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ABSTRACT 

The t i m e  c o u r s e  of a c c u m u l a t i o n  o f  l a c t a t e  a n d  ammonia wzs  

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

V i s t a r  r a t s .  B lood  ammonia a n d  l a c t a t e  were m e z s u r e d  d u r i n g  a  

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

were a l s o  m e a s u r e d  i n  t i s s u e s  f r o m  a n i r a l s  who r a n  a t  a  c o n s t a n t  

w o r k r a t e  o f  4 5  m . n i n - I  ( s u b - m a x i m a l  e x e r c i s e )  f o r  2 ,  4 ,  6 ,  8 ,  /' 

and  1 0  m i n u t e s  o f  e x e r c i s e ,  a n d  f o l l o w i n g  5 m i n u t e s  r e c o v e r y  

a f t e r  e x e r c i s e .  

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

e x p o n e n t i a l  i n c r e a s e  i n  b o t h  ammonia a n d  l a c t a t e  i n  b l o o d .  

D u r i n g  s u b m a x i m a l  e x e r c i s e ,  ammonia a n d  l a c t a t e  r e a c h e d  p e a k  

c o n c e n t r a t i o n s  d u r i n g  t h e  6 t h  t o  8 t h  m i n u t e ,  t h e n  d e c r e a s e d  

d u r i n g  t h e  1 0 t h  m i n u t e  o f  e x e r c i s e  a n d  d u r i n g  r e c o v e r y  i n  b l o o d  

and  s k e l e t a l  m u s c l e s .  I n  l i v e r  2nd hczar t  t i s s u e ,  t h e  t i m e  c o u r s e  

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

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

e n t i r e  e x e r c i s e  p e r i o d ,  a n d  i n  l i v e r ,  ammonia c o n c e n t r a t i o n  

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

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

t h e  r e c o v e r y  period. 

I t  was  c o n c l u d e d  t h a t :  

1. t h e  a c c u m u l a t i o n  o f  ammonia a n d  l a c t a t e  i s  a f f e c t e d  by  

e x e r c i s e  i n t e n s i t y  . 
2 .  p r o g r e s s i v e l y  i n c r e a s i n g  w o r k r a t e  t o  e x h a u s t i o n  r e s u l t s  i n  a n  

e x p o n e n t i a l  i n c r e a s e  i n  b o t h  ammonia a n d  l a c t a t e  i n  b l o o d .  

i i i  



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

l a c t a t e  a c c u m u l a t i o n  a r e  s i m i l a r  i n  b l o o d  and  s k e l e t a l  m u s c l e s .  

4 .  d u r i n g  s u b m a x i m a l  e x e r c i s e ,  ammonia a c c u m u l a t i o n  i s  more 

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

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

ammonia c o n c e n t r a t i o n s .  
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I. I n t r o d u c t i o n  

I n t e r e s t  i n  ammonia m e t a b o l i s m ,  i t s  i n v o l v e m e n t  and 

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

h a s  grown p r i m a r i l y  f rom o b s e r v a t i o n s  which h a v e  l i n k e d  

i n c r e a s e d  anmonia c o n c e n t r a t i o n s  i n  b l o o d  t o  a  number o f  s e v e r e  

m e t a b o l i c  and n e u r o l o g i c a l  d i s o r d e r s .  ( I n  t h i s  c o n t e x t ,  ammonia 

r e f e r s  t o  t h e  sum o f  t h e  ammonium i o n  ( w H ~ + )  2nd ammonia g a s  

(NH3),  u n l e s s  o t h e r w i s e  s p e c i f i e d ) .  

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

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

c o n j u n c t i o n  w i t h  l i v e r  d i s e a ~ e  ( L c c k w ~ o d  -- e t  a l . ,  1 9 7 9 )  o r  i n b o r n  

e r r o r s  o f  m e t a b o l i s m  ( I E P ' s )  ( G u r o f f ,  1 9 7 9 ) ,  a r e  a s s o c i a t e d  w i t h  

h i g h  c o n c e n t r a t i o n s  o f  b lood  ammonia ( I l e s  and J a c k ,  1 9 8 0 ) .  

F r e g u € n t l y ,  t h e  i n t e n s i t y  o f  t h e  n e u r o l o g i c a l  d i s t u r b a n c e s  h a s  

been  r e l a t e d  t o  t h e  d e g r e e  o f  e x c e s s  b lood  ammonia. 

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

have  d e m o n s t r a t e d  t h a t  i n t e n s e  p h y s i c a l  e x e r c i s e  i s  accompanied  

by i n c r e a s e d  b l o o d  ammonia c o n c e n t r a t i o n s  t o  l e v e l s  which  a r e  

s i m i l a r  t o  t h o s e  which h a v e  b e e n  r e p o r t e d  i n  c l i n i c a l  d i s o r d e r s .  

