a l s  
I 

were r u q n i n g  a  t o t a l  of: 1 0  b0ut .s  a t  1 m g s e c - l ,  8 %  g r a d e ,  f o u r  

t i m e s  p e r  week. 

The r u n n i n g  s p e e d ,  % g r a d e ,  and i n t e r v a l  p r o t o c o l  was  

m a i n t a i n e d  u n t i l  t i m e  o f  s a c r i f i c e .  T h i s  work i n t e n s i t y  

i n  it i a l l y  - r e s e n t e d  apprdxima t e l y  120% of  t h e  maximum oxygen  
3 

u p t a k e  of t h e  r a t  ( B e d f o r d ,  1 9 8 0 ;  G o l l n i c k  -- e t  a l . ,  1 9 7 4 ) .  
' 1 

F u r t h e r m o r e  p r e v i o u s  i n v e s t i g a t o r s  have  s h o q  t h a t  t h i s  run- 

programme r e s u l t e d  i n  s i g n  i f  i c a n t  a e r o b i c  a  a n a e r o b i c  t r a i n  i n g  @ 
e f f e c t s ,  and when carried t o  exhaustion ca&d s i g n i f i c a n t ,  

immed ia t e  p o s t ~ e x e r c i s e  s k e l e t a l  m u s c l e  g l y c o g e n  d e p l e t i o n  

( G a b o r i a u l t ,  1 9 7 7 ) .  . 



2 . 3  EXPERIMENTAL DESIGN 

A f t e r  a  1 2  w e e k  p e r i o d  t h e  t h r e e  trair-&ng g r o u p s  w e r e  

p a i r e d  w i t h  t h e  a g e  ma tched  s e d e n t a r y  c o n t r o l s .  The s e d e n t a r y  

c b n t r o l  g r o u p  (SC)  p r o v i d e d  d a t a  on no rma l  r a t  s k e l e t a l  m u s c l e  

b i o c h e m i c a l  p a r a m e t e r s .  The t r a i n e d  c o n t r o l  (TC) g r o u p  p r o v i d e d  

d a t a  on t h -  2 d i f e c t  of c h r o n i c  i n t e r v a l  t r a i n i n g  on s k e l e t a l  

m u s c l e .  The t r a i n e d  e x h a u s t e d  g r o u p  ( T E )  p r o v i d e d  d a t a  on  t h e  

e f r e c t s  06 a c u t e  e x h a b s t i v e  w o r k  on s k e l e t a l  m u s c l e ,  and  t h e  

t r a i n e d  f a s t e d  g r o u p  ( T F )  a l l o w e d  c o l l e c t i o n  o f  d a t a  on t h e  

e f f e c t s  on s k e l e t a l  m u s c l e  of an  a c u t e  e x h a u s t i v e  r u n  f o l l o w e d  

by a  12  h o u r  f a s t .  

To examine  t h e  p r e v i o u s l y  s t a t e d .  p r o b l e m s  s e v e r a l  a s p e c t s  

of l a c t i c  a c i d  m e t a b o l i s m  w e r e  i n v e s t i g a t e d .  T h i s  s t u d y  i n v o l v e d  

t h e  e v a l u a t i o n  o f  t h e  f o l l o w i n g  d e p e n d e n t  v a r i a b l e s  a t  v a r i o u s  

p o i n t s  i n  t h e  e x p e r i m e n t a l  p r o t o c o l .  

1. Body Weight  ( g r a m s )  

2 .  ~ u s c l k  Weight  ( g r a m s ,  w e t  w e i g h t )  

3 .  A c u t e  e x e r c i s e  p e r f o r m a n c e  ( t o t a l  d i s t a m p e ,  meters ) 

4 .  ~ruct~se-l,6-di~hos~hatase a c t i v i t y  ( ~ m o l e - ~ - l - m i n - l )  

5 .  P h o s p h o (  en01 ) p y r u v a t e  c a r b o x y k i n a s e  a c t i v i t y  ( ~ m o l e - ~ - l - m i n - l )  

6 .  M a l i c  enzyme a c t i v i t y  (umole  * g y l * m i n - l )  
\ 

7. Hgsc le  g l y c o g e n  c o n t e n t ,  p r e  % p o s t - i n c u b a t i o n  ( u m o l b y r a m  

- l )  

8 .  Muscle 1 a c t a t e  content, pre and p o s t - i n c u b a t = o n  ( m r r c ~ l - ~ r a m - ' ~  

9 .  R a t e  of  14c u p t a k e  i n t o  m u s c l e  g l y c o g e n  ( ~ ~ m - ~ - ~ - h o u r - ~ )  



1 0 . .  R a t e  of  l a c t a t e  uptak\e L u m l  * g r a m - l o h o u r - ?  ) - 
1 

- 

11. R a t e  of l a c t a t e  ? x i d a t & t o  14CD2 ( ~ ~ m * ~ - l * h o u r - I ) .  
- 

1 2 .  R a t e  of l a c t a t e  c o n v e r s i o n a t o  g l y c o g e n  ( ~ n a l * g - ~ * h o u r - ~ )  

13.. R a t e  of l a c t a t e  o x i d a t i o n  t o  c a r b o n  d i o x i d e  ( ~ r t m l - ~ - ~ - h o u ; - f  5- 

.. 
) 

1 4 .  R a t e  of l a c a t e  m e t a b o l i s m  ( u m l = g r a m - l * h o u r - l )  

1 5 .  P e r c e n t a g e  of t o t a l  m e t a b o l i z e d  l a c t a  t p o n v e r t e d  t o  

g l y c o g e n  ( % )  * 
1 6 .  P e r c e n t a g e  o f  t o t a l  m+tabo l i zed  l a c t a t e  o x i d i z e d  t o  carbo* 

d i o x i d e  ( 3 )  

2 -4  STATISTICAL CONSIDERATIONS 
F - 

Group means ,+/- t h e  s t a n d a r d  e r r o r  of'. t h e  mean (SEM*) were 
-* - 

h 3 

c a l c u l a t e d  f o r  a l l  t h e  d e p e n d e n t  v a r . i a b l e s  l i s t e d :  One way '5 

a n a l y s e s  of v a r i a n h e  (S .P  ANOVA ~ r o g r ' a m m e  ) were p e r f o r m e d  
-4 

be tween  t r e a t m e n t  respect yo. m u s c l e  m e t a b o l i t e  
=? 

c o n t e n t s ,  i n c o r p o r a t i o n  of j 4 c  l a c t a t e  i n t o  t 
\ 

CO2, and  w i t h  r e s p e c t  t o  m u s c l e  g l y c o g e n i c  

t h e  F r a t i o  i n d i c a t e d  s i g n i f i c a n c e  (P<O.OS),  post h o c  
i .  

Neuman-Keuls a n a l y s e s  w e r e  u s e d  t o  l o c a t e  s i g n i f i c a n t  ( P < 0 . 0 5 )  

\ g r o u p  d i f f e r e n c e s .  V a r y i n g  N ' s  f o r  t h e  d e p e n d e n t  v a r  j a b l e s  -, i n  
* 

v a r i o u s  t r e a t m e n t  g r o u p s  a r i se  o u t  o f  m e  t h o d o l o g i c a l  error  i n  

l a b o r a t o r y  p r e p a r a t i o n  of e x p e r i m e n t a l  s a m p l e s .  



2.5 PRE SWRI FI CE PROTOCOL -- 
Swenty two h o u r s  p r i m  to  the a c u t e  r u n  or sacrifice al l1  

t r a i n i n g  was t e r ~ i n a t e d  to  r e d u c e  t h e  c h a n c e s  of c a r r y  o v e r  - 

e f f e c t s  c o n f o u n d i n g  t h e  e x p e r i m e n t a l - r e s u l t s .  F i v e  h o u r s  p r i o r  

t o  t h e  a c u t e  r u n  or s a c r i f i c e  a l l  a n i m a l s  were p l a c e d  'on a  f a s t  

t o  c o n t r o l  f o r  p o t e n t - i a l  d i e t a r y  e f f e c t s  by d i m i n i s h i n g  t h e  

o u t p u t  of e x o g e n s u s  f u e l s  f r o m  t h e  g u t .  The f a s t  a l s o  s e r v e d  t o  

d i m i n i s h  l i v e r  g l y c o g e n  i n  a n  e f f o r t  t o  r e d u c e  t h e  t i m e  

n e c e s s a r y  f o r  t h e  a c u t e l y  e x e r c i s e d  a n i m a l s  t o  r e a c h  e x h a u s t  i o n  

(Clarke a n d  C o n l e e ,  1 9 7 9 ) .  

-A The acute exercise t e s t  was a d m i n i s t e r e d  t o  i n d i v i d u a l  

r u n n e r s  f r o m  TE and T F  g r o u p s  o n  d e s i g n a t e d  t r e a t m e n t  d a y s  a n d  

c o n s i s t e d  of  t h e  a n i m a l s  r u n n i n g  o n e  m i n u t e  w o r k / r e s t  i n t e r v a l s  

a t  f rn-sec'l, u p  an  85 g r a d e ,  t o  e x h a u s t i o n .  E x h a u s t i o n  w a s  

d e f i n e d  a s  t h e  p o i n t  a t  w h i c h  t h e  a n i m a l  c o u l d  n o t  k e e p  p a c e  

w i t h  t h e  t r e a d m i l l  s p e e d ,  r e p e a t e d l y  f e l l  b a c k  o n  t h e  s h o c k  

grid, and c o u l d  not right himself when p l a c e d  o n  h i s  b a c k .  

2.6 TISSUE PREPARATION 

The g e n e r a l  e x p e r i m e n t a l  p r o c e d u r e  i s  o u t l i n e d  i n  t h e  f l o w  

c h a r t  o n  t h e  f o l l o w i n g  p a g e .  A l l  a n i m a l s  w e r e  k i l l e d  by a  b low 
- 

to  t h e  head fo l lowed Sy c e r v i c a l  d i s l o c a t i o n .  T h e  l e f t  a n d  r i g h t  

l o w e r  limbs were s k i n n e d  a n d  t h e  a c h i l l e s  t e n d o n  s e v e r e d  a t  t h e  

~ u s c u l o t e n d o n  j u n c t i o n .  T h e  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s  

o n  a  Mettler b a l a n c e .  A 5 0  m g  t i ~ s u _ ~ s a m p _ l e  w a s  t_ak~en f r o m  t h e  

s o l e u s  m u s c l e  a n d  f r o m  a f u l l  cross s e c t i o n  of t h e  m e d i a l  

g a s t r o c n e m i u s  muscle a n d  p l a c e d  i n  h o t  KOH i n  p r e p a r a t i o n  f o r  
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i n i t i a l  g l y c o y e  a n d  l a c t a t e  d e t e r m i n a t i o n s .  An a d d i t i o n a l  150  .J - 
rng t i s s u e  sample w a s  t a k e n  f r o m  t h e  s o l e u s  a n d  cross s e c t i o n  o f  

t h e  h e a d  o f  t h e  m e d i a l  g a s t r o c n e m i u s  m u s c l e  o f  t h e  t w o  c o n t r o l  

g r o u p s  (SC a n d  TC), q u i c k  f r o z e n  . in  l i q u i d  n i t r o g e n  a n d  s t o r e d  

a t  -80•‹c f o r  s u b s e q u e n t  a s s a y  o f  g l y c o g e n i c  enzyme a c t i v i t y .  Two 

h u n d r e d  m g  o f  s o l e u s  a n d  m e d i a l  g a s t r o c n e m i u s  m u s c l e  t i s z u e  w a s  

e x c i s e d  f r o m  e a c h  a n i m a l  f o r  i n c u b a t i o n  s t u d i e s .  

2.7 TISSUE INCUBATION 

The  200  mg m u s c l e  t i s s u e  s a m p l e s  f r o m  s o l e u s  a n d  

g a s t r o c n e m i u s  m u s c l e s  w e r e  c u t  < i n t o  1 mm s l i c e s  a n d  s u s p e n d e d  i n  

2 m l  o f  a  37Oc b u f f e r e d  R i n g e r s  medium (pH 7 . 3 ) .  T h e  2  m l  o f  

i n c u b a t i o n  b u f f e r  ( A p p e n d i x  1 )  c o n t a i n e d  8 mM 1 - l a c t a t e  a n d  1 - 

p C i  u n i f o r m l y  l a b e l l e d  l a c t i c  a c i d  (Na s a l t :  ( u - ~ ~ c ) L ( + ) ,  1 3 8 . 6  

mCi 'mmole-1,  N e w  E n g l a n d  N u c l e a r ,  B o s t o n ,  M A )  . R a d i o c h e m i c a l  

p u r i t y  of t h e  t r a c e r  g a s  c e r t i f i e d  by t h e  v e n d o r  t o  e x c e e d  9 8 % .  

T h e  b u f f e r e d  f n c u b a t i o n  medium w a s  f r e s h l y  b u b b l e d  w i t h  a  

s t a n d a r d  g a s  m i x t u r e  of known c o m p o s i t i o n  ( 2 0 %  02,  5 5  C 0 2 ,  

b a l a n c e  n i t r o g e n ) .  

The i n c u b a t i o n s  were c a r r i e d  o u t  f o r  60 m i n u t e s  i n  s e a l e d  

1 5  r n l  V a c u t a i n e r  t u b e s .  f he  s p a c e  a b o v e  t h e  i n c u b a t i o n  medium 

was w e l l  g a s s e d  w i t h  t h e  m i x t u r e  d e s c r i b e d  p r e v i o u s l y .  T h e  

t e m p e r a t u r e  o f  t h e  i n c u b a t i o n s  w a s  m a i n t a i n e d  a t  3 7 * ~  by a - z i r c u l a t i n g  w a t e r  b a t h .  T h e  t i m  f r o m  s a c r i f i c e  t o  o n s e t  o f  t h e  

i n c u b a t i o n  p e r i o d  a v e r a g e d  1 0  m i n u t e s .  
- - 

f m e d i a t e i y  p r i o r  t o  commencement o f  t h e  i n c u b a t i o n s  a n  

a l i q u o t  of t h e  mediusn i i a s  d r a w n  o f f  f o r  i n i t i a l  d e t e r m i n a t i o n  o f  

the 14c s p e c i f i c  a c t i c i t  o f  the medium. F o l l o w i n g  i n c u b a t i o n  a -  

8 



5 m l  s a m p l e  of  g a s  was  drawn o f f  i n  a s e a l e d  h y d r a t e d  s y r i n g e  

from above  the i n c u b a t i o n  medium f o r  d e t e r m i n a t i o n  of 

r a d i o l a b e l l e d  14c02 which may have e s c a p e d  t o  t h e  g a s  p h a s e  

above t h e  i n c u b a t i o n  medium. One 500 J J ~  a l i q u o t  o f  t h e  
7, 

i n c u b a t i o n  medium was  a n a e r o b i c a l l y  w i t h d r a w n  i n  a  t u b e r c u l i n  

s y r i n g e  f o r  d e t e r m i n a t i o n  of d i s s o l v e d  14c02 s p e c i f i c  a c t i v i t y  

and r e s i d u a l  14c l a c t a t e  i n  t h e  medium. 

F o l l o w i n g  i n c u b a t i o n  t h e  m u s c l e  s a m p l e s  w e r e  removed,  

washed i n  c o l d  ( ~ O C  n o n  r a d i o l a b e l l e d  - b u f f e r ,  b l o t t e d  a n d  

i m m e d i a t e l y  emmersed i n  h o t  KOH f o r  d e t e r m i n a t i o n  of  g l y c o g e n  

and  l a c t a t e  c o n t e n t  and  f o r  g l y c o g e n  a n d  l a c t a t e  14c s p e c i f i c  

a c t i v i t y  . 

2 - 8  TISSUE METABOLITE DETERMINATIONS - 
, ./- 

2 .8 .1  MUSCLE GLYCOGEN 

~ l l  b i o c h e m i c a l  d e t e r m i n a t i o n s  were p e r f o r m e d  i n  d u p l i c a t e  

u n l e s s  o t h e r w i s e  s t a t e d .  The non i n c u b a t e d  t i s s u e  s a m p l e s  f o r  

g l y c o g e n  a n d  l a c t a r e  a n a l y s i s  w e r e  p l a c e d  i n  screw c a p p e d  . 
c u l t u r e  t u b e s  a n d  d i g e s t e d  i n  30% KOH a t  1 0 0 ~ ~  f o r  30 m i n u t e s .  

Cold  95% e t h a n o l  was  a d d e d  t o  t h e  c o o l e d  s a m p l e s  which  w & r e  t h e n  

p l a c e d  on  i c e  f o r  20 m i n u t e s  i n  o r d e r  t o  p r e c i p i t a t e  g l y c o g e n .  - 
F o l l o w i n g  c e n t r i f z g a t i o n  of t h e  sample  a t  2000 'g  f o r  10  m i n u t e s ,  

t h e  s u p e r n a t a n t  was  d e c a n t e d  and  r e t a i n e d  f r o z e n  a t  -80•‹c f o r  

s u b s e q u e n t  l a c t a t e  d e t e r r n i n a t  i o n .  A f t e r  t h e  s u p e r n a t a n t  was  

d e c a n t e d  t h e  g l y c o g e n  p e l l e t  was  

v a t e r  f o r  a s s a y .  Musc le  g l y c o g e n  

calorimetrically a c c o r d i n g  t o  L o  

d i s s o l v d e d  i n  1 ml of d i s t i l l e d  

c o n t e n ~ c  was  a n a l y z e d  

e t  a l . ,  ( 1 9 7 0 )  (Append ix  2 ) .  -- 



A l l  m u s c l e  s a m p l e s  i n c u b a t e d  i n  r a d i o l a b e l l e d  l a c t a t e  were 

t r e a t e d  s i m i l a r l y .  However ,  t h e  g l y c o g e n  p r e c i p i t a t e  w a s  w a s h e d  

w i t h  cold 66% e t h a n o l  a n d  c e n t r i f u g e d  a t  2 0 0 0 ' 9  f o r  1 0  m i n ,  a  

p r o c e d u r e  w h i c h  w a s  r e p e a t e d  3 t i m e s  t o  e n s u r e  c o n s t a n t  s p e c i f i c  

a c t i v i t y  of  t h e  r a d i o i s o t o p e  i n c o r p o r a t e d  i n  t o  g l y c o g e n  

( G a > b o r i a u l t ,  1 9 7 7 ) .  A l l  s u p e r n a t a n t s  f r o m  e a c h  c e n t r i f u g a t i o n  

were d e c a n t e d ,  a d d e d  t o g e  t h e l :  a n d  f r o z e n  f o r  s u b s e q u e n t  l a c t a t e  
# t  

d e t e r m i n a t i o n .  .br 

T h e  r a d i ' o l a b e l l e d  g l y c o g e n  p e l l e t s  were s i m i l a r l y  d i s s o l v e d  

i n  1 m l  o f  d i s t i l l e d  w a t e r ;  5 0 0  u 1  o f  t h i s  s u s p e n s i o n  w a s  u s e d  

f o r  g l y c o g e n  d e t e r m i n a t i o n  ( L o  e t  a l . ,  A p p e n d i x  21,  w h i l e  t h e  -- 
- 

remainirig 500 u1  w a s  u s e d  f o r  d e t e r m i n a t i o n  of t h e  14c s p e c i f i c  

a c t i v i t y  of g l y c o g e n .  

2 . 8  .2  MUSCLE LACTATE - 
The  t h a w e d  KOH/ethanol  s u p e r n a t a n t s  a n d  w a s h i n g s  f r o m  t h e  

r a d i o 1  a b e l l e d  g l y c o g e n  e x t r a c t  i o n  p r o c e d u r e  were n e u t r a l i z e d  

w i t h  60% H C l O 4   endal all a n d  T a y l o r ,  1 9 7 0 ) .  T h e  s u p e r n a t a n t  w a s  

d e c a n t e d  f r o m  t h e  KClo4 p r e c i p i t a t e ,  a n d  f o l l o w i n g  a p p r o p r i a t e  

d i l u t i o n  w a s  a s s a y e d  s p - e c t r o p h o t o m e  t r i c a l l y  f o r  l a c t a t e  

c o n c e n t r a t i o n  a c c o r d i n g  t o  Lowry a n d  P a s s a n e a u  ( 1 9 7 3 )  ( A p p e n d i x  

3 ) .  A 2 5 0  p l  a l i q u o t  o f  t h e  KOH e x t r a c t  f r o m  i n c u b a t e d  m u s c l e  

s a m p l e s  w a s  a s s a y e d  f o r  i n t r a m u s c u l a r  14c l a c t a t e  s p e c i f i c  

a c t i v i t y  . 



2.9 PREPARATION - 
C a r b o n  1 4  be ta  e m i s s i o n  w a s  q u g n t i f i e d  i n  a Beckman L S  8 0 0 0  

l i q u i d  s c i n t i l l a t i o n  c o u n t e r  u s i n g  1 5  m l  of  A q u a s o l  l i q u i d  

s c i n t i l l a t i o n  c o c k  t a i l  ( N e w  E n g l a n d  N u c l e a r ,  B o s t o n ,  MA)  a s  t h e  - 

f  l u o r .  C o u n t i n g  e f f i c i e n c y  w a s  a s s e s s e d  u s i n g  a n  e x t e r n a l  

s t a n d a r d ,  a n d  c o r r e c t e d  f o r  dpm u s i n g  t h e  APL c o m p u t e r  p rogramme . 
> 

NUBEC. 

R a d i o l a b e l l e d  c a r b o n  d i o x i d e  (14c02) d i s s o l v e d  i n  t h e  - 
i n c u b a t i o n  medium w a s  p r e p a r e d  f o r  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  

by  i n j e c t i n g  a  500 ~1 a l i q u o t  o f  t h e  medium i n t o  a  c e n t e r  w e l l  

c r e a t e d  i n  a s t o p p e r e d  l i q u . i d  s c i n t i l l a t i o n  v i a l .  T h e  c e n t e r  

w e l l  c o n t a i n e d  p e r c h l o r i c  a c i d ,  w h i l e  t h e  s c i n t i l l a t i o n  v i a l  - 
c o n t a i n e d  2 m l s  o f  e t h a n o l a m i n e  m e  t h y l c e l l u s o l v e  ( E M C )  , 

- 
s a t u r a t i n g  a  s t r i p  of Whatman # 1  f i l t e r  p a p e r .  T h e  f 4 ~ 2  

l i b e r a t e d  by t h e  a c i d  t r e a t m e n t  of t h e  i n c u b a t i o n  medium w a s  
4 

t r a p p e d  i n  EMC. F o l l o w i n g  a n  o v e r n i g h t  e q u i l i b r a t i o n  p e r i o d  t h e  

c e n t e r  w e l l  w a s  r e y v e d  a n d  1 5  m l  of A q u a s o l  w a s  a d d e d  t o  t h e  
\ 

s c i n t i l l a t i o n  v i a l  c o n t a i n i n g  t h e  t r a p p e d  1 4 ~ 0 ~  a n d  EMC-f i l t e r  

p a p e r  a n d  p-emi s s i o n  w a s  q u a n  t i • ’  i e d .  

F i v e  h u n d r e d  211 of t h e  s o l u t i o n  f r o m  t h e  c e n t e r  w e l l  of t h e  

C 0 2  t r a p  was  a d d e d  t o  1 5  m1 of A q u a s o l  i n  a  s c i n t i l l a t i o n  v i a l  

for d e t e r m i n a t i a n  df r e s i d u a l  r a d i o l a b e l l e d  l a c t a t e  w i t h i n  t h e  

i n e u  ba  t ion-  medium. 

R a d i o l a b e l l e d  C02 which  may h a v e  e s c a p e d  i n t o  t h e  g a s  p h a s e  
-~ 

a b o v e  t h e  i n c u b a t i o n  medium w a s  recovered by f l u s h i n g  t h e  g a s  

s a m p l e  t h r o u g h  a  b l o o d / g a s  a n a l y s e r ,  t r a p p i n g  t h e  e x h a u s t  i n  a 

s c i n t i l l a t i o n  v i a l  c o n t a i n i n g  EMC a n d  q u a n t i f y i n g  . t h e  b e t a  

e m i s s i o n .  S p e c i f i c  a c t i v i t y  of  t h e  e v o l v e d  C02 was  d e t e r m i n e d  



f rom t r a p  a c t i v i t y  1 - 
Two h u n d r e d  a n b  f i f t y  p1 of t h e  g l y c o g e n  e x t r a c t  s o l u t i o n  ' 

was a d d e d  t o  15 m l  of A q u a s o l  i n  s c i n t i l l a t i o n  v i a l s  a n d  t h e  

s p e c i f  i c  a c t  i a i t y  o f  t h e  r a d i o l a b e l l e d  g l y c o g e n  (dpmegram- l )  w a s  

d e  t e r m i n e d .  

Two h u n d r e d  a n d  f i f t y  p1  of  t h e  s u p e r n a t a n t  c o l l e c t e d  f r o m  
- 

t h e  w a s h i n g  of t h e  r a d i o l a b e l l e d  g l y c o g e n  p e l l e t  was  a d d e d  t o  1 5  

m l  of  Aquaso l  f o r  d e t e r m i n a t i o n  of t h e  u p t a k e  o f  t h e  r a d i o l a b e l  . 
i n t o  t h e  t i s s u e  m e t a b o l i t e  p o o l .  

2 . 1  0 MUSCLE LACTATE UPTAKE AND METABOLISM 

The r a t e  a t  wh ich  t h e  i n c u b a t e d  m u s c l e  t i s s u e  t ook  u p  

exogenous  l a c t a t e  f rom t h e  medium d u r i n g  o n e  h o u r  of i n c u b a t i o n  - 
was d e t e r m i n e d  f r o m  t h e  f o l l o w i n g  - e q u a t i o n :  

LACTATE UPTAKE = t r a c e r  S .A.x(Medium a c t  i v i t y -med ium a c t i v i t y  ) 
i n  it i a l  f i n a l  

( p w l / g r a m / h o u r )  ( p m l / d p m )  (dpm) (dpm ) 

, . 
L-\ 

\ 

The amount  of l a c t a t e  t r a n s p o r t e d  i n t o  t h e  m u s c l e  p e r  g r am o f  

t i s s u e  p e r  h o u r  when a d d e d  t o  t h e  i n i t i a l  p r e  i n c u b a t i o n  l a c t a t e  

c o n t e n t  o f  t h e  m u s c l e  gave t h e  to ta l  l a c t a t e  pool a v a i l a b l e  t o  

t h e  v a r i o u s  m e t a b o l i c  p a t h w a y s  d u r i n g  t h e  o n e  h o u r  i n c u b a t i o n .  

Thus by s u b t r a c t i n g  t h e  p o s t  i n c u b a t i o n  l a c t a t e  c o n t e n t  o f  t h e  

m u s c l e  f rom t h i s  v a l u e  t h e  t o t a l  amount  o f  i n  v i t r o  l a c t a t e  - 



m e t a b o l i s m  was  d e t e r m i n e d .  

D I O X I D E  

c. 

- 

The r a t e  o f  u p t a k e  of t h e  r a d i o l a b e l l e d  c a r b o n  a toms  i n t o  

g l y c o g e n ,  e x p r e s s e d  a s  (dprn*10-3*gram-1 w e t  w e i g h t  o f  t i s s u e *  

h o u r - l )  was  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  f o r m u l a :  

INCORPORATION O F  TRACER - 
I N T O  T I S S U E  GLYCOGEN POOL =- d o n c e n t r a t i o n  x S . A .  x  t i m e - l  

- (dpm/gram/hour )  (pmol /gram)  (dpm/umol)  ( h o u r s )  

T h e  r a t e  of l a c t a t e  c o n v e r t e d  t o  g l y c o g e n  e x p r e s s e d  a s  pmol 

l a c t a t e ' g r a m - l * h o u r - l .  was  c a l c u l a t e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  

e q u a t i o n :  

-- i n c o r p o r a t i o n  of 
t r a c e r  i n t o  t i s s u e  - 

g l y c o g e  n  p o o l  
LACTATE (dpm/gram/hcur  1 t o t a l  l a c t a t e  
CONVERTED TO = x m e t a b o l i z e d  
GLYCOGEN t o t a l  i n c o r p o r a t i o n  --4 (pmol /g ram/hour  
(Nml /g ra rn /hbu r  1 of tracer i n  t o  t i s s u e  

( d p m / g r a m / h c u r )  . . .2.3 



- 
2.12 ENZYME A S S A Y S  - 
P 

P 

One h u n d r e d  a n d  f i f t y  m i  l l i g r a m  m u s c l e  s a m p l e s  p b t a i n e d  

f r o m  t h e  s o l e u s  a n d  cross s e c t i o n  of t h e  m e d i a l  g a s t r o c n e m i u s  

m u s c l e  o f  T C  and  S C  a n i m a l s  were s e p a r a t e d  i n t o  three f r a c t i o n s  

and  a s s a y e d  f o r  g l y c o g e n i c  enzyme a c t i v i t y .  The  t i s s u e  s a m p l e s '  
- 

were t h e n  homogenized i n  t h e  a p p r o p r i a t e  medium p c c o r d i n g  t o  

McLaqg and  ~ o l l o s z y  ( 1 9 7 9 )  ( ~ p p e n d l i c e s  4 ,  5 ,  6 ) .  A f t e r  + . 
.- 

h o m o g e n i z a t i o n  a n d  c e n t r i f u g a t i o n  t h e  m u s c l e  f r a c t i o n s  w e r e  

a s s a y e d  f o r  f  r u c t o s e - 1 , 6 - d i p h o s p h a  t a s e / a c t  i v i t y  (opie - 5 n d  L 

a Newsholm, 1 9 6 7 )  p h o s p h o ( e n o 1  ) p y r u v a  te c a r b o x y k i n a s e  a c t i v i t y  
.* 

. (Opie and  Newsholm, 1 9 6 7 ) ,  and  f o r  m a l a t e  d e h y d r o g e n a s e  (NADP', 

d e c a r b o x y l a  t i n g )  e n z - m  a c t i v i t y  ( S t i c k l a n d ,  1 9 5 9 )  ( A p p e n d i c e s  

5 ,  6 ,  7 ) .  A l l  enzyme a c t i v i t i e s  a r e  r e p o r t e d  a s  r a t e  e x p r e s s e d  

i n  p m l e s  of p r o d u c t  fo rmed  p e r  h o u r  p e r  g r a m  w e t  w e i g h t  of 

m u s c l e  t i s s u e  a c c o r d i n g  t o  t h e  f o l l o w i n g  f o r m u l a :  

ENZYME A O . D .  v 103. 
ACTIVITY = 

( p - m l / h o u r / g )  E . c o e f f .  x (W x V2/V1) 

where:  

D e l t a  O . D .  is t h e  chdnge  i n  o p t i c a l  d e n s i t y  of t h e  

a p p r o p r i a t e  p y r i d i n e  n u c l e o t  i de  a t  3 4 0  nm. 

V is t h e  t o t a l  volume i n  t h e  r e a c t i o n  c u v e t t e .  

l o 3  is a  t r a n s f o r m a t i o n  f a c t o r .  



E. coef f .  is t h e  e x t i n c t i o n  c o e f f i c e n t  of NADH or NADPH a t  

3 4 0  nm. I 

W is t h e  w e t  w e i g h t  of t h e  muscle t i s s u e  sample. 

V1 is t h e  volume of t h e  b u f f e r e d  h o r o g e n i z  i n g  medium. 

V2 is the volume of t h e  t i s s u e  homogenate  u s e d  i n  t h e  enzyme 

r e a c t  i o n .  



111, RESULTS 

3 .1  BODY WEIGHTS, MUSCLE- WEIGHTS A N D  PERFORMANCE TIMES -__- -- -. 

G r o u p  means  f o r  body w e i g h t s ,  m u s c l e  w e i g h t s ,  a n d  r u n n i n g  

p e r f o r m a n c e  a r e  shown i n  T a b l e  1. I n  a l l  g r o u p s  t h e r e  w a s  a  

s i g n  i f  i c a n t  ( P < 0 . 0 5 )  g r o w t h  o v e r  t i m e .  I n t e r v a l  t r a i n i n g  i n d u c e d  

a s i g n i f i c a n t  s u p p r e s s i o n  i n  w e i g h t  g a i n  (mean d i f f e r e n c e ,  8 8  

g r a m s ) .  T h i s  t y p e  of  t r a i n i n g  h o w e v e r ,  d i d  n o t  r e s u l t  i n  m u s c l e  

h y p e r t r o p h y  a s  n o  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  d e m o n s t r a t e d  i n  

w h o l e  g a s t r o c n e m i u s  or s o l e u s  w e i g h t s ,  a n d  t h e r e  were no 

d i f f e r e n c e s  when t h e s e  v a l u e s  were e x p r e s s e d  a s  a  p e r c e n t a g e  o f  

t o t a l  body  w e i g h t .  

The  a v e r a g e  number  of one m i n u t e  r u n n i n g  b o u t s  p e r f o r m e d  

d u r i n g  t h e  a c u t e  s e r f  o r m a n c e  t e s t  f o r  T E  a n d  TF g r o u p s  w a s  2 9 . 5 ,  

c o r r e s p o n d i n g  t o  a mean r u n n i n g  d i s t a n c e  of 1 7 6 8  meters. 

3 . 2  PRE- INCUBATION MUSCLE GLYCOGEN 

J 
The i n i t i a l  m u s c l e  g l y c o g e n  v a l u e s  p r i o r  t o  i n  v i t r o  - 

i n c u b a t i o n  t r e a t m e n t  are p r e s e n t e d  i n  F i g u r e  2 .  T h e r e  w a s  a  
d 

s i g n i f i c a n t  i n c r e a s e  i n  r e s t i n g  g l y c o g e n  i n  b o t h  m u s c l e s  

f o l l o w i n g  t w e l v e  w e e k s  of i n t e r v a l  t r a i n i n g  ( t r a i n e d  c o n t r o l  

a n i m a l s ) .  S o l e u s  m u s c l e  g l y c o g e n  c o n t e n t  w a s  i n c r e a s e d  25% a b o v e  

s e d e n t a r y  controls 4 2 4 . 8  compared t o  1 8 . 4  p m l  -gram-' w e t  

w e i g h t )  . R e s t  i n s  g l y c o g e n  c o n t e n t  i n  t h e  g a s t r o c n e m i u s  m u s c l e  o f  

t r a i n e d  a n i m a l s  was 16% g r e a t e r  t h a n  i n  n o n - t r a i n e d  ( 3 1 . 7  

c o m p a r e d  t 6 2 6 . 4  p m i * g r a m - l  w e t  w e i g h t ) .  F o r  b o t h  t h e s e  c o n t r o l  
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NmAL MUSCLE GLYCOGEN 

GASTROCNEMIUS 
f 

FIG. 2. Muscle glycogen content of rot soleus and gastrocnemius 
muscle hiowing training, exhaustive exercisa, and post exercise 
fosfi. V&es m areas +/- SEN. Values in the bus are the 
number of duplicate dater mations 



* .  
g r o u p s  ( S C  and '  TC) r e s t i n g  g l y c o g e n  

h i g h e r  i n  gastrocnemius compared  t o  

1 

v a l u e s  w e r e  s i g n  i f  i c a n t l y  

s o l e u s .  

The a c u t e  r u n  t o  e x h a u s t i o n  p r o d u c e d  d e c r e a s e s  (P(0.05) i n  

m u s c l e  g l y c o g e n  of 75% i n  s o l e u s  ( f r o m  24.9 ,  t o  6.0 w lmgram- l  

w e t  w e i g h t )  a n d  8 4 %  i n  gas t%ocnemius  m u s c l e  ( f r o m  3 1 . 7  t o  5.3 a 

p m l * g r a m - l  w e t  w e i g h t ) .  A t  t h e  p o i n t  oi f a t i g u e  g l y c o g e n  

c o n t e n t  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  two  m u s c l e  t y p e s .  

I n  o r d e r  t o  . o b t a i n  g l y c o g e n  d e p l e t e d  m u s c l e  i n  a , 
m e t a b o l i c a l l y  ' r e s t e d  s t a t e ,  t h e  e x h a u s t i v e  r u n  w a s  s u p e r c e e d e d  

by a  1 2  h o u r  f a s t .  I t  may b e  s e e n  i n  F i g u r e  2 t h a t  t h i s  
. 