I n  man, b lood  a m o n i a  c o n c e n t r a t i o n s  up  t o  400% o f  r e s t i n g  

v a l u e s  have  b e e n  measured a t  t h e  t e r m i n a t i o n  o f  i n t e n s e  e x e r c i s e  

( W i l k e r s o n ,  -- e t  a l . ,  1977 ;  Dawson, 1 9 7 8 ;  E a n i s t e r ,  -- e t  a l . ,  1 9 8 3 ) .  

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

p o s s i b i l i t y  t h a t  ammonia may b e  a s s o c i a t e d  w i t h ,  o r  may 

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



( L a b o r i t ,  -- e t  a l . ,  1 9 5 7  and  1 9 5 8 ;  Z l l e n  and  Conn, 1960;  F a r n e s ,  

e t  a l . ,  1964 ;  G o l d i n g ,  1 9 7 2 ;  E r o d a n ,  e t  a l . ,  1 9 7 4 ;  W i l k e r s o n ,  e t  -- -- - 
a l . ,  1975  and 1 9 7 7 ) .  - 

T h i s  s t u d y  h a s  i n v e s t i g a t e d  t h e  a p p e a r a n c e  and  t h e  t i m e  

c o u r s e  o f  a c c u m u l a t i o n  o f  ammonia and  l a c t a t e  i n  v a r i o u s  t i s s u e s  

d u r i n g  e x e r c i s e .  The r e l a t i o n s h i p  be tween  c h a n g e s  i n  a m c n i a  

c o n c e n t r a t i o n  and  work r a t e  d u r i n g  e x e r c i s e  and  be tween  ammonia 

and l a c t a t e  a c c u n u l a t i o n  w a s  e x a m i n e d .  P r e v i o u s  r e p o r t s  o f  t h e  

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

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

v a r i o u s  t i s s u e .  T h i s  was o f  i n t e r e s t  i n  r e l a t i o n  t o  ammonia 

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

of ammonia is  $ € p e n d e n t  o n  t h e  i n t e r a c t i o n  o f  p r o d u c t i o n  a n d  

b u f f e r i n g  o f  ammonia i n  s e v e r a l  d i f f e r e n t  t i s s u e s .  

S p e c i f i c a l l y ,  t h e  o b j e c t i v e s  o f  t h e  s t u d y  were :  

i ) t o  e s t a b l i s h  t h e  t i m e  c o u r s e  o f  ammonia a c c u m u l a t i o n  i n  

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

m u s c l e ,  h e a r t ,  l i v e r ,  a n 2  b r a i n .  

i i )  t o  compare  t h e  t i m e  c o u r s e  o f  b l o o d  ammonia 

a c c u m u l a t i o n  t o  t h a t  of  lactic a c i d d u r i n g  e x e r c i s e ,  and  t o  - - 

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

hyperammonaemia d u r i n g  e x e r c i s e  p r e c e d e d  or  f o l l o w e d  t h e  

o n s e t  o f  l a c t a c i d e m i a .  

The e x a c t  f u n c t i o n a l  e f f e c t  of ammonia upon e x e r c i s i n g  

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

and  m e t a b o l i c  f u n c t i o n  r e m a i n s  e q u i v o c a l .  Hcwever ,  i f  



elevated  ammonia p r e c i p i t a t e s  p h y ~ i o l o g i c a l  d i s t u r b a n c e s ,  

then i t  seems reasonable t o  suppose t h a t  t h e  r a p i d  

accumulation of amnonia i n  bleod dur ing  i n t e n s e  e x e r c i s e  

may i n t e r f e r e  with normal metabol ic  f u n c t i o n s ,  and a s  such, 

may z f f e c t  t o t a l  e x e r c i s e  performance. 



2.8 Review o f  L i t e r a t u r e  

2 . 1  Pmmonia P r o d u c t i o n  D u r i n g  E x e r c i s e  - 
knmonia  was f i r s t  l i n k e d  t o  t h e  develo-t o f  f a t i g u e  b y  

~ a s h i r o  ( 1 9 2 2 )  when h e  q u e s t i o n e d  w h e t h e r  o r  n o t  t h e r e  c o u l d  b e  

any  r e l a t i o n s h i p  be tween  ammonia p r o d u c t i o n  and  f a t i g u e .  