9 

p r o c e d u r e  was  n o t  s u c c e s s f u l  i n  t h a t  a  s u b s t a n t i a l  r e s t o r a t i o n  
I 

of g l y c o g e n  o c c u r r e d  i n  b o t h  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s  

( p < ~ . 0 5 ) .  The  l a r g e s t  p e r c e n t a g e  a n d  a b s o l u t e  i n c r e a s e  i n  m u s c l e  
'.: 

g l y c o g e n  u n d e r  f a s t i n g  c o n d i  t - i o n s ~ , o c c u r e d  i n  g a s t r o c ' n e m i u s  
-S 

m u s c l e  w i t h  a n  i n c r e a s e  of 15.7  p n o l * p r a m - l  w e t  w e i g h t .  T h i s  

-5 v a l u e  was s i g n i f i c a n t l y  less t h a n  t r a i n e d  c o n , t r o l  v a l u e s  b u t  

n e v e r t h e l e s s  r e p r e s e n t e d  r e p l e t i o n  t o  66% of t h e  p r e  e x e r c i s e  

v a l u e .  S o l e u s  m u s c l a  i n c r e a s e d  i t s  g l y c o g e n  c o n t e n t  by 13 .5  ~ m o l  
\ 

*gram-1 w e t  w e i g h t  d u r i n g  f a s t i n g  r e c o v e r y  f r o m  e x h a u s t i v e  

e x e r c i s e .  T h i s  r e p r e s e n t e d  dn e q u i v a l e n t  r e s t o r a t i o n  o f  m u s c l e  

g l y c o g e n  t o  78% o f  t r a i n e d  c o n t r o l  v a l u e s .  F o l l o w i n g  1 2  h o u r s  o f  

f a s t i n g  r e c o v e r y  f r o m  e x h a u s t i v e  e x e r c i s e  t h e r e  w a s  a '  s l i g h t l y  

h i g h e r ,  t h o u g h  n o n  s i g n i f i c a n t  ( n .  s .  1, g l y c o g e n  c o n t e n t  i n  t h e  

g a s t r o c n e m i u s  m u s c l e  when compared  t o  s o l e u s .  
/ 



3.3  POST- INCUBATION MUSCLE GLYmGEN - 
M u s c l e  g l y c o g e n  c o n t e n t  m e a s u r e d  b e f o r e  a n d  a f t e r  

i n c u b a t i o n  of s o l e u s  and g a s t r o c n e m i u s  t i s s u e  s l i ces  i n  a  medium 

c o n t a i n i n g  8 mM 1 - l a c t a t e  is s h w n  i n  F i g u r e s  3 a n d  4 .  - 
S i y n ' i f i c a n t  g l y c o g e n  d e p l e t i o n  ( P t O . 0 5 )  o f  t h e  o r d e r  of 

m a g n i t u d e  s e e n  i n  a c u t e  e x h a u s t i v e  e x e r c i s e  o c c u r e d  i n  b o t h  

m u s c l e s  f r o m  t r a i n e d  c o n t r o l  a n i m a l s  d u r i n g  o n e - h o u r  of  

i n c u b a t i o n .  T h e  mean d e c r e a s e  i n  s o l e u s  g l y c o g e n  c o n t e n t  was 

11.8 wl*grw-' w e t  weight, ( F i g  2 )  a n d  18 .1 ~ m o l * g r a  /!cb6t 

w e i g h t ,  i n  g a s t r o c n e m i u s  ( F i g  3 ) .  T h e  d e g r e e  of  d e p l e t i o n  i n  

a b s o l u t e  terms w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  two  

m u s c l e s .  S o l e u s  and g a s t r o c n e m i u s  m u s c l e  f r o m  s e d e n t a r y  a n i m a l s  

a l s o  d e p l e t e d  g l y c o g e n  ( P < 0 . 0 5 )  b u t  t o  a  l esser  e x t e n t .  

I n  c o n t r a s t  t o  t h e s e  d a t a ' ,  i n c u b a t e d  tissue f  ?om e x h a u s t e d  

a n i m a l s  r e p l e t e d  g l y c o g e n .  T h e  g l y c o g e n  c o n t e n t  i n  s o l e u s  m u s c l e  
- 

a n d  g a s t r o c n e m i u s  rsdscle d u r i n g  t h e  o n e  h o u r  i n c u b a t i o n ,  

i n c r e a s e d  1 0 . 5  p r m l v g r a m - I  w e t - w e i g h t  ( P < 0 . 5 )  a n d  1 2 . 3  p m l * y r a m  

v e t  w e i g h t  ( P t 0 . 0 5 )  r e s p e c t i v e l y .  G l y c o g e n  c o n t e ~ n t  o f  t h e  

s o l e u s  m u s c l e  f r o m  t r a i n e d  t a s t e d  a n i m a l s  r e m a i n e d  r e m a r k a b l y  

s i g n  i f  i c a n t  d i f f e r e n c e  i n  p r e  a n d  - p o s t  i n c u b a t i o n  
- 

T h i s  w a s  n o t  t h e  c a s e  i n  t h e  g a s t r o c n e m i u s  

m u s c l e  w h i c h  s h o u e d  a  s l i g h t  d r o p  (PC0.05)  i n  g l y c o g e n  c o n t e n t  

o v e r  t h e  c o u r s e '  of  t h e  i n c u b a t i o n .  
P- 



GLYCOGEN CONTENT OF 
SOLEUS MUSCLE 

PRE AND POST-INCUBATION 
1 Legend 

( I POST HCUBATlON 

TC TE 
SOLEUS MUSCLE 

FIG, 3. Glycogen content of soleus muscle from control, exhausted, 
end post erwdse )wM mts f d h h g . a  one hour iocubation 
in an oxygenated bicarbonate buffer containing 8 mM l-lactafa. 
Values are means +/- SEM. The number of duplicate deierrnhations 
is given h the bars, - -- 



GLYCOGEN CONTENT OF 
GASTROCNEMIUS MUSCLE 

PRE AND POST-INCUBATION 

1 Legend 
El PRE INCUBATION 
D POST LNCUBAnON 

1 

TC TE 
GASTROCNEMIUS MUSCLE 

from 

FIG. 4. Glycogen conknt of gastrocnemhrs muscle from control, 
exhausted and post exercise fasted rats following a one hour 
hcubation in an oxygenated blcurbonate buffer coatuiaing 
8 & I-lactate. Yokres m m e a s  +/- SEM. The wmbw d 
duplicate determinations is given in the bars. 

- 



3 . 4  INITIAL MUSCLE -LACTATE 

The i n i t i a l  p r e - i n c u b a t i o n  musc l e  l a c t a t e  c o n t e n t  was  

d e t e r m i n e d  i n  t h e  n e u t r a l i z e d  KOH m u s c l e  e x t r a c t s  a n d  e x p r e s s e d  

ass pmol*grarn-l w e t  w e i g h t .  A s  shown i n  T a b l e  2 ,  t h e  l a c t a t e  

c o n t e n t  05 g a s t r o c n e m i u s  m u s c l e  was  c o n s i d e r a b l y  g r e a t e r  i n  a l l  

t r e a t m e n t  g r o u p s  when compared  t o  s o l e u s  m u s c l e  ( P < 0 . 0 5 ) .  

N o  s i g n  i f  i c a n t  d i f f e r e n c e s  were o b s e r v e d  i n  t r a i n e d  c o n t r o l  
3 

s o l e u s ,  or g a s t r o c n e m i u s  m u s c l e  l a c t a t e  l e v e l s  when compared  t o  

c o r r e s p o n d i n g  s e d e n t a r y  c o n t r e l  m u s c l e s .  Whi l e  l a c t a t e  c o n t e n t  
. - 

of  s o l e u s  m u s c l e  d i d  n o t  change  f o l l o w i n g  a c u t e '  e x h a u s t i v e  

e x e r c i s e ,  a  d e c r e a s e  ( P < 0 . 0 5 )  w m s e r v e d  i n  - g a s t r o c n e m i u s  

m u s c l e  when compared  t o  t h e  r e s p e c t i v e  c o n t r o l  v a l u e s ,  w i t h  

l a c t a t e  c o n t e n t  d e c r e a s i n g  f r o m  8 . 5 i 0 . 8  t o  5.0k0.7 pmol*gram-l .  

~ o l l o w i ; ~  t h e  e x h a u s t i v e  r u n ,  f a s t i n g  i n d u c e d  a  f u r t h e r  i n c r e a s e  

( n . s )  i n  l a c t a t e  c o n t e n t  i n  t h e  s o l e u s  m u s c l e  t o  3.120.7 pmolg 

gram-1. The  i n c r e a s e  was  more d r a m a t i c  i n  t h e  l a c t a t e  c o n t e n t  of 

g a s t r o c n e m i u s  m u s c l e  w i t h  mean v a l u e s  r e a c h i n g  7.620.9 pmol 'gram 

3 .5  MUSCLF LACTATE UPTAKE a n d  METABOLISM 

I t  may be  s e e n  i n  T a b l e  2 t h a t  t h e  r a t e  o f  l a c t a t e  

t r a n s p o r t  i n  t o  t h e  m u s c l e  r e m a i n e d  r e l a t i v e l y  c o n s t a n t  a t  

a p r o x i m a t e l y  19 F l -*gram- l*  hour - '  r e g a r d l e s s  of e x p e r i m e n t a l  

t r e a t m e n t  o r  m u s c l e  t y p e .  Thus ,  no s i g n i f i c a n t  d i f f e r e n c e  w a s  

o b s e r v e d  b e t w e e n  t r e a t m e n t  g r o u p s  o r  b e t w e e n  m u s c l e  t y p e s .  

The t o t a l  l a c t a t e  m e t a b o l i z e d  ( p m l  * g r a m - l ' h o u r - l )  by 

i n c u b a t e d  m u s c l e  t i s s u e  i s  shown i n  T a b l e  2 .  Whi l e  g a s t r o c n e m i u s  

m u s c l e  seemed t o  m e t a b o l i z e  more  l a c t a t e  i n  a l l  t r e a t m e n t  g r o u p s  



TABLE 2 .  I n i t i a l  m u s c l e  l a c t a t e  c o n t e n t ,  a n d  
r a t e  o f  l a c t a t e  t r a n s . p o r t  a n d  r e m o v a l  

GROUP SC TC TE T F  

S o l e u s  2&&0.4 -- 1 . 9 2 0 . 2  2 .5k0 .7  3 .150.7  
INITIAL ( 1 0 )  ( 8 )  - ( 1 0 )  
INTRAMUSCULAR 

( 7 )  

LACTATE 
( p m l  * g r a m - l )  

G a s t r o c .  *7.8-20.8 5 8 . 5 2 0 . 8  *5.020.7 &7.6-0.9 * + 
( 1 0 )  ( 8 )  ( 1 0 )  ( 7 )  

-- 
S o l e u s  20.8'1.7 1 7 . 6 5 3 . 0  21.1'1.1 1 8 . 8 2 2 . 0  

LACTATE - ( 1 0 )  ( 8 )  ( 1 0 )  ( 7 )  
UPTAKE BY MUSCLE 

G a s t r o c .  1 9  .81-l.l 18  .2'1.7 19  .5'0.7 22.051.0  
( 1 0 )  ( 8 )  ( 1 0 )  ( 7 )  

S o l e u s  1 8  . 7 + l . 0  - 19 .754  .0 1 7 . 5 5 1  . O  1 8 . 4 2 2 . 0  
. LACTATE ( 1 0 )  ( 8 )  ( 1 0 )  ( 7 )  . 
METABOLIZED 

G a s t r o c .  21 .920 .8  .22.751.8 18 .6+0.8  "25.051.7 
( 1 0 )  ( 8 )  ( 1 0 )  ( 7 )  

V a l u e s  a r e  means  +/- SEM. The  n i m b e r  of  d u p l i c a t e  - 
d e t e r m i n a t i o n s  i s  g i v e n  i n  p a r e n t h e s i s .  

O s i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l  ( P ( 0 . 0 5 )  
% S i g n i f i c a n t l y  d i f f e r e n t  f r o m  s o l e u s  ( P < 0 . 0 5 )  
. S i g n i f i c a n t l y  d i f f e r e n t  f r o m  TE u a l u e s  ( P < 0 . 0 5 )  - 

c o m p a r e d  w i t h  s o l e u s  m u s c l e ,  t h i s  was  o n l y  s i g n i f i c a n t  b e t w e e n  



t r a i n e d  f a s t e d  g r o u p s  ( 1 8  .4'2.0 m l * g r a m - l . h o u r - l  . i n  s o l e u s ,  

c o m p a r e d  w i t h  25.0'1.7 f o r  g a s t r o c n e m i u s )  . T h e  i n t e r v a l  
Y 

t r a i n i n g  p r o y r b e  d i d  n o t  s i g n i f i c a n t l y  i n • ’  h e n c e  t h e  a b i l i t y  - 

of s o l e u s  o r  g a s t r o c n e m i b s  m u s c l e  t o  u t i l i z e  l a c t a t e  a s  a  
+ 

s u b s t r a t e  u n d e r  i n c u b a t i o n  c o n d i  t i o n s .  
* 

I n  g a s t r o c n e m i u s  m u s c l e ,  e x h a u s t  i ,ve e x e r c i s e  d e c r e a s e d  t h e  

t o t a l  m e t a b o l i s m  o f  l a c t a t e  (P<O.O5) f r o m  22 .7k1 .8  t o  18 .6+0.8 

p r r o l * g r a m - l * h o u r - l .  T h e  same g e n e r a l  e f f e c t  w a s  o b s e r v e d  i n  

e x h a u s t e d  s o l e u s  m u s c l e ,  h o w e v e r  t h i s  d i d  n o t  r e a c h  s t a t i s t i c a l  

/-- 
s i g n  i f  i c a n c e .  A f t e r  p o s t - e x e r c i s e  f a s t i n g ,  t h e  r a t e  o f  l a c t a t e  

m e t a b o l i s m  showed  a  30% ( P < 0 . 0 5 )  i n c r e a s e  i n  g a s t r o c n e m i u s  

m u s c l e ,  b u t  n o t  i n  s o l e u s  m u s c l e .  

3.6 UPTAKE OF Es LACTATE I N T O .  GLYCOGEN 
- -  - - - -- - 

E x h a u s t i v e  e x e r c i s e  i n c r e a s e d  t h e  u p t a k e  r a t e  of  14c i n t o  

g l y c o g e n  f o u r  f o l d  i n  s o l e u s  m u s c l e  ( f r o m  10.2'1.8 t o  41.3:10.5) 
.- 

a n d  t w o  f o l d  i n  g a s t r o c n e m i u s  m u s c l e  ( f r o m  15 .924  .0 to  3 1 . 4 2 8 . 0 )  

when c o m p a r e d  t o  t r a i n e d  c o n t r o l  v a l u e s  ( F i g u r e  5 ) .  T h e  r a t e  o f  

i n c o r p o r a t i o n  of t r ace r  l a c t a t e  c a r b o n s  w a s  g r e a t e r  i n  s o l e u s  

m u s c l e  c o m p a r e d  t o  g a s t r o c n e m i u s  a l t h o u g h  t h i s  d i d  n o t  r e a c h  

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

The r a t e  of i n c o r p o r a t i o n  of 14c c a r b o n s  i n t o  g l y c o g e n  i n  

t h e  o t h e r  t r a i n e d  g r o u p s  (TC a n d  T F )  w a s  g r e a t e r  i n  

g a s t r o c n e m i u s  m u s c l e  ( ~ ( 0 . 0 5 ) .  I t  w a s  a l s o  n p t e d  t h a t  s o l e u s  

h m u s c l e  14c i n c o r p o r a t i o n  i n  t o  g l y c o g e n  e x c e e d e d  t h a t  o f  

g a s t r o c n e m i u s  (P(O.0.5) i n  ' s e d e n t a r y  c o n t r o l s .  

The r a t e  o f  l a c t a t e  c o n v e r s i o n  to  g l y c o g e n  e x p r e s s e d  a s  -- 
~ ~ m o l  * g r a r n - l * h o u l L  w a s  much h i g h e r  (PC0.05)  i n  g a s t r o c n e m i u s  
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FIG. 5. lncorporution rate of "C carbons into 
the glycogen stores of soleus and gastrocnemius muscles of rats. 
Tissue was incubated for one hour in a medium containing 1 pCi 
lactate in 8 mM lactate. Groups are as described previously. 
Values are means +/-SEM. N's ore given in the bars. 



t h a n  i n  s o l e u s  m u s c l e  i n .  a l l  t r e a t m e n t  g r o u p s  e x c e p t  TE ( F i g u r e  

6 ) .  Acu te  e x h a u s t i v e  e x e r c i s e  i n d p d  a  l a r g e  s i g n  i f  i c a n t  I 

( ~ ( 0 . 0 5 )  i n c r e a s e  i n  t h e  r a t e  of l a c t a t e  c o n v e r s i o n  t o  g l y c o g e n  

i n  s o l e u s  m u s c l e  and-ly a s l i g h t  ( n . s .  ) i n c r e a s e  i n  

g a s t r o c n e m i u s  m u s c l e  when compared  t o  t r a i n e d  c o n t r o l  m u s c l e .  

I n  F i g u r e  6 i t  may b e  o b s e r v e d  t h a t  t h e  m e a s u r e d  r a t e  o f  

l a c t a t e  t o  g l y c o g e n  c o n v e r s i h n  a c c o u n t e d  f o r  4 0 %  of  t h e  a c t u a l  
r measu r@d g l y c o g e n  r e s y n t h e s i s  r a t e s  i n  b o t h  s o l e u s b n d  

g a s t r o c n e m i u s  m u s c l e  (see F  i g u r e s  3 and  4 ) .  

3 .7  OXIDATION OF.=C LACTATE TO CARBON D I O X I D E  - - - 
The r a t e  of  l a b e l l e d  s u b s t r a t e  o x i d a t i o n  w a s  d e t e r m i n e d -  

" L 

f rorn 14c02 p r o d u c t  i o n  a n d  e x p r e s s e d  a s  dpm0 l ~ - - ~ * ~ r a r n - l  w e t  

w e i g h t o h o u r - ' .  A s  s e e n  i n  F i g u r e  7 ,  t h e  a b i l i t y  of g a s t r o c n e m i u s  

m u s c l e  i n  a l l  g r o u p s  t o  o x i d i z e  t h e  r a d . i o l a b e l l e d  t r a c e r  c a r b o n s  

u n d e r  i n c u b a t i o n  c o n d i t i o n s  w a s  l e s s  t h a n  s o l e u s .  T h e s e  
5 

d i f f e r e n c e s  were ' s i g n i f i c a n t  i n  a l l  t r a i n e d  gro 'ups  ( P < 0 . 0 5 )  b u t  

n o t  i n  t h e  m u s c l e  f r o m  s e d e n t a r y  a n i m a l s .  
/- 

T r a i n i n g  i n c r e a s e d  t h e  a b i l i t y  of r e s t i n g  s o l e u s  m u s c l e  t o .  

o x i d i z e  r a d i o l a ' b e l l e d  l a c t a t e  c a r b o n s ,  w i t h  o x i d a t i o n  r a t e  

- + i n c r e a s i n g  f r o m  29.9-4.4 i n S C  to  44.729.5  i n T C  ( P ( 0 . 0 5 ) .  

However,  e x h a u s t i v e  e x e r c i s e  had  no e f  f e e t  o n  i n c r e a s i n g  t h e  

r a t e  o f  l a c t a t e  o x i d a t i o n  i n  e i t h e r  m u s c l e  when compared-  t o  

t r a i n e d  c o n t r o l s .  

The ra te  of lacta-te o x i d a t i o n  w a s  c a l c u l a t e d  u s i n g  a n  

q u a - t i o n  s i m i l a r  t o  2 . 3 ,  by s u b s t i t u t i n g  f o r  t h e  s p e c i f i c  

a c t i v i t y  of c a r b o n  d i o x i d e  ( F i g u r e  8 ) .  I n  b o t h  r e s t i n g  s e d e n t a r y  

c o n t r o l  m u s c l e s  t h e r e  w a s  no  s i g n i f i c a n t  d-if f e r e n c e  i n  t h e - r a t e  



RATE OF 
- LACTATE CONVERSION 

Legend 
0 SEDENTARY CONTROL 
E Z  MAINED CONTROL 

TRAIND EXHAUSTED 
IZ9 TRAINED FASTED 

Significantly differ m t  from all other 

Significantly different 
muscle in each group 

from 

SOLEUS GASTROCNEMIUS 

FIG. 6. Rate of lactate conversion to glycogen in the soleus and - .  - 
gastrocnemius muscles of rats during a one hour incubation in a 
a medium containing 1pCi lactate in 8 mM lactate. s 

Groups are as described previously. Values are means +/- SEM. 
N's are given in Fig. 5. 
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F lG 7. Oxidation rate of "C tracer carbons to 
carbon dioxide in the soleus and gastrocnemius muscles of rats. 
Tissue was incubated for OM hour in a medium containkg 1pCi 
lactate in 8 mM lactute. Groups are as described previously. 
Values are means +/- SEU N's are given h the burs. 
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FIG. 8. Rate of lactate oxidation to carbon dioxide in the 
soleus and and gastrocnemius mutcles of rats during a 
one hour incubation in a medium containing 1 pCi 
lactate in 8 mU lactate. Groups are as described previously. 
Values are means +/- SEM. N's are as in Fig. 7. x\, 



o f  l a c t a t e  o x i d a t i o n .  W i t h  i n t e r v a l  t r a i n i n g  a s i g n i f i c a n t  

(P<O.O5)  i n h a n c e m e n t  o f  i n  v i t r o  l a c t a t e  o x i d a t i v e  c a p a c i t y  w a s  - 
B 

s e e n  i n  s o l e u s  m u s c l e  o n l y .  I t  was i n t e r e s t i n g  t o - n o t e  t h a t  i n  

b o t h  m u s c l e s  f r o m  t r a i n e d  e x h a u s t e d  a n i m a l s  2 l a r g e  s i g n i f i c a n t  ? 

( P < 0 . 0 5 )  d e p r e s s i o n  of  l a c t a t e  o x i d a t i o n  w a s  o b s e r v e d .  F o l l o w i n g  

f a s t i n g ,  b o t h  m u s c l e  t y p e s  i n c r e a s e d  t h e  r a t e '  o f  i n  v i t r o  - 
l a c t a t e  o x i d a t i o n  a l t h o u g h  i n  s o l e u s  m u s c l e  t h i s  w a s  s t i l l  l o w e r  

t h a n  r e s t e d ,  t r a i n e d  c o n t r o l  v a l u e s  ( n .  s, ) . 

3.8 TOTAL *C LACTATE METABOLISM - 
F i g u r e  9 s u m m a r i z e s  t h e  t o t a l  r a t e  o f  i n c o r p o r a t i o n  o f  t h e  

r a d i o l a b e l l e d  t r a c e r  c a r b o n s  i n t o  g l y c o g e n  a n d  c a r b o n  d i o x i d e  

L e x p r e s s e d  a s  dpm* l ~ - ~ - g r a m - ~ * h o u r - ~ .  T h e r e  w e r e  n o \ d i f f e r e n d e s .  

i n  t h e  t o t a l  i n c o r p o r a t i o n  of  t h e  l a b e l l e d  t r a c e r  b e t w e e n  a n y  of 

t h e  t r e a t m e n t  g r o u p s  w i t h ,  t H e  e x c e p t  i o n  o f  t h e  i n c r e a s e  (p<O . O S )  

i n  t h e  t o t a l  r a d i o n u c l i d e  i n c o r p o r a t i o n  r a t e  i n  T E  s o l e u s  

"s 
m u s c l e .  A s i g n i f i c a n t  d i l f e r e n c e  w a s  a l s o  o b s e r v e d  b e t w e e n  t h e  

TE s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s  w i t h  s o l e u s  m u s c l e  
i 

d e m o n s t r a t i n g  g r e a t e r  (PC0 .O5) t t a l  i n c o r p o r a t i o n  of t h e  9 
l a c t a t e  c a r b o n s .  

F i g u r e s  1 0  a n d  11 s u m m a r i z e  t h e  r a t e  o f  l a c t a t e  c o n v e r s i o n  

- t o  g l y c o g e n ' a n d  o x i d a t i o n  t o  c a r b o n  d i o x i d e  e x p r e s s e d  a s  a 

p e r c e n t a g e  o f  t h e  t o t a l  l a c t a t e  m e t a b o l i z e d .  I t  w a s  g e n e r a l l y  

o b s e r v e d  ' t h a t  t h e  g r e a t e s t  p e r c e n t a g e  o f  l a c t a t e  g l y c o g e n e s i s  

o c c u r e d  i n  t h e  g a s t r o c n e m i u s .  m u s c l e  (P<U.05) o f  a l l  g r o u p s .  

Ho-sever, w l t h i n  m u s c l e  t y p e s  a  r e d u c e d  p e r c e n t a g e  c o n v e r s i o n  o f  

l a c t a t e  t o  g l y c o g e n  w a s  o b s e r v e d  f o ' l l o w i n g  t r a i n i n g .  E x h a u s t i v e  ( 
6 i n t e r v a l  e x e r c i s e  w a s ~ c c o m p a n i e d  by a  l a r g e  p e r c e n t a g e  i n c r e a s e  



i 

TOTAL RADIONUCUDE INCORPORATION J' 
, 

INTO GLYCOGEN AND CARBON DIOXIDE 

Legend 
1 SEDENTARY CONTROL 
El SIRWED CONTROL 

lRAlNED EXHAUSTED 
[ZS TRAINED FASTED 

SOLEUS GASTROCNEMIUS ' 

% * 

FIG. %The tdol incorporation mte d 'C t~aw 
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F lG, 11. The percentage of the tofd M a t e  metabolized 
by soleus and gasfrocnemius muscle tissue, which was converted . 

to carbon dioxide during a one hour incubation in a medium 
containing 8 mM lactate. ~ r o u p s  are a s  described previously. 
Ydues are meons +/- SEM. N's ore as in Fig. 9. 



--- - i n  l a c t a t e  c o n v e r s - f o n  t o  g l y c o g e n  i n  b o t h  s o l e u s  a n d  

g a s t r o c n e m i u s  muscle s u c h  t h a t  s o l e u s  w a s  n o t  s i g n  i f  i c a n t l y  

d i f f e r e n t  f r o m  g a s t r o c n e m i u s .  

The t o t a l  l a c t a t e  o x i d i z e d  t o  c a r b o n  d i o x i d e  w a s  t h e  m i r r o r  

image o f  t h e  p r e v i o u s  o b s e r v a t i o n s .  O f  p a r t i c u l a r  i n t e r e s t  is  

t h e  l a r g e  s i b i f i c a n t  d r o p  i n  p e r c e n t a g e  o x i d a t i o n  - ra te  i n  b o t h  

t i s s u e  t y p e s  f r o m  e x h a u s t e d  a n  ima 1s. 

When F i g u r e s  1 0  a n d  11 a r e  t a k e n  t o g e t h e r ,  t h e - g e n e r a l  
1 

p r o f i l e  i s  t h a t  i n  s e d e n t a r y  c o n t r o l  . a n i m a l s  a p p r o x i m a t e l y  80% 

of  t h e  l a c t a t e  m e t a b o l i z e d  by s o l e u s  m u s c l e  is o x i d i z e d .  I n  
- - 

g a s t r o c n e m i u s  m u s c l e  t h i s  r a t i o  i s  a p p r o x i m a t e l y  6 7 %  o x ' i d i z e d  

a n d  33% c o n v e r t e d  t o  g l y c o g e n .  F o l l o w i n g  1 2  w e e k s  o f  i n t e r v a l  

t r a i n i n g  t h e .  p e r c e n t a g e  o x i d a t i o n  f a t e  of  l a c t a t e  i n c r e a s e d  i n  L.-L.> - 
i 

b o t h  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c - l e s  a n d  h e n c e  l a c t a t e  

c o n v e r s i o n  t o  g l y c o g e n  d e c r e a s e d .  E x h a u s t i v e  e x e r c i s e  s h i f t e d  

t h e  p e r c e n t a g e  o f  l a c t a t e  t o  g l y c o g e n  c o n v e r s i o n  i n  s o l e u s  f r o m  

- 1 3 %  i n  TC a n i m a l s  t o  485 i n  T E  a n d  i n  g a s t r o c n e m i u s  m u s c l e  f r o m  

2 3 3  t o  53% r e s p e c t i v e l y .  P o s t - e x e r c i s e  f a s t i n g  r e t u r n e d  t h e s e  

f r a c t i o n s  t o  t h e  same o r d e r  o f  m a g n i t u d e  a s  t r a i n e d  cont ro l  

v a l u e s .  

A f t e r  e x h a u s t i v e  e x e r c i s e  a  r a t h e r  d r a m a t i c  d r o p  i n  t h e  
, 

p e r c e n t a g e  o x i d a t i o n  of  l a c t a t e  w a s  o b s e r v e d  i n  b o t h  m u s c l e  

t y p e s .  I n  s o l e u s  t h i s  d e c r e a s e  w a s  f r o m  86% i n  T C  t o  52% i n  TE 

and  i n  g a _ s t r o c n e r n i u s  f r o m  76% t o  46% r e s p e c t i v e l y .  



3 . 9  GLYCOGENIC ENZYME ACTIVITIES 

T a b l e  3 shows t h e  a c t i v i t y  l e v e l s  of t h e  g l y c o g e n i c  enzymes 

t h a t  c a t a l y s e  t h e  r e a c t  i o n s  b y p a s s i n g  p y r u v a t e  k i n a s e " - a n d  - 
phosphof  r u c t o k i n a s e .  The  a c t i v i t y  of the.  " m a l i c  enzyme" 

. ( - 1 - m a l a t e  d e h y d r o g e n a s e ;  NADP+, d e c a r b o x y l a t i n g ,  E C  1 . l .  1 . 4 0 )  

was n o t  s i g n i f i c a n t l y  d i f f e r e n t  i n  e i t h e r  of t h e  m u s c l e  t y p e s  

a n d  t r a i n i n g  h a d  no e f f e c t  o n  i t s  a c t i v i t y .  

P h o s p h o ( e n o 1  ) p y r u v a t e  c a r b o x y k i n a s e  ( E C .  4 .1  . I 3 2 1  a c t i v i t y  was 

much lower i n  s o l e u s  m u s c l e  when compared  t o  g a s t r o c n e m i u s .  I n  

a d d i t  i o n ,  i n t e r v a l  t r a i n i n g  i n c r e a s e d  t h e  a c t i v i t y  of t h i s  

enzyme by 5'0% i n  g a s t r o c n e m i u s  m u s c l e  and  h a d  a  s l i g h t  b u t  n o t  

s i g n i f i c a n t  e f f e c t  o n  a c t i v i t y  i n  s o l e u s  m u s c l e .  

A m a j o r  * d i f f e r e n c e  was o b s e r v e d  i n  t h e  a c t i v i t y  of 

fructose-1,6-diphosphatase b e t w e e n  s o l e u s  a n d  m e d i a l  

g a s t r o c n e m i u s  m u s c l e .  The a c t i v i t y  of t h i s  enzyme i n  s o l e u s  was  

q u i t e  low u n d e r  a s s a y  c o n d i t i o n s .  - T r a i n i n g  h a d  no e f f e c t  o n  

a c t i v i t y  of t h i s  enzyme i n  e i t h e r  m u s c l e  t y p e .  



TABLE 3 .  L e v e l s  of a c t i v i t y  of t h e  g l y c o g e n i c  enzymes 
- m a l i c  enzyme,  p h o s p h o ( e n o 1  ) p y r u v a  te c a r b o x y k i n a s e  

a n d  f  ructose-1,6-diphosphatase - 

- 

p h o s p h o ( e n o 1 ) -  Musc l e  mal ic  enzyme f r u c t o s e -  - 
p y r u  va  te - 1 , 6 - d i -  

' c a r b o x y k i n a s e  p h o s p h a  t a s e  
.cc., 

G a s t r o c  24'0.6 2221 .2  "6054.5 6 9 3 i 2 . 4  *31?0.7 "3220.2  
( 5 )  ( 5 )  ( 6 )  ( 6 )  ( 5 )  ( 5 )  

V a l u e s  a r e  means  +/- SEM. The. numbeF -of d u p l i c a t e  
d e t e r m i n a t . i o n s  is g i v e n  i n  p a r e n t h e s e s .  U n i t s  of 
a c t i v i t y  are ~ m o l * g r a m - l * h o u r - l .  

+ S i g n i f i c a n t l y  d i f f e r e n t  f r o m  s o l e u s  m u s c l e  ( P ( O . 0 5 ) .  
O S i g n i f i c a n t l y  d i f f e r e n t  f rom s e d e n t a r y  c o n t r o l  ( P ( 0 . 0 5 )  
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IV. DISCUSSION 

4 . 1  BODY A N D  MUSCLE WEIGHTS --- 

I n c r e a s e s  i n  t o t a l  body w e i g h t  d u r i n g  m a t u r a t i o n  of 
4' 

s e d e n t a r y  r a t s  have  b e e n  p r e v i o u s l y  documen ted  ( W i l k  i n s o n  - e t 

a l . ,  1 9 7 8 ;  P i t t s  a n d  B u l l ,  1 9 7 7 ;  Hous ton  and  G r e e n ,  J 9 7 5 ) .  Body - .& 

w e i g h t  c h a n g e s  . f o l l o w i n g  h i g h  i n t e n s i t y  i n t e r v a  1 t r a i n i n g  v a r y .  

P o s t  t r a i n i n g  r e d u c t i o n s  i n  body; w e i g h t  s i m i l a r  t o  t h o s e  
- 

o b s e r v e d  i n  t h e  p r e s e n t '  s t u d y  have  b e e n  d o c u m e n t e d  ( W i l k i n s o n  - e t  

a l . ,  1 9 7 8 ;  H i c k s o n  e t  al., 1 9 7 6 ;  Hous ton  and  G r e e n ,  1 9 7 5 ; '  - -- 

S t a u d t e  e t  a l .  , 1 9 7 3 ) ,  w h e r e a s  non  a p p r e c i a b l e  d i f f e r e n c e s  have  -- 
b e e n  r e p o r t e d  by B a l d w i n  a n d  c o - w o r k e r ~  ( l 9 7 5 ) ,  a n d  J o b i n  

( 1 9 7 7 ) .  The  p a t t e r n  of r e d u c e d  body w e i g h t  i s  b o t h  intensi-nd 

d u r a t i o n  r e l a t e d  a n d  d o e s  n o t  a p p e a r  t o  b e  s p e c i f i c  t o  i n t e r v a l  

t r a i n i n g  r e g i m e n s .  I t  i s  a l s o  o b s e r v e d  i n  i sometr ic  t r a i n i n g  

( E x n e r  -- e t  a l . ,  1 9 7 3 a ,  1 9 7 3 b . )  a n d  i s  m o s t  p r o n o u n c e d  i n  

e n d u r a n c e  t r a i n i n g  ( B a l d w i n  -- e t  a l . ,  1 9 7 5 ) .  

Q u a l i t a t i v e  o b s e r v a t i o n s  made d u r i n g  t h e  s u r g i c a l  

p r o c e d u r e s  of t h e  p r e s e n t  s t u d y  s u p p p o r t  t h e  s u g g e s t  i o n  t h a t  

i n t e n s , e  t r a i n i n g  p rog rammes  i n h i b i t  t h e  a c c u m u l a k i o n  of  l a r g e  

f a t  d e p o s i t s ,  p e r h a p s  t h r o u g h  i n c r e a s e d  e n e r g y  e x p e n d i t u r e  

combined  w i t h  a  s u p p r e s s i o n  of a p p e t i t e  ( H o u s t o n  a n d  G r e e n ,  

1 9 7 5 )  . Emper i c a l l y  , e x e r c i s e  i n h i b i t s  a d i p o c y t e  p r o l i f e r a t i o n  i n  

a d u l t  a n i m a l s  a n d  d e c r e a s e s  a d i p o c y t e  s i z e  ( B u k o w i e c k i  -- e t  a l . ,  

19801. A l t h o u g h  t h i s  o b s e r v a t i o n  h a s  some s u p p o r t  i n  t h e  

li t e r - a t u r e  i n  c a s e s  of m o d e r a t e  i n  t e r v a  1.. a n d  e n d u r a n c e  t r a i n  i n g  

2rogrammes  ( M a c k i e ,  1 9 7 6 ;  H o u s t o n  a n d  G r e e n ,  1 9 7 5 ;  Hubbard - e t  



a l . ,  1 9 7 4 ) ,  t h e  e f f e c t s  of h i g h  i n t e n s i t y  i n t e r v a l  t r a i n i n g  o n  - 

norma 1 g r o w t h  r e m a i n s  u n e x p l a i n e d .  

Altlhough w h o l e  m u s c l e  h y p e r t r o p h y  h a s  b e e n  o b s e r v e d  

f o l l o G i n g  w e i g h t  t r a i n i n g  programmes ( J a w e e d  -- e t  a l . ,  1 9 7 4 ;  

Gordon  -- e t  a l . ,  1 9 6 7 )  a n d  w i t h  e n d u r a n c e  r u n n i n g  ( J a w e e d  et-  a l . ,  -- 
1 9 7 4 )  t h i s  was  n o t  o b s e r v e d  i n  t h e  p r e s e n t 7  s t u d y ,  i n  a g r e e m e n t  

f w i t h  t h e  f i n d i n g s  of o t h e r s  ( B a l d w i n  e t  a l . ,  1 9 7 5 ;  and  H i c k s o n  -- 
e t  a l . ,  1 9 7 6 ) .  S i m i l a r l y ,  no e v i d e n c e  c o u l d  b e  p r o v i d e d  t o  -- 

s u g g e s t  t h a t  t h e r e  was  a d i s p r o p o r t i o n a l  h y p e r t r o p h y  of t r a i n e d  

mugc le  when body w e i g h t s  w e r e  n o r m a l i z e d  b e t w e e n  s e d e n t a r y  and  

i n t e r v a l  t r a i n e d  a n i m a l s .  The p r e s e n t  d a t a  s u g g e s t  t h a t  1 2  weeks 

of h i g h  i n t e n s i t y  i n t e r v a l  t r a i n i n g  h a s  a  p r o n o u n c e d  e f f e c t  on  

n o r m a l  who le  body g r o w t h  p a t t e r n s ,  w i t h  l i t t l e  e f f e c t  o n  m u s c l e  

g r o w t h  i t s e l f .  T h e s e  phenomena d e s e r v e  q u a n t i t a v e  d e s c r i p t i o n  i n  

terms of m a t u r a t i o n  p r o c e s s e s .  

Maximal 0xyge.n u p t a k e  i n  t h e  u n t r a i n e d  r d t i s  e l i c i t e d  a t  a  

r u n n i n g  s p e e d  of 0 .88-0 .83  m e t e r s  p e r  s e c o n d  on  a  l e v e l  s u r f a c e  

( P a t c h  a n d  B r o o k s ,  1 9 8 0 ;  B e d f o r d  -- e t  a l . ,  1 9 7 9 ;  S h e p h e r d  a n d  

G o l l n i c k ,  1 9 7 6 ) .  Animals  ' u s e d  i n  t h e  p r e s e n t  s t u d y  were t r a i n e d  
- - -/ 

t o  r u n  1 0  o n e  m i n u t e  i n t e r v a l s  a t  1 m-sec-' u p  a n  8% g r a d e .  T h i s  

power' o u t p u t  w a s  c l e a r l y  w e l l  above  t h e  n o r m a l  max ima l  = a e r o b i c  

c a p a c i t y  of t h e  r a t  ( a p r o x i m a t e l y  120% 0 0 ~ m a x )  wh ich  f b r  male  - 
Wistar r a t s  is i n  t h e  r a n g e  of 7 5  ml*kgrn- l*rnin- l  ( ~ r d o k s  a n d  

G a e s s e r ,  1981 ;  Bedfo rd  e t  a l . ,  1 9 7 9 ) .  A t  t h e  b e g i n n i n g  of t h e  -- 
~ r a i n i n g  programme t h e  r a t s  i n  t h i s  s t u d y  had  d i f f i c u l t y  

- 

c ~ m p l e t i n g  f i v e  work b o u t s  a t  t h i s  power o u t p u t .  The a v e r a g e  



work t i m e  t o  e x h a u s t i o n  d u r i n g  t h e  a c u t e  p e r f o r m a n c e  test  w a s  

2 9 . 4 7  m i n u t e s ' ,  c o r r e s p o n d i n g  t; a mean r u n n i n g  d i s t a n c e  o f  1 7 6 8  

meters. T h i s  w a s  a n  e x t r e m e  w o r k l o a d  a n d  a t t e s t s  t o  t h e  f a c t  

t h a t  t h e s e  a n i m a l s  w e r e  h i g h l y  t r a i n e d .  

4 . 3 . 1  MUSCLE GLYCOGEN CDNTENT i n  CONTROL ANIMALS 

V a l u e s  f o r  p r e - i n c u b a t i o n  m u s c l e  g l y c o y e n  c o n t e n t  o f  
- 

s e d e n t a r y  c o n t r o l  a n i m a l s  were s l i g h t l y  lower b u t  c o m p a r e  

f a v o r a b l y  w i t h  t h o s e  p r e v i o u s l y  r e p o r t e d  ( F e l l  e t  a l . ,  1 9 8 0 ;  -- 
B a l d w i n  _ e t  a l . ,  1975.).  M u s c l e  g l y c o g e n  is i n • ’  l u e n c e d  by many -- 
f a c t o r s  o n e  o f  w h i c h  is  t h e  method  of s a c r i f i c e .  K i l l i n g  by a  

b low t o  t h e  h e a d  a n d  c e r v i c a l  d i s l o c a t i o n  i n d u c e s ,  i n  many 

a n i m a l s ,  c o n s i d e r a b l e  a c t i v i t y  of  - t h e .  h i n d l i m b s  w h i c h  may r e s u l t  ' 

i n  r e d u c e d  m u s c l e  g l y c o g e n  stores e n h a n c e d  by c a t a c h o l a m i n e  
d 

m o d u l a t e d  g l y c o g e n o l y s i s  ( R i c h t e r  e t  a l . ,  1 9 8 1 ) .  T h i s  a c t i v i t y  -- 
is e l i m i n a t e d  i n  p e n t o b a r b i t a l  a n e s t h e s i a  b u t ,  t h e  e f f e c t s  of 

b a r b i t u r a t e s  o n  m u s c l e  c a r b o h y d r a t e  m e t a b o l i s m ,  a r e  n o t  w e l l  

d o c u m e n t e d . -  . 

S i n c e  m u s c l e  g l y c o y e n  c o n t e n t  is  h o r m o n a l l y  m o d u l a t e d  a n d  

t h e r e f o r e  s u s c e p t i b l e  t o  d i u r n a l  v a r i a t i o n ,  t h e  t i m e  o f  d e a t h  

h a s  a l s o  b e e n  shown by  s e v e r a l  r e s e a r c h  g r o u p s  ( P o l a n d  e t  a l . ,  -- 
1 9 8 0 ;  C l a r k e  a n d  C o n l e e ,  1 9 7 9 ;  C o n l e e  e t  a l . ,  1 9 7 6 )  t o  b e  a n  -- 
i m p o r t a n t  i n d e p e n d e n t  v a r i a b l e .  R a t  s o l e u s  m u s c l e  f o r  e x a m p l e ,  

s h o w s  a  55% c h a n g e  f r o m  a  p e a k  a t  0 7 0 0  t o  n a d i r  a t  1 9 0 0  ( b a s e d  

o n  a 1 2  h o u r  l i g h t  c y c l e  f r o m  0-700-1900) ( C o n l e e  et e., 1976);-  



To e n s u r e  t h a t  a l l  a n i m a l s  w e r e  i n  a c o m p a r a b l e  d i e t a r y  

s t a t e  a n d  t o  r e d u c e  t h e  r u n n i n g  t i m e  t o  e x h a u s t i o n  a l l  a n i m a l s  

were p l a c e d  on a  f i v e  h o u r  f a s t  p r i o r  t o  a u t o p s y .  - C o n t r a r y  t o  

p r e v i o u s l y  h e l d  v i e w s  t h a t  m u s c l e  g l y c o g e n  i s  s t a b l e  a n d  n o t  

s i g n i f i c a n t l y  ' Lnf luenc-ed by f a s t i n g  ( ~ d r o u n y ,  1 9 6 9 ;  R u s s e l  a n d  

Bloom, 1 9 5 6 ) ,  C o n l e e  e t  a l .  ( 1 9 7 6 )  a n d  o t h e r s  ( .poland e t  a l . ,  -- -- 
1 9 8 0 )  have  d e m o n s t r a t e d  t h a t  24 h o u r s  of f a s t i n g  l e a d s  t o  a  4 9 %  

d r o p  i n  g l y c o g e n  c o n t e n t  of  s o l e u s  a n d  23% d r o p  i n  g l y c o g e n  of 

t h e  g a s t r o c n e m i u s  m u s c l e s  of r a t s .  E x p e r i m e n t s  i n  t h e  p r e s e n t  

s t u d y  were p e r f o r m e d  t h r o u g h o u t  t h e  1 2  h o u r  n a d i r  of musc l e  

g l y c o g e n  c o n t e n t .  Combining t h i s  e f f e c t  w i t h  a  f i v e  h o u r  f a s t ,  a  

c o n s i d e r a b l e  r a n g e  of m u s c l e  g l y c o g e n  v a l u e s  a n d  p e r f o r m a n c e  

t i m e s  m i g h t  be e x p e c t e d .  

T r a i n i n g  o v e r  1 2 -  weeks r e s u l t e d  i n  a  v e r y  s i g n i f i c a n t  

g l y c o g e n  supe rcomp.ensa t ion  of 25% i n  s o l e u s  a n d  16% i n  

g a s t r o c n e m i u s  above  s e d e n t a r y  c o n t r o l s .  E l e v a t e d  g l y c o g e n  

c o n t e n t  i n  t h e  s k e l e t a l  m u s c l e  of r a t s  i s  a  common r e s p o n s e  t o  
i 

s p r i n t  t r a i n i n g  (Arms-trong e t a l . ,  1 9 7 4 )  a n d  e n d u r a n c e  t r a i n i n g  -- 
( G o l l n i c k  -- e t  a l . ,  1 9 7 0 )  a s  f i r s t  d e s c r i b e d  by P r o c t o r  and  B e s t  

( 1 9 3 2 ;  c i t e d  by G o l l n i c k  -- e t  a l . ,  1 9 7 0 ) .  T h i s  phenomena h a s  a l s o  

b e e n  o b s e r v e d  i n  w e l l  t r a i n e d  humans ' ( G o l l n i c k  e t  a l . ,  1 9 7 2 ,  -- 
l 9 7 3 . a ) .  A s i g n i f i c a n t l y  h i g h e r  g l y c o g e n  c o n t e n t  i n  t h e  

g a s t r o c n e m i u s  m u s c l e  compared  t o  s o l e u s  f o r  b o t h  s e d e n t a r y  and  

- t r a i n e d  a n i m a l s  o c c u r r e d  a s  h a s  been  o b s e r v e d  p r e v i o u s l y  ( ~ e s t t ~  

and  Boceck ,  1 9 7 0 ) .  I t h a s  b e e n  s u g g e s t e d  t h a t  t r a i n i n g  may have  

a l o c a l  e f f e c t  o n  s k e l e t a l  m u s c l e  g l y c o g e n ,  p e r h a p s  t h r o u g h  

48 



. - 
i n c r e a s e d  a c t i v i t y  of g l y c o g e n  s y n t h e t a s e  (EC 2.4 .%.I  1) a c t i v i t y  

( T a y l o r  -- e t  a l . ,  1 9 7 2 ) .  .Enhanced'  g l y c o g e n  s t o r a g e  is a n  i h p o r t a n t  

t r a i n i n g  e f f e c t  i n  v iew of t h e  s u g g e s t i o n  t h a t  a t  h i g h  r e l a t i v e  

w o r k l o a d s  g l y c o g e n  s t o r e s  a r e  a. d e c i s i v e  f a c t o r  f o r  maximal  work 

t i m e s  (Maughan a n d  P o o l e ,  1 9 8 1 ;  K l a u s e n  -- e t  a l . ,  1 9 7 5 ;  Hermansen 
Lb 

e t  a l . ,  1 9 7 1 ;  Hermansen e t  a l . ,  1 9 6 7 ;  B e r g s t r o m  e t  a l . ,  1 9 6 6 ) .  -- -- -- 

4 . 3 . 3  THE EFFECTS of EXHAUSTIVE EXERCISE o n  MUSCLE GLYCOGEN 

CONTENT 

A c u t e  e x h a u s t i v e  e x e r c i s e  r e s u l t e d  i n  p r o n o u n c e d  d e p l e t i o n  

of m u s c l e  g l y c o g e n  i n  b o t h  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s .  I n  

b o t h  r e l a t i v e  a n d  a b s o l u t e  t e r m s  g l y c o g e n  d e p l e t i o n  was  g r e a t e r  
m 

i n  t h e  g a s t r o c n e m i u s  m u s c l e .  Based  o n  t h e  numerous  s t u d i e s  

r e l a t i n g  work i n t e n s i t y  a n d g l y c q g e n  d e p l e t i o n  i n  b o t h  man 

( G o l l n i c k  -- e t  a l . ,  1 9 7 3 a ,  1 9 7 3 c )  a n d  r a t s  ( A r m s t r o n g  -- e t  a l . ,  

1 9 7 4 ;  S t a u d t e  -- at a l . ,  1 9 7 3 )  d i f f e r e n t i a l  r e c r u i t m e n t  of m o t o r  

u n i t s  may b e  a p o s s i b l e .  e x p l a n a t i o n .  However ,  a t  w o r k l o a d s  

a p p r o a c h i n g  100% o f  maximal  a e r o b i c  a c t i v i t y , '  s u c h  a s  t h e  o n e s  

u s e d  i n  t h i s  s t u d y ,  it is n o t  r e a s o n a b l e  t o  assume t h a t  f a s t  
e- - 

- sz. +< 
m o t o r  u n i t s  a r e  p r e f e r e n t i a l l y  r e c r u i t e d  o v e r  s l o w  m o t o r  u n i t s .  

S o l e u s  m u s c l e  i s  composed of 80% s l o w  o x i d a t i v e  (SO) and  

208 f a s t  o x i d a t i v e  g l y c o l y t i c  (FOG) motor u n i t s ,  w h e r e a s  t h e  

m e d i a l  hLad of t h e  g a s t 3 p c n e m i u s  m u s c l e  of  t h e  r a t  is a b o u t  60% 
I -  - 

f a s t  g l y c d l y t i c  (FG) a n d  40% F O G  motor u n i t s  ( A r i a n o  -- e t  a l . ,  

1 9 7 3 ;  Ba ldwin  -- e t  a l . ,  1 9 7 2 ;  B a r n a r d  -- e t  a l . ,  1 9 7 1 ) .  Based  o n  t h e  

o r i g i n a l  s i z e  p r i n c i p l e * ~ • ’  m o t o r  u n i t  r e c r u i t m e n t  o r d e r  p r o p o s e d  

i n  1 9 6 5  by  Henneman a n d  O l s e n  (Hennamen e t  a l . ,  1 9 7 7 ) ,  and  - - 
b 

eon• ’  i r m e d  i n  e l e c t r o p h y s i o l o g i c a l  (Grimby and  Hcannerz, 19 7 4 ;  
- 



~ r y d i k o v  a n d  ' ~ o s a r o v ,  1 9 7 4 )  a n d  m e t a b o l i c  s t u d i e s  ( G o l l n i c k  - e t  

a l . ,  1973.e ; -  S a l t  is and K a r l s s o n ,  1971 ;  ~ r m s t r o n g  e t  a l . ,  1 9 7 4 )  - 0 
-- 

a l i  t h r e e  m o t o r  u n i t  t y p e s  a r e  . r e c r u i t e d  a t  h i g h - w o r k  

i n t e n s i t i e s .  S l w .  o x i d a t i v e  f i b r e s  wou ld ,  by v i r t u e  of h i g h  

o x i d a t i v e  p o t e n t i a l  ( S a l t i n  -- e t  a l . ,  1 9 7 7 )  make more  e c o n o m i c a l  

u s e  o f  s t o r e d  g l y c o g e n .  G a s t r o c n e m i u s  m u s c l e ,  w i t h  i t s  h i g h  

g l y ' c o l y t i c  c a p a c i t y  ( P i e h l  a n d  K a r l s s o n ,  1 9 7 7 ;  E s s e n  -- e t  a l . ,  

1 9 7 5 ;  T h o r s t e s s o n  -- e t C a l .  , 1 9 7 7 )  w o u l d ,  o n  t h e  o t h e r  h a n d , ,  be  

somewhat  less e c o n o m i c a l .  However ,  t h e  g r e a t e r  g l y c o g e n  

d e p l e t i o n  o b s e r v e d  i n  g a s t r o c n e m i u s  m u s c l e  s u g g e s t s  a  

p r o p o r t  i o n a l l y  g r e a t e r  c o n t r i b u t i o n  t o  t e n s i o n  d e v e l o p m e n t  a t  

r a p i d  s p e e d s  of c o n t r a c t i o n ,  a s  d e m o n s t r a t e d  i n  s u d i e s  of 
1 

, i s o k i n e t i c  l eg  e x e r c i s e  ( T h o r s t e n s s o n  e t  a  ., 1 9 7 7 , 1 9 7 6 ;  T e s c h ,  - 4  
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~ o l l & i n ~  e x h a u s t i v e  e x e r c i s e ,  one  g r o u p  of - a n i m a l s  w a s  

s u b j e c t e d  t o  a 1 2  h o u r  f a s t  d e s i g n e d  t o  p r o v i d e  a  g l y c o g e n  

d e p l e t e d  s t a t e  i n  m e t a b o l i c a l l y  r e s t e d  m u s c l e .  T h e  r e s u l t s  

i n d i c a t e d  t h a t  t h i s  p r o c e d u r e  w a s  n o t  s u c c e s s f u l  i n  t h a t  p o s t  

f a s t i n g  g l y c o g e n  w a s  i n c r e a s e d  by up  t o  600% o v e r  e x h a u s t e d  r: 
g l y c o g e n  d e p l e t e d  v a l u e s .  T h i s  r e p r - e s e n t e d -  a r e t u r n  t o  78% o f  

r e s t i n g  t r a i n e d  c o n t r o l  v a l u e s  i n  t h e  s o l e u s  m u s c l e  a n d  6 

r e s t i n g  t r a i n e d  c o n t r o l  v a l u e s  f o r  t h e  g a s t r o c n e m i u s  musc lk .  
L 

T h i s  i s  a n  i n t e r e s t i n g  f i n d i n g  i n  l i g h t  of t h e  commonly h e l d  

v i e w  t h a t  t h e  r e s t o r i n g  p r o c e s s  f o r  m u s c l e  g l y c o g e n  i s  

r e l a t i v e l y  s l o w ,  t a k i n g  u p  t o  46 h o u r s  w i t h  c a r b o h y d r a t e  

f e e d i n g ,  and  b e i n g  v i r t u a l l y  non e x i s t e n t  i f  c a r b o h y d r a  i s  Y 



- 

r e x c l u d e d  f r o m  t h e  d i e t  ( P i e h l ,  1 9 7 4 b ;  P i e h l  -- e t  a l . ,  1 9 7 4 ;  
i 

B e r y s t r o m  a n d  HuLtman, 1 9 6 6 ) .  

R e c e n t  e x c e p t i o n s  t o  t h i s  view of e s s e n t i a l  c a r b o h y d r a t e  

f e e d i n g  f o r  m u s c l e  g l y c o g e n  r b p l e t i o n  have b e e n  p r o v i d e d  by 
.- 

Maehlum, _ F e l i g  a n d  Wahren ( 1 9 7 8 )  a n d  by MacDougal a n d  c o - w o r k e r ~  

( i 9 7 7 ) .  Both  g r o u p s  of i n v e s t i g a t o r s  r e p o r t e d  r a p i d  a n d  
7 -. 

s i g n  i f  i c a n t  g l y c o g e n  r e p l e t i o n  i n  q u a d r i c e p s  m u s c l e  o f  f a s t i n g  
7 

- ----__ /' 

men r e o v e r i n g  f r o m  e x h a u s t i n g  b i c y c l e  l e g  work.  I t  w a s  
-b 

-, 
c o n c l u d e d  t h a t  i n  t h e  a b s e n c e  o f  c a r b o h y d r a t e  f e e d i n g  m u s c l e  

g l y c o g e n  s t o r e s  w e r  p r e f e r e n t i a l l y  r e p l a c e d  a t  t h e  e x p e n s e  of  P - A 

h e p a t i c  g l y c o g e n o l  ' s i s  a n d  g l u c o n e o g e n e s i s .  D i r e c t  s u p p o r t i v e  p. 
/ 

e v i d e n c e  i s  p r o v i d e d  by P o l a n d  - e t  a l . ,  - ( 1 9 8 0 )  who s h a v e d  t h a t  

m u s c l e  g l y c o g e n  i n c r e a s e s  a f  t e r  e x e r c i s e  w i t h ,  i n s i g n  i f i c a n t  
,- 

l i v e r  g l y c o g e n  r e c o v e r y .  

McLean a n d  H o l l o s z y  ( 1 9 7 9 )  s t u d i e d  r a t s  made t o  s w i m  t o  

e x h a u s t i o n  a n d  s -ubsequentLy  m a i n t a i n e d  on  a  m i n i m a l  c a r b o h y d r a t e  

h d i e t  o f  l i v e r  s a u s a g e .  AS f o u n d  i n  t p r e s e n t  s t u d y ,  m u s c l e  

g l y c o g e n  r e c o v e r e d  t o  77% a n d  69% o f  r e s t i n g  f e d  c o n t r o l s  i n  ' 

p l a n t a r  is a n d  s o l e u s  m u s c l e s  r e s p e c t i v e l y .  G a e s s e r  and  B r o o k s  

( 1 9 8 0 )  o b s e r v e d  a  r e p l e t i o n  of m u s c l e  g l y c o g e n  c o n c e n t r a t i o n  of 

51 .l% a n d  51.6% i n  q u a d r i c e p s  of r a t s  r e c o v e r i n g  f r o m  e x h a u s t i n g  . 
c o n t i n u o u s  a n d  i n t e r m i t t e n t  e x e r c i s e  w i t h i n  t h e  f i r s t  f o u r  h o u r s  

of a  f a s t .  I n  a  p r o t o c o l  s i m i l a r  t o  t h a t  i n  t h e  p r e s e n t  s t u d y  

F e l l  and  co -worke r s  ( 19 8 0 )  o b s e r v e d  a  s i m i  l a r  phenomena.  

D u r i n g  h e a v y , .  i n t e n s e  e x e r c i s e  e p i n e p h r i n e  l e v e l s  r i s e  

s h a r p l y  (Bloom e t  -- a l . ,  1 9 7 6 ) .  C o n c u r r e n t l y ,  ~ y m p ~ a t h e t i c  

a l p h a - a d r e n e r g i c  s t i m u l a t i o n  of p a n c r e a t i c  c e l l s  r e s u l t s  i n  

d e c r e a s e d  i n s u l i n  l e v e l s  ( G a l b o  e t  a l . ,  1 9 7 7 ;  G a l b o  and  H o l s t ,  -- 



i, 
1 9 7 6 ) .  P l a s m a  g l u c a g o n  l e v e l s  are  o b s e r p e d  t o  i n c r e a s e  d u r i n g  

e x e r c i s e  ( W i n d e r  -- e t  a l . ,  1 9 7 9 1 ,  ' p o s s i b l y  v i a  a  s y m p a t h e t i c F -  

b e t a - a d r e n e r g i c  p a t h w a y  ( S a m o l s  a n d  Weir, 1 9 7 9 ) .  AS a r e s u l t ,  a  
- I 

d e c r e a s e  i n  t h e  i n s u l i n / g l u c a g o n  r a t i o  d u r i n g  i n t e n s e  e x e r c ' i k e  

i s  d b e r v e d .  

G l u c a g o n  a n d  e p i n e p h r i n e  a re  p o w e r f u l  s t i m u l a t o r s  o f  

h e p a t i c  g  l y c o g e n o l y s i s  a n d  g l u c o n e o g e n e s i s .  Low i n s u l i n / g  l u c a g o n  - 
a n d  h i g h  c o r t i s o l  l e v e l s  p e r m i t  i n c r e a s e d  r e l e a s e  o f  

g l u c o n e o g e n i c  a m i n o  a c i d s  f r o m  m u s c l e  a n d  g l y c e r o l  f o r m a t i o n  v i a  

t r i y l y c e r i d e  h y d r o l y s i s ,  m a k i n g  t h e s e  s u b s t a n c e s  a v a i l a b l e  t o  

l i v e r  t i s s u e  f o r  r a p i d  g l u c o n e o g e n e s i s .  T h e  o b s e r v a . t i o n  t h a t  
x 

g l y c o g e n  a c c u m u l a t e s  r a p i d l y  i n  s k e l e t a - 1  m u s c l e  f o l l o w i n g  

e x e r c i s e  i l l u s t r a t e s  a  a r k e d  d i f f e r e n c e  b e t w e e n  l i v e r  a n d  
r 

m u s c l e  i n  t h e  r e g u l a t i o n  of g l y c o g e n  m e t a b o l i s m .  

C h a n g e s  i n r  c i r c u l a t i n g  c a t e c h o l a m i n e s  f o u n d  d u r i n g  e x e r c i s e  
\ 

a r e  somewhat  m o d i f i e d  by e x e r c i s e  t r a i n i n g .  A t  a  g i v e n  l e v e l  o f ,  - 

e x e r c i s e  i n t e n s i t y  a n d  d u r a t i o n ,  d e c r e a s e d  l e v e l s  o f  4 
,- 

n o r e p i n e p h r i n e  a n d / o r  e p i n e p h r i n e  h a v e  b e e n  f o u n d  i n  t r a i n e d  

i n d i v i d u a l s  (Bloom e t  a l . ,  1 9 7 6 ;  H a r t l e y  e t  a l . ,  1 9 7 2 a ,  1 9 7 2 b . ) .  -- -- 
The i n t r e p r e t a t i o n  o f  these o b s e r v a t i o n s  may n e e d  t o  , b e  somewhat  

7 

m o d i f i e d  t o  a c c o u n t  f o r  t h e  a p p a r e n t  i n c r e a s e  i n  r e ' c e p t o r  s i t e  

s e n s i t i v i t y  t o  a g i v e n  p l a s m a  l e v e l  of  c a t a c h o l a m i n e s  ( P a v l i k  

a n d  F r e n k l ,  1 9 7 2 ;  Von E u l e r ,  1 9 7 4 ) .  Submaximal  e n d u r a n c e  

t r a i n i n g  s i g n  i f  i c a n t l y  a l t e r s  t h e  i n s u l i n / g l u c a g o n  r e s p o n s e  

d u r i n g  a c u t e  e x e r c i s e ,  w i t h  t h e  t y p i c a l  d e c r e a s e  i n  p l a s m a  

i n s u l i n  a n d  t h e  i n c r e a s e  i n  p l a s m a  g l u c a g o n  being g r e a t l y  

r e d u c e d  or  e l i m i n a t e d  ( G a l b o  e t  a l . ,  1 9 7 7 )  -- 



I n  a d d i t i o n ,  s k e l e F l  m u s c l e  i s  i n s e n s i t i v e  t o  g l u c a y o n  

( R o b i n s o n  -- e t  a l . ,  1 9 7 1 ) .   his f a c t ,  o p e r a t i n g  i n  c o n c e r t  w i t h  
3 

t h e  powerf u l  i n s u l i n  l i k e  e f f e c t  t h a t  e x e r c i s e  h a s  on m u s c l e ,  

r e s u l t s  i n  r a p i d  g l u c o s e  u p t a k e  Tor a  c o n s i d e r a b l e  p e r i o d  of 
1 

t i m e  a f t e r  e x e r c i s e  s t o p s  ( F e l l  -- e t  a l . ,  1 9 8 2 ;  I* and H o l l o s z y ,  
c , - 

1981;  T e r j u n g  -- e t  a l . ,  1974 ;  H o l l o s z y  and  N a r a h a r a ,  1 9 6 5 ) .  The 
I 

mayn i t u d e  -o f  t h i s  e f f e c t  i s  h i g h l i g h t e d  by t h e  o b s e r v a t i o n  t h a t  

a d d i t i o n a l  i n s u l i n  d o e s  n o t  change  the ,  i n c r e m e n t  i n  g l u c o s e  

u p t a k e  c a u s e d  by e x e r c i s e  ( Z  inman e t  a l . ,  1 9 7 9 ) .  -- 

Recen t  " f i n d i n g s  by C o n l e e  a n d  c o - w o r k e r ~  4 1.9 78 ) 
d9.'- 

demor r s t r a t ed  t h a t  l o w  m u s c l e  g l y c o g e n  is "an e x t r e m e l y  p o t e n t  
3 ' r- -- 

- 

. s t i m u l a t o r  o f ; m s c l e  'glMcogen s y n t h e s i s .  T h i s  e f f e c t  o v e r r i d e s  
, $ 

t h e  k y n t h e s i s  i n h i b i t i n g ,  and  g l y c o g e n o l y t i c  e f f e c t s . o f  e l e v a t e d  
\ 

8 

c a t a c h o l a m i n e  l e v e l s  a n d / o r  r e d u c e d  l n s u l i n / g  l u c a g o n \  r a t i o s .  The 

/ mechanism o f  t h i s  a c t i o n  a p p e a r s  t o  b e  t h a t  g l y c o g e n  b i n d s  

l y c o g e n  s y n t h e t a s e  a n d  p r o t e c t s  . i t  ir'om t h e  a c t  i o n  of 
'I 

'L s y n t h e t a s e  p h o s p p t a s e ,  which  is a l s o ,  bound t o  g l y c o g e n .  A s  

! 

y l y c o g e n  is b o t h  enzymes a r e :  r e l e a s e d ,  e n a b l i n g ,  t h e  
. I 

i ? h o s p h a t 9  t o  c a t a l $ s e  t h e  c o n v e r s i o n  of s y n t h e t a s e  D t o  t h e  1 

form ( V i l l a r - P a l a s i ,  1 9 6 9 ) .  T h u s ,  i n  r o d e n t s  ( ~ a n f h t h ,  1 9 6 5 b ;  I 
C o n l e e  e t  a l .  i 1 9 7 8 )  a n d  i n  man, it h a s  been  c o n f i r m e d  -- \ 

( B e r g s t r o m  e t  a d d ,  1 9 7 1 )  t h a t  t h e r e  i s  a  good i n v e r s e  -- 

c o r r e l a - t i o n  be tween  t h e  p e r c e n t a g e  of g l y c o g e n  s y n t h e  t a s e  i n  t h e  
\ 

I form ( a c t i v e )  a n d  g l y c o g e n  c o n c e n t r a t i o n s .  The  s u g g e s t i o n  t h a t  

g l y c o g e n  l e v e l s  per se  a r e  r e s p o n s i b l e  f o r  a c c e l e r a t e ' d  g l u c o s e  - 
u p t a k e  a n d  e n h a n c e d  g l y c o g e n e s i s  i s  s u p p o r t e d  by P o l a n d  e t  a l .  -- 
( 1 9 8 0 ) .  T h e s e  i n v e s t i g a t o r s  demnst r .a - ted  t h a t  f a s t i n g  f o r  2 4  

- 

h o u r s  had  t h e  same e r f e c t  a s  e x e r c i s e  i n  p r o r r o t i n g  r a p i d  



g l y c o g e n  r e s y n t h e s i s  a n d  e v e n  1 s u p e r c o m p e n s a t i o n .  

. The c o n c e n t r a t i o n s  of m u s c l e  g l y c o g e n  o b t a i n e d  i n  t h e  

5 f a s t i n g  s t a t e  a n d  t h e  r a t e b o f  r e c o v e r y  r e p l e t i o n  a r e  g e n e r a l l y  , 

much less t h a n  t h c s e  s e e n  i n  t h e  g l y c o g e n  " s u p e r c o m p e n s a t e d  

s t a t e "  ( T e r j  ng e t  al . , '  1 9 7 4 ;  Hultrnan e t  a l . ,  1 9 7 1 ;  B e r g s t r o m  e t  Y -- 
-- - 

#' 

al; , 1 9 6 6 ;  e v e ~ t h e l e s s ,  g l y c o g e n  i n c r e a s e s  s i g n i f i c a n t l y  , - 

d u r i n g  i n  man (Maehlum v e t  -- al . ,  1 9 7 8 ;  ~ a c b o u ~ a l  -- e t  a l . ,  

1 9 7 7 ;  Hermansen a n d  Vaage,  1 9 7 7 )  a n d  i n  r a t s  ( F e l l  -- e t  a l . ,  1 9 8 0 ;  

Gaesser a n d  B r o o k s ,  1 9 8 0 ;  McLean a n d  H o l l o s z y ,  1 9 7 9 ) .  S i n c e  

m u s c l e  glyco&,n is e s s e n t i a l  f o r  p e r f o r m a n c e  o f  s u s t a t n e d ,  heavy  

work ( B e r g s t r o m  e t  -- a l . ,  1 9 6 7 ;  Pernow a n d  S a l t i n ,  19711,  a  

t e l e o l o g i c a l  r a t i o n a l  e x i s t s  . i n  t h e  p r e f e r e n t i a l  c h a n n e l i n g  of 

g l u c o n e o y e n i c  g l u c o s e  away f r o m  l i v e r  and  i n t o  m u s c l e  g l y c o g e n  . 

a s  a  strategy f o r  e n h a n c i n g  t h e  c a r b o h y d r a t e  s t a r v e d  a n i m a l s  ' 
:.@ A 

c a p a b i l i t y  t o  s u r v i v e  " f i g h t  o r  f l i g h t "  s i t u a t i o n s .  

4 . 4  MUSCLE 
-1 

The l a a t a t e  c o n t e n t  o f  b o t h  s e d e n t a r y  and  t r a i n e d  c o n t r o l  
= .  

soleus a n d  yas t rocne rn i ; s  k s c 1 e . s  a g r e e  w i t h  p r e v i o u s l y g  r e p o r t e d  

. d a t a  ( B a l d w i n ,  C a m p b e l l  a n d  Cooke ,  1 9 7 7 b ) .  T h e r e  have  b e e n  

numerous  s t u d i e s  .in b o t h  r o d e n t s  a n d  humans ( see  T e s c h ,  1980  f o r  
L 

r e v i e w )  wh ich  show t h a t  l a c t a t e  a c c u m u l a t e s  e x p o n e n t i a l l y  

d e p e n d i n g  on work i n t e n s i t y  and  m o d a l i t y  ( i .  e. c o n t i n u o u s  v e r s u s  

i n t e r m i t t e n t ) .  T h e  r e s B o n s e  however  is n o t  t h a t  w e l l  d e f i n e d .  

F e l l  a n d  co -worke r s  (1980) u s e d  a  v e r y  i n t e n s e  e x e r c i s e  p r o t o c o l  

r e q u i r i n g  r a t s  t o  ,pn f i v e  m i n u t e  i n t e r v a l 3  a t  .TO rn-sec-A u p a  

15% i n c l i n e  f o l l o w e d  by a  f i v e  m i n u t e  i n t e r v a l  a t  . 3 7  r n w s e c - l ,  

r e p e a t e d  t o  e x h a u s t i o n .  I n  b o t h  soleus a n d  p l a n t a r i s  there was a 



non s i g n i f i c a n t  increase i n  muscle l a c t a t e ,  T o  examine  t h e  

re la  t i o n s h i p  b e w e e n  e x e r c i s e  i n  t e n s i t y  and muscle lactate, 

aalcfwin a n d  a s s o c i a t e s  f l 9 7 7 a  1 r a n  r a t s  on  a t r e a d m i l l  a t  power 

o u t p u t s  up t o  90% of S ~ ~ m a x  ( .80  m o s e c - l ,  up  a  1 7 %  i n c l i n e ) .  

A f t e r  5 m i n u t e s  of c o n t i n u o u s  w o r k  t h e  l a c t a t e  c o n t e n t  of t h e  

' s o l e u s  m u s c l e  i n c r e a s e d  t w o  f o l d  o v e r  c o n t r o l s  w h e r e a s  t h e r e  w a s  

.Jery l i t t l e  c h a n g e  i n  t h e  l a c t a t e  c o n t e n t  o f  FOG v a s t u s  m u s c l e .  

The d e g r e e  of  g l y c o g e n  d e ? l e t i o n  o b t a i n e d  by t h i s  e x e r c i s e  

p r o t o c o l  w a s  s i m i l a r  t o  t h a t  o b s e r v e d  i n  t h e  p r e s e n t  s t u d y .  

The d a t a  s u g g e s t  t h a t  some of  t h e  l a c t a t e  p o o l  i n  t h e  
% 

g a s t r o c n e m i u s  muscle was  me t a b o l i z e d  d u r i n g  t h e  r e s t  i n t e r v a l s ,  

u n d o u b t e d l y  i n  c o p e t i t  i o n  w i t h  t h e  p y f b v a  te b e i n g  f o r m e d  v i a  -- 
g l y c o l y s i s .  B e c a u s e  t h e  p r e s e n t  s t u d y  u s e d  i n t e r m i t t e n t  w o r k  t h e  

p c x s i b i  l i t y  e x i s t s  t h a t  c o n s i d e l f p b l e  l a c t a t e  was  p r o d u c e d  d u r i n g  

t h e  e x e r c i s e  b o u t s  b u t  w a s  r a p i d l y  remaved d u r i n g  t h e  o n e  m i n u t e  

r e s t  p e r i o d s .  Bo th  the S O  f i b r e s  of t h e  s o l e u s  a n d  t h e  FOG 

- - f i b r e s  of t h e  g a s t r o c n e m i u s  p o s s e s s  a  l a r g e  c a p i l l a r y  d e n s i t y  
- 

which would  f a c i l i t a t e  r a p i d  e q u i l i b r i u m  o f  l a c t a t e  i n  v a r i o u s  

c o m p a r t m e n t s .  

I t  was  i n i t i a l l y  ? o s t u l a t e d ,  t h a t  t h e  e x e r c i s e  p r o t o c o l  
I 

s e l e c t e d  would  b e  of  s u c h  a n  i n  &i ty t h a  t t h e  a n  i m a l s  w c u l d  
b- 

fatigue r a p i d l y ,  a n d  l c r w  g l y c o g e n / h i g h  l a c t a t e  l e v e l s  would b e  

i n d u c e d .  I n  t h e  i n c t - i a l  p h a s e s ' o f  t r a i n i n g  t h i s  a p p e a r e d  t o  b e  

the c a s e ,  i n '  t h a t  t h e  a n i m a l s  h a d  g r e a t  d i f f  i c u h y  p e r f o r m i n g  . 

f i v e  i n t e r v a l s  a t  t h e  c r i t e r i o n  power  o u t p u t .  D u r i n g  t h e  

t e r m i n a l  e x e r c i s e  - t e s t  t h e  a v e r a g e  number of work b o u t s  
- 

p r f o r m e d  w a s  29 w i t n  txo of t h e  an ima 1s p e r f o r m i n g  42 a n d  4 5  

r e p e a t  i n t e r v a l  runs. I f  this work r a t e  w a s  p e r f o r m e d  



c o n t i n u o u s $ y  it is l i k e l y  t h a t  .it c o u l d  n o t  be m a i n t a i n e d p • ’  o r  

more  t h a n  4 t o - 5  m i n u t e s  (Ba ldwin  e t  a l . ,  1 9 7 7 a ) .  a -- 
B y  u s i n g  i n t e r m i t t e n t  work as a model ,  more  e f f i c i e n t  P e  

J. 

is made of s t o r e d  m u s c l e  g l y c o g e n  o r  a  s h i f t  is  made t o w a r d s  

more - o x i d a t i v e  m e t a b o l i s m  w i t h  a  g r e a t e r  c o n t r i b u t i . o n  f r o m  

s u b s t r a t e s  o t h e r  - t h a n  g l y c o g e n  ( ~ s s e n ,  1 9 7 8 ) .  C o n t i n u o u s  r e l e a s e  

of l ac t a t e  f rom m u s c l e  d u r i n g  i n t e r v a l  e x e r c i s e  w i ~ ' h  s u b s e q u e n t  

1 
u p t a k e  by h e a r t ,  l i v e r ,  k i d n e y  and non-work i n g  mus'cle i s  a  

p o s s i b i l i t y  t h a t , s h c x l l d  n o t  be r u l e d  o u t .  S i n c e  b l o o d  l a c t a t e  

was n o t  measu red  i t  is  i m p o s s i b l e -  t o  s p e c u l a t e  o n  t h e  . m a g n i t u d e  

of t h i s  f a c t o r .  I t  is a l s o  p o s s i b l e  t h a t  t h e r e  was  a  r a p i d  

r e s y n t h e s i s  of g l y c o g e n  f rom i n t r a m u s c u l a r  l a c t a t e  d u r i n g  t h e  1 

rest i n t e r v a  1s (Hermanssen  a n d  Vaage, 197  9 ) ,  l e a d i n g  t o  l o w e r e d  

l a c t a t e  l e v e l s  a n d  e n h a n c e d  i n t r a m u s c u l a r  g l y c o g e n .  