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

ammonia f o l l o w i n g  e x e r c i s e  h a v e  b e e n  r e p o r t e d  ( L a b o r i t ,  -- e t  a l . ,  

1957  and 1 9 5 8 ;  S c h w a r t z ,  Lawrence  and  R o b e r t s ,  1 9 5 8 ;  A l l e n  and  

Conn, 1 9 6 0 ;  S a l v a t o r e  and B c c c h i n i ,  1 9 6 1 ;  E s r n e s ,  -- e t  a l . ,  1 9 6 4 ;  

Ah lbo rg ,  -- e t  a l . ,  1 9 6 8 ;  G o l d i n g ,  1 9 7 2 ;  E r o d a n ,  -- e t  a l . ,  1974;  

W i l k e r s o n ,  -- e t  a l . ,  1 9 7 5  and  1 9 7 7 ;  F e y e r ,  D u d l e y ,  and T e r j u n g ,  

1980;  E a n i s t e r ,  -- e t  a l . ,  1983 ;  D u d l e y ,  -- e t  a l . ,  1 9 8 3 ) .  

W i l k e r s o n ,  -- e t  a l . ,  ( 1 9 7 7 )  e s t a b l i s h e d  a s i g n i f i c a n t  

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

ammonia and  oxygen  u p t a k e  (VC2) a t  r e s t ,  d u r i n g  e x e r c i s e ,  and i n  

p o s t - e x e r c i s e  r e c o v e r y  i n  msn. The r e l a t i o n s h i p  p r o p o s e d  by  t h e  

W i l k e r s c n  g r o u p  was:  

loglO ammonia = 0 .0036(%$02 max) + 0 .6303  (1) 

P e l a t i o n s h i p s  b e t w e e n  b l o o d  c o n c e n t r a t i o n s  o f  anmonia  and 

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

W i l k e r s c n ,  -- e t  a l . ,  ( 1 9 7 7 ) .  The c o r r e l a t i o n s  were s i g n i f i c a n t ,  

however ,  o n l y  a t  oxygen  u p t a k e  v a l u e s  g r e a t e r  t h a t  70 p e r c e n t  o f  
a 

V 0 2  max. P s i m i 1 a . r  c o r r e l a t i o n  b e t w e e n  b l o o d  ammonia and b l o o d  



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

(Meyer,  Dud ley ,  and T e r j u n g ,  1 9 8 0 ) .  P g a i n ,  t h e  r e l a t i o n s h i p  was 

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

above  D O  p e r c e n t  o f  Go2 max o f  t h e  r a t s .  

2 .2  S o u r c e s  o f  Pmmonia D u r i n g  E x e r c i s e  - - 

The m a j o r  m e t a b o l i c  r e a c t i o n s  i n v o l v i n g  ammonia i n  t h e  body 

have  been  c o m p r e h e n s i v e l y  r e v i e w e d  by  G o l d s t e i n  ( 1 3 7 6 )  and 

Tannen ( 1 9 7 8 ) .  Under  o r d i n a r y  c i r c u m s t a n c e s ,  m o s t  b lood  a r i o n i a  

is of d i e t a r y  o r i g i n .  Normal d i g e s t i v e  p r o c e s s e s  g e n e r a t e  

ammonia f rom i n g e s t e d  p r o t e i n ,  w h i l e  b a c t e r i a  i n  t h e  

g a s t r o i n t e s t i n a l  t r a c t  g e n e r a t e  ammonia by m e t a b o l o l i z i n g  

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

mechanisms f o r  s i g n i f i c z n t  ammonia p r o d u c t i o n  ( i n  t h e  p r e s e n c e  

or  a b s e n c e  o f  f o o d )  e x i s t  i n  l i v e r ,  m u s c l e ,  i n t e s t i n e ,  n e r v e  

t i s s u e ,  b r a i n ,  k i d n e y ,  and r e d  b l o o d  c e l l s  ( O n s t a d  and Z i e v e ,  

1 9 7 9 ) .  K idney ,  m u s c l e ,  and b r a i n  t i s s u e  a r e  m i n o r  s o u r c e s  o f  

ammonia p r o d u c t i o n  i n  n o r m a l ,  r e s t i n g  m e t a b c l i s m  (Lockwcod, - e t  

a l . ,  1979;  O n s t a d  and  Z i e v e ,  1 9 7 9 ) .  - 
E x e r c i s e  a f f e c t s  t h e  r a t e  o f  p r o d u c t i o n  o f  ammonia. I n  

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

d i f f e r e n c e  f o r  ammonia is close t o  z e r o  (Lockwood, -- e t  a . l . ,  

1979) .  P f t e r  m i l d  e x e r c i s e ,  no  c h a n g e  i s  o b s e r v e d  i n  b lood  

ammonia c o n c e n t r a t i o n s  i n  n o r m a l  s u b j e c t s .  However,  s e v e r e  

e x e r c i s e  is  accompan ied  b y  i n c r e a s e s  i n  b lood  ammonia up  t o  400% 