4 
-4 . 

4 .5 MU SCL E LACTATE UPTAKE 
I - -  

Us ing  a  l a c t a t e  c o n c e n t r a t i o n  of 8 mM i n  t h e  i n c u b a t i o n  

medium a  l a c t a t e  u p t a k e  r a t e  of  2 0  pmol 'g ram- l*hour- l  was  

o b s e r v e d .  - I n  s t u d i e s  of p e r f  u s e d  r a t  h i n d l i m b s  MacLean and  
> 

H o l l o s z y  ( 1 9 7 9 )  o b s e r v e d  t h a t  a t  l a c t a t e  c o n c e n t r a t i o n s  g r e a t e r  

t h a n  4 mM muscle c o n s i s t a n t l y  removed l a c t a t e .  Between 6 a n d  26 

mM l a c t a t e  t h e r e  was  a  l i n e a r ;  r e l a t - i o n s h i p  be tween  p e r f  u s a t e  

l a k t a t e  c o n c e n t r a t i o n  a n d  t h e  r a t e  of l a c t a t e  u p t a k e .  

I n t e r p l o a t i o n  of t h e s e  d a t a  r evea l ' s  t h a t  a t  l a c t a t e  

r c o n c e n t r a t i o n s  of 8 m?? t h e  r a t e  - of  - l a c t a t e '  u p t a k e  was 2 4  p o l '  
< .  

yram- l*hour - l ,  i n  a g r e e m e n t  r i t h '  th; p r e s e n t  f i n d i n g s .  

The  l i n e a r i t y  of t h e  J a c t a t e  u p t a k e  c u r v e  r e p o r t e d  by 

YcLane a n d  H o l l o s z y  ( 1 9 7 9 )  s u g g e s t s  t h a t  t h e  mechanism o f  



l a c t a t e  u p t a k e  may b e  q u i t e  d i f f e r e n t  f r o m  t h e  p r o c e s s  i n v o l v e d  

i n  l a c t a t e  t r a n s p o r t  o u t  o f  t h e  c e l l .  T h e  o f t e n  o b s e r v e d  

c o n c e n t r a t i o n  g r a d i e n t  f r o m  m u s c l e  t o  b l o o d  ( T e s c h ,  1 9 8 0  ; 

S a h l i n ,  1 9 7 8 )  h a s  l e d  t o  p o s t u l a t i o n  of  a  r a t e  l i m i t e d  c a r r i e r  

t r a n s l o c a t i o n  m e c h a n i s m  f o r  moving  l a c t a t e  o u t  o f  t h e  c e l l  - 

( S a h l i n ,  1 9 7 8 ;  H i r c h e  - e t  - a l . ,  1 9 7 0 ) .  A t  h i g h  i n t r a m u s c u ' l a r  

l a c t a t e  c o n c e n t r a t i o n s  a  w e l l  d e f i n e d  l e v e l l i n g  o f f  i n  l a c t a t e  

r e l e a s e  i s  o b s e r v e d  ( K a r l s s o n  e t  a l . ,  1 9 7 2 )  i n d i c a t i n g  -- 
/ 

. . 
s a t u r a t i o n  of t h e  t r ' a n s l o c a t i o n  mechan i sm (Mainwood a n d  

Wors ley-Brown,  1 9 7 5 ) .  T h e  o b s e r v a t i o n s  of McLane a n d  H o l l c s z y  

were n o t  s u p p o r t e d  'in a n  e a r l i e r  r e p o r t  by J o r f e l d t  ( 1 9 7 0 )  

i n d i c a t i n g  a n o n - l i n e a r  r e l a t i o n s h i p  b e t w e e n  l a c t a t e  u p t a k e  a n d  

a r t e r i a l  l a c t a t e  i n f l o w ,  s u g g e s t i n g  a  s a t u r a t i o n  s t a t e  i n  t h e  

m e c h a n i s m s  r e s p o n s i b l e  f o r  l a c t a t e  u p t a k e .  

4 .6  EFFECTS O F  i n  v i t r o  INCUBATION ON MUSCLE GLYCOGEN CONTENT -- - 
I n  v i t r o  i n c u b a t i o n  of m u s c l e  t i s s u e  s l i c e s  i n  a  - 

b i c a r b o n a t e  b u f f e r e d  l a c t a t e  s o l u t i o n  h a d  h i g h l y  s i g n i f i c a n t  

e f f e c t s  o n  t h e  muscle g l y c o g e n  c o n t e n t  o f  a l l  g r o u p s ,  - e . x c e p t  i n  -. 

t h e  s o l e u s  muscle of a n i m a l s  w h i c h  were  f a s t e d  f o l l c w i n g  

e x h a u s t i v e  e x e r c i s e .  P e a r c e  a n d  Conne  tt ( 1 9 8 0 )  h a v e  o b s e r v e d  

r a ; ? i d  g l y c o g e n o l y s i s  i n  r a t  s o l e u s  i n c u b a t e d  f o r  30 m i n u t e s  i n  a  * s t r a i g h t  b i c a r b  n a t e  b u f f e r  g a s s e d - w i t h  95% o x y y e n / 5 %  c a r b o n  

d i o x i d e  s i m i l a r  t o  t h o s e  s e e n  i n  t h e  T C  a n d  S C  g r o u p s  of t h e  

p r s s e n t  s t u a y .  - 

Due t o  t h e  t h e o r e t i c a l  d i f f u s i o n a l  l i m i t a t i o n s  i n  i n c u b a t e d  

m u s c l e  s l i c e s  of 1 m i l l i m e t e r  t h i c k n e s s ,  it may t a k e  t i s s u e  

c o n s i d e r a b l e  time t o  r e c o v e r  f r o m  t h e  h y p o x i c  stress of 



d i s s e c t  i o n  ( P e a r c e  a n d  C o n n e t t ,  1 9 8 0 ) .  T h e  a c c e l e r a t i o n  of 

' g l l y c o l y s i  s i n  h y p o x i c  h e p a t i c ,  t i s s u e  h a s  b e e n  c l e a r l y  shown 

( H e m s  a n d  B r o s n a n ,  1 9 7 0 ;  Woods a n d  K r e b s ,  1 9 7 1 ) .  T h e r e  a r e  

m u l t i p l e  r e s p o n s e s  w h i c h  a r e  a  f u n c t i o n  of  o x y g e n  t e n s i o n .  The  

d i f f u s i o n  l i m i t a t i o n s  t h a t  may e x i s t  i n  - i n  v i t r o  i n c u - b a t i o n  

s t u d i e s  h a v e  n o t  b e e n  w e l l  c o n s i d e r e d .  I n  a d d i t i o n ,  t r e a t m e n t s  ' 

s u c h  a's s l i c i n g  t h e  t i s s u e  i n c r e a s e s  m e t a b o l i c  r a t e  ( S t a i n s b y  

a n d  W e l c h ,  1 9 6 6 ) .  

I f  s k e l e t a l  m u s c l e  i n  t h i s  s t u d y  r e s p o n d s  s i m i l a r l y  t o  

h e 2 a t i c  t i s s u e  u n d e r  h y p o x i c  c o n d i t i o n s  i t  may b e  t h a t  a n  

i n h i b i t  i o n  of t h e  , d e p h o s p h o r y l a  t i o n  of  p h o s p h o r y l a s e  a  by  AMP 

( S t a l m e n s  a n d  Hers,  1 9 7 4 )  w a s  a c t i v a t i n g  g l y c o g e n o l y s i s .  

I n o r g a n i c  p h o s p h a t e  a n d  g l u c o s e - 6 - p h o s p h a t e  w o u l d  c o n t r i b u t e  t o  

a n  i n c r e a s e  i n  p h o s p h o r y l a s e  - a a n d  t h u s  e n h a n c e  t h e  

g l y c o g e n o l y t i c  e f f e c t .  T h e  i n c u b a t i o n  s y s t e m  u s e d  i n  t h e  p r e s e n t  

s t u d y  may h a v e  p r e s e n t e d  a  h y p o x i c  s t ress  t o  t h e  t i s s u e  s i n c e  
/ 

t h e  o x y g e n  t e n s i o n s  o f  t h e  medium were l e s s  t h a n  t h o s e  u s e d  by 

P e a r c e  a n d  C o n n e t t  ( l 9 8 Q ) ,  a l t h c u g h  t h e  u s e  o f  95% a i r / %  i n  

t i s s u e  i n c u b a . t i o n  s t u d i e s  h a s  p r e c e d e n c e  i n  t h e  l i t e r a t u r e .  T h e  

i n c l u s i o n  of 5% in t h e  g a s  m i x t u r e  w a s  c o n s i d e r e d  n e c e s s a r y  

b a s e d  o n  t h e  work of B e n d a l l  a n d  T a y l o r  ( 1 9 7 0 ) - w h i c h  s u g g e s t e d  

t h a t  t h i s  m o l e c u l e  is  n e c e s s a r y  f o r  t h e  o p e r a t i o n  o f  t h e  m l i c  

enzyme ( see  Review of L i t e r a t u r e ) .  T h e s e  o b s e r v a t i o n s  u n d e r s c o r e  

t h e  n e e d  t o  a l l o w  s u f f i c i e n t  t i e  f o r  a  s t e a d y - s t a t e  m e t a b o l i c  

c o n d i t i o n  t o  be a c h i e v e d  i n  i n c u b a t i o n  s t u d i e s  of t h i s  t y p e .  

I t  is  h c w e v e r ,  a p r e s u m p t i o n  t h a t  t h e  t i s s u e  i n  t h e s e  

i n c u b a t i o n s  w a s  h y p o x i c .  ~ e t a b o l i z i ~ g  t i s s u e  w i l l  m a k e  u s e  o f '  

the ? r e f  e r r e d  f u e i  s m r c e  w h i c h  i n  the c a s e  o f  r e s t e d  m u s c l e  i s  



g l y c o g e n .  T h u s  i n  t h e  s u p e r c o m p e n s g ~  m;scle t i s s u e  r a p i d  

d e p l e t i o n  m i g h t  b e -  e x p e c t e d .  H i g h  g l y c o g e n  l e v e l s  h a v e  b e e n  

r e c o g n i z e d  f o r  s o m e  t i m e  t o  s t i m u l a t e  g l y c o g e n o l y s i s .  T h e  ' 

m e c h a n i s m  o f  t h i s  a c t i o n  is t h r o u g h  a n  a c t i v a t i o n  of g l y c o g e n  

p h o s p h o r y l a s e  ( M a d d a i a h  a n d  Madsen ,  1 9 6 6 )  a n d  a  i n h i b i t i o n  of  
--. 

g l y c o g e n  s y n t h e t a s e  ( H u l t m a n ,  1 9 7 1 ;  Danf o r t h ,  l 9 6 S b ) .  

T r a i n e d  e x h a u s t e d  s o l e u s  a n d  g a s t r o c n e m i u s  t i s s u e  

d e m n s t r a t e d  a  s i g n  i f  i c a n t  r e p l e t i o n  r a t e  o f  m u s c l e  g l y c o g e n  

d u r i n g  t h e  o n e  h o u r  - i n  v i t r o  i n c u b a t i o n .  T h e  mean i n c r e a s e s  i n  

g l y c o g e n  were 0 .184  rng*gram-l  w e t  w e i g h t  o f  s o l e u s  a n d  0 .206  my* 

gram-' w e t  w e i g h t  o f  y a s t r o c n e m i u s  t i s s u e .  I n  a  s i m i l a r  s t u d y  

McLane a n d  H o l l o s z y  ( 1 9 7 9 )  d e m n s t r a t e d  a r a t e  o f  g l y c o g e n  

a c c u m u l a t i o n  of 0 . O 4 3  mg*yram- l*hour - l  i n  s o l e u s  m u s c l e  a n d  

0 .205  m g * g r a m - l * h c u r - l  i n  g a s t r o c n e m i u s  m u s c l e  o f  r a t  h i n d l i m b s  

p e r f u s e d  12 mM l a c t a t e .  T h e  f i n d i n g  o f  a  n e t  r a t e  o f  g l y c o g e n  

r---- s y n t h e s i s  i n  s o l e u s  w h i c h  i s  4 times g r e a t e ;  t h a n  t h a t  shown by 

McLane a n d  H o l l o s z y  ( 1 9 7 9 )  may be  e x p l a i n e d  o n  t h e  b a s i s  of t h e  

l c w  i n i t i a l .  g l y c o g e n  l e v e l s  i n  the p r e s e n t  s t u d y  ( i e .  0 . 1 0 8  mg' 

c o m p a r e d  t o  0 . 4 2 1  rngogram-'1 w h i c h  i n  t u r n  a c t i v a t e  

g l y c o g e n  s y n t h e t a s e  ( C o n l e e  -- e t  a l . ,  1 9 7 8 ;  B e r g s t r o m  e t  -- a l . ,  

1 9 7 1 ;  D a n f o r t h ,  1 9 6 5 a ) .  I' 

. The  r a t e  o f  s y n t h e s i s  f r o m  l a c t a t e  i n  t h e  

g a s t r o c n e m i u s  muscle o f  t h e  p r e s e n t  s t u d y  is n e a r l y  i d e n t i c a l  t o  
-9 

t h e  v a l u e  r e p o r t e d  by YcLane a n d  H o l l s z y  ( 1 9 7 9 )  p e r h a p s  
- ?  

i n d i c a t i n g  a  m a x i m m  r a t o o f  l a c t a t e  t o  g l y c o g e n  c o n v e r s i o n  i n  

rhe r a n g e  of 0 . 2 0 0  rnS*;rarn-l v e t  < e i g h t i h c u r - l .  T h e s e  v a l u e s  a r e  

s e n e r a l l y  less t h a n  t h c s e  r e p o r t e d  f o r  g l y c o g e n  r e p l e t i o n  i n  

c 3 r S o h y a r a t e  f e d  a n i n a l s .  T h e  r e p o r t e d  r a t e s ,  c o r r e c t e d  f o r  



d i u r n a l  " a r i a t i o n ,  a re  0 .5  m g - g r a m - l * h o u r - l  i n  w h i t e  m .  v a s t u s  

l a t e r a l i s  a n d  1 .4  m g * g r a m - l * h o u r - l  i n  m. s o l e u s  ( P o l a n d  &. , 
- 

1 9 8 0 ;  T e r j u n g  -- e t  a l . ,  1 9 7 4 ) .  

1 n . v i t r o  i n c u b a t i o n  o f  e x h a u s t e d  f a s t e d  m u s c l e  t i s s u e  - 

c a u s e d  n o  n e t  c h a n g e  i n  g l y c o g e n  c o n t e n t -  f rom p r e  i n c u b a t i o n  

v a l u e s  i n  t h e  s o l e u s  m u s c l e .  When c o m p a r e d  w i t h  t h e  r e s u l t s  o f  
L 

t r a i n e d  o r  s e d e n t a r y  c o n t r o l  a n i m a l s  i t  may be i m p l i e d  t h a t  

g l y c o g e n  s y d e s i s  i s  k e e p i n g    ace' w i t h ,  or h a s  made u p  f o r  t h e  

g l y c o g e n  d e g r a d a t i o n  t h a t  may h a v e '  o c c u r e d  e a r l i e r  i n  t h e  

i n c u b a t i o n .  +he  m e t a b o l i c  f e a t u r e s  w h i c h  a r e  u n i q u e  t o  t h i s  t y p e  

of  g l y c o g e n  d e p l e t e d  m u s c l e  t i s s u e  r e m a i n s  u n c l e a r ,  h o w e v e r  

t n e r e  a p p e a r s  t o  b e  a t r e n d  t o w a r d s  lower g l y c o g e n  d e g r a d a t i o n  

a n d / o r  i n c r e a s e d  s y n t h e t i c  r a t e s .  -- -= 

4 . 7  METABOLISM OF ZC LACTATE - - 

I n  o r d e r  t o  d e s r i b e  a n d  q u a n t i f y  t h e  f a t e  of l a c t a t e  i n  

s k e l e t a l  m u s c l e  t h e  a p p e a r a n c e  o f  r a d i o l a b e l l e d  c a r b o n s  d e r i v e d  

4 
f r o m  u n i f o r m l y  l a b e l l e d  14c l a c t a t e  were d e t e r m i n e d  i n  c a r b o n  

d i o x i d e  a n d  g l y c o g e n  of i n c u b a t e d  m u s c l e  t i s s u e .  E x h a u s t i v e  

e x e r c i s e  had  a  h i g h l y  s i g n i f i c a n t ' e f f e c t  o n  i n c r e a s i n g  t h e  

i n c o r p o r a t i o n  o f  t h e  r a d i o l a b e l l e d  t r a c e r  i n t o  g l y c o g e n .  When 

the s p e c i f i c  a c t i v i t y  of  t h e  t r a c e r  w a s  c o r r e c t e d  f o r  d i l u t i o n  

by t h e  e n d o g e n o u s  n u s c l e  l a c t a t e  p o o l  a n d  f o r  d i l u t i o n  b y  

l 2 z t a t e  i n  t h e  i n c u b a t i o n  mea ium,  a  s l i g h t l y  d i f f e r e n t  p r o f i l e  

emerged .  The  m o s t  o b v i o u s  f e a t u r e  is  t h a t  l a c t a t e  c o n v e r s i o n  t o  

~ i y c ~ ~ e n  i n  j a s t r o c n e m i ~ s  m u s c l e  was a p p r o x i m a t e l y  1 0 0 %  g r e a t e r  

t h a n  s o l e u s  m u s c l z .  T h e  r a t e  of s o l e u s  m u s c l e  l a c t a t e  

; l y c o g e n e s i s  xas two f olC greater t h a n  p r e v i o u s l y  r e p o r t e d  



v a l u e s  (McLean a n d  H o l l c s z y ,  1 9 7 9 ) ,  w h e r e a s  t h e  v a l u e  f o r  

g a s t r o c n e m i u s  w a s  ve,ry s i m i l a r .  T h e  mst- s t r i k i n g  f e a t u r e  o f  t h e  
J 

s o l e u s  p r o f i l e  w a s  o b s e r v e d  i n  t i s s u e  s a m p l e d  f r o m  e x h a u s t e d  .- 
/ 

a n i m a l s .  T h e  ra te  o f  l a c t a t e  g l y c o g e n e s i s  i n  t h i s  g r o u p  w a s  n o t  

s t a t i s t i c a l l y  d i f f e r e n t  fkom g a s t r o c n e m i u s  a n d  t h e  r a t e  o f  

l a c t a t e  c o n v e r s i o n  t o  g l y c o g e n  w a s  much h i g h e r  t h a n  any  

p r e v i o u s l y  r e p o r t e d .  -- I n  v i v o  s t u d i e s  by B r o o k s  a n d  G a e s s e r  

( 1980)  c o n • ’  i r m e d  t h e s e  f i n d i n g s  i n  c o n t i n u o u s  a n d  i n t e r m i t t e n t  

e x e r c i s e  s t i m u l a t i n g  g l y c o g e n  s y n t h e s i s  i n  s k e l e t a l  m u s c l e . '  T h e  

o b s e r v a t i o n  of r a p i d  g l y c o g e n  s y n t h e s i s  i n  i n c u b a t e d  s o l e u s  

m u s c l e  w a s  e s p e c i a l l y  i n t e r e s t i n g  b a s e d  o n  t h e  a c t i v i t y  of t h e  

g l y c o g e n i c  enzymes t h a t  b y p a s s  t h e  p y r u v a t e  k  i n a s e  a n d  

p h o s p h o f  r u c t o k  i n a s e  r e a c t  i o n s .  

The m a j o r  * t a b o l i c  f a t e  o f  l a c t a t e  i n  b o t h  c o n t r o l  s o l e u s  

a n d  g a s t r o c n e m i u s  m u s c l e  i n  t h e  p r e s e n t  s t u d y ,  w a s  o x i d a t i o n  t o  

c a r b o n  d i o x i d e .  T h i s  f i n d i n g  con• ’  o u n d s .  t h c s e  o f  Meyerhof  (19  2 0 ) ,  

B e n d a l l  a n d  T a y l o r  ( 1 9 7 0 )  a n d  H e r m a n s e n  a n d  Vaage ( 1 9 7 9 ,  1 9 7 7 )  

w h i c h  i n d i c a t e d  t h a t  a p p r o x i m a t e l y  25% o f  t h e  l a c t a t e  

m e t a b o l i z e d  by s k e l e t a l  m u s c l e  i s  o x i d i z e d  t o  c a r b o n  d i o x i d e ,  

t h e  r e s t  b e i n g  c o n v e r t e d  t o  g l y c o g e n .  T h e  p r e s e n t  r e s u l t s  

i n a i c a t e d  t h a t  o x i d a t i o n  a c c o u n t e d  f o r  b e t w e e n  4 6  a n d  86% o f  t h e  

t o t a l  l a c t a t e  m e t a b o l i z e d .  I n  a l l  g r o u p s  t h e  g r e a t e s t  f r a c t i o n a l  

o x i d a t i o n  o c c u r r e d  i n  s o l e u s  m u s c l e ,  w h i c h  i s  c o n c o m i t a n t  w i t h  

t h e  S O  mtor u n i t  p r o f i l e  o f  t h i s  m u s c l e .  E x h a u s t i v e  e x e r c i s e  

g r e a t l y  i n c r e a s e d  t h e  t o t a l  m e t a b o l i s m  o f  r a d i o l a b e l l e d  l a c t a t e  

i n  s o i e u s  m u s c l e  a n d  r e d u c e d  t h e  f r a c t i o n  o f  t o t a l  l a c t a t e  w h i c h  

i s  o x i d i z e d  i n  b o t h  m u s c l e s .  C o n c u r r e n t l y ,  t h e  f r a c t i o n  of t h e  

t 3 t a 1  l a c t a t e  c o n ~ ~ e r t e d  t o  g l y c o g e n  w a s  i n c r e a s e d .  U n p u b l i s h e d  



d a t a  by B r o o k s  ( c i t e d  by B r o o k s  a n d  G a e s s e r ,  1 9 8 0 )  d e s c r i b e  a, 
x- 

decrease i n  t h e  r e c o v e r y  of l a c t a t e  d e r i v e d  c a r b o n s  a s  c a r b o n  

d i o x i d e  f rom 98% a t  r.est t o  60% d u r i n g  r e c o v e r y  f r o m  
_-- 

i n t e r m i t t e n t  e x e r c i s e .  T h e  p r e s e n t  d a t a  i l - l u s t r a t e d  a  s i m i l a r  

phenomena 'in t h a t  o x i d a t i o n  of l a c t a t e  d e c r e a s e d  f r o m  86 t o  52% 

in  s o l e u s  a n d  f r o m  76 t o  46% i n  g a s t r o c n e m i u s  m u s c l e s  of - 
e x h a u s t e d  ( T E )  a n  i& 1s. -A 

The d a t a  o f  B r o o k s  a n d  G a e s s e r  ( 1 9 8 0 )  s u g g e s t  t h a t  o n l y  

7 . 9 %  o f  t h e  t o t a l  r a d i o l a b e l l e d  l a c t a t e  is i n c o r p o r a t e d  i n t o  

g l y c o g e n  d u r i n g  one  h o u r  of r e c o v e r y  f rom e x h a u s t i v e  

i n t e r m i t t e n t  e x e r c i s e .  A f t e r  f o u r  h o u r s  1 0 . 8 %  o f  t h e  t o t a l  i s  

i n c o r p o r a t e d  i n t o  g lyco .gen .  The  r e s u l t s  f r o m  t h e  p r e s e n t  s t u d y  

d e m n s t r a t e d  t h a t  4 8 %  a n d  53% o f  t h e  t o t a l  l a c t a t e  m e t a b o l i z e d  

is  i n c o r p o r a t e d  i n t o  gSlycogen i n  s o l e u s  a n d  g a s t r o c n e m i u s  

rnusc l e s  r e s p e c t f v e l y  w i t h i n  o n e  h c u r  p o s t  e x e r c i s e .  ?he  

c a l c u l a t i o n s  of B r o o k s  a n d  G a s s e r  ( 1 9 8 0 )  w e r e  b a s e d  on  t h e  

f o l l o w i n g  a s s u m p t i o n s :  

1. t h a t  musc l e  w e i g h t  w a s  4 5 %  o f  t h e  who le  body mass i n  t h e  r a t ,  
2 .  t h a t  t h e  q u a d r i c e p s  m u s c l e  was  r e p r e s e n t a t i v e  o f  t h i s  
f r a c t i o n ,  
3 .  t h a t  4 0 %  of  t h e  t o t a l  m u s c l e  mass  was  i n v o l v e d  i n  t h e  
e x e r c i s e ,  f 

The - i n  v i t r o  d e s i g n  of  t h e  p r e s e n t  s t u d y  a v o i d e d  t h e  n e c e s s i t y  

f o r  a s s u m p t i o n s  of t h i s  n a t u r e .  , , 

I n  an  o r i g i n a l  re-investigation of t h e  who le  q u e d i o n  of  

w h e t h e r  s k e l e t a l  m u s c l e  p o s e s s e s  t h e  a b i l i t y  t o  c o n v e r t  lactate  

t o  g l y c o g e n  B e n d a l l  and T a y l o r  ( 1 9 7 0 )  showed t h a t  i n  e x c e s s  of 

8 0 %  of t h e  l a c t a t e  m e t a b o l i z e d  by i n c u b a t e d  f r o g  s a r t o r i u s  



I 

m u s c l e  i s  c o n v e r t e d  t o  g l y c o g e n ,  a p p a r e n t l y  v i n d i c a t i n g  

~ e y e r h o f  ' s  d r i g i n a l  o b s e r v a t i o n s  ,(1920, 1 9  2 5 ) .  S u p p o r t  f o r  t h i s  

t h e o r y  h a s  a l s o  b e e n  p r o v i d e d  by McLane a n d  H o l l o s z y  ( 1 9 7 9 )  who 

shawed t h a t  4 4 %  o f  t h e  t o t a l  l a c t a t e  m e t a b o l i z e d  by a  p e r f  u s e d  

r a t  h i n d l i m b  i s  i n c o r p o r a t e d  i n t o  g l y g o g e n .  -- I n  v i v o  s u p p o r t  f o r  
- 

t h e s e  f i n d i n g s  i n  humans h a s  been  d e m o n s t r a t e d  by Hermansen a n d  

Vaage ( 1 9 7 9 ,  1 9 7 7 ) ,  'who c a l c u l a t e d  t h a t  f o l l o w i n g  max ima l  
C 

i n t e r m i t t e n t  l e g  e x e r c i s e ,  75% of  t h e  l a c t a t e  removed i s  - 

r ecove r -ed  a s  g l y c o g e n .  Brooks  a n d  G a e s s e r  ( 1 9 8 0 )  c r i t  i c i s e d  

t h e s e  r e s u l t s  s u g g e s t i n g  t h a t  t h e  u s e  of venous  p l e  thysmography 

to  m e a s u r e  b l o o d  •’1-ow and  t h e  a b s e n c e  of  d i r e c t  d e t e r m i n a t i o n s  ( 

1 4 d  t r a c e r s  ) i n v a l i d a t e  t h e  c o n c l u s i o n s .  

The i s o l a t i o n  of t h e  r a d i o n u c l i d e  i n  g l y c o g e n  e x t r a c t e d  

f rom a l l  e x p e r  i m e n t a l  g r o u p s  -- of b o t h  m u s c l e  t y p e s  w a s  s u r p r i s i n g  

i n  view of t h e  s i g n i f i c a n t  g l y c o g e n  d e p l e t i o n  whi-ch was  o b s e r v e d  

i n  b o t h  c o n t r o l  g r o u p s  a n d  t h e  s t e a d y  s t a t e  o b s e r v e d  i n  t h e  

t i s s u e  f rom f a s t e d  a n i m a l s  f o l l o w i n g  i n c u b a t i o n  i n  l a c t a t e .  The  

o b s e r v a t i o n  h a s  been  rmde t h a t  i n  t h e  f i r s t  3 0  m i n u t e s  of 

i n c u b a t i o n  g l y c o g e n o l y s i  s i n  s k e l e t a l  m u s c l e  i s  p r o n o u n c e d  a n d  

r a p i d  ( P e a r c e  a n d  C o n n e t t ,  1 9 8 0 ) .  T h u s ,  t h e  i n c o r p o r a t i o n  of t h e  

r a d i o n u c l i d e  i n  a 1  W p e r L m e n t a l  g r o u p s  u s e d  i n  t h i s  s t u d y  
\ may be  i n d i c a t i v e  o f  a  recow* of t h e  t i s s u e  s a m p l e s  f r o m  t h e  

t r auma  of  d i s s e c t i o n  a n d  a s h i f t  t owards  a g l y c o y e n i c  p h a s e  o f  

m e t a b o l i s m .  H w e v e r ,  t h i s  s t u d y  d o e s  n o t  p r o v i d e  d e f i n i t i v e  

e v i d e n c e  for s u c h  a n  o c c u r a n c e ,  

The  greatly increased i n c o r p o r a t i o n  uf t h e  r a d i o n u c l i d e  

i n t o  g l y c o g e n  i n  t h e  s o l e u s  a n d  g a s t r o c n e m i u s  of t r a i n e d  
.- 

.- 
e x h a u s t e d  m u s c l e  i s  e v i d e n c e  i n  s u p p o r t  of g l y c o g e n  d e p l e t i o n  



. 
b e i n g  a  p o t e n t  s t i m u l a t o r  of g l y c o g e n  s y n t h e s i s .  However,  t h e  

s p e c i f i c  a c t i v i t y  of t h e  r e c o v e r e d  g l y c o g e n  a n d  t h e  c a l c u l a t e d  . 

r a t e s  of l a c t a t e  t o  g l y o o g e n  c o n v e r s i o n  a r e  n d t  s u f f i c i e n t  t o  

a c c o u n t  f o r  t h e  m a g n i t u d e  o f  g l y c o g e n  r e p l e t i o n  o b s e r v e d  i n  

i n c u b a t e d  m u s c l e  f rom e x h a u s t e ' d  a n i m a l s .  T h i s  o b s e r v a t i o n  was  

n o t  u n i q u e  t o  t h i s  s t u d y .  McLane a n d  ~ o l l o s z ~  ( D 7 9 )  documen ted  

an  a c t u a l -  m e a s u r e d  i n c r e a s e  i n  m u s c l e  g l y c o g e n  of 2 .4  p m l ' g r a m  

- l e m i n - l  i n  t h e  s o l e u s  a n d  11.2 ~ r r ro l ' g r a rn - l*hcur - l  i n  t h e  

p l a n t a r i s  m u s c l e s  of r a t s  d u r i n g  o n e  h o u r  p e r f u s i o n s  w i t h  

l a c t a t e  a s  t h e  o n l y  s u b s t r a t e .  However,  when c a l c u l a t e d  f r o m  '14c 

l a c t a t e  i n c o r p o r a t i o n  t h e y  o b t a i n e d  v a l u e s  - bf  0 . 8 7  a n d  5.8 pol'  

gram-l 'hour - l  f o r  s o l e u s  a n d  p l a n t a r  is m u s c l e  r e s p e c t  i v l e y .  The  

a u t h o r s  n o t e d  t h e  d i s c r e p a n c y  b u t  o f f e r e d  no e x p l a n a t i o n .  A 

s i m i l a r  o b s e r v a t i o n  was  made i n  a  s t u d y  u s i n g  g l y c e r o l  a s  t h e  

sol 'e s u b s t r a t e  i n  a  r a t  h i n d l i m b  p r e f u s i o n  ( T e r b l a n c h e  -- e t  a l . ,  
: 

1 9 8 1 ) .  T h e s e  i n v e s t i g a t o r s  m e a s u r e d  a r a t e  of g l y c o g e n  s y n t h e s i s  

of 4 . 2 4  and  2 .26  ~ r m l  *grarn- l 'hour- l  i n  p l a n t a r i s  a n d  s o l e u s  

m u s c l e  r e s p e c t i v e l y .  On t h e  b a s i s  of r a d i o l a b e l l e d  g l y c o g e n  

s y n t h e s i s ,  however ,  t h e y  c o u l d  o n l y  a c c o u n t  f o r  1 .02  p m l * g r a m - l  

*hour- '  of g l y c o g e n  s y n t h e s i s  i n  p l a n t a r i s  musc l e  a n d  0.75 p m l *  

yr a m - l * h c u r - l  i n  s o l e u s .  A l though  t h e s e  a u t h o r s  c l a i m  t h a t  

g l y c e r o l  was  n o t  an i m p o r t a n t  p r e c u r s o r  f o r  t h e  o b s e r v e d  

i n c r e a s e  i n  m u s c l e  g l y c o g e n  c o n t e n t  t h e y  c o u l d  n o t  o f f e r  an 

a l t e r n a t i v e .  
' 

1 
i 

The s t u d i e s  by McLane a n d  H o l l o s z y  ( 1 9 7 9 ) ,  by T e r b l a n c h e  

and  co-workers  ( 1 9 8 1 ) ,  a n d  t h e  p r e s e n t  s t u d y  h i g h l i g h t  a p  

i n t e r e s t i n g  p o i n t .  I t  is  a p p a r e n t  t h a t  l a c t a t e , ,  u n d e r  c e r t a i n  

c o n d i t i o n s ,  is a n  i m p o r t a n t  g l y c o g e n i c  p r e c u r s o r  i n  s k e l e t a l . -  



musc4e.  However,  t h i s  d o e s  n o t  a p p e a r ,  a t  l e a s t  i n  - i n  v i t r o  

p r e p a r a t i o n s ,  t o  a c c o u n t  f o r  the .  measu red  r a t e s  of  g l y c o g e n  

r e s y n t h e s i s .  I t  t h u s  r e m a i n s  t o  b e  d e t e r m i n e d  what  a d d i t i o n a l  

g l y c o g e n i c  - p r e c u r s o r s  may be  of  i m p o r t a n c e  i n  t h i s  p r o c e s s .  

~ l ~ c e r o l  seems t o  have  l i m i t e d  g l y c d g e n i c  p o t e n t i a l  b a s e d  on t h e  

a b s e n c e  o f  a c t i v i t y  of g l y c e r o l  k i n a s e  i n  s k e l e t a l  m u s c l e  

(Newsholm a n d  T a y l o r ,  1 9 6 9 ) .  Vaage ,  Newsholm, Gronne rod  and  
I ,,- 

Hermansen ( u n p u b l i s h e d ,  c i t e d  by Hermansen and  Vaage ,  1977 ) 

measured  t h e  i n c r e a s e  of  t h e  g l y c o l y t  i c  i n t e r m e d i a t e s  

g l u c o s e - 6 - p h o s p h a t e ,  m a l a t e  and  a l p h a  g l y c e r o l p h o s p h a t e  

f o l l o w i n g  i n t e n s e  e x e r c i s e .  Based on t h e  d e c l i n e  i n  

c o n c e n t r a t i o n  o f  t h e s e  m e t a b o l i t e s  d u r i n g  t h e  r e c o v e r y  p e r i o d ,  

t h e y  c a l c u  ateql t h a t  a p p r o x i m a t e l y  3 m m o l  g l u c o s y l  ~ * k g m - l  w e t  

w e i g h t  c o u l  b b e  a ' ccoun ted  , f o r  i f  t h e s e  i n t e r m e d i a t e s  were 

s y n t h e s i z e d  t o  g l y c o g e n .  T h i s  v a l u e  i s  a p p r o x i m a t e l y  30% o f  t h e  
% 

a c t u a l  m e a s u r e d  g l y c o g e n  r e s y n t h e s i s  i n  t h e i r  e x p e r i m e n t s .  -- __ a- 

\ 
During  p r o l o n g e d  e x e r c i s e  s u b s t r a t e  m o b i l i z a t i o n  and  . ' 8  

hormonal  c h a n g e s  a r e  i n  many ways a n a l o g o u s  t o  t h e  s i t u a t i o n  

t h a t  o c c u r s  d u r i n g  s t a r v a t i o n  (Lemon 'and N a g l e ,  1 9 8 1 ) .  Dur ing  

p r o l o n g e d  e x e r c i s e  p r o t e i n  may c o n t r i b u t e  s i g n  i f  i c a n t l y .  t o  t h e  

-% 
b o d y ' s  t o t a l  m e t a b o l i c  r e q u i r e m e n t  (Ref  sum and  Stromrne, 1974 ) 

p . a r t i c u l a r l y  i n  m u s c l e  w i t h  l o w  g l y c o g e n  c o n t e n t     em on and  

M u l l e n ,  1 9 8 0 ) .  T h e s e  o b s e r v a t i o n s  s u g g e s t  a  r e l a t i o n s h i p  be tween  

c a r b o h y d r a t e  s u p p l y  and  p r o t e i n  d e g r e d a t  i o n .  The a b i l i t y  of 

s k e l e t a l  m u s c l e  t o  o x i d i z e  p r o t e i n ,  p a r t i c u l a r l y  t h e  b r a n c h e d  

c h a i n  amoin - a c i d s  (BCAA) i s  w e l l  r e c o g n i z e d  ( B u s e  -- e t  al:,  19.75; 

4 Dohm -- e t  a l . ,  1 9 7 6 ) .  I t  i s  e x p e c t e d  t h a t  d u r i n g  e x e r c i s e  t h e  < 
u p t a k e  o f  BCAA t o  s k e l e t a l  m u s c l e  k o u l d ' b e  d e c r e a s e d  b e c a u s e  of  - 



d e c r e a s i n g  i n s u l i n  ( a n d  p o s s i b l y  t e s t o s t e r o n e  ) .  However,  an 

e x e r c i s e  i n d u c e d  i n c r e a s e  i n  gr;owth hormone r e l e a s e  c o u l d  

promote  amino  a c i d  u p t a k e  i n t o  m u s c l e  ( H a r t l e y  -- e t  a l . ,  1 9 7 2 a ) .  

I n  a d d i t  i o n ,  i n c r e a s i n g  g l u c a g o n ,  ca  t e c h o l a m i n e  a n d  c o r t i s o l  

l e v e l s  would  e n h a n c e  p r o t e i n  d e g r e d a t i o n  (Lemon a n d  N a g l e ,  

1 9 8 1 ) .  I t is h y p o t h e s i z e d  t h a t  c a r b o n  s k e l e t e n s  f r o m  t h i s  
0 

r e a d i l y  a v a i l a b l e  p o o l  of BCAA may s e r v e  a s  cjirect i n t r a m u s c u l a r  
1 

p e r c u r s o r s  of g l y c o g e n .  F u r t h e r  work is n e e d e d  t o  q u a n t i f y  t h e  - 
r e l a t i v e  i m p o r t a n c e  of o t h e r  endogenous  s u b s t r a t e s  t o  s k e l e t a l  

9 

m u s c l e  g l y c o g e n e s i s .  

C a l c u l a t i o n s  of g l y c o g e n  - s y n t h e s i s  f r o m  r a d i o l a b e l l e d  

l a c t a t e  assume a  c o n s t a n t  s p e c i f i c  a c t i v i t y  of t h e  t r a c e r .  

P r e v i o u s l y  h e l d  v i e w s  t h a t  l a c t a t e  is f r e e l y  d i f f u s a b l e  a r e  n o t  

s u p p o r t e d  by t h e  c u r r e n t  v a l u e s  of Km a n d  Vmax f o r  l a c t a t e  

movement a c r o s s  m u s c l e  membranes ( K a r l s s o n  e t  a l . ,  1972 ;  
t -- 

Mainwood and  Wors ley-Brown, 1 9 7 5 ) .  Hul tman a n d  . c o - w o r k e r ~  
+ 

-9 

s u g g e s t e d  a  s a t u r a t i o n  s t a t e  may e x i s t  i n  t h e  mechanisms 

r e s p o n s i b l e  f o r  l a c t a t e  u p t a k e  i n t o  s k e l e t a l  m u s c l e  ( J o r f  e l d t ,  

1 9 7 0 ) .  Thus  it may t a k e  c o n s i d e r a b l e  t ime  f o r  e q u i l i b r a t i o n  of 

t h e  r a d i o n u c l i d e  w i t h  t i s s u e  m e t a b o l i t e  p o o l s .  The  p r e s e n t  

f i n d i n g s  con•’ i rmed  t h e  o b s e r v a t i o n  by Conne tt (197  9 )  t h a t .  n e t  

g l y c o g e n  con i t en t  d o e s  n o t  r e f l e c t  l a b e l l e d  l a c t a t e  i n c o r p o r a t i o n  - 

i n  t h e s e  t y p e s  of i n c u b a t i o n  s t u d i e s  of s h o r t  d u r a t i o n .  T h e s e  

f i n d i n g s  a r e  i n  a g r e e m e n t  w i t h .  t h e  o b s e r v a t i o n s  of Hermansen a n d  

Vaage, ( 1 9 7 9 ,  1 9 7 7 )  t h a t  t h e  m a j o r i t y  of t h e  g l y c o g e n  r e p l e ' t i o r t  
. . 

f o l l o w i n g - _ e x e r c i s e  a . r i s e s  f r o m  endogenous  i n t r a m u s c u l a r  

p r e c u r s o r s .  However,  if - i n  v i t r o  p r e p a r a t i o n s  a r e  p r o v i d e d  a n  

i n i t i a l  i n c u b a t i o n  p e r i o d  vr e q u i l i b r a t i o n  w i t h  i n t r a c e l l u l a r  
. T 

I * 
6 6  

I 
Is 



p o o l s  ( o n e  h o u r )  i n c o r p o r a t i 0 . n  of t h e  l a b e l e d  car \bons is  l i n e a r  

f o r  u p  t o  6 h o u r s  ( C o n n e t t ,  1 9 7 9 ) .  T h u s ,  t h e  a p p e a r a n c e  of  

r a d i o l a b e l l e d  c a r b o n s  d e r i v e d  f r o m  l a c t a t e  i n  t h e  p r e s e n t  s t u d y  . 

r e f l e c t s  t h e  ra te  of . c o n v e r s i o n  of J a q t a t e  t o  g l y c o g e n ' b u t  n o t  

t h e  a b s o l u t e  magn i t u d e .  

The m a j o r  a s s u m p t i o n  made i n  this  s t u d y  is t h a t  t h e r e  a r e  

o n l y  two m e t a b o l i c  f a t e s  o f '  , l a c t a t e  i n  s k e l e t a l  m u s c l e ;  ' 
o x i d a t i o n  t o  c a r b o n  d i o x j d e  a n d  c o n v e r s i o n  to  g l y c o g e n .  O t h e r  

'A 

m e t a b o l i c  f a t e s ,  s u c h  a s  t r a n s a m i n a t i o n  of p y r u v a t e  t o  a l a n i n e  

(Mole -- e t  a l ? ,  1 9 7 3 1 ,  wou ld  r e d u c e  t h e  magni tude ;  of t h e  

f r a c t i o n a l '  i n c o r p o r a t i o n s  r e p o r t e d  i n  t h i s  s t u d y .  H w e v e r ,  t h i s  

appears t o  be  q u a n t i t a t i v f y  non s i g n i f i c a n t  and  i n  s i m i l a r  

s t u d i e s ,  immeasu rab l e  (McLane a n d  H o l l o s z y ,  1 9 7 9 ) .  P y r u v a  te is  

a l s o  r e l e a s e d  f r o m  s k e l e t a l  m u s c l e ,  and  a s  n o t e d  by McLane ' ,and 

H o l l o s z y  ( 1 9 7 9 )  c a n  ' a c c o u n t  f o r  u p  t o  20% .of t h e  t o t a l  l a c t a t e  - 
m e t a b o l i z e d  by p e r f u s e d  r a t  h i n d l i m b .  

4 .8  GLYCOGENIC ENZYME ACTIVITIES > 
/ 

The the rmodynamic  b a r r i e r s  , t h a t  b l o c k  t h e  d i r e c t '  c o n v e r s i o n  

of l a c t a t e  t o  g l y c o g e n  p r o v i d e  n o t  o n l y  an e n e r g e t i c  b u t  a l s o ' a  

c o n c e p t u a l  b l o c k a d e  t o  t h e  p o s s i b i l i t y  of i n t r a m u s c u l a r ,  

g l y c o g e n e s i s .  T h e  c u r r e n t  e v i d e n c e  of g l y c o g e n  s y n t h e s i s  f r o m  

l a c t a  t e - d e r i v e d  c a r b o n s  t h e r e f  ore implies t h e  e x i s t e n c e  of 

s e v e r a l  u n i q u e  e n z y m  s y s t e m s .  T h e  q u e s t i o n  is: "by w h a t  pathway 

is t h e  f l u x  of l a c t a t e  c a r b o n s  t o  g l y c o g e n  o c c u r i n g "  ( K r e b s  a n d  

Woocfford, 1965 ;  B e n d a l l  and  T a y l o r ,  1 9 7 0 ) .  

Wwse of the absence in skeletal muscle o f  t f r e  
> .  

m i  t o c h o n d r i a l  p r o t e  i n  p y r u v a  te  c a r b o x y l a s e  ( C r a b t r e e  e t .  a l . ,  -- 



"972; Krebs  a n d  Woodfrord ,  1 9 6 5 ) .  B e n d a l l  a n d  ~ a y l o r  (1970)  

h y p o t h e s i z e d  t h e  f o r m a t i o n  of a n  e x t r a m i t o c h o n d r i a 1  i n t e r m e d i a t e  

c a t a l y s e d  by t h e  ma l i c  enzyme f m a l a  te d e h y d r o g e n a s e ,  N A D P + ,  

d e c a r b o x y l a t i n g ) .  Thus  g l y c o g e n e s i s  i s  p e r c e i v e d  t o  o c c u r  v i a  a 

pathwhy i n d e p e n d e n t  of  m i t o c h o n d r i a 1  d i c a r b o x y l i c  a c i d  p o o l s .  

The p r e s e n t  f i n d i n g s  c o n f i r m  s e v e r a l  r e p o r t s  of s i g n i f i c a n t  

a c t i v i t y  l e v e l s  of t h e  malic enzyme i n  m a l i a n  s k e l e t a l  m u s c l e  

(McLean agd  H o l l o s z y ,  1 9 7 9 ;  Opie  a n d  Newsholm, 1 9 6 7 ) .  The 

p r e s e n t  v a l u e s  f o r  s o l e u s  m u s c l e  a r e  w i t h i n  one  a c t i v i t y  u n i t  of . 
t h e  v a l u e s  r e p o r t e d  by McLean and  H o l l o s z y .  Due t o  t h e  ~ O C  

, cooler t e m p e r a t u ' r e  of  t h e  a s s a y  u s e d  i n  t h e  p r e s e n t  s t u d y  t h e  

- enzyme a c t i v i t i e s  m i g h t  be e x p e c t e d  t o  b e  h i g h e r  t h a n  v a l u e s  

r e p o r t e d  by ' ~ ~ ~ e a n  a n d  H o l l o s z y .  The  m a l i c  enzyme- a c t i v i t y  l e v e l  

i n  the g a s t r o c n A i u s  m u s c l e  compares  f a v o r a b l y  w i t h  t h e  d a t a  o f  
h 

i McLean a ~ H o l l o s z y  (1979)  f o r  FG and  FOG ( p l a n t a r i s )  m u s c l e  b u t  
d 

is a p r o x i m a t e l y  50% be low t h e  v a l u e s  r e p o r t e d  f o r  FOG ( d e e p  
ia 

m e d i a l  g a s t r o c n e m i u s ) .  S i n c e  g a s t r o c n e m i u s  l a c k s  h m g e n i c i t y  of 

i. f i b r e  p q u l a t i o n s ,  s a m p l i n g  s i t e  may be e x p e c t e d  t o  p l a y  a  

s i g n  i f  i c a n t  role  i n  d e t e r m i n i n g  m e a s u r e d  a c t i v i t y  l e v e l s .  McLean 

i and  H o l l o s z y  s-ampled f r o m  d e e p  p o r t i o n s  of t h e  m e d i a l  

p a s t r o c n e m i u s  w h e r e  a p r e d o m i n a n c e  of FOG m o t o r  u n i t s  a r e  f o u n d ,  

w h e r e a s  t h e  p r e s e n t  s t u d y  u s e d  a  cross s e c t i o n  t h r o u g h  t h e  same 

area w h e r e  a s u b s t a n t i a l  i n c l u s i o n  of FG motor u n i t s  would 

c o n t r i t x r t e  t o  t h e  sample .  f , 

In bath hepatic and s k e l e t a l  muscle g b j c o g e ~ s i  s. 

p h o s p h o f e n o l  Ipy ruva  te c a r b o x y k i n a s e  c a - t a l y s e s  the - 

t phcs&ory  l a  t i o n  of cy tcsoli  c oxa  l o a c e t a  te t o  

? h o s p h o e n o l p y r u v a  te .  T h e  a c t i v i t i e s  of t h i s  e n z y m ,  s i m i l a r '  t o  



;'- -- 
t h o s e  s e e n  i n  l i v e r  a d d  k i d n e y  have  b e e n  d e m n s t r a t e d  i.n a  

v a r i e t y  of  s k e l e t a l  m u s c l e ,  i n c l u d i n g  s o l e u s ,  g a s t r o c n e m i u s  a n d  - 
'-.- 

d i a p h r a g m  ( % ~ l a n e  a n d  ~ o l l b s z ~ ,  1 9 7 9 ;  O p i e  a n d  Newsholm, 1 9 6 7 ;  
. 

? - 

c a r b o x y k i n a s e  a c t i v i t y  o b s e r v e d  i n  t h e  soleus muscle. w a s  

c o n s i d e r a b l y  h i g h e r  t h a n  v a l u e s  r e p o r t e d  by McLean a n d  H o l l o s z y .  

PEP c a r b o x y k i n a s e  a c k i v i t y  i n  g a s t r o c n e m i u s " m u s c l e  i s  a b o u t  300% -.. 
t 

-i ' 

h i g h e c  i n  b o t h  e x p e r i l a e n t a f  groups .  T r a i n i n g  had t h e  e f f e c t  of 

p o t e n t i a t i n g  t h e  a c t i v i t y '  of t h i s  e n t y m .  - *  

-4- i 
F u r t h e r  a l o n g  @he-glycogenic pa thway  is t h e  cy  toso l i  c 

kF \- 4. em- fructose-1 ,6'%iiphospha tase ,  c a  t a l y 5 7 n g  t b e  

d e p h o s p h o r y l a  t i u n  of . fructose-l,6-diphosphate. T h i s  enzyme too, 

, h a s  b e e n  d e m o n s t r a t e d  i n  the s k e l e t a l  m u s c l e  o f  numerous  

&mmal ian  s p e c i e s  ~(McLean a n d  H o l l a s z y ,  1 9 7 9 ;  O p i e  a n d  Newshola ,  
\ 

1967 ;  Krebs  a n d  Woodf o r d ,  1 9 6 5 ) .  G a s t r o c n e m i u s  
\ /  
M' 

f ructose->1,6-diphosphatase a c t i v i t y  d i d  n o t  c h a n g e  w i t h  t r a i n i n g  
- - 

a n d  v a l u e s  l i e  within t h o s e  g i v e n  by. McLean f n d  H o l l o s z y .  The  
w 

r e s u l t s  f o r  s o l e u s  m u s c l e  a r e  i n t e r e s t i n g _ +  view of t h e -  f a c t  

that McLean a n d  H o l m z y  c o u l d  n o t  d e m o n s t r a t e  a c t i v i t y  of - - 
f r uc to se -1 ,6 -d iphspha t a se  i n  this m u s c l e .  H i n t z  e t  a l .  4 1 9 8 0 ) ,  -- 
h w e v e r ,  have  d e m n s t r a t e d  t h e  a c t i v i t y  of t h i s  enzyme i n  s o l e u s  - 
m u s c l e  o f  t h e  r a t i  Under  t h e  as>& c o n d i t i o n s  u s e d  by t h i s  g r o u p  

% 

t h e  r e p b r t e d  v a l u e s  a re  l c w e r  t h a n  t h e  p e t  f 7 o d i n g s  a n d  a r e  

? r o b a b l y  ELI& l c w e r  than +he a c t u a l  f r u c t o s e - 1 , 6 4 i p h o s p h a t a s e  

h a d  s u r p r i s i n g l y  l i t t i e  e f f e c t  o n  the a c t i v i t y  l e v e l s  of t h e  

enzymes  assayed. T h e  iricxease in o x i d a t i v e  and ,  to  some degree, 



g l y c o l y t i c  p o t e n t i a l  .of v a r i o u s  muscle f i b r e s  f o l l o w i n g  

dl;•’•’ e r e n t  t r a i n i n g  - r e g i m e n s  . h a s  been  w e l l  d o c u m n t e d .  

~ r e s u m a  b l y  , t h e  i n c r e a s e d  demand o n  t h e  energy t r a n s d u c t  i o n  

systems of  m u s c l e  d u r i n g  e x e r c i s e  i s  t h e  s t i m u l u s .  I t  was  
-\ - 

h y p o t h e s i z e d  i n  t h i s  s t u d y  t h a t  o n e  m i n u t e  w o r k / r e s t  i n t e r v a l s  . 

a t  t h e  i n t e n s i t y  u s e d  d u r i n g  t r a i n i n g  would  p l a c e  c o n s i d e r a b l e  

l o a d  on  the s y s t e m s  r e s p o n s i b l e  f o r  l a c t a t e  r e m o v a l .  I n  terms of 

t h e  enzymes c o n s i d e r e d  t h i s  was  n o t  a  , v a l i d  a s s u m p t i o n .  One 
r 

p o s s i b i l i t y  is t h a t  t h e  t r a i n i n g  programme i p d u c e d  c o n s i d e r a b l e  

a e r o b i c  a d a p t a t i o n ,  and  t h a t  h i g h  musc le  l a c t a t e s  were n o t  
-- 

e n c w n t e r e d  on&'the artima fs h a d  a d a p t e d  t o  t h e  r u n n i n g  r e g i m e n  - 
( E s s e n ,  1 9 7 8 ) .  A p o t e n t i a l  s h o r t c o m i n g  of t h i s  s t u d y  may be t h a t  

\ week e i g h t  of  t h e  t r a i n  i n g  p r o g r  m e  t h e  an  ima 1s cou l d  

m a i n t a i n  t h e  . r e q u i r e d  pcwer  o u t p u t  f o r  t e n  b m t s .  T h e  e f f e c t s  on 
u. 

the-g- lycogenic  enzyrne a c t i v i t i e s  may have  b e e n  e n h a n c e d  by 

c o n t i n u i . n g  t h e  p r o g r e s s i v e  o v e r l o a d  n a t u r e  of t h e  t r a i n i n g ,  

r a t h e r  t h a n  h a v i n g  a f o u r  week m i n t a i n a n c e  period d u r i n g  which  

w o r k  oitpllt was  n o t  i n c r e a s e d .  

T h e s e  enzyma t i c  s t u d i ' e s  f u r t h e r  e m p h a s i z e  t h e  u n i q u e n e s s  of 

e x h a u s t e d ,  g l y c o g e n  d e p l e t e d  m u s c l e .  I n  s p i t e  of  a  f a i r l y  

c o n s i s t e n t  g l y c o g e n i c  enzynre p r o f i l e  a c r o s s  s e d e n t a r y  and  

_.  t r a i n e d  g m u p s ,  s o l e u s  m u s c l e  f rom t r a i n e d  e x h a u s t e d  a n i m a l s  

r e p l e t e  g l y c o g e n  a n d  i n c o r p o r a t e  r a d i o l a b e l l e d  c a r b o n s  f r o m  

l a c t a t e  a t  r a f e s  far e x c e e d i n g  a l l  o t h e r  t r e a t m n t  c o n d i t i o n s .  



v. SUiIMARY 
- *  - 

T h i s ' t h e s i s  w a s  p r o m p t e d  ,by  a  r e p o r t  by H e r m a n s e n  a n d  Vaage 
/r - 

i n  1 9 7 7  w h i c h  d e s c r i b e d  w h a t  a p p e a r e d  t o  be a d i r e c t  
. < 

i n t r a m u s c u l a r  c o n v e r s i o n  of l a c t a t e  t o  g l y c o g e n  i n  t h e  v a s t u s  

m u s c l e s  of s u b j e c t s  r e c o v e r i n g  f r o m  m a x i m a l  e x h a u s t i v e  w o r k .  

T h i s  o b s e r v a t i o n  h a s  c o n s i d e r a b l e  t h e o r e t i c a l  a p p e a l  . t o  t h o s e  
* 

i n t e r e s t e d  i n  t h e  f i e l d  of ' e x e r c i s e  s c i e n c e  i n  l i g h t  of t h e  

nu;merous p u b l i c a t i o n s  c r i t i c i s i n g  s u c h  a  p r o c e s s  o n  t h e  b a s i s  of 

t h e  t h e r m d y n a m i c  n a t u r e  of t h e  r e a c t i o n s  i n v o l - v e d . .  H m e v e r ,  a 

r e v i e w  of t h e  l i t e r a t u r e  of t h e  p a s t  c e n t u r y  r e v e a l e d  t h a t  t h e r e  

is C o n s i d e r a b l e  - a  p r i o r i  e v i d e n c e  f o r  g l y c o g e n e s i s  f r o m  l a c t a t e  

i n  t h e  s k e l e t a l  m u s c l e  o • ’  mammals. 

I t  w a s  h y p o t h e s i z e d  t h a t  i f  s u c h  a  p r o c e s s  w a s  o c c u r r i n g  i n  

s k e l e t a l  m u s c l e ,  c o n d i t i o n s  s u c h  a s  h i g h  i n t e n s i t y  e x e r c i s e ,  

w h i c h  p l a c e  a m e t a b o l i c  load o n  t h e  b i o c h e m i c a l  p a t h w a y s  of 

l a c t a t e  m e t a b o l i s m ,  should a f f e c t  t h e  g l y c o g e n i c  p o t e n t i a l  of  

t h i s  m e t a b o l i t e .  M a l e  W i s t a r  r a t s  were t r a i n e d  t o  r u n  1 0  r e p e a t  , 

one m i n u t e  w o r k / r e s t  i n t e r v a l s  o n  a mtor d r i v e n  t r e a d m i l l  a t  1 

nesec- '  u p  a n  8% i n c l i n e .  F o l l o w i n g  1 2  weeks  o f  t r a i n i n g  t h e  

a n i m a l s  were a s s i g n e d  t o  o n e % o f  three  t r e a - n t  g r o u p s ;  a  

t r a i n e d  c o n t r o l  g r o u p  [TC), a t r a i n e d  g r o u p  t h a t  ~ e r f o r m e d  a n  

a n t e  i n t e r v a l  r u n  t o  e x h a u s t i o n  f T E f ,  a n d  a  t r a i n e d  g r o u p  t h a t  

p e r f o r m e d  a  s i m i l a r  e x e r c i s e  t e s t  b u t  were s u b s e q u e n t l y  p l a c e d  

on a 1 2  h o u r  f a s t  f T F  1 .  ~ h e s e  t h r e e  g r o u p s  were p a i r e d  w i t h  a n  
t 

age mabcfied s e d e n t a r y  c o n C r o l  g r o u p  (SC 1. 
- 

Twelve  k e e k s  of i r a i n i n g  r e s u l t e d  i n  w h a t  is a  w e l l  

d o c u m e n t e a - i n c r e a g e  i n  the s t o r a g e  o f  g l y c o g e n  ih b o t h  s o l e u s  



a n d  g a s t r o c n e m i u s  muscles. The  a c u t e  e x e r c i s e  t es t  r e v e a l e d  t h a t  

the t r a i n i n g  progr- had been q u i t e  s u c c e s s f u f  i n  t h a t  t$e 

a n i m a l s  were a b l e  t o  m a i n t a i n  t h e  r e q u i r e d  power o u t p u t  f o r  a  

mean of 29 work b o u t s .  T h i s  o b s e r v a t i o n  w a s  a l s o  s u p p o r t e d  by 
I 

t h e  f a c t  t h a t  mscle l a c t a t e  d i d -  n o t  i n c r e a s e  a s  a  r e s u l t  of t h e  

e x h a u s t i v e  r u n .  T h e  run t o  e x h a u s t i o n  p r o d u c e d  a  h i g h l y  

s i g n i f i c a n t  g l y c o g e n  d e p l e t i o n  i n  b o t h  m u s c l e s .  When t h e  r u n  was  

saperceded by a  f 2 hour f a s t ,  c o n s i d e r a b l e  g l y c o g e n  r e s y n t h e s i s  

o c c u r e d .  T h i s  was a u n e x p e c t e d  r e s u l t  s i n c e  t h e  p u r p o s e  o f  t h i s  

p r o c e d u r e  was t o  o b t a i n  g l y c o g e n  d e p l e t e d  m u s c l e  i n  a 

ne t a b o l i c a l l y  r e s t e d  s t a t e .  

T i s s u e  s l i c e s  of the s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s  f rom 

a n i m a l s  i n  e a c h  g r o u p  were  i n c u b a t e d  i n  an o x y g e n a t e d ,  b u f f e r e d  

R i n g e r s  s o l u t i o n  c o n t a i n i n g  8 mM - 1 - l a c t a t e  a n d  1 pCi of 

u n i f o r m l y  l a b e l l e d  '% -  lactate. F o l l o w i n g  one  . h a i r  of 

i n c u b a t i o n ;  muscle g l y c o g e n  s y n t h e s i s  a n d - c a r b o n  d i o x i d e  

p r o d u c t i o n  w e r e  d e t e r m i n e d  i n  t e r m s  of b o t h  s p e c i f i c  a c t i v i t y  of 

t h e  r a d i o l a b e l  and  t h e  a m u n t  of  l a c t a t e  i n v o l v e d  i n  e a c h  

p r o c e s s .  I t  was oDserVea t h a t  d u r i n g  t h e  i n c u b a t i o n  musc le  

s l y c o g e n  c o n t e n t  i n  a l l  g r o u p s  e x c e p t  T E ,  d e c r e a s e d  r a t h e r  

s u b s  t a n t i a l l y  i n  b o t h  s o l e u s  a n d  g a s t r o c n e m i u s  muscles. I n  t h e  

a c u t e l y  e x h a u s t e d  a n i m a l s ,  r a p i d  a n d  p r o n o u n c e d  m u s c l e  glycogen 

r e s y n t h e s i s  o c c u r e d  i n  b o t h  muscles. 

When the b e t a  e m i s i o n  f r o m  t h e  e x t r a c t e d  m u s c l e  g l y c o g e n  

was q u a n t i f i e d ,  the tracer carbans w e r e  • ’ a n d  go he irxxxpo~ated 

i n  a l l  t r e a t m e n t  groups a n d  i n  b o t h  muscles- G a s t r o c n e m i u s  

m u s c l e  a p p e a r e d  t o  be q u a n t i t a t i v l y  mre a c t i v e  i n  - t h i s  p r o c e s s .  

90wever ,  i n  t h e  g l y c o ~ e n  e x t r a c t e d  f r o m  t h e  a c u t e l y  e x h a u s t e d  



a n i m a l s  t h e  i n c o r p o r a t i o n  o f  t h e  r a d i o l a b e l  was m a r k e d l y  ' 

i n c r e a s e d .  When t h e  s p e c i f i c  a c t i v i t y  of t h e  r a d i o l a b e l  w a s  

e x p r e s s e d  a s  a  r a t e  o f  l a c t a t e  c o n v e r s i o n  to  g l y c o g e n  i t  became 

o b v i o u s  t h a t  t h e  g a s t r o c n e m i u s  m u s c l e  h a d  a  much g r e a t e r  

p o t e n t i a l  t o  p e r f  orrn t h i s  f u n c t i o n .  A c u t e  e x h a u s t i v e  e x e r c i s e  

a c c e l e r a t e d  l a c t a t e  c o n v e r s i o n  t o  g l y c o g e n  i n  t h e  s o l e u s  m u s c l e  

s u c h  t h a t  t h e  r a t e  w a s  not s i g n i f i c a n t l y  d i f f e r e n t  f r o m  

g a s t r o c n e m i u s  m u s c l e .  T h i s  e n h a n c e m e n t  o f  l a c t a t e  t o  g l y c o g e n  

c o n v e r s i o n  f o l l o w i n g  e x h a u s t i v e  e x e r c i s e  w a s  n o t  o b s e r v e d  i n  t h e  

g a s t r o c n e m i u s  m u s c l e .  

The r a t e  o f  tracer o x i d a t i o n  t o  c a r b o n  dioxide w a s  
. , 

s i g n i f i c a n t l y  g r e a t e r  i n  t h e  s o l e u s  m u s c l e ,  a n d  1 2  w e e k s  of 

i n t e r v a l  t r a i n i n g  w a s  o b s e r v e d  t o  e n h a n c e  t h i s  p r o c e s s . '  When t h e  

r a t e  of l a c t a t e  o x i d a t i o n  w a s  c a l c u l a t e d  f r o m  the s p e c i f i c  

a c t i v i t y  of t h e  t racer ,  a c u t e  e x h a u s t i v e  e x e r c i s e  i n d u c e d  a  

d e c r e a s e  i n  t h e  r a t e  o f  l a c t a t e  o x i d a t i o n  i n  b o t h  mscles. 

When t h e  r & e  of lac ta te  c o n v e r s i o n  to  g l y c o g e n  a n d  

o x i d a t i o n  t o  c a r b o n  d i ~ x i d e  were e x p r e s s e d  a s  p e r c e n t a g e s  of t h e  
% - 

t o t a l  l a c t a t e  m e t a b o l i z e d ,  i t  w a s  o b s e r v e d  t h a t  t h e r e  w a s  a  much 

Greater p e r c e n t a g e  o f  l a c t a t e  c o n v e r t e d  t o  g l y c o g e n  i n  t h e  

g a s t r o c n e m i u s  m u s c l e  of a l l  t r e a t m e n t  g r o u p s .  I n  a d d i t i o n ,  a c u t e  

e x h a u s t i v e  e x e r c i s e  i n c r e a s e d  t h i s  f r a c t i o n  i n  b o t h  s o l e u s  

m u s c l e  a n d  g a s t r o c n e m i u s  mscle, w i t h  the r m s t  drama t i c  i n c r e a s e  

b e i n g  d e m n s t r a t e d  i n  the s o l e u s  m u s c l e .  The p e r c e n k a g e  o f  t h e .  

to ta l  lactate ox id ized  w a s  greater i n  t h e  s&ws msde  of a l l  

t r e a t m e n t  g r o u p s  e x c e p t  t h e  a c u t e l y  e x h a u s t e d  g r o u p .  I n  t h i s  

g r o u p ,  t h e  a c u t e  e x h a u s t i v e  r u n  h a d  t h e  e f f e c t  o f  r e d u c i n g  t h e  

f r a c t i o n '  of l a c t a t e  o x i d i z e d  i n  both t h e  s o l e u s  a n d  



g a s t r o c n e m i u s  mscles. 

The i n c o v o r a i f  an of radio label  l e d  l a c t a t e  c a r b o n s  i n t o  

g l y c o g e n  e x t r a c t e d  from b o t h A s o f e u s  a n d  g a s t r o c n e m i u s  mscles 

s u g g e s t s  t h e  p r e s e n c e  of  an  enzyme s y s t e m  i n  m u ~ c l e , ~  g e n e r a l l y  

c o n s i d e r e d  t o  be e x c l u s i v e  t o  t h e  g l u c o n e o g e n i c  t i s s u e s ,  the ' 

l i v e r  and t h e  k i d n e y .  The p r e s e n t  s t u d y  c o n f i r m e d  t h e  e x i s t e n c e  

of p h o s p h o e n o l p y r u v a  te c a r b o x y k i n a s e ,  

f r u c t o ~ e - 1 , 6 - d i ~ h c s p i i a t a s e ,  and t h e  c y t o s o l i c  r u a l i c  e n z y m  i n  

b o t h  t h e  soleus a n d  g a s t r o c n e m i u s  muscle of t h e  r a t ,  With t h e  , 

m e x c e p t i o n  of p h o s ? h o ( e n o l ) p y r u v a t e  c a r b o x y k i n a s e ,  t h e  a c t i v i t i e s  

of t h e s e  e n z y m s  d r d  nut increase as  a r e s u l t  of the txa in ing  . 

programme. T h e  a c t i v i t i e s  of t h e s e  e n z y m s ,  p a r t i c u l a r l y  - - 

f r u ~ t o s e - l , 6 - d i p h ~ r ; h ~ a t a s e ,  ' w e r e  g e n e r a l l y  lower i n  t h e  s o l e u s  

m u s c l e .  T h i s  may be t h e  basis f o r  the g r e a t e r  ra te  of  c o n v e r s i o n  

of l a c t a t e  t o  g lycoge r !  o b s e r v e d  i n  S C ,  T C ,  and  T F  g r o u p s  but , 

a o e s  n o t  e x p l a i n  t h e  o t e n t i a t i d n  of t h i s  p r o c e s s  i n  the s o l e u s  

m u s c l e  of  a c u t e l y  e x h a u s t e d  animals. 



VI . CONCLUSIONS - 
W i t h i n  t h e  l i m i t a t i o n s  of i n v  v i t r o  r o d e n t  e x p e r i m e n t a t i o n  - 

t h . e  f o l l o w i n g  c o n c l u s i o n s  we-re d r a w n  f r o m  t h i s  s t u d y :  

T w e l v e  w e e k s  o f  a  p r o g r e s s i v e  t r e a d m i  11 r u n n i n g  p rogramme 

i n c r e a s e d  t h e  g l y c o g e n  s t o r a g e  c a p a c i t y  of b o t h  s o l e u s  a n d  

g a s t r o c n e m i u s  m u s c l e ,  

R u n n i n g  r e p e a t  o n e  m i n u t e  w o r k / x e s t  i n t e r v a L s  a t  1 m ' s e c - I  

u p  a n  8% g r a d e  w i l l  r e s u l t  i n  s i g n i f i c a n t  g l y c o g e n  d e p l e t i o n  - 

i n  b o t h  s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s ,  w i t h  l i t t l e  

increase  in tf ssue l a c t a t e .  
a' 

F a s t i n g  a n  e x h a u s t e d ,  d e p l e t e d  r a t  f o r  1 2  h o u r s  

w i l l  n o t  m a i n t a i n  t h e  g l y c o g e n  d e p l e - t e d  s t a t e  a s  s i g n i f i c a n t  

m u s c l e  g l y c o g e n  w i l l  b e  r e s y n t h e s i s e d .  

k h e n  l a c t a t e  i s  t h e  o n l y  s u b s t r a t e  a v a i l a b l e  t o  i n c u b a t e d  
- 

s o l e u s  a n d  g a s t r o c n e m i u s  muscle t i s s u e  l a c t a t e  c a r b o n s  will 

se i n c o r p o r a t e d  i n t o  t h e  g l y c o g e n  s tores ,  a l t h m g h  
- -- -. 

g a s t r o c n e m i u s  m u s c l e  t i s sge  h a s  3 much g r e a t e r  c a p a c i t y  f o r  
-L 

t h i s  p y o c e s s .  

G l y c o g e n  r e s y n t h e s i s  f r o m  l a c t a t e  i n  s o l e u s  a n d  

g a s t r o c n e m i u s  m u s c l e s  i s  drama  t i c a l l y  ' e n h a n c e d  by a c u t e  

- e x n a u s t i v e  e x e r c i s e  p e r f  o r m d  i m m e d i a t e l y  g r i o r  t o  

i n c u b a t i o n  o f  m u s c l e  t i s s u e .  

The c o n v e r s i o n  o f  l a c t a t e  to  G l y c o g e n  during o n e  h o u r  

i n c u b a t i o n  a c c o u n t e d  f o r  40% o f  t h e  a c t u a l  m e a s u r e d  
- .  

gfyecqen m n t e n t  sf soleus and g a s t r o c n e m i u s  m u s c l e  s a m p l e d  

f f r o m  e x h a u ~ s t e d  a n i m a l s .  , 

The major f a t e  af t h e  lactate ~ t a b o l - i s e d  b i n c u b a t e d  
, : \ 



s o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e  i s  o x i d a t i o n  t o  c a r b o n  

dioxide. T y p i c a l f y ,  s o f e u s  muscle w i l l  o x i d i z e  87% a n d  

g a s t r o c n e m i u s  6 7 %  of t h e  t o t a l  m e  t a b a l i g e d  l a c t a t e .  

8 .  ' F o l l o w i n g  a c u t e  e x h a u s t i v e  e x e r c i s e  t h e  r a t e  o f  l a c t a t e  - 

o x i d a t i o n  d e c r e a s e d  f r o m  87 t o  50% i n  s o l e u s  m u s c l e  a n d  f r o m  

67% t o  47% i n  g a ' s t r o c n e m i u s  m u s c l e .  

9 .  A c u t e  e x h a u s t i v e  e x e r c i s e  s h i f t s  t h e  f r a c t i o n  o f  l a c t a t e  

c o n v e r t e d  t o  j l y c o g e n  f r o m  13% t"o 4 8 %  i n  s o l e u s  a n d  f r o m  23% 

. to  53% i n  g a s t r o c n e m i u s  m u s c l e ,  

1 0 .  S o l e u s  a n d  g a s t r o c n e m i u s  m u s c l e s  of t h e  r a t  c o n t a i n  

m e a s u r a b l e  q u e i t i e s  of  the g l y  cogenic  e n z y m s  

f i - u c t o s e - 1 , 6 - d i ~ h ~ ~ a t a s e ,  p h o s p h o e n o l p y r u v a t e  

c a r b o x y k i n a s e ,  and  the "rnalic e n z y m M .  

11. T h e  a c t i v i t y  l e v e l s  of ?EP c a r b o x y k i n a s e  a n d  

f ruc tose- l ,6-d iphmpha t a s e  were s i g n i f i c a n t l y  h i g h e r  i n  

g a s t r o c n e m i u s  m u s c l e  when c o m p a r e d  t o  s o l e u s  m u s c l e .  I t w a s  

s u g g e s t e d  that L h i s  m y  account for t h e  g r e a t e r  c a p a c i t y  of 

t h i s  t y p e  o f  t i s s u e  t o  c o n v e r t  l a c t a t e  to  g l y c ~ g e n .  

1 2 ,  T w e l v e  w e e k s  o f  i n t e r v a l  t r a i n i n g  h a d  n o  e f f e c t  o n  

i n c r e a s i n g  t h e  a c t i v i t y  levels of t h e  g l y m g e n i c  e n z y m s  

e x c e p t  f o r  PEP c a r S o x y k  i n a s e  a c t i v i t y  i n  g a s t r o c n e m i u s  

m u s c l e .  

I t  was>ncl_u_ded f r o m  t h e  p r e s e n t  s t u d y  t h a t  l a c t a t e  can 
/ 

s e r v e  a s  a n  i m p o r t a n t .  ? r e c u r s o r  of g l y c o g e n  i n  r a t  s k e l e t a l  

muscle, A l t h w g h  it appears c h a t  t h i s  process is c p a ~ t i t a t i v e l y  

mre i m p o r t a n t  i n  t h e  q a s t r o c n e m i u s  m u s c l e ,  a c u t e  e x h a u s t i v e  

e x e r c i s e  a n d / o r  t h e  a c c o m p a n y i n g  g l y c o g e n  d e p l e t i o n  

s u k t a n t i a l l y  i n c r e a s e s  t h e  r a t e  a n d  e x t e n t  o f  t h i s  p r o c e s s  b o t h  



i n  t h e  g a s t r o c n e m i u s  a n d  s o l e u s  muscle .  The e v o l u t i o n a r y  

- a d v a n t a g e  of b e i n g  a b l e  r a p i d l y  t o  r e c o n v e r t  t h e  end-product  of 

h igh  i n t e n s i t y  w o r k  t o  g l y c o g e n  d i r e c t l y  w i t h i n  the muscle, may 

be a  s t r a t e g y  for enhanc ing  a n  a n i m a l ' s  a b i l t y  t o  s u r v i v e  

r e p e a t e d  " f i g h t  or f l i g h t "  s i t u a t i o n s .  



APPENDIX 1 ,  Buffered Incubation Medium 

addition of 8 mM ~ a +  1- lac ta te  - 



APPENDIX 2. Glycogen Assay 

REAG ENTS 

1. 30% P o t a s s i u m  h y d r o x i d e  s o l u t i o n  ( K O H )  , s a t u r a t e d  w i t h  

sod ium s u l f a t e  (Na2S04) .  

2 .  95% e t h a n o l  

3 .  5% p h e n o l  %- 3 

4.  S t a n d a r d  g l y c o g e n  s o l u t ? o n  25 mg g l y c o g e n  powder  is  

d i s s o l v e d  i n  d i s t i l l e d  w a t e r  t o  10 ?mi, and  lower s t a n d a r d s  
- 

a r e  made by d i l u t i o n .  I .) 

\ PROCEDURE 

1. Muscle  s a m p l e s  of 35-50 mg a r e  tr immed of c o n n e c t n e  t i s s u e ,  .3 

weighed  a n d  f r o z e n  i n  i s o p e n t a n e  c o o l e d  i n  l i q u i d  n i t r o g e n .  

M u s c l e s  a r e  s t o r e d  f r o z e n  a t  -60•‹c. 

2. 0.5 I& of K O H / ~ ~ ~ S O ~  i s L a d d e d  t o  t h e  S a q l e  m a k i n g  s u r e  t h e  

t i s s u e  i s  immersed. '  
\ 

3 .  Po51 20-30 m i n u t e s  u n t i l  t h e  s o l u t . i o n  is hompgenous. 
h- 

C 

4 .  R e m v e  f rom b o i l i n g  b a t h ,  cool b r i e f l y  ( 5  m i r f .  ) i n  ice. 

5 .  Add 0.7 m l  of 95% e t h a n o l  t o  p r e c i p i t - a t e  g l y c o g e n .  

6 .  p u t  s a m p l e s  on  ice  f o r  20-30 m i n u t e s .  

7 .  C e n t r i f u g e  a t  2 0 0 0 . 9  f o r  10 m i g ~ t e s .  

8 .  C a r e f u l l y  a s p i r a t e  a n d  r e t a i n  t h e  s u p e r n a t a n t  l e a v i n g  

p r e c i p i t a t e d  g l y c o g e n  i n  t h e  b o t t o m  o f  t h e  tube. (The 
\ 

ethanol-KOH s u p e r n a t a n t  is r e t a i n e d  f o r  l a c t a t e  a n a l y s i s ) .  

9 ,  Wash t h e  g l y c o g e n  p e l l e t  w i t h  c o l d  66% e t h a n o l  a n d  . 
\ 

c e n t r i f u g e  a t  2000 .9  f o r  10 m i n u t e s .  a 
L* 

' I  

1 0 .  R e p e a t  p r o c e d u r e  8 t h r e e .  t i m e s ,  r e t a i n i n g  a l l  s u p e r n a t a n t s  
/- 

f o r  l a c t a t e  d e t e r m i n a t i o n .  
0 

r 

- i l .  D i s s o l v e  t h e  g l y c o g e n  p e l l e t  i n  ,3-.0 m l  d i s t i l l e d  wa te r . .  
1 



1 2 .  Use, 1 .0  m l  of t h i s  g l y c o g e n - w a t e r  s o l u t i o q  f o r  t h e  a s s a y  by 
-m 

p i p e t t i n g  i t  i n t o  a c1ea.d tes t  t u b e  i n  d u p l i c a t e .  ' A t  t h i s  

p o i n t  p i p e t t e  1 .0  m l  of e a c h  of t h e '  p r e p a r e d  s t a n d a r d s  i n t o  
b - c l e a n  t e s t - t u b e s  i n  d u p l i c a t e .  

13. Add 1 . 0 - m l  of 5 %  ph\nol. 
2 

2 .  
. . 

1 4 .  Add -5.0 m l  of  9 5 - 9 8 % , s u l p h u r i c  a c i d  r a p i d l y  so it d o e s  n o t  
A 

t o u c h  t h e  s i d e s  of t h e  test, t u b e .  ' '., 
1 5 .  A l l w  t o  s t a n d  f o r  10 m i n u t e s ,  s h a k e  a n d  i n  25-30•‹c eK 

' 3  
water b a t ;  f o r  20 m i n u t e s .  - ,  

=, 



- 
APPENDIX 3 .  Lactate Assay 

REAGENTS 
/ 

1. 5 0  mM 2-amino-2-me t h y l  p r o p a n o l  b u f f e r ,  -pH 9.9 

3 .  5 0  mM g l u t a m a t e  

4.. 100 '  pg/ml ( 2 0  u/ml ) l a c t a t e  d e h y d r o g e n a s e  ( b e e f  h e a r t )  0 

5 .  100  ~ g / m l  ( 8  u /ml)  g l u t a m i c - p y r u v i c  t r a n s a m i n a s e  ( p i g  h e a r t )  

PROCEDURE 

1. KOH-e t han01  s u p e r n a t a n t s  a r e  a s p i r a t e d  a n d  r e t a i n e d  

f o l l a w i n g  g l y c o g e n  p r e c i p i t a t i o n  w i t h  e t h a n o l ,  n e u t r a l i z - e d  

w i t h  HCL04 and  d e c a n t e d  f r o m  t h e  K C L 0 4  p r e c i p  t a t e :  4 
2 .  P r e p a r e  a  s o l u t i o n  of 5 0  mM 2-amino-2-me t h y l  p r o p a n o l  b u f f e r  
\ 

c o n t a i n i n g  50 mM g l u t a m a t e  (pH 9 . 9 ) .  

3. P i p e t t e  2.8 r n l  of above  s o l u t i o n  i n t o  r e a c t i o n  c u v e t t e .  

4 .  D i s s o l v e  0 .06  CJ NAD+ i n  1 m l  d i s t i l l e d  w a t e r .  P i p e t t e  a  50 

p l  a l i q u o t  of t h i s  s o l u t i o n  i n t o  t h e  r e a c t i o n  c u v e t t e .  
.a 

5. Add 2 4  u n i t s  of l a c t a t e  d e h y d r o g e n a s e  i n  50 p1 t o  t h e  
"\ 

cuve  t t e .  

6 .  Add 24 u n i t s  of g l u t a m a t e - p y r u v i c  t r a n s a m i n a s e  i n  50 p1 t o  

t h e  cuve  t te .  
' 4 

7 .  Mix c o n t e n t s  of t h e  r e a c t i o n  cuve  t te  t h o r o u g h l y .  

8. P i p e t t e  50 pl .of n e u t r a l i z e d  KOH-ethanol s u p e r n a t a n t  i n t o  

t h e  r e a c t i o n  c u v e  t te .  A t  t h e  same t ime  p i p e t t e  50 p1 of 
1 

p r e p a r e d  l a c t a t e  s t a n d a r d  i n t o  cuve t tes  a t  l e a s t  i n  

&uc*. B 
9 .  Allow r e a c t i o n  t o  o c c u r  - f o r  10-12 m i n u t e s .  - 

1 0 .  Read a t  3 4 0  nk.  

COMIGNTS 



t, 
\ 

1. Because  t h e  enzymes a r e  somewhat u n s t a b l e  a t  t h i s  a ' l k a l i n e  

p H ,  n e i t h e r  enzyme shou Id be a d E a  t o  the r e a g e e - T  'tharr -- 

3 0  m i n u t e s  be•’ ore s t a r t i n g  t h e  r e a c t i o n .  
*..'I 

2 .  A l l  g l a s s w a r e  u s e d  for  r e a g e n t s  and a n a l y s i s  s h o u l d  be 

r e p e a t e d l y  r i n s e d .  I t is recommended t h a t  g l o v e s  be worn 

d u r i n g  t h e  RINSING PROCESS. f ' .  
I 



APPENDIX 4.  Fwctose-1,6-Diphosphatase A ~ s a y  - 

B e t e r m i n e d  o n  the s u p e r n a t a n t  F a c t i o n  6f 5% ( w / v  ) m u s c l e  
V 

h o n o g e n a t e  c e n t r i f u g e d  a t  4Oc f o r  1 0  m i n u t e s  a t  2000.9.  

REAGENTS - 
A.  H o m g e n i z i q g  Medium, pH 7.0  a t  4Oc 

2 .  1 5 4  mM KCL \ 

3. 1 8  m14 m e r c a p t o e t h a n o l  

- 4 .  1 mM EDTA 

8. Assay  Medium, 7 . 5  a t  2 5 O ~  

1. 5 0  mM t r i s - B C l '  

2 .  2 0 mM m e r c a p t o e t h a n o l  

3. 6 mM M ~ S O ~  

4 .  1 mM EDTA ( n e u t r a l i z e d )  

5.  0 . 2  mM NADP 

6 .  0 . 1  mM F r u c t o s e - 1 , 6 - d i p h - p h a t e  

PROCEDURE 

t o  2 m l  o f  a s s a y  medium add :  
- 

1. 4 p g  g l u c o s 4 - 6 - p h o s p h a t e  d e h y d r o g e n a s e  

2 .  4 p g  p h o s p h o g l u c o s e  i s o m e r a s e / 2  m l  a s s a y  medium 

3 .  0 . 0 5  m l  of t i s s u e  p r e p a r a t i o n  



APPENDIX 5. P h o s p h o e n o l p y r u v a  te Carboxyk inase Assay 

D e t e r m i n e d  on  t h e  s u p e r n a t a n t  f r a c t i o n  of  5% ( w / v o l )  m u s c l e  
- - 

homogenate  p r e p a r e d  i n  d i s t i l l e d  w a t e r ,  a n d  c e n t r i f u g e d  a t  4 
s 

OC f o r  1 0  m i n u t e s  a t  2 0 6 0 . ~ .  5 -  . 

REAG ENTS 

Assay Medium, pH 7 .5 a t  25Oc a 

3 .  1.1 mM p h o s p h o e n o l p y r u v a  te ( t r i c y c l o h e x y l a ~ n i u m  s a l t )  

4 .  1 7  mM NaHC03 ( f r e s h l y  g a s s e d  w i t h  5% C 0 2  i n  02)  

6 .  1 - 5 4  mM IDP 

7 .  0 - 0 1  m l  m a l a t e  d e h y d r o g e n a s e  

PROCEDURE - 
1. Add 50 ;1 of c r u d e  e x t r a c k  t o  3 m l  of a s s a y  medium. -.- 
2. Fo l low t h e  r a t e  o f  o x i d a t i o n  o f  N A D H 2  a t  340 nm. 

3 .  %Run a c o n t r o l  cuve  t t e  o m i t t i n g  N a H 0 3  to  compensa t e  f o r  t h e  

n o n s p e c i f i c  o x i d a t i o n  of  N A D H 2 .  



APPENDIX 6 .  Malic Enzyme Assay 

D e t e r m i n e d  on  t h e  s u p e r n a t a n t  f r a c t i o n  of a 1 0 %  ( w / v )  m u s c l e  

homogena t e  c e n t r i f u g e d  a t  ~ O C  f o r  10  m i n  a t  2000 .9 . .  

REAGENTS . 
A. H o m g e n i z i n g  ~ e d i u h ,  pH 7 . 4 .  

1. 1 7 5  mM KCL - 
2 .  1 0  mM g l u t a t h i o n e  . *I 

3 .  2 mM EDTA 

'B. Assay  Medium, pH 7 .7  a t  2 6 O ~  

1. 54  mM t r i e  t h a n o l a m i n e  b u f f e r  c o n t a i n  ing :  

3 .  3 - 4  mM'MgC12 
1 a 

4 .  0 .218  M N A D P  

5 .  0 .1  m l  of e n  yme 3 
PROCEDURE 

The r e a c t i o n  is f o l l o w e d  by m e a s u r i n g  t h e  i n c r e a s e  i n  

a b s o r p t i o n  a t  340  nm. 
ell 

The r e a c t a n t i  a r e  a d d e d  t o  t h e  c e l l  w h i l e  it i s  i n  p o s i t i o n  
I 

i n  t h e  h o l d e r .  A f t e r  t h e  a d d i t i o n  of a l l  t h e  r e a c t a n t s  

e x c e p t  enzyme 2  m i n .  is  a l l o w e d  f o r  t e m p e r a t u r e  

e q u i l i b r a t i o n :  

The enzyme i s  a d d e d  t o  s t a r t  t h e  r e a c t i o n  a n d  a l l  c o n t e n t s  , 

a r e  s t i r r e d  v i g o r o u s l y  f o r  10-15 kec. 

The f i r s t  r e a d i n g  i s  t a k e n  30 sec. a f t e r  a d d i t i o n  o f  \enzyme 
L 

a n d  e v e r y  3 0  sec. f o r  ,4 m i n . ,  or e v e r y  '15 sec. f o r  2 m i n .  
- -- 



APPENDIX 7 REVIEW OF LITBRATURE 

The me tabol ic  s i g n  i f i c a n c e  of the -th;ee c a r b o n  mlecu le 

l - l a c t a t e ,  h a s  been  t h e  o b j e c t  of c o n s i d e r ~ b l e  s c ~ . l $ n t i f i c  - 
i n v e s t i g a t i o n  s i n c e  i t s  f i r s t  r e p o t t e d  d i s c o v e k y  i n  t h e  musc le  

< i" 

t i s s u e  of  f a t i g u e d  game ( C i t e d  f r o m  Hermansen a n d  Vaage, 1 9 7 9 ) .  
1, 5 

S i n c e  t h e n  p h y s i o l o g i s t s  a n d  b i d c h e m i s t s  a l i k e  have d e v o t e d  much 

h ri' 

t i m e  t o  t h e  s t u d y  of t h i s  m e t a b o  i t e .  The l a c t a t e  m l e c u l p  

m a i n t a i n s  an  i n t i m a t e  a s s o c i a t i o n  " i t h  p r o c e s s e s  f "ndemen ta l  

t h e  p e r f o r m a n c e  o f  n o r m a l  work t a s k s  t h o s e  t a s k s  r e s e r v e d  

f o r  elitre a t h l e t i c  p e ~ f  o r m a n c e ~ .  - 

L a c t a t e  p r o d u c t i o n  is a  s p r a t e g y  a d o p t e d  by a  c e l l  7 
m a i n t a i n  a  m i l e a u  i n t e r n  c o n d u c i v e ,  t o  d r i v e  t h e  e n e r g y  p r o d u c i n g  

breakdown of g l y c o g e n .  The  p r o d u c t i o n  of l a c t a t e  is  n o t ,  

however ,  w i t h o u t  compromise.    act ate i t s e l f  i s  c o n s t a n t l y  t o u t e d  

as,  a n  i m p o r t a n t  f a c t o r  i n  t h e  g e n e s i s  of f a t i g u e  and  t h u s  a  
.e 

1 i m i t e . r  of . o n e ' s  a b i l i t y  t o  p e r f o r m  m u s c u l a r  w o r k . ' T h i s  r e v i e w  

a t t e m p t s .  t o  r e l a t e  t h e  r e l e v a n t  i n • ’  orma t i o n  r e g a r d i n g  t h e  

p r o d u c t i o n  of l a c t a t e ,  i ts  r e l a  t i o n  t o  g l y c o g e n  m e t a b o l i s m ,  and  

i ts  r o i e  i n  f a t i g u e .  The mechanism of  l a c t a t e  a c i d  r e m v a . 1 ,  a s  

it r e l a t e s  t o  g l y c o g e n ' m e t a b o l i s m ,  is  a l s o  c o n s i d e r e d .  
s 

LACTATE PRODUCT ION , ACCU MULAT ION D RELEASE - 
I n  t h e  g l y c o l y t i c  c a s c a d e ,  r e g u l a t i o n  of g l y c o l y s i s - W D P  

--% 

p r o v i d e s  a n  automa t i c  a d j u s t m e n t  of c a r b o h y d r a t e  m e t a b o l i s m  
\ 

s u p p l y i n g  h i g h  e n e r g y  p h o s p h a t e  f o r  m e t a b o l i c  p r o c e s s e s ,  s u c h  a s  

m u s c l e  c o n t r a c t i o n .  Hcwever,  an a c c u m u l a t i o n  of ADP c a n n o t  

a c c e l e r a t e  g l y c o l y s i s  t o  t h e  r a t e  r e q u i r e d  t o  match  e n e r g y  

c o n s u m p t i o n  i n  h i g h  i n t e n s i t y  e x e r c i s e  u n l e s s  t h e  NADH b e i n g  



. .  
p r o d u c e d  i s  somehow r e - o x i d i ~ e d . ~  I f t h e  c y  t c p l a s m i c  NAD/NADH 

r a t i o  i s  l w ,  t h e  rb te  of g l y c o l y s i s  i s  s l o w e d ,  T h i s  i m p l i e s  
% 

t h a t  work can  o n l y  p r o c e e d  a t  a  r e d u c e d  r a t e  o C  mus t  c e a s e  

a l t  oge  t h e r .  
P 

I n  r e s t i n g  s t a t e s  a n d  i n  low i n t e n s i t y / l o n g  d u r a t i o n  

e x e r c i s e ,  r e d u c i n g  e q u i v a l e n t s  i n  t h e  f o r m  of  NADH a r e  u s e d  a s  

s u b s t r a t e  f o r  i n t e r m i t o c h o n d r i a l  o x i d a t i v e  p h o s p h o r y l a  t i o n .  . . 
L 

S i n c e  NADH c a n n o t  d 5 f f u s e  a c r o s s  t h e  m i t o c h o n d r i a 1  membrane a 

number of hydroQen ion s h u t t l e  mechanisms  have b e e n  p o s t u l a t e d  

( ~ a r p e r  -- e t  d l . ,  19761 .  When f a c e d  w i t h  a n  e x c e s s i v e  m e t a b o l i c  

l o a d  a s  imposed  by h i g h  i n t e n s i t y  e x e r c i s e ,  t h e  s h u t t l i n g  of 

r e d u c i n g  e q u i v a l e n t s  i n t o  t h e  m i t o c h o n d r i a  may become 

compromised.    his s i t u a t i o n  wcu l d  l e a d  t o  an u n f a v o r a b l e  r e d o x  

s t a t e  o f  t h e  m u s c l e  c y t o s o l  a n d  lower g l y c o l y t i c  a c t i v i t y  

( E d i n g t o n  e t  a l . ,  1 9 7 1 ;  Wendt and  Chapman, 1 9 7 6 ;  Fvenger and  -- 
Reed,  1 9 7 6 ) .  I n  a c t u a l  f a c t  t h e  c y t o s o l i c  NAD/NADH r a t i o  is 

o b s e r v e d  t o  i n c r e a s e  1 4  f o l d  ( E d i n g t o n ,  1 9 7 1 ) .  The  c o n s e q u e n c e  

of , m i n t a i n i n g  t h i s  r a t i o  is t h e  f o g m a t i o n  of l a c t a t e  f r o m  

p y r u v a t e .  Thus  t h e  m a i n t a l n a n c e  of  a  mre o x i d i z e d  c y t o p l a s m  

d u r i n g  p e r i o d s  of e x c e s s i v e  e n e r g y  demands i n • ’  ers t h e  forma t i o n  

of l a c t a t e .  F i g u r e  1 2  d i a g r a m s  t h e  f o r m a t i o n  of l a c t a t e  t h r o u g h  

t h e  c lose  c o u p l i n g  of  t w o  p y r i d i n e  n u c l e o t i d e  l i n k e d  r e a c t i o n s  

e a c h  c a t a l y s e d  by s p e c i f i c  de ' hyd rogenases .  

D u r i n g  i n t e n s e  e x e r c i s e  o f  n e a r  +o2max, t h e  FG motor u n i t  

pool i s  s u b s t a n t i a l l y  r e c r u i t e d  ( ~ Q e r t o n  e t  a l . ,  1973;  G o l l n i c k  - - 
A 

e t  a l . ,  1 9 7 3 a , ,  1973c . ;  Tesch  and  K a r l s s o n ,  1 9 7 7 )  r e s u l t i n g  i n  -- 
an  i n c r e a s e d  p r o d u c t i o n  of l a c t a t e  ( B e r g s t r o m  e t  e., 1 9 7 1 ;  

S a l t i n  e t  a l . ,  1 9 7 1 ) .  T h i s  i n c r e a s e d  p r o d u c t i o n  is c r e d i t e d  t o  -- 



P- 

FIGURE 12. THE FORMATION OF LACTATE 



. '3 
t h e  p r e s e n c e  a n d  h i g h e r  a c t i v i t y  of t h e  M' i sozyme of l a c t a t e  

d e h y d r o g e n a s e  (LDHI fTesch  -- e t  a l . ,  1 9 7 8 Y ' a n c f . t o  t h e  i n c r e a s e d  
- 

t a c t i v i t y  of t h e  enzynre i t s e l f  (Tesch  a n d  K a r l s s o n ,  1 9 7 7 ) .  LDH 

e x i s t s  a s  f i v e  isozyrt-es which c a n  b e  d e t e c t e d  a n d  s e p a r a t e d  by - 

g e l  e l e c ~ r o p h o r e s i s .  A l t h a g h  a l l  LDH isozymes  c a t a l y z e  t h e  same 

r e a c t i o n ,  t h e y  d i f f e r  i n  t h e i r  d e p e n d e n c e  o n  s . & s t r a t e ,  

p a r t i c u l a r l y  p y r u v a t e .  The H'* isozyrre o f  LDH. which  p r e d o m i n a t e s .  
i 

i n  s low t w i t c h  o x i d a t i v e  f i b r e s  (SO)  a n d  t o  a c e r t a i n  e x t e n t  i n  

t h e  o x i d a t i v e  f i b r e  p r o p e r t i e s  of f a s t  t w i t c h  

o x i d a t i v e / g  l y c o l y t i c  f i b  es ( F O G ) ,  is i n h i b i t e d  by r e l a t i v e l y  

l o w  c o n c e n t r a t i o n s  of p y r u v a t e .  The M i sozyme,  found  i n  f a s t  ' 

twitch g f y m f y t i c  fibres a n d  t o ' a  c e r t a i n  e x t e n t  i n  FOG f i b r e s ,  

m a i n t a i n s  i t s  a c t i v i t y  a t  h i g h  c o n c e n t r a t i o n s  of p y r u v a  t'e 

( C l o s e ,  1 9 7 2 )  .. 'On t h e  b a s i s  of t h e s e  d i f f e r e n c e s  i t  h a s  been 

s u g g e s t e d  t h a t  t h e  H form o f  LDH is i n h i b i t e d  when p y r u v a t e  

l e v e l s  r i s e  d u r i n g  p e r i o d s  of r a p i t l , , g l y c o l y s i s ,  t h u s  f a v o r i n g  

t h e  r e m v a l  of p y r u v a t e  v i a  o t h e r  m e t a b o l i c  p a t h w a y s .  T h e s e .  

p a t h w a y s  * i n c l u d e  the o x i d a t i v e  u t i l i z  a t i n n  of p y r u v a  te i n  t h e  

m i t o c h o n d r i a  ( K r e S s  C y c l e  ) ,  t h e  c o n v e r s i o n  of p y r u v a  te a n d  C 0 2  . 

t o  m a l a t e  v i a  t h e  malic enzyxe  ( E C  1 .1 .1 .40 )  a n d  t h e  
#: 

t r a n s a m i n a t i o n  t o  a l a n i n e  v i a  g l u t a m a  t e - p y r u v a  te t r a n s a m r n a s e  
, % - \ 

( ~ o l e ? e - t  -- a l . ,  1 9 7 3 ) .  I n  FT f i b r e s  i n  wh ich  r a p i d  r e l e a s e  o f  

e n e r g y  may b e  needed ,  t h e  p r e d o m i n a n t  M-isozyme w i l l  m a i n t a i n  

c a t a l y t i c  e f f i c i e n c y  e v e n  a t  h i g h  pyruva  t e  c o n c e n t r a t i o n s ,  t h u s  

a l l o w i n g  g l y c o l y s i s  t o  p r o c e e d  a t  a  r a p i d  r a t e ,  f o r m i n g  l a c t a t e  

a s  a n  e n d  2 r o d u c t .  

Tes* f i 9 8 0 )  dermnstrated t h a t  fol lowing s h o r t  term cycling 

e x e r c i s e ,  i n d i v i d u a l  v a r i a t i o n  i n  l a c t a t e  c o n c e n t r a t i o n  



c o r r e l a t e d  p m i t i v e l y  w i t h  t h e  p e r c e n t a g e  o f  FT f i b r e s  i n  t h e  

m u s c l e .  T h e s e  d a t a  c o n f i r m e d  e a r l i e r  f i n d i n g s  t h a t  m u s c l e  m o t o r  

u n i t  d i s t r i b u t i o n  w i l l  i n  p a r t  d e t e r m i n e  t h e  m e t a b o l i c  q u a l i t y  

o f  t h e  m s c l e  i n  terms of i t s  p o t e n t i a l  f o r  l a c t a t e  f o r m a t i o n  

( K a g l s s o n  e t  a l . ,  1 9 7 4 ;  S j o d i n ,  1 9 7 6 ) .  H o w e v e r ,  r e c r u i t m e n t  o f  -- 
m u s c l e  f i b r e s ,  a s  d e t e r m i n e d  v i a  g l y c o g e n  d e p l e t i o n  s t u d i e s ,  

d o e s  n o t  a c c u r a t e l y  r e f l e c t  t h e  a c t u a l  l a c t a t e  c o n c e n t r a t i o n .  

T e s c h  e t  a l . ,  ( 1 9 7 8 )  d e m o n s t r a t e d  a d i f f e r e n t i a l  a c c u m u l a t i o n  of -- 
l a c t a t e  i n  FT f i b r e s  d u r i n g  t h e  f i r s t  3 0  seco_n_ds o f  e x e r c i s e  

w i t h  t h i s  d i f f e r e n t i a l  d i s a p p e a r i n g  a f t e r  o n e  m i n u t e  o f  w o r k .  

T h i s  e f f e c t  h a s  b e e n  e x p l a i n e d  i n  t h e  p a s t  o n  t h e  b a s i s  of 

p r e f e r e n t i a l  r e c m i t r n e n t  o f  FT mtor u n i t s  e a r l y  in r a p i d  

d y n a m i c  c o n t r a c t i o n s  ( B u r k e  a n d  E d g e r t o n ,  1 9 7 5 ) ,  h a w e v e r ,  it is 

more l i k e l y  d u e  t o  a  l o w e r  r a t e  o f  l a c t a t e  e f l u x  f r o m * ~ ~  f i b r e s  

d u e  t o  p o o r e r  c a p i l l a r i z a t i o n  ( A n d e r s e n ,  1 9 7 5 ) .  u s i n g  s e p a r a t e d  

f i b r e  f r a g m e n t s  f r o m  s e l e c t e d  motor u n i t  p o o l s ,  T e s c h  ( 1 9 8 0 )  

con• ’  i r m e d  e a r l i e r  f i n d i n g s  t h a t  t h e r e  is h i g h e r  l a c t a t e  

p r o d u c t i o n  i n  FT m t o r  u n i t s  a s  c o m p a r e d  t o  S O  mtor u n i t s ,  w i t h  

p e a k  v a l u e s  r e a c h i n g  53 mmoles*kgm- l  w e t  w e i g h t .   owe*, when 

m a x i m a l  work ( i s o k  i n e t i c  k n e e  e x t e n s i o n s  ) w a s  p e r f o r m e d  f o r  

d u r a t i o n s  e x c e e d i n g  25 s e c o n d s  t h e  l a c t a t e  a c c u m u l a t i o n ,  

e x p r e s s e d  a s  a  FTLST r a t i o ,  d e c r e a s e d  f r  1.4 t o  1. T h i s  7 
s u g g e s t s  t h a t  a l a c t a t e  ' • ’ 1 ~ '  i s  o c c u r i n g  f r o m  FT t o  S T  f i b r e s  - - 
a s  d e s c r i b e d  by E s s e n  e t  a l .  ( 1 9 7 5 ) ,  m e d i a t e d  by membrane b a n d  -- 

# 

H-LDH ( S & n , ) 1 9 7 6 ) .  T h i s  may e x p l a i n ,  i n  p a r t ,  t h e  l a c t a t e  

c o n t e n t  i n  ST  fibres. 

S i n c e  lactate is an o r g a n i c  a c i d ,  its i n t r awscu lax  

a c c u m l a t i o n  l e a d s .  t o  a d r o p  i n  pH. D u r i n g  d y n a m i c  e x e r c i s e  t o  



e x h a u s t i o n  t h e  p H  of m. q u a d r i c e p s  f emris of man h a s  been  shown 

t o  d r o p  f rom a  w a n  of 7 .08  t o  6.60 ( S a h l i n  e t  a l . ,  1 9 7 6 ) .  -- 
Hermanssen a n d  O s n e s  ( 1 9 7 2 )  showed b lood  pHs f o l l a w i n g  

s u p r a m a x i m a l  c o n t i n u o u s  a n d  supramaxima 1 i n t e r m i t t e n t  g x e r c i s e  

of 7 . 4 2  and 6 .8 ,  w h i c h  c o r r e s p o n d  t o  a  c o n s i s t a n t l y  l ower  

i n t r a m u s c u l a r  p H  of 6 . 4 1  f o r m a x i m a l  i n t e r m i t t e n t  e x e r c i s e .  T h e s e  

r e s u l t s  a r e  c o n s i s t a n t  w i t h  t h e e  o f  S a h l i n  e,t a l . ,  ( 1 9 7 5 ,  -- 
1 9 7 6 ) .  

The  c o n c e n t r a t i o n  of l a c t a t e  i n  t h e  b l o o d  h a s  c l a s s i c a l l y  

k e n  u s e d  t o  p r o v i d e  a  d e s c r i p t i o n  of t h e  m e t a b o l i c  s t a t e , o f  t h e  
- 

m u s c l e .  H w e v e r , '  p r e s e n t  e v i d e n c e  d e m o n s t r a t e s  c l e a r l y  t h a t  t h i s  

is i n a d e q u a t e  a n d  t h a t  t h e  c o n c e n t r a t i o n  of  l a c t a t e  i n  t h e  b l b o d  

s imply i n d i c a t e s  t h a t  t h e  p r o d u c t i o n  or c e l l u l a ;  r e l e a s e  o f  . 

l a c t a t e  e x c e e d s  t h e  r a t e  o f  r emova l ,  a s  a  dynamic  b a l a n c e  e x i s t s  

be tween  t h e  two. T e s c h  ( 1 9 8 0 )  i n  a  s t u d y  o fmax ima l  one  l e g g e d  * 

c y c l i n g ,  showed t h a t  a f t e r  50maxima 1 c o n t r a c t  i o n s  muscle l a c t a t e  

e x c e e d e d  b l o o d  l a c t a t e  e i g h t  f o l d .  F u r t h e r n u r e ,  t h e  h i g h e s t  

-b lood  l a c t a t e  w a s  d e m o n s t r a t e d  i n  s u b j e c t s  w i t h  t h e  l a w e s t  

m u s c l e  1 a c t . a t e  a n d  v i c e  versa. A n e g a t i v e  r e l a t i o n s h i p  was 

d e n o n s t r a t e d  be tween  blood l a c t a t e  c o n c e n t r a t i o n  a n d  f a t i g u e ,  

w i t h  h i g h  b lood  l a c t a t e s  i n  s u b j e c t s  r e s i s t a n t  t o  f a t i g u e  a n d  

Iw v a l u e s  i n  s u b j e c t s  more f a t i g u ' a b l e .  
' 

A f t e r  c e s s a t i o n  of e x e r c i s e  peak  b lood  l a c t a t e  v a l u e s  may 

n o t  becone  e v i d e n t  f o r  u p  t o  10 m i n u t e s  (Bonen and B e l c a s t r o ,  - 

1 9 7 7 ) .  T h e  marked d i f f e r e n c e  between '  s k e l e t a l  m u s c l e  a n d  b lood  
- - - 

l a c t a t e  c o n c e n t r a t i o p s  o b s e r v e d  d u r i n g  h e a v y  e x e r c i s e  

d e m o n s t r a t e s  a c o n c e n t r a t i o n  g r a d i e n t  f rom m u s c l e  t o  b l o o d  

(Tesch,  1980 ;  S a h l i n ,  1 9 7 6 ;  , K a r l s s o n ,  1971a ;  K a r l s s o n  e t  a l . ,  -- 



1968.) .  T h i s  g r a d i e n t  s u g g e s t s  t h a t  t h e  t r a n s l o c a t i o n  o f  l a c t a t e  

a c r o s s  t h e  m u s c l e  m m b w e  i s  h i n d e r e d  a n d  implies that lactate 
7 

t r a n s p o r t  may be v i a  a  c a r r i e r  mechanism, r a t h e r  t h a n  by s i 4 l e  
7 r' 

d i f f u s i o n  ( S a h l i n ,  1976; H i r c h e  -- e t  a l . ,  1 9 7 0 ) .  K a r l s s o n  et e. 
( 1 9 7 2 )  examined  t h e  l a c t a t e  r e l e a s e  rocess f r o m  c o n t r a c t i n g  
I 

c a n i n e  m. g r a c i l i s  a n d  a r r i v e d  a t  Kq.'and Mnax v a l u e s  f o r  l a c t a t e  

r e l e a s e  s im i l a r  t o  t h e  v a l u e s  o b t a i n e d  i n  t h e  two p r e v i o u s  

s t u d i e s .  I n  a l l  of t h e s e  i n v e s t i g a t i o n s  a  w e l l  d e f i n e d  l e v e l l i n g  

o f f  i n  l a c t a t e  release was  o b s e r v e d  a t  h i g h e r  t i s s u e  l a c t a t e  

c o n c e n t r a t i o n s  i n d i c a t i n g  t h a t  t h e  t r a n s l o c a t i o n  mechanism w a s  . 

-1 
s a t u r a t e d  (Mainwood a n d  Worsley-Brown, 1 9 7 5 ) .  I n  a c c o r d a n c e  w i t h  

a n i m a l  e x p e r i m e n t s  J o r f e l d t  -- e t  a l .  (1978)  showed a  l e v e l l i n g  o f f  

of l a c t a t e  r e l e a s e  f rom m. v a s t u s  l a t e r a l i s  w i t h  i n c r e a s e d  

l a c t a t e  c o n c e n t r a t i o n s  t h a t  c o u l d  n o t  be e x p l a i n e d  by i n a d e q u a t e  

l e g  b l o o d  f l w .  The  maximal  r e l e a s e  r a t e  o f  t i s s u e  l a c t a t e  . 

a p p e a r s  t o  be of t h e  o r d e r  of 4 -5  mmoles*kgm-l-min-l .  T h e s e  

o b s e r v a t i o n s  a r e  s u p p o r t e d  by J o r f e l d t ' s  e a r l i e r  o b s e r v a t i o n s  of 

a n o n l i n e a r  r e l a t i o n s h i p  be tween  l a c t a t e  u p t a k e  a n d  a r t e r i a l  

l a c t a t e  i n f l o w .  T h i s  s u g g e s t e d  t h a t  a  s a t u r a t i o n '  s t a t e  may a l s o  ' 

e x i s t  i n  t h e  mechanisms r e s p o n s i b l e  f o r  l a c t a t e  . u p t a k e  i n  t o  

e x e r c i s i n g  m u s c l e s  ( J o r f  e l d t ,  1 9 7 0 ) .  

fl 
S a h l i n  ( 1 9 7 6 )  s u g g e s t e d  t h a t  t h e  l a c t a t e  t r a n s l o c a t i o n  

mechanism may be a pH i n • ’  l u e n c e d  s y s t e m .  I n  a c c o r d a n c e  w i t h  t h i s  

s u g g e s t i o n  H i r c h e  e t  a l .  ( 1 9 7 5 )  f o u n d  t h e  l a c t a t e  p e r m e a t i o n  -- 
r a t e  i n  i s o l a t e d  c a n i n e  m. g r a c i l i s  t o  be  i n c r e a s e d  by N a H 0 3  

'? 
i n d u c e d  m e t a b o l i c  a l k a l o s i s  ( p H  7 . 5 )  i n  c o m b i n a t i o n  w i t h  l m  H+ 

a c t i v i t y .  The o p p o s i t e  r e s u l t s  o c c u r r e d  w i t h  H C ~  i n d u c e d  . 
ine t a b o l i c ' a c i d o s i s  (pH 7 . 0 ) .  Thus  by l o w e r i n g  pH, musc le  l a c t a t e  



p e r e a b i  l i t y  is d e c r e a s e d  i n d i c a t i n g  a  c h a n g e  i n  membrane 

p r o p e r t i e s .  4 
t 

-- 
L 

LACTATE, pH- and* FATIGUE - 
I n  t h e  p e r f o r m a n c e  of p h y s i c a l  work it is i m p e r a t i v e  t h a t  Y! 

t h e  p r o c e s s e s  g e n e r , a t i n g  ATP keep p a c e  w i t h  t h o s e  d e g r a d i n g  i t ,  

e l s e  t h e  i n t e n s i t y  of work mst  d e c r e a s e  or  c e a s e  a l t o g e t h e r .  

The t r a n s i e n t  s t6te of f a t i g u e  h a s  a  a  complex  e t i o l o g y .  With 

t h e  a d v a n c e m n t  of a c c u r a t e  t e c h n i q u e s  of m u s c l e  l a c t a t e  

d e t e r m i n a t i o n ,  s i g n  i f  i c a n t  i n v e r s e  c o r r e l a t i o n s  have  b e e n  s h m n  

t o  e x i s t  e t w e e n  m u s c l e  t e n s i o n  a n d  l a c t a t e  d u r i n g  f a t i g u e  7' 
( r = - 0 . 9 9 )  a n d  d u r i n g  r e c o v e r y '  ( r = - 0 . 9 2 )  ( F i t t s ,  1 9 7 6 ) .  L a c t i c  

a c i d  i s  a  r e l a t i v e l y  s t r o n g  p . r o t o n  d o n o r  ( p k = 3 . 6 )  a n d  t h u s  

e x i s t s  i n t e r c e l l u l a r l y  i n  t h e  a n i o n i c  form.  T h e  c o n c e p t  t h a t  

l a c t i c  a c i d  a n d  i t s  a s s o c i a t e d  pH a f f e c t s  r e s u l t s  i n  musc le  

f a t i g u e  ha?  c o n s i d e r a b l e  t h e o r e t i c a l  a p p e a l ,  s i n c e  e v i d e n c e  

e x i s t s  f o r  s e v e r a l  mechanisms t h a t  would  i n t e r f e r e  w i t h  

c o n t r a c t i l e  f u n c t i o n .  

Muscle  c o n t r a c t i o n  i s  i n i t i a t e d  by a  r e l e a s e  o f  c a l c i u m  

i o n s  f r o m  s i tes  on  t h e  t e r m i n a l  c i s t e r n a e  o f  t h e  s a r c o p l a s m i c  

r e t i c u l u m ,  c o u p l e d  t o  t h e  p a s s a g e  o f  l o c a l  c u r r e n t  f l o w  t h r o u g h  

' t h e  a r e a .  C a l c i u m  i n  t u r n  a l l o w s  t h e  f o r m a t i o n  of cross b r i d g e s  (/ 
and  t h e  release of  p r o d u c t s  pf ATP h y d r o l y s i s .  The  mximum 

ATPase a c t i v i t y  of a c t o m y o s i n  is d e c r e a s e d  bfi 25% when pH 

d e c r e a s e s  f r o m  7.0 t o  6.5 ( P o r t z e h l  e t  a l . ,  1 9 6 9 )  wh ich  is a l s o  -- 
r e f 1 e c t e d . b ~  an i n c r e a s e  i n  t h e  r e q u i r e d  a m u n t  o f  ~ a + +  f o r  

obt%inirigmaximum a c t i v a t i o n . .  Fuchs e t  a l .  ( 1 9 7 0 )  d e m o n s t r a t e d  . -- 
t h a t  a  l o w e r i n g  of pH d e c r e a s e s  t h e  a f f i n i t y  of t r o p o n i n  f o r  



--. . 
. c a l c i u m  a n d  d e s t a b i  l i z e s  t h e  c a+ ' / t roponin complex.  I n  addi t o n  

! t o  t h e  d i r e c t  a f f e c t  of H+ o n  t h e  ra te  o f  ATP h y d r o l y s i s ,  t h e s e  
# 

- a u t h o r s  s u g g e s t e d  a  c o m p e t i t i v e  i n t e r a c t i o n  of H +  f o r  c a l c i u m  
% 

* 
b i n d i n g  sites o n  t r a p o n i n .  R e c e n t  e v i d e n c e  by  F u c h s  ( 1 9 7 9 )  a n d  

by S t u l l  a n d ' B u s s  ( 1 9 7 8 )  d e m o n s t r a t e d  t h a t  i n  ' t h e  p r e s e n c e  o f  
.Bk 

magnesium i n  a  c a l c i u m  b u f f e r e d  medium, H +  d i s p l a c e m e n t  o f  c a + +  

f rom b i n d i n g  s i tes  was  n o t  a  l i k e l y  f a t i b e  mechanism. H c u e v e r ,  

s u p p o r t  f o r  s u c h  a  m e c h a n i s m - i s  p r o v i d e d  by t h e . d a t a  o f  

R o b e r t s o n  -- e t  a l .  ( 1 9 7 8 )  s h m i n g  t h a t  pH had no  e f f e c t  o n  c a + +  

b i n d i n g  t o  c ~ + + / M ~ + +  b i n d i n g  sites. on  t r o p o n i n ;  however ~ a + +  

b i n d i n g  t o  ~ a + +  s p e c i f i c  s i t es  on  t r o p o n i n  w a s  pH d e p e n d e n t  o v e r  
1 

a r a n g e  f rom 7.5 t o  6 .0 .  K e n t i s h  a n d  N a y l e r  ( 1 9 7 8 )  showe-d t h a t  a  

d r o p  i n  pH, f rom 7.2 t o  '6.4 p r o d u c e d  a n  i n c r e a s e  i n  ~ a + +  

r e q u i r e m e n t s  f o r  h a l f  a c t i v a t i o n  of f i v e  f o l d  i n  c a r d i a c  and  
"9 

• ’ c u r  f o l d .  in' s k e l e t a l  m u s c l e .  I n  a d d i t i o n ,  t h e  a f f i n i t y  of t h e  

s a r c o p l h c  r e t i c u l u m  f o r  c a i +  depend. specifically on  pH. 

Nakamuru and  S c h w a r t z  ( 1 9 7 2 )  d e m o n s t r a t e d  t h a t  a  d r o p  i n  pH to  

6.5 l e d  t o  i n c r e a s e d  p r o t e i n  b i n d i n g  of  c a l c i u m  t o  S R .  

p a n n i e r  -- e t  a l .  ( 1 9 7 0 )  have  h y p o t h e s i z e d  t h a t  t h e  

e x c i t a b i l i t y  of s k e l e t a l  m u s c l e  i s  pH d e p e n d e n t .  Brooks  a n d  

H u t t e r  ( 1 9 6 3 )  f o u n d  a  d e c r e a s e  i n  C 1 -  c o n d u c t a n c e  w i t h  a  . 
d e c r e a s e  i n  pH c a u s i n g ,  h i g h e r  t h r e s h o l d  p o t e n t i a l ,  slower 

a c t i o n  p o t e n t i a l .  p r o p o g a t i o n  a n d  sluwer rise a n d  f a l l  of t h e  

a c t i o n  p o t e n t i a l .  Wenger and R e i d  ( 1 9 7 6 )  s u g g e s t e d  t h a t  a 

d e c r e a s e  i n  pH may r e s u l t  i n  a  h y p e r p o l a r i z e d  s t a t e  o f  t h e  

m m b r a n e  by a f f e c t i n g  t h e  p e r m e a b i l i t y  of ~ a +  a n d  K+. The 

p h p s i o l o g f  caf s i g n i f i c a n c e  of  t h e s e  r e s u l t s  r e m a i n s  o b s c u r e  b u t *  

it  is a p p a r e n t  t h a t  t h e  i n t e r a c t i o n  be tween  hydrogen  i o n s  a n d  



s a r c o l e m a  1 f u n c t i o n  re  i n t r i c a t e  a n d  numehus ' .  
2 

The p o s s i b l e  a f f e c t s  of pH o n  e n e r g y  t r a o s d w c t i a n ~ t h &  
C 

1 

m i t o c h o n d r i a  h a s  a ' l s o  b e e n  - G v e s t i g a  t e d .  M i t c h e l s o n  and  H i r d  
K % a 

(L973)  showed t h a t  o x i d a t i v e  p h c s p h o r y l a t i o n  w a s  q u i t e  
# -1 

u h a f f e c t e d  by ex&ami*ochoi$drial pH In t h e  r a n d e  6•’ 6 . 5  to  7 . 0 ,  

w h e r e a s  s e v e r e  i n h i b i t i o n  w a s  o b t a i n e d -  a t  pH 6 . 0 .  Senge-  ( l 9 7 ' 5 ) ,  ' 

1 
L 

u s i n g  - I - l a c t a  te i n  t h e  c - o n c e n t r a t i o n  r a n g e  - s e e n  a • ’  ter  i n t ' e n s e  . 
. . 

e x e r c i s e ,  le  t o  p q r t i a l l y  u n c o u p l e  o x i d a t i v e  

d u e L t o  t h e  l y s i n g  a f f e c t s  of l a c t i c  

a a c i d  on  t h e  c r i s t a e  of  t h e  m i t o c h o n d r i a 1  membrane. Hydrogen  i o n  

i s  a l s o  t h o u g h t  t o  be  i n t i m a t e l y , r e l a t e d  t o  c a l c i u m  u p t a k e  by 
Y - - 

( M i t c h e l l  a n d  Moyle. 1 9 6 7 ;  Chance,  1 9 6 5 )  . > i g h  
--% i -  

i n t r a m i t o c h o n d r i a l  c a l c i *  c o n c e n t r a z i p n  i s  b e l i e v e d  by s e v e r a l  
'p . , 

i n v e s t i g a t o r s  t o  b e  a a o r t a n t  f a t i g u e  f a c t o r  (Bonne r  al,, 
5 .  1 

B 1976 ;  T a t e  e t  a l . ,  1 9 7 9 ;  T a t e  e t  a l . ,  1 9 8 0 ) ,  s i n c e  h ' g h '  a -- -- 
t 

i n  t e r m i t o c h o n d r i a l  c a l c i u m  i s  s h w n  t o  u n c o u p l e  o x i d a t i v e  ,. J \ 
'1 

k 
p h o s p h o r y l a t i o n  ( ~ r o n & n a n n  -- e t  a l . ,  1 9 7 3 )  ' a n d  d e c r e a s e  i s o c i t r a t e  \ : 
d e h y d r o g e n a s e  a c t i v i t y  (Zammi t t  a n d  Newsholm, 1 9 7 6 ) .  None of 

t he , s e  s t u d i e s  a r e  c o n c l u s i v e  i n  t h e i r  f i n d i n g s  &t a l l u d e  t o  
- 

f u r t h e r  p o s s i b l e  roles of l a c t a t e  i n  t h e  f a t i g u e  p r o c e s s .  

I n c r e a s e d  h y d r o g e n  i b n  c o n c e n t r a t i o n  may- a l s o  e x e r t ,  an 

e f f e c t  a t  t h e  r teuromuscular  j u n c t i o n .  Bergmans e t  a l .  ( 1 9 7 6 )  -- 
p o s t u l a t e d  t h a t  r e p e t i t i v e  s t i m u ' l a t i o n  of  an  a l p h a  motor n e u r o n  - 
p r o g r e s s i v e l y  d e c r e a s e s  t h e  number. of a ,ce ty  l c h o l i n e  q u a n t a  

r e l e a s e d  p e r  i m p u l s e  ( d e l  C a s t i l l o  and K a t z ,  1 9 5 4 ) .  - - - Landau - - a n d  - - - 

S 
Nachshen ( 1 9 7 5 )  s u g g e s t  t h a t  p r o t ~ n a t i o n  of a s i te  o n  t h e  

- - - - -  - 

p r e s y n a p t  i c  membrane r e d u c e s  a c e t y l h o l i n e  r e l e a s e  a n d  b l o c k s  
. . 

c a l c i u m  f l u x  i n t o  t h e  n e r v e  t e r m i n a l  d u r i n g  t h e  a c t i o n  
- 



p o t e n t i a l .  
. e 

Increased i n t r a m u s c u l a r  l ac ta te  c o n c e n t r a t i o n  sky also 

a f  f e c t  m u s c u l a r  p e r f o r m a n c e  v i a  d e s t r u c t i o n  or i n h i b i t i o n  of  
?E" 

- '  a c i d  l a b i l e  c e l l  componen t s ,  p a r t i c u l a r l y  t h e  enzymes  of e n e r g y  
\ 

t r a n s d u e t  i o n .  I t h a s  been  shown t h a t  p h o s p h o f r u c t o k  i n a s e  (PJ?K), 

the, rate l i m i t i n g  enzyrre o f  g l y c o l y s i s ,  is  i n h i b i t e d  i n  v i t r o  a t  - 
eE" 

low p H  ( U i ,  1966; .  K a r l s s o n  e t  a l . ,  1 9 7 4 ;  Gesser, 1 9 7 6 ) .  A t  t h e  -- 
ATP c o n c e n t r a t i o h  t y p i c a l l y  s e e n  i n  r e s t i n g  m u s c l e  ( 7  r n ~  1, PFX 

is a,&qpst c o m p l e t e l y  i n a c t i v e  a t  pH 6 .4  which i s  close t o  t h e  

meas ,u r ed  m u s c l e  pH a f t e r  e x h a u s t i v e  e x e r c i s e  ( S a h l i n ,  1 9 7 8 ) .  PFK 

i n h i b i t i o n  w b l d  r e s u l t  i n  t h e  a c c u m u l a t i o n  of g l y c o l y t i c  

i n t e r m e d i a t e s ,  i n c l u d i n g  g l u c o s e - 6 - p h o s p h a t e  w h i c h  is known t o  

i n h i b i t  h e x o k i n a s e  .ar id  p h o s p h o r y l a s e  - a ,  r e s u l t i n g  i n  f u r t h e r  

d e c r e a s e s  i n  g ly ,co ly  t i c  r a t e  (F i t t s  a n d  H O ~ ~ O S Z Y ,  1 9 7 6 ;  Wenger 

a n d  Re id ;  1 9 7 6 ) .  D a n f o r t h  (1965b  ), shuwed t h a t  t h e  c o n v e r s i o n  of  

p h m p h o r y l a s e  b - t o  - a d u r i n g  s t i m u l a t i o n  o f  muscle is i n h i b i t e d  

- a t  low pH, by i n h i b i t i o n  of p h o s p h o r y l a s e  b k i n a s e  a n d  

a d e n y l  c y c l a s e  ( M a w a t a r i  e t  a l . ,  1 9 7 4 ;  S a h l i n ,  1 9 7 8 ) .  T h e  -- 
s l a w i n g  of g l y c o l y t i c  r a t e  m y  be p a r t i a l l y  o f f s e t  by t h e  low pH 

( r a n g e  6 .1  bo 6 .5 )  a f f e c t  of s t i m u l a t i n g  A M P  d e a m i n a s e  w i t h  t h e  
- 

r e s u l t i n g  ammonia s e r v i n g  t o  b u f f e r  h y d r o g e n  (Mutch a n d  

B a n i s t e r ,  1 9 8 2 ) .  B u t  by the -  sane mechanism,  AMP l e v e l s  a r e  

l o w e r e d  a n d  g l y c o l y s i s  i s  slowed. The  i n c c e a s e d  l a c t a  t e / p y r u v a t e  

r a t i o s  o b s e r v e d  f o l l c w i n g  e x h a u s t i v e  e x e r c i s e  w i l l  mean p ~ -  
d 

d e p e n d e n c e  o c c u r s  i n  all r e a c t i o n s  i n v o l v i n g  NADH/.NAD c o u p l e s .  
- - 

- 5 

A d d i t i o n a l l y ,  i t  i s  k e l i e v e d  t h a t  t h e  a c t i v i t i e s  of t h e  v a r i o u s  
6 2 - c  

- 

- 

f sozymes  of c r e a  t i n e  k i n a s e  a re  i n • ’  l u e n c e d  by .  p H  ( K a r l s s o n  e t  - * 

a l . ,  1 9 7 5 ;  S a h l i n  e t  a l . ,  1 9 7 5 ;  S a h l i n ,  1 9 7 8 ) .  The  e f f e c t s  of - -- 



l a c t i c  a c i d  a n d  t h e  a s s o c i a t e d  pH c h a n g e s  o n  m u s c l e  c o n t r a c t i l e  

a c ' t i v i t y  a r e  surmnarised i n  F i g u r e  1 3 ,  

GLYCOGEN DEPLETION A N D  MOTOR UNIT RECRLJITMENT - 
D e t e r m i n a t i o n  of t h e  d e g r e e  of g l y c o g e n  d e p l e t i o n  is a n  

e s t a b l i s h e d  h i s t o c h e m i c a l  means of e v a l u a t i n g  , w h e t h e r  a  c e r t a i n  

t y p e  o f  m t o r  u n i t  h a s  been  m e t a b o l i c a l l y  a c t i v e  d u r i n g  

e x e r c i s e .  G l y c o g e n  c o n t e n r  d e t e r m i n e d  by t h e  h i s t o c h e m i c a l  
I 

- p e r i o d i c  a c i d  S c h i f f  (PAS)  s t a i n  is a  n o n - q u a n t a t i v e  m e a s u r e  

w i t h  amaximum s e n s i t i v i t y  of 80-100 rnrnoles g l u c o s e  ; n i t s S k g m - l .  

A l though  s e v e r a l  a u t h o r s  have  p o i n t e d  o u t  t h e  l i m i t a , t i o n s  of 

t h i s  method ( B u r k e  a n d  E d g e r t o n ,  1 9 7 5 ;  E s s e n ,  1 9 7 8 ) ,  g l y c o g e n  

d e p l e t i o n  o v e r  a  p e r i o d  of time mus t  i n d i c ' a t e  t h a t  t h e  d e p l e t e d  

f i b r e s  have c o p t i h t e d  t o  t h e  t o t a l  t e n s i o n  o u t p u e  a n d  can t h u s  

be t a k e n  t o  r e f l e c t  mtor u n i t  r e c r u i t m e n t .  

E a r l y  e x e r c i s e  s t u d i e s  d e m n s t r a t e d  a n  a l m o s t  l i n e a r  

d e p l e t i o n  of m u s c l e  g l y c o g e n  w i t h  t i m e  i n  b o t h  c o n t i n u o u s  a n d  

i n t e r m i t t e n t  e x e r c i s e  (Hermansen e t  a l . ,  1 9 6 7 ) .  T o g e t h e r  w i t h  -- 
- 

myosin ATPase s t a i n s ,  PAS s t a i n  h a s  p r o v e d  t o  b e  a  v a l u a b l e  tool '  

i n  i d e n t i f y - i n g  n o t  o n l y  t h e  d e g r e e  o f  g l y c o g e n  d e p l e t i o n  b u t  

a l s o  t h e  c l a s s  of mtor u n i t  r e c r u i t e d  d u r i n g  e x e r c i s e  o f  

d i f f e r e n t  i n t e n s i t y  and  d u r a t i o n .  C o n t r o l  of mtor u n i t s  a p p e a r s  

t o  b e  b a s e d  on-  t h e  d i f f e r e n c e s  i n  m o t o r  u n i t  s i z e  a n d ,  

a c c o r d i n g l y ,  a c t i v a t i o n  t h r e s h o l d  (Hennernan, 1 9 7 7 ) .  F i b r e s  w i t h  

h i g h  o x i d a t i v e  c a p a c i t y  (SO) c o m p r i s e  mtor u n i t s  w i t h  low 

a c t i v a t i o n  t h r e s h o l d s  a n d  c o n v e r s e l y  f i b r e s  w i t h  h i g h  g l y g o l y t i c  

a c t i v i t y  make up  mtor u n i t s  w i t h  h i g h  a c t i v a t i o n  t h r e s h a d s .  

S , t u d i e s  of  d i f f e r e n t i a l  g l y c o g e n  d e p l e t i o n  r a t e s  s u p p o r t ,  t o  





some dggree, t h i s  c o n c e p t  o f  r e c r u i t m e n t  b a s e d  on t h e  s i z e  

p r i n c i p l e .  

The phenomenon. of p r e f e r e n t i a l  d e p l e t i o n  of g l y c o g e n  f r o m  

m u s c l e  f i b r e  t y p e s  r e l a t e d  t o  e x e r c i s e  p r o t o c o l  h a s  been 

t h o r o u g h l y  i n v e s t i g a t e d .  On t h e  b a s i s  of P A S  S t a i n i n g ,  g l y c o g e n  

d e p l e t i o n  s t u d i e s  i n  human s k e l e t a l  m u s c l e  have r e v e a l e d  a  

p a t t e r n  r e l a t e d  t o  d u r a t i o n ,  i n t e n s i t y ,  maxima 1 t e n s i o n ,  and 

s p e e d  of c o n t r a c t  i o n .  Baldw jn ( 1 9 7 3 )  d e m o n s t r a t e d  t h a t  when 

a 
e x e r c i s e  i s  of a n  i n t e n s i t y  t h a t  c a n  b e  m a i n t a i n e d  f o r  t w o  h o u r s  

o r  l o n g e r ,  S O  and FOG f i b r e s  a r e  d e p l e t e d  of g l y c o g e n  w i t h  

l i t t l e  o r  no  i n v o l v e m e n t  of FG f i b r e s .  A s  e x h a u s t i o n  app roach ' e s ,  

FG m o t o r  u n i t s  a r e  r e c r u i t e d  t o  a g r e a t e r  e x t e n t  a s  s h o w n - b y  

d e c r e a s e d  g l y c o g e n  l e v e l s .  T h i s  a d d i t i o n a l  r e c r u i t m e n t  of  FG 
C 

f i b r e s  n e a r  e x h a u s t i o n  was  n o t  d e m o n s t r a t e d  by C o s t i l l  -- e t  a l .  

( 1 9 7 3 )  i n  a  f i e l d  s t u d y  of l o n g  d i s t a n c e  r u n n e r s .  T h i s  

i n c o n s i s t e n c y  may be e x p l a i n e d  by t h e  f a c t  t h a t  a s  s u b j e c t s  

became e x h a u s t e d ,  t h e y  w a l k e d  d i f f i c u l t  sect  i o n s  a n d  h i l l s  &7 

. 
( R e a r d o n ,  1 9 7 5 ) .  B i o p s i e s  of m. v a s t u s  l a t e r a l i s  a f t e r  . 

submaximal  b i c y c l e  e x e r c i s e  r e v e a l e d  g l y c o g e n  a e p l e  t i o n  
. . 

o c c u r r i n g  i n  S O  f i b r e s  p r i o r  t o  FG ( G o l l n i c k  -- e t  a l . ,  1 9 7 2 ;  

E d g e r t o n  -- e t  a l . ,  1 9 7 5 ) .  

Motor u n i t s  i n v e s t i g a t e d  d u r i n g  v a r y i n g  i n t e n s i t i e s  of 

e x e r c i s e ,  w i t h  w o r k l o a d s  r a n g i n g  f r o m  30-150% +o2max ( G o l l n i c k ,  

1 9 7 3 ~  ) ,  r e v e a l e d  a  d i f f e r e n t  g l y c o g e n  d e p l e t i o n  p a t t e r n .  PAS 
e 

s t a i n i n g  d e m o n s t r a t e d  a d r a m a t i c  d e c r e a s e  i n  t o t a l  m u s c l e  
t 

g l y c o g e n  w i t h  i n c r e a s i n g  w o r k l o a d ,  SO f i b r e s  beirrg t h e  f i r s t  

d e p l e t e d  a t  suhfflaximal w o r k l o a d s  with a  p r o g r e s s i v e  d e p l e t i o n  of 

h i g h  g lyco ly t i c  FG f i b r e s  a s  work t ime i n c r e a s e d .  F u r t h e r  



p r o n o u n c e d  d e p l e t i o n  of  b o t h  f a s t  t w i t c h  f i b r e  t y p e s  o c c u r r e d  a t  

work l o a d s  c l o s e  t o  or above  Go2max ( p n d e r s e n  a n d  S j o g a a r d ,  1 9 7 6 ;  

G o l l n i c k ,  1 9 7 4 ,  1973c .  ) .  P i e h l  ( 1 9 7 4 a f  r e p o r t e d  t h a t  a  

p r e f e r e n t i a l  d e p l e t i o n  ofg%'~ f i b r e s  was n o t  e v i d e n t  u n l e s s  a  

w o r k l o a d  g r e a t e r  t h a n  90% o f  V02max was  demanded. 

S t u d i e s  of isometric work ( E x n e r ,  1 9 7 3  a ,  b ;  G o l l n i c k ,  1 9 7 4 )  

s u g g e s t  a  s i m i l a r  p a t t e r n  of d i f f e r e n t i a l  g l y c o g e n  d e p l e t i o n .  

B i o p s i e s  t a k e n  f o l l o w i n g  r e p e a t e d  40 s e c o n d  i s o m e t r i c  

c o n t r a c t i o n s  c a l l i n g  f o r  less  t h a n  20% ofmaximum v o l u n t a r y  

c o n t r a c t i o n  (MVC) r e v e a l  a  s e l e c t i v e  l o s s  of g l y c o g e n  i n  S O  
e - 

f i b r e s  w i t h  l i t t l e  or no i n v o l v e m e n t  of FG f i b r e  t y p e s .  A t  

work loads .  g r e a t e r  t h a n  20% MVC o n l y  FG f i b r e s  w e r e  d e p l e t e d .  

G o l l n i c k  ( 1 9 7 4 )  c o n c l u d e d  t h a t  s e l e c t i v e  g l y c o g e n  d e p l e t i o n  w a s  

i n d i c a t i v e  o f  a  d i f f e r e n t i a l  r e c r u i t m e n t  of  m u s c l e  f i b r e s  . d u r i n g  

isometric e x e r c i s e  of  v a r y i n g  i n t e n s i t y  and  t h a t  t h e  maximal 
.E3> 

t e n s i o n  t h a t  t h e  m u s c l e  needed  t o  d e v e l o p  was a n  i m p o r t a n t  

f a c t o r  i n f  l u e n c i n g  t h e  a c t i v a t i o n  of  d i f f e r e n t  f i b r e  t y p e s  . 
( E s s e n ,  1 9 7 8 ) .  

I n  s t u d i e s  u s i n g  b i c y c l e  ergome t e y  ( G o l l n i c k ,  1973c .  ) 

p e d a l l i n g  r a t e  (30-150 r evemin - ' )  d i d  n o t  i n f  l u e n c e  g l y c o g e n  

d e p l e t i o n  and  was  i n d e p e n d e n t  o f  t h e  t i m e / i n t e n s i t y  f a c t o r .  

However, i n  i s o k i n e t i c  e x e r c i s e  (Cybex 11, Lenox H i l l )  

c , o n t r a c t  i o n  v e l o c i t y  was  f o u n d  t o  i n f  l u e n c e  m u s c l e  f i b r e  

r e c r u i t m e n t  p a t t e r n ,  s u g g e s t i n g  a  g r e a t e r  i n v o l v e m e n t  of  FG 

f i b r e s  a t  f a s t e r  v e l o c i t i e s  (Lesmes e t  a l . ,  1 9 7 6 ) .  -- 
In• ’  e r e n c e s  t o  t h e  p r e c i s e  p a t t e r n  of mo to r  u n i t  r e c r u i t m e n t  

a r e  l i m i t e d  when b a s e d  o n l y  o n  g l y c o g e n  d e p l e t i o n  d a t a .  The 

p a t t e r n  o f  d e p l e t i o n  i n  d i f f e r e n t  musc l e  f i b r e  t y p e s  d e p e n d s  n o t  



o n l y  on t h e  u s a g e  o f  p a r t i c u l a r  mtor u n i t s  b u t  a l s o  o n  t h e  

s i d e  i s  t h e  p h o s p h o r y l a s e  '(E.C. 2 .4 .1 .1)  r e a c t i o n .  Both  of t h e s e  

enzymes have e x t e n s i v e  a l l o s t e r i c  p r o p e r t i e s ,  s u g g e s t i n g  t h a t  - 

t h e i r  a c t i v i t i e s  c a n  b e  r e a d i l y  c o n t r o l l e d  t h r o u g h  m e t a b o l i c  

p o s s i b l e  u t i l i z a t i o n  of  o t h e r  e n e r g y  s o u r c e s  i n  a d d i t i o n  t o  

g l y c o g e n .  Where i n v e s t i g a  t - i d n s  'have u s e d  s u p r a m a x i m a l . w o r k  r a t e s  
a r 

of s h o r t  d u r a t i o n ,  it is ' j u s t i f i a b l e  t o  assume t h a t  g l y c o g e n  is 

t h e  m a  j r s u b s t r a t e  u t i l i z e d  by t h e  m u s c l e  f i b r e  t y p e s .  However,  1 
it is n o t  j u s t i f i e d  t o  i n f e r .  t h a t  t h e s e  FG motor u n i t s  a r e  

r e c r u i t e d  c o n t r a r y  t o  the s i z e  p r i n c i p l e ,  t h a t  is, p r e f e r e n t i a l  

t o  low t h r e s h o l d  S O  u n i t s .  G l y c o g e n  i s  p r o b a b l y  less p r e c i - s e  a n  

i n d e x  of f i b r e  r e c r u i t i a e n t  a f t e r  e x t e n d e d  p e r i o d s  of submaximal  
b 

work. With p r o l o n g e d  work ,  f r e e  f a t t y  a c i d s  a n d  g l u c o s e  a r e  

t a k e n  u p  by a c t i v e  m u s c l e s  a n d  t h e  l i v e r  c a n  p r o v i d e  s i g n i • ’ i c a n t  
h 

I 
1 a m u n t s  of g l u c o s e  d u r i n g  e x e r c i s e  (Ba ldwin  e t  -- a l . ,  1 9 7 3 ) .  T-hese 

f u e l  s c u r c e s  a r e  a l l  u s e d  a t ' . d i f f e r e n t  r a t e s  d e p e n d i n g  o n  t h e  

k i n t e n s i t y ,  t h e  d u r a t i o n  of  t h e  e x e r c i s e ,  and  t h e i r  

( ~ s s e n ,  1 9 7 8 ) .  I t  is i m p o r t a n t ,  t h e r e f  ore, t h a t  

care b e  e x e r c i s e d  when i n t r e p r e t i n g  s t u d i e s  of m u s c l e  f i b r e  

u s a g e  b a s e d  upon  g l y c o g e n  d e p l e t i o n  p a t t e r n s .  

RJGULATION OF MUSCLE GLYCOGEN METABOLISM - 

R e g u l a t i o n  of g l y c o g e n  m e t a b o l i s m  i n  s k e l e t a l  m u s c l e  i s  a n  

i n t e r p l a y  be tween h u m r a l  a n d  enzyma t i c  c o n t r o l s .  I n  an ima 1s 

t h e r e  a r e  two r e a c t i o n s  of major i m p o r t a n c e  i n  r e g u l a t i n g  

g l y c o g e n  m e t a b o l i s m .  On t h e  s y n t h e t i c  s i d e  is t h e  g l y c o g e n  

s y n t h e t a s e  (E.C.  2 .4 .1 .11 )  r e 3 c t i o n  and o n  t h e  g l y c o g e n o l y t i c  

i n t e r a c t  i o n .  



The r a t e  of  g l y c o g e n  s y n t h e s i s ,  a s  w e l l  a s  t h e  r a t e  o f  

g l y c o g e n o l y s i s ,  i s  r e g u l a t e d  i n  r e s p o n s e  t o  muscle c o n t r a c t  i o n .  

Under r e s t i n g  c o n d i t i o n s  t h e  c o n c e n t r a t i o n  of &wo i m p o r t a n t  

m o d u l a t o r s ,  AMP and Pi, are  S u f f i c i e n t l y  h i g h  t h a t  i f  t h e s e  were 

t h e  o p l y  c p e r a t i v e  f a c t o r s ,  p h o s p h o r y l a s e  b  w c x l l d  be a c t i v e  a n d  - 
g l y c o g e n o l y s i s  w m l d  o c c u r  e v e n  i n  t h e  a b s e n c e  o f  c o n t r a c t i o n .  

T h i s  i s  n o t  t h e  c a s e  hcwever ,  b e c a u s e  of  t h e  o p p o s i n g  a c t i o n s  of 

ATP and g l u c o s e - 6 - p h c s p h a t e  wh ich  c o u n t e r a c t  t h e  e f f e c t  o f  t h e s e  

a c t i v a t o r s .  A t  o n s e t  of mscle c o n t r a c t i o n  t h e  b a l a n c e  be tween  

t h e s e  v a r i o u s  a c t i v a t o r s  i s  s h i f t e d  a n d  p h s p h o r y l a s e  b  becomes - 
a c t i v e .  

When glycodwn c o x e n f r a t i o n  is r e d u c e d  by m s c u l a r  

c o n t r a c t i o n ,  it)? r e s y n t h e s i s  i s  f a v o r e d  by a c t i v a t i o n  of t h e  

s y n t h e t a s e .  I t  h a s  been c o n f i r m e d  i n  r o d e n t s  ( D a n f o r t h ,  1 9 6 5 a ;  

C o n l e e  -- e t  a l . ,  1 9 7 8 )  a n d  i n  man ( B e r g s t r o m  e t  a l . ,  1 9 7 2 )  t h a t  -- 
when g l y c o g e n  l e v e l  i s  l o w ,  t h e r e  is  a  good i n v e r s e  c o r r e l a t i o n  

be tween  p e r c e n t a g e  g l y c o g e n  s y n q e t a s e  i n  t h e  I f o r m  a n d  

g l y c o g e n  c o n c e n t r a t i o n .  T h e  mechanism of  t h i s  a c t  i o n  a p p e a r s  t o  

be t h a t  g l y c o g e n  b i n d s  g l y c o g e n  s y n t h e t a s e  a n d  p r o t e c t s  i t  

a g a i n s t  t h e  a c h o n  of  t h e  p h o s p h a t a s e  wh ich  i s  a l s o  bound t o  

g l y c o g e n ;  when g l y c o g e n  ' c o n c e n t r a t i o n  d e c r e a s e s ,  b o t h  enzymes  

a r e  r e l e a s e d ,  e n a b l i n g  g l y c o g e n  p h o s p h a t a s e  t o  c a t a l y s e  t h e  

c o n v e r s i o n  of s y n t h e t a s e  D t o  t h e  I form ( V i l l a r - P a l a s i ,  1 9 6 9 ) .  

When g l y ~ o g e n ~ c o n c e n t r a t i o n s  have b e e n  r e s t o r e d ,  s y n t h e s i s  of 

t h e  p o l y m r  is s l o w e d  d u e  t o  t h e  i n h i b i t i o n  o f  s y n t h e t a s e  

p h o s p h a t a s e .  T h e  r e g u l a t i o n  of g l  gen  l e v e l s  by g l y c o g e n  per 
- 

T 
se may i n v o l v e  a n  effect on g l y c q e n d y s i s  a s  w e l l  a s  on - 
g l y c o g e n e s i s .  G lycogen  is a  s t r o n g  a c t i v a t o r  of p h o s p h o r y l a s e  b - 



k i n a s e  (De lange  -- e t  a l . ,  1 9 6 8 )  s o  t h a t  h i g h  l e v e l s  of g l y c o g e n  

w m  l d  f a v o r  p h m p h o r y l a s e  a  forma t i o n  a n d  g l y c o g e n o l y s i s .  

The r e a c t  i o n s  r e g u l a t i n g  g l y c o g e n o l y s i s  a r e  m o d u l a t e d  by 

s e v e r a l  i m p o r t a n t  hormones,  p a r t i c u l a r l y  e p i n e p h e r i n e ,  i n s u l i n  

and  t h e  g l u c o c o r t i c o i d s .  The  c a u s a l  e f f e c t  of  e p i n e p h r i n e  o n  

g l y c o l y s i s  was  e s t a b l i s h e d  by C o r i  and C o r i  (19 2 8 ) .  The 

a c t i v a t i o n  was  d e m o n s t r a t e d  t o  b e  a  c a s c a d e  r e a c t i o n  i n v o l v i n g  \ 

t h e  p h o s p h o r y l a t i o n  of  p h o s p h o r y l a s e  b  - k i n a s e  a n d  s u b s e q u e n t l y  a 

c y c l i c  AMP d e p e n d e n t  p r o t e  i n  k  i n a s e  which  c a t a l y s e s  t h e  

r e a c t  i o n .  E p i n e p h e r i n e  s t i m u l a t e d  g l y c o g e n o l y s i s  i s  f u r . t h e r  

e n h a n c e d  by a  d e c r e a s e d  r a t e  o f  g l y c o g e n  s y n t h e s i s  t h r o u g h  t h e  

c o n v e r s i o n  of g l y c o g e n  s y n t h e t a s e  I t o  D which i s  c a t a l y s e d  by 

t h e  same c y c l i c  AMP d e p e n d e n t  p r o t e  i n  k i n a s e .  

I t  h a s  l o n g  been  r e c o g n i z e d  t h a t  i n s u l i n  h a s  a  s p e c i f i c  

a c t i o n  i n  f a c i l i t a t i n g  g l y c o g e n  a p a r t  f rom i t s  e f f e c t  o n  

p r o m o t i n g  g l u c o s e  u p t a k e  by m u s c l e .  V i l l a r - P a l a s i  a n d  a s s o c i a t e s  

( 1 9 7 1 )  d e m o n s t r a t e d  t h a t  i n s u l i n  a c t i v a t e s  g l y c o g e n  s y n t h e s i s  by 

- p r o m o t i n g  t h e  f o r m a t i o n  of s y n t h e s i s  I v i a  a  d e c r e a s e  i n  t h e  

a c t i v i t y  of t h e  k i n a s e  (Shen  -- e t  a l . ,  1 9 7 0 ) .  Haw t h i s  i s  a c t u a l l y  

a c c o m p l i s h e d  i s  n o t  w e l l  u n d e r s t o o d .  

A d m i n i s t r a t i o n  of a d r e n a l  c o r t i c o l  hormones  t o  

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

l e v e l  of s t o r e d  m u s c l e  g l y c o g e n .  T h i s  i s  mst l i k e l y  an e f f e c t  

which is  s e c o n d a r y  t o  t h e  h y p e r g l y c e m i a  r e s u l t i n g  f r o m  t h e  

g u l c o n e o g e n i c  a c t i o n  of g l u c o c o r t i c o i d s  on  t h e  l i v e r  ( S c h a e f  f e r  

e t  a l . ,  1 9 6 9 ) .  -- 



LACTATE REMOVAL AN D INTRAMUSCULAR GLYCOGENESI S  

A p r i m a r y  c o n t r o v e r s y  e x i s t s  o v e r  t h e  r e m o v a l  of l a c t a t e  
i 

between  t h c s e  who b e l i e v e  t h a t  i t s  m a j o r  f a t e  d u r i n g  r e c o v e r y  is  

r e c o n v e r s i o n  t o  g l y c o g e n  a n d  t h o s e  who b e l i e v e  t h i s  m e t a b o l i t e  

i s  v i r t u a l l y  100% o x i d i z e d .  S e c o  d l y ,  it is r e g u l a r l y  d e b a t e d  a s  
, . . - "\ 

t o  w h e t h e r  it is t h e  l i v e r  or  s k e l e t a l  m u s c l e  t h a t  is 

r e s p o n s i b l e  f o r  t h e s e  p r o c e s s e s .  The  me t a b o l i  s m  o f  a n  o r g a n i s m  

or  musc le  t i s s u e  a f t e r  e x e r c i s e  i s  c h a r a c t e r i z e d  by a  p r o l o n g e d  

e l e v a t i o n  i n  oxygen  c o n s u m p t i o n .  The c l a s s i c  " e x c e s s  p o s t  

e x e r c i s e  oxygen  c o n s u m p t i o n "  t h e o r y  (EPOC) s u g g e s t s  t h a t  t h e  

p r i m a r y  f a t e  of  80% o f  t h e  l a c t a t e  removed d u r i n g  r e c o v e r y  f rom 

h i g h  i n t e n s i t y  e x e r c i s e  i s  c o n v e r s i o n  t o  g l y c o g e n  w i t h  o x i d a t i o n  

of t h e  r e m a i n i n g  20% p r o v i d i n g  t h e  e n e r g y  f o r  g l y c o g e n e s i s .  I n  

o p p o s i t i o n  t o  t h i s  t h e o r y  is t h e  i n t e r p r e t a t i o n  t h a t  v i r t u a l l y  

all t h e  l a c t a t e  p r o d u c e d  i n  h i g h  i n t e n s i t y  e x e r c i s e  is o x i d i z e d  

t o  c a r b o n  d i o x i d e  and  w a t e r .  The  EPOC t h e o r y  is descri&'ip a s  
i 

" i n a d e q u a t e "  a n d  " s i m p l i s t i c "  s i n c e  on ly-  9-25% of rrre t a b o l i z e d  
i . 

l a c t a t e  c a n  b e  a c c o u n t e d  f o r  by y l y c o g e n e s i s  or g l u c o n e o g e n e s i s  

( B r o o k s  and  G a e s s e r ,  1 9 8 0 ) .  

The m a j o r  cr i t ic ism of t h e  l a c t i c  a c i d  t h e o r y  of oxygen 

d e b t  comes f r o m  B r o o k s  a n d  co--workers (19801 ,  D e p o c a s  e t  a l .  -- 
( 1 9 6 9 )  a n d  S e a r 1  a n d  C a v a l i e r i  ( 1 9 7 2 ) .  B rooks  e t  a l .  ( 1 9 7 3 )  -- 
u s i n g  14c l a b e l l e d  l a c t a t e  i n f u s e d  ~ i n t o  e x h a u s t e d  a n d  p a i r  

f a s t e d  c o n t r o l s ,  showed no g l y c o g e n  s y n t h e s i s  f r o m  l a c t a t e  

d u r i n g  t h e  p o s t  e x e r c i s e  p e r i o d  of e l e v a ' t e d  oxygen comsumpt ion  

h e l d  by t h e  EPOC t h e o r i s t s  t o  r e p r e s e n t  r e p a y m e n t  o f  t h e  oxygen  

debt.  O n  t h e  c o n t r x y ,  t h e y  found  84% of the l a b e l  a p p e a r i n g  a s  

c a r b o n  d i o x i d e  a f t e r  t w o  h o u r s  r e c o v e r y .  More r e c e n t l y  B r o o k s  



a n d  G a e s s e r  11980)  o b s e r v e d . i n  r a d i o c h r o m a t o g r a m s ,  t h a t  

f o l l o w i n g  both c o n t i n u r n s  a n d  i n t e r m i t t e n t  e x e r c i s e ,  g l y c o g e n  - 
s y n t h e s i s  d i d  n o t  c o i n c i d e  w i t h  l a c t a t e  r e m o v a l  or w i t h  t h e  

p h a s e  o f  oxygen c o n s u m p t i o n  c o n s i d e r e d  t o  r e p r e s e n t  EPOC. 

The i m p o r t a n c e  of l a c t a t e  a s  a  s o u r c e  of o x i d i , z a b l e  c a r b o n  
- 

is f u r t h e r  enhanced  by e x e r c i s e  p e r f o r m e d  below some c r i t i c a l  

l e v e l  of oxygen u p t a k e  d u r i n g  r e c o v e r y  f r o m  maxima 1 e x e r c i s e .  

Hubbard ( 1 9 7 4 )  showed t h a t  35-683 o f  a d m i n i s t e r e d  l a c t a t e  is  

r e c o v e r e d  a s  c a r b o n  d i o x i d e  w i t h i n  30 m i n u t e s  when e x e r c i s e  a t  

62-753 o f  I ? O ~ ~ X  i s  p e r f o r m e d .  E s s e n  -- e t  a l .  ( 1 9 7 3 )  a n d  Hermansen 

. and  S t e n s v o l d  ( 1 9 7 2 )  h a v e  d e m n s t r a t e d  t h a t  u p t a k e  of l a c t a t e  by 
- 

s k e l e t a l  m u s c l e  c a n  o c c u r  e v e n  a t  work load% demanding  80-903 o f  

M2max.  The  s t r a t e g y  of a c t i v e  r e c o v e r y  by a t h l e t e s  t o  e n h a n c e  

l a c t a t e  r e m o v a l  h a s  been  f u r t h e r  d e m o n s t r a t e d  by Bonen and 

B a l c a s t r o  ( 1 9 7 7 ) .  T h e r e  i s  t h u s  ample e v i d e n c e  t o  s u p p o r t  t h e  

h y p o t h e s i s  t h a t  l a c t a t e  remova 1 i s  p r i m a r i l y  a c c o m p l i s h e d  by 

o x i d a t i o n  and  t h a t  s k e l e t a l  m u s c l e  h a s  t h e  mass  a n d  m e t a b o l i c  
d 

p r o f i l e  c o m p a t i b l e  w i t h  b e i n g  a  m a j o r  c o n t r i b u t o r  t o  t h i s  

p r o c e s s .  

The s i t e  o r  s i tes  f o r  t h e  m e t a b o l i c  r e m o v a l  of l a c t a t e  

f o l l o w i n g  max ima l  e ' x e r c i s e ,  k it  o x i d a t i v e  or g l y c o g e n i c ,  is  a  
,------ 

m a t t e r  of some c o n t e n t i o n .  The  i m p o r t a n c e  o f  t h e  l i v e r  i n  t h e  

e l i m i n a t i o n  of l a c t a t e  h a s  been  i n v e s t i g a t e d  i n  t h e  work of 

R c w e l l  e t  a l .  ( 1 9 6 6 )  a n d  D a v i s  e t  a l .  ( 1 9 7 0 )  wh ich  d e m n s t r a t e d  -- -- 
t h a t  50% o f  t h e  t o t a l  l a c t a t e  fo rmed  d u r i n g  h i g h  i n t e n s i t y  

e x e r c i s e  i s  removed by t h e  l i v e r .  I n  c o n t r a s t  B r o o k s  e t  a l .  -- 

( 1 9 7 3 )  a n d  M i n i a r e  a n d  ~ o r i c h o n  (1973)  have  s u g g e s t e d  a  m i n i m a l  

h e p a t i c  r o l e  a c c o u n t i n g  f o r  a p p r o x i m a t e l y  of 9-253 o f  t h e  



-- m a 
l a c t a t e  removed. Hermansen -- e t  a l .  ( 1 9 7 3 )  r e c a l m r a t e d  t h e  d a t a  

of Rowel1  and  c o - w o r k e r ~  a n d  ~ h a w e d  t h a t  t h e  liver was a b l e  t o  

remove o n l y  a b o u t  0.1-0.2 g r a m s  of l a c t a t e  p e r  m i n u t e .  P r e v i o u s  . 

work '  by Hermansen a n d  S t e n s v o l d '  ( 1 9 7 3 )  d i s c l o s e d  t h a t  

a p r o x i m a t e l y  1 . 3  g r a m s  of l a c t a t e  p e r  m i n u t e  were removed d u r i n g  

r e s t i n g  r e c o v e r y  f r o m  maximal  i n t e r m i t t e n t  e x e r c i s e  a n d  u p  t o  2 4  

grams  of l a c t a t e  p e r  m i n u t e  i f  l i g h t  e x e r c i s e  w a s  pe r fo rmed .  

T h i s  s u g g e s t e d  t h a t  2 5  t i m e s  more l a c t a t e  w a s  removed a u r i n g  

r e c o v e r y  f r o m  e x e r c i s e  t h a n  c a n  be a c c o u n t e d  f o r  by t h e  l i v e r .  

T h e r e f o r e ,  t h e l  i m p o r t a n c e  o f  t h e  l i v e r  i n  t h e  e l i m i n a t i o n  of 

l a c t a t e  f o l l o w i n g  e x e r c i s e  may be  l e s s  t h a n  p r e v i o u s l y  t h o u g h t .  

I n  a d d i t i o n  t o  t h e  l i v e r ,  s k e l e t a l  m u s c l e  ( J o r f e l d t ,  1 9 7 0 )  

and o t h e r  o r g a n s  i n c l u d i n g  h e a r t  and  k i d n e y  a r e  a b l e  t o  t a k e  u p  

and remove l a c t a t e  ( K n u t t g e n ,  1971) . .  H e a r t  . a n d  kidney., however ,  

c o n t r i b u t e  t o  p n l y  a b c u t  10% o f  t h e  r emova l  ( C a r l s t e n  -- e t  a l . ,  

1961 ;  K r e b s ,  1 9 6 5 ) .  S i n c e  s k e l e t a l  m u s c l e  r e p r e s e n t s  t h e  l a r g e s t  

t i s s u e  mass  of t h e  body, c o n s t i t u t i n g  40-503 o f  tk body w e i g h t  

of man (Ander s  e t  -- a l . ,  1 9 5 6 )  a n d  h a v i n g  t h e  a p p r o p r i a t e  

m e t a b o l i c  p r o f i l e  i t  wcu ld  b e  a  l i k e l y  c a n d i d a t e  f o r  t h e  s i t e  o f  

l a c t a t e  r e m v a  1. 

T h e r e  is  c o m p e l l i n g  e v i d e n c e  t o  s u g g e s t  t h a t  EPOC is a  

v a l i d  t h e o r y .  The o r i g i n a l  p r o p o s a l  t h a t  l a c t a t e  is removed by 

s k e l e t a l  m u s c l e  v i a  a c o n v e r s i o n  to  g l y c o g e n  c a m  f r o m  t h e  work 
% 

of Meyerhof (19 '20) .  I t  w a s  o b s e r v e d  t h a t  i s o l a t e d  f r o g  s a r t o r i u s  

m u s c l e  was  a b l e  t o  r e m v e  l a c t i c  a c i d  f o r m e d  d u r i n g  f a t i g u e  when 

m u s c l e  was  a l l o w e d  t o  r e c o v e r  i n  oxygen ,  but o n l y  20-253 o f  t h e  

removed l a c t a t e  c o u l d  be a c c o u n t e d  f o r  by - o x i d a t i o n  to  C02 and  

w a t e r .  Meyerhof ,  Lchman ,  a n d  Meier (19 25) r e d o n f  i rmed  Meyerhof 's 



o r i g i n a l  h y p o t h e s i s  by r e p o r t i n g  s i g n i f i c a n t  g a i n s  i n  the 

g l y c o g e n  c o n t e n t  o f  s k e l e t a l  m u s c l e  o f  f r o g  h i n d l i m b s  p e r f u s e d  

-l w i t h  0.12% l a c t a t e .  H i l l  ( 1 9 2 5 )  e x a m i n e d  t h e  f a t e  of l a c t a t e  i n  
\ 

t e r m s  o f .  i ts  h e a t  of combus t ion .  The  o n l y  p o s s i b l e  c o n c l u s i o n  f 

was t h a t  f o r  e v e r y  f i v e  mles of l a c t a t e  removed i n  t h e  r e c o v e r y  

p r o c e s s  o n l y  one  was  o x i d i z e d ,  a g a i n  a c c r e d i t i n g  o x i d a t i v e  

r e m o v a l  t o  20% o f  t h e  t o t a l  l a c t a t e  m e t a b o l i z e d .  I n  a  c o m p a r i s o n  

of  t h e  r a t e  o f  g l y c o g e *  s y n t h e s i s  i n  i n t a c t  a n d  e v i s c e r a t e d  

. a n i m l s  E g g l e t o  a n d  Evans  ( 1 9 3 0 )  d e m o n s t r a t e d  a  g a i n  i n  musc le  

g l y c o g e n  of e v i  J c e r a t e d  a n i m a l s  s u g g e s t i n g  d i r e c t  i n t r a m u s c u l a r  

c o n v e r s i o n  of l a c t i c  a c i d .  

Meyerhof ( 1 9 2 5 )  showed t h a t  i f  i s o l a t e d  s k e l e t a l  m u s c l e  w a s  

a l l o w e d  t o  r e c o v e r  i n  oxygen ,  g l y c o g e n  was  s y n t h s i z e d '  a t  t h e  

same t i m e  a s  l a c t a t e  d i s a p p e a r e d  w i t h  20% o x i d i z e d ,  and t h e  

o t h e r  80% c o n v e r t e d  t o  g l y c o g e n .  E g g l e t o n  a n d  Evans  ( 1 9 3 0 )  were 

a b l e  t o  c o n f i r m  t h e s e  f i n d i n g s  w h e r e a s  S a c k s  a n d  S a c k s  ( 1 9 3 5 )  

c o u l d  n o t  d e m o n s t r a t e  g l y c o g e n  s y n t h e s i s  f r o m  l a c t a t e  f o l l o w i n g  

c o n t r a c t i l e  a c t i v i t y  i n  mammalian m u s c l e .  I n  t h e  1 9 6 0 ' s  

r a d i o a c t i v e  t r a c e r  s t u d i e s  p e r f o r m e d ,  by B a r  and  B l a n c h e r  ( 1 9 6 5 )  

and G m r l y  and  Suh ( 1 9 6 9 )  s h w e d  t h a t  t h e  l a b e l l e d  c a r b o n  a tom 

of  1-14c l a c t a t e  w a s  i n c o r p o r a t e d  i n t o  g l y c o g e n  i n  b o t h  i s o l a t e d  . 

r a t  d i aph ragm a n d  i s o l a t e d  s a r t o r i u s  musc le .  
- 

Many t e x t b o o k s  of b i o c h e m i s t r y  s u g g e s t  t h a t  l a c t a t e  mus t  

f i r s t  e s c a p e  f rom t h e  m u s c l e  i n t o  t h e  g e n e r a l  c i r c u l a t i o n  w h e r e  

it  is c a r r i e d  t o  t h e  l i v e r  and  c o n v e r t e d  t o  g l u c o s e  which  is  

a g a i n  r e l e a s e d  t o  t h e  c i r c u l a t i o n  a n d  u l < i m a t e l y  t a k e n  u p  a n d  

7 s t o r e d  a s  g l y c o g e n  by s k e l e t a l  m u s c l e .  T h i s  i d e a  o f  a  complete 
1 

i 

c y c l e  o f  t h e  g l u c o s e  m o l e c u l e  w i t h i n  t h e  body comes f r o m  t h e  



work of Hirnwich e t  a l .  ( 1 9 3 0 )  a n d  C o r i  a n d  C o r i  ( 1 9 2 9 )  i n  wh ich  -- 
-- 

d e c e r e b r a t e  dogs  were u s e d  t o  compare  t h e  c o n c e n t r a t i o n s  of 

l a c t a t e  a n d  g l u c o s e  i n  a r t e r i a l  b l o o d  w i t h  t h a t  of  t h e  venous  

b l o o d  d r a i n i n g  v a r i o u s  o r g a n s .  I t  was c o n c l u d e d  t h a t  t h e  main 

s o u r c e  of  t h e  l a c t a t e  is s k e l e t a l  m u s c l e  w i t h  t h e  l i v e r  b e i n g  
-+ -. 

t h e  o r g a n  c h i e f l y  c o n c e r n e d  w i t h  i t s  2 e m v a l .  S i n c e  a l l  o r g a n s ,  

e x c e p t  l i v e r ,  2emove g l u c o s e  f rom t h e  b l o o d ,  a  c o m p l e t e  

c a r b o h y d r a t e  c y c l e  b e t w e e n  l i v e r  and  m u s c l e  i s  e n v i s i o n e d .  

With t h e  a v a i l a b i l i t y  of improved  b i o c h e m i c a l  t e c h n i q ~ e s  

B e n d a l l  a n d  T a y l o r  ( 1 9 7 0 ) ,  a t t e m p t e d  t o  r e p e a t  Meyerhof  's 
-+--@- 

o r i g i n a l  e x p e r i m e n r s .  The  e v i d e n c e  s t r o n g l y  s u p p o r t e d  Meyerhof 's  

o r - i g i n a l  h y p o t h e s i s  t h a t ,  of t h e  t o t a l *  l a c t a t e  d i s a p p e a r i n g  f r o m  

f r o g  s k e l e t a l  m u s c l e  . d u r i n g  a e r o b i c  r e c q v e r y  , o n l y  one s i x t h  can  

be  a c c o u n t e d  f o r  by o x i d a t i o n ,  t h e  rest a p p e a r s  i n  t h e  f o r m  o f  

i n t r a m u s c u l a r  g l y c o g e n .  Herrnansen a n d  Vaage ( 1 9 7 7 )  i n v e s t i g a t e d  

i n t r a m u s c u l a r  g l y c o g e n e s i s  i n  humans r e c o v e r i n g  f  rommaximal 
I 

i n t e r m i t t e n t  l e g  e x e r c i s e .  T h e s e  i n v e s t i g a t o r s  m e a s u r e d  m u s c l e  

g l y c o g e n  and  l a c t a t e  c h a n g e s  a n d  a-v l a c t a t e ,  g l u c o s e  a n d  

a l a n i n e  c h a n g e s  i n  human s u b j e c t s  d u r i n g  t h e  f i r s t  3 0  m i n u t e s  of 

r e c o v e r y .  The f i n d i n g s  s u p p o r t e d  Meyerhof 's o r i g i n a l  p o s t u l a t e  

i n  t h a t  o n l y  1 0 %  of t h e  l a c t a t e  r e c o v e r e d  c o u l d  be a c c o u n t e d  f o r  

2: 
by an e f f l u x  f r o m  l e g  m u s c l e s  i n t o  t h e  c i r c u l a t i o n .  Of t h e  

i 
r e m a i n i n g  90% o f  t h e  l a c t a t e  m t a b o l i z e d  w i t h i n  t h e  r m s c l e  

t i s s u e  less t h a n  25% a p p e a r e d  t o  b e  o x i d i z e d  t o  c a r b o n  d i o x i d e  

and  w a t e r .  The  r e m a i n i n g  75% h a d  t o  b e  n~ t a b o l i z e d  v i a  a n o t h @ r  

r o u t e ,  of wh ich  c o n v e r s i o n  t o  glyccvge-n seemed t h e  mst l i k e l y .  

B r o o k s  a n d  Gaesser ( B 8 Q )  have cr i t i c i s& these r e f t t l k s  
e 

s u g g e s t i n g  t h a t  t h e  u s e -  of  venous  p l e  thysmogr aphy t o  - W s u r e  



b l o o d  f l a w  and  t h e  a b s e n c e  of  d i r e c t  t r a c e r  d e t e r m i n a t i o n s  -. 

i n v a l i d a t e  t h e  c o n c l u s i o n s .  
2 

. I; a r e c e n t  i n v e s t i g a t i o n  of  muscle q l y c o g e n e s i s  McLane a n d  

H o l l o s z y  ( 1 9 7 9 )  p e r f  u s e d  i s o l a t e d  r a t  h i n d l i m b s  w i t h  1 2  r n ~  
/ / te. They o b s e r v e d  a l a c t a t e  a n d  3 . 3  j l ~ i - m l e - l  of ~ 1 - l ~ ~  1 

r a p i d  i n c r e a s e  i n  g l y c o g e n  i n  f a s t  w i t c h  r e d  a n d  f a s t - t w i t c h  

w h i t e  t y p e s  of muscle w i t h ' u p  t o  44% o f  t h e  i n f u s e d  l a c t a t e  

a p p e a r i n g  a s  g l y c o g e n .  Brooks  a n d  G a e s s e r  ( 1980)  c o n c e e d e d  t h a t  
Y 

a  s i g n i f  i c3n . t  i n c o 3 o r a t i o n  of 14c l a c t a t e  i n t o  s k e l e t a l  m u s c l e  
Cb 

g l y c o g e n  was  o b s e r v e d  i n  rats  r e c o v e r i n g  f r o m  c o n t i n u o u s  or 

i n t e r m i t t e n t  e x e r c i s e .  The t i r e  c o u r s e  of  t h i s  i n c o r p o r a t i o n  

s u g g e s t e d  d i r e c t  l a c t a t e  t o  g l y c o g e n  c o n v e r s i o n  w i t h i n  the 

m u s c l e .  The  d a t a  of C o n n e t t  ( 1 9 7 9 )  showed i n  i s o l a t e d  f r o g  

s a r t o r i u s  musc le  t h a t  i n c o r p o r a t i o n  of l a b e l e d  l a c t a t e  i n t o  

g l y c o g e n  was ' f i v e  o r d e r s  of m a g n i t u d e  g r e a t e r  t h a n  i n t o  c a r b o n  

d i o x i  de . 

ENZYMES OF GLYCOGENESI S - 
Many s t u d i e s  c r i t i c i z e  Meyerhof 's o r i g i n a l  h y p o t h e s i s  b a s e d  

s o l e l y  o n  t h e  u n f a v o r a b l e  e n e r g e t i c s  of r e v e r s e  g l y c o l y s i s  

( K r e b s ,  1 9 6 5 ;  Krebs  a n d  Woodf o r d ,  1 9 6 5 ) .  The  o v e r a l l  p r o c e s s  

u n d e r  s t a n d a r d  c o n d i t i o n s  f o r  t h e  r e d u c t i o n  of  l a c t a t e  t o  one  

m o l e  o f  g l u c o s e  h a s  a  d e l t a  ~ O o f  +48,P00 c a l ' m o l e - l .  T h e r e f o r e ,  

i n  o r d e r  f o r  t h i s  r e a c t i o n  t o  o c c u r  it m u s t  be d r i v e n  by a 

g r e a t e r  e n e r g y  i n p u t .  T h e  p r o b l e m ,  a s  s e v e r a l  a u t h o r s  have  

a s s e r t e d  ( K r e k  a n d  W d f  o r d ,  1 9 6 5 ;    end all a n d  T a y l o r ,  1970 1, 
- 

J 

i s  t h e  pa thway which t h e  f l o w  of l a c t a t e  carbons t o  g-c-17 

is o c c u r s .  

- . lo9  



I t  is a c c e p t e d  t h a t  g l y c o g e n e s i s  i n v o l v e s  some r e a c t i o n s  of  

g l y c o l y s i s  i n  r e v e r s e  a n d  some a d d i t i o n a l  r e a c t i o n s  wh ich  

overcome f r e e  e n e r g y  b a r r i e r s  p r e v e n t i n g  d i r e c t  r e v e r s a l  of 

g l y c o l y s i s .  T h e  two t h e r m d y n a m i c  b a r r i e r s  wh ich  e x i s t  f o r  t h e  
& 

d i r e c t  c o n v e r s i o n  o f  l a c t a t e  t o  g l y c o g e n  a r e  b e t w e e n  p y r u v a t e  

a n d  p h o s p h o e n o l p y r u v a  te, and  b e t w e e n  f  r u c t o s e - 1 , 6 - d i p h o s p h a t e  

a n d  f r u c t o s e - 6 - p h w p h a  te .  T h e s e  t he rmodynamic  bar r ie rs  a r e  

e f f e c t i v e l y  s i d e s t e p p e d  by r e a c t  i o n s  i n v o l v i n g  t h e  cy t o s o l i c  

c a r b o x y k  i n a s e .  Both  of t h e s e  enzymes  h a v e .  b e e n  d e m o n s t r a t e d  t o  

p o s s e s s  a r a n g e  of a c t i v i t i e s  i n  ' a  v a r i G t y  of s k e l e t a l  m u s c l e  
1 

s u c h  a s  s o l e u s ,  g a s t r o c n e m i u s ,  and  d i a p h r a g m ,  f r o m  s u c h  s p e c i e s  

a s  man, dog ,  c a t ,  r a b b i t r a n d  r a t  f K r e b s  a n d  Woodfo rd ,  .- 1 9 6 5 :  O p i e  
* 

and _".lewsholm, 196.7: YcLane a n d  H o l l o s z y ,  1 9 7 9 1 ,  However ,  t h e  

t h i r d  key  enzyme, t h e  m i  t o c h o n d r i a l  p r o t e  i n  e y g v a  te 
b 

= c a r b o x y l a s e ,  a s  i t  e x i s t s  i n  t h e  g l y c o g e n i c  t i s s u e s ,  l i v e r  and  

k i d n e y ,  h a s  n o t  been demonstrated i n  s k e l e t a l  m u s c l e  IBucher  - e t  

1 .  - 1 9 6 5 ;  K r e b s  and Woodford ,  1 9 6 5 ;  C r a b t r e e  e t  a l . ,  1972 ;  Op ie  --  
and Sewsholm,  1 9 6 7 ;  Keech a n d  U t t e r ,  1 9 6 3 ) .  A s  i s  p o i n t e d  o u t  by 

m a j o r  c r i t i c s .  of m u s c l e  g l y c o g e n e s i s  ( K r e b s  a n d  wood•’ o r d ,  1 9 6 5 1 ,  

a 2 a t i - i ~ ~ .  i n v o l v i n g  the K r e k  c y c l e  a s  s e e n  i n  l i v e r  and  k i d n e y  

c a n n o t  o p e r a t e  i n  m u s c l e  ( F i g .  1 4 ) .  S u p p o r t i v e  e v i d e n c e  i s  

p r o v i d e d  by t h e  o b s e r v a t i o n  t h a t  i n  b o t h  i s o l a t e d  m u s c l e  a n d  

w h o l e  animals, t h e r e  is  no  r a n d o m i z a t i o n  of  t h e  l a b e l  f r o m  2-14C 

p y m v a t e  wh ich  w a i l d  o c c u r  i n  a pa thway  i n t e r a c t i n g  w i t h  

-ni t ~ c h u n d r i a l  dicarboxylic a c i d  p o o l s  {Krebs a n d  Woodf o r d ,  1 9 6 5 )  

as  i n  l i v e r  and kidney [see C o n n e t t ,  1 9 7 9 ) .  c his h y p o t h e s i s  i s  

s q ? o r t e d  i n  the d a t a  of C o n n e t t  ( 1 9 7 9 )  wh ich  s h m e d  i n  i s o l a t e d  
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f r o g  s a r t o r i u s  t h a t  t h e  i n c o r p o r a t i o n  r a t e  o f  14c f rom 1-14c 

a c e t a t e  i n t o  g l y c o g e n  is more  t h a n  two o r d e r s  of m a g n i t u d e  l e s s  

t h a n  t h e  i n c o r p o r a t i o n  f r o m  u-14c l a c t a t e ,  w h i l e  t h e  l 4 m 2  

p r o d u c t i o n  r a t e s  w e r e  i d e n t i c a l .  The  c o n c l u s i o n  is t h a t  t h e r e  i s  

v e r y  l i t t l e  f l u x  f r o m  Krebs c y c l e  i n t e r m e d i a t e s  t o  g l y c o g e n  i n  

musc-le, and l a c t a t e  i n c o r p o r a t i o n  mus t  p r o c e e d  v i a  a  pathway 

i n d e p e n d e n t  f rom t h e  K r e b s  c y c l e .  

T o  accoun* f o r  t h e s e  d a t a  B e n d a l l  and  T a y l o r  (19701 ,  
5 

s u g g e s t e d  t h e  f o r m a t i o n  of a n  e x t r a i n i t o c h o n d r i a l  i n t e r m e d i a t e  

u s i n g  t h e  " m a l i c  enzyme" ( 1 - m a l a t e  - d e h y d r o y e n a s e  

d e c a r b o x y l a t i n g ,  NADP'). T h i s  pathway would n o t  r e q u i r e  a  l a r g e  

i n c r e a s e  i n  p y r u v a t e  c o n c e n t r a t i o n  a n d  a  d e c r e a s e  i n  

p h o s p h o e n o l p y r u v a  te t o  f u n c t i o n .  T h i s  is  c o n s i s t a n t  w i t h  t h e  + .  
o b s e r v a t i o n s  of C b n n e t t  (197  9)  t h a t  t h e  p y r u v a  te k  i n a s e  r e a c t i o n  

is f a r  f r o m  e q u i l i b r i u m ,  a n d  t h a t  t h e r e  was  no f a l l  i n  

p h o s p h o e n o l p y r u v a t e  a n d  rise i n  p y r u v a t e  i n  r e s p o n s e  t o  e l e v a t e d  

l a c t a t e  l e v e l s  t h a t  s t i m u l a t e  g l y c o g e n  s y n t h e s i s .  T h e r e f o r e ,  t h e  

a c t i v a t i o n  of g l y c o g e n e s i s  a t  a  p o i n t  beyond p y r u v a t e  k i n a s e  
7 

which would  r e s u l t  i n  r e v e r s a l  of f l o w  t h r o u g h  t h i s  enzyme seems 

u n l i k e l y .  However,  McLane a n d  H o l l o s z y  ( 1 9 7 9 )  c a l c u l a t e d  t h a t  

p y r u v a  te  k i n a s e  r e v e r s a l  c o u l d  y i e l d  a p p r o x i m a t e l y  4 6  pmol of 

p h o s p h o e n o l p y r u v a t e ' g r a m - l  of mixed  m u s c l e o h o u r - I  a t  3 7 O ~ .  

A pathway o p e r a t i n g  t h r o u g h  t h e  m a l i c  enzyme w m l d  

d e m o n s t r a t e  som of  t h e  f e a t u r e s  of l i v e r  g l y c o g e n e s i s  s u c h  a s  

i n h i b i t i o n  of PEP c a r b o x y k i n a s e  by 3 - m e r c a p t c p i c o l i n a t e  ( F e r r e ,  

e t  a l . ,  1 9 7 7 :  Kostos, e t  a l . ,  1 9 7 5 ) .  C o n n e t t  ( 1 9 7 9 )  makes  a n  -- -- 
i n t e r e s t i n g  s u g g e s t i o n  b a s e d  o n  t h e  f a c t  t h a t  r e v e r s a l  of t h e  

m a l i c  enzyrre r q u i r e s  NADPH+H+. The  p r o d u c t i o n  of c y t o s o l i c  NADH 



w i l l  occur v i a  l a c t a t e  d e h y d r o g e n a s e  wh ich  i n  t u r n  s h c u l d  r e s u l t  

i n  i n c r e a s e d  NADPH v i a  t r a n s h y d r o g e n a s e  r e a c t i o n s .  T h u s  t h e  

s t r o n g  s t i m u l a t i o n  of m a l i c  enzyme a n d  g l y c o g e n e s i s  by e l e v a t e d  

l a c t a t e  c o n c e n t r a t i o n s  may be d u e  t o  t h i s  m t a b o l i t e  a s  a  s o u r c e  

of  r e d u c i n g  e q u i v a l e n t s .  . = A 

The malic enzyme w a s  d e m o n s t r a t e d  by O p i e  a n d  Newsholm 

( 1 9 6 7 )  i n  s k e l e t a l  m u s c l e  o f  r a b b i t s ,  f r o g s ,  p i g e o n s  a n d  h e n s  

,and i t s  k i n e  t i c  f e a t u r e s  f u r t h e r  c h a r a c t e r i z e d  by F r e n k e l  ( 1 9 7 2 )  

i n  b o v i n e  c a r d i a c  m u s c l e .  The  k i n e t i c  c h a r a c t e r i s t i c s  of t h i s  

enzyme a n d  t h e  s e n s i t i v i t y  of t he '  pa thway t o  b i c a r b o n a t e  
a *.., 

( B e n d a l l  and  T a y l o r ,  1970) .  a n d  t o  t h e  p h o s p h o ( e n o 1  ) p y r u v a t e  
r% 

4 

c a r b o x y k i n a s e  i n h i b i t o r  3 - m e r c a p t o p i c o l T n a t e  ( C o n n e t t ,  1 9 7 9 )  a r e  

c o n s i s t a n t  w i t h  a  a n  e x t r a m i t o c h o n d r i a l  s u c h '  a s  t h e  one  i n  

F i g u r e  1 5 .  I f  t h e  malic enzyme o p e r a t e s ,  t h e  o v e r a l l  r e a c t i o n  

f rom l a c t a t e  t o  g l y c o g e n  a s  shown i n  F i g u r e  1 5  c a n  b e  f o r m u l a t e d  

2 l a c t a  te+5ATP+(g l u c o s e  ) + H 2 O  - - - - - - 3 5 ~ ~ ~ + 5 ~ + 3 ~ + + ( ~ l u c o s e )  

0 AG =-5.4 k c a l  x m o l e - 1  o f  l a c t a t e  

Thus ,  2 .5  m o l e  o f  ATP is usedJmole of  l a c t a t e  c o n v e r t e d  t o  

g l y c o g e n  a n d  17 m o l e  i s  p roduced /mole  o x i d i z e d :  or f o r  e v e r y  

mole  of  l a c t a t e  d i s a p p e a r i n g  ( 2 . 5 / 1 7 )  o r  . I 4 7  m o l e  i s  o x i d i z e d  

and  0.853 mole is  c o n v e r t e d  t o  g l y c o g e n  ( B e n d a l l  and  T a y l o r ,  
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I t  a p p e a r s  t h a t  t h &  t h e o r e t i c a l  a r g u m e n t s  f o r  s k e l e t a l  
\ 

m u s c l e  g l y c o g e n e s i s  have  v a l i d i t y  and t e n d  t o  v i n d t c a t e  t h e  

o b s e r v a t i o n s  of l a c t a t e  c o n v e r s i o n  t o  g l y c o g e n .  However,  t h e  

- p h y s i o l o g i c a l  i m p o r t a n c e  of  s u c h  a pathway f o r  l a c t a t e  

m e t a b o l i s m  o p e r a t i n g  i n  m u s c l e  h a s  n o t  been  w e l l  e s t a b l i s h e d .  I t  

remains t o  be  s e e n  i f  f u r t h e r  r e s e a r c h  w i l l  a b s o l u t e l y  con•’ i r m  

or r e f u t e  t h e  o b s e r v a t i o n s  of Meyerhof (19201 ,  H i l l  (19 2 4 ) ,  

B e n d a l l  and  T a y l o r  ( l 9 7 O ) ,  Hermanssen  a n d  Vaage (19771 ,  and 

o t h e r s  who c l a i m  t h a t  i n  e x c e s s  of 75% o f  t h e  l a c t a t e  formed 

d u r i n g  h i g h  i n t e n s i t y  e x e r c i s e  i s  c o n v e r t e d  t o  g l y c o g e n  d i r e c t l y  

w i t h i n '  s k e l e  t a 1  m u s c l e .  
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