Of r e . s t i n g  v a l u e s  ( A l l e n  and Ccnn,  1960 ;  Dawson, 1978 ;  E a m i s t e r ,  



e t  a l . ,  1 9 8 3 ) .  D u r i n g  e x e r c i s e ,  anmonia  p r o d u c t i o n  b y  m u s c l e  -- 
seems t o  b e  p r o p o r t i o n a l  t o  t h e  work d o n e  ( P a r n a s ,  1 9 2 9 a  and  

1 9 2 9 b )  and h a s  b e e n  r e l a t e d  t o  t h e  o x y g e n  u p t a k e  b e f o r e ,  d u r i n g ,  

and a f t e r  e x e r c i s e  ( W i l k e r s o n ,  -- e t  a l . ,  1 9 7 7 ) .  

I t  h a s  become a c c e p t e d  t h a t  e x e r c i s e  t r i g g e r s  ammonia 

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

n u c l e o t i d e  c y c l e  (PNC) ( L o w e n s t e i n ,  1972 ;  Goodman and  

  ow en stein, 1 9 7 7 ) .  L o w e n s t e i n  and  T o r n h e i m  f i r s t  p r o p o s e d  t h e  

e x i s t e n c e  o f  t h e  PNC ( L o w e n s t e i n  and  T o r n h e i m ,  1 9 7 1 ;  L o w e n s t e i n ,  

1 9 7 2 ) ,  t h e  n e t  sum o f  which  i s  t h e  d e a m i n a t i o n  o f  a s p a r t a t e  t o  

y i e l d  ammonia. The PNC c o n s i s t s  o f  t h e  f o l l o w i n g  s e q u e n c e  o f  

r e a c t i o n s :  

1) PMP + E20 > IPP + NH3 ( 2 )  

2 )  IFP + a s p a r t z t e  + GTP d a d e n y l o s u c c i n a t e  + GDP + P i  ( 3 )  

3 )  a d e n y l o s u c c i n a t e  -PPP + f u m a r a t e  ( 4 )  

O v e r a l l :  

4 )  a s p a r t a t e  + GTP + F20 ----------5 f u m a r a t e  + NIT? + GDP + P i  

E v i d e n c e  t h a t  t h e  PNC is t h e  major p a t h w a y  o f  ammonia 

s y n t h e s i s  i n  m u s c l e  stems f rom o b s e r v a t i o n s  t h a t  i n  s k e l e t a l  

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

a c t i v i t i e s  o f  g l u t a m a t e  d e h y d r o g ~ n a s e  a.nd g l u t a m i n a s e ,  i m p o r t a n t  

enzymes i n  ammonia p r o d u c t i o n  i n  t h e  l i v e r  and  k i d n e y ,  are  

n e g l i g i b l e  ( L o w e n s t e i n ,  1 9 7 2 ) .  

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

h a s  been  summar i zed  by  L c w e n s t e i n  ( 1 9 7 2 )  as :  

i )  t o - p r o v i d e  a p a t h w a y  f o r  t h e  l i b e r a t i o n  o f  a m m o ~ i a  f r o m  amino  



a c i d s ;  

i i )  t o  p r o v i d e  a  pa thway f o r  a d j u s t m e n t  i n  t h e  l e v e l s  o f  TCF 

c y c l e  i n t e r m e d i a t e s ;  

i i i )  t o  p r o v i d e  a  pa thway f o r  amino  a c i d s  t o  b e  used  a s  a  s o u r c e  

o f  c a r b o n  f o r  e n e r g y  p r o d u c t i o n ;  

i v )  t o  p r o v i d e  a  pa thway f o r  t h e  r e g u l a t i o n  o f  t h e  r e l a t i v e  

l e v e l s  o f  a d e n i n e  n u c l e o t i d e s ,  PTP, PDP, and  AKP; 

v )  t o  p r o v i d e  a  pa thway a i d i n g  i n  t h e  c o n t r o l  o f  g l y c o l y s i s  by 

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

O t h e r  m e t a b o l i c  pa thways  e x i s t  which  may be  i n v o l v e d  i n  t h e  

p r o d u c t i o n  o f  ammonia d u r i n g  e x e r c i s e .  I n  t h e  c a t a b o l i s m  o f  many 

amino a c i d s ,  t h e  a-amino g r o u p  i n  e n z y m a t i c a l l y  removed by 

o x i d a t i v e  d e a m i n a t i o n ,  p r o d u c i n g  t h e  c o r r e s p o n d i n g  a - k e t o  a c i d  

and ammonia. D e a ~ i n a t i o n  o f  c a t e c h o l a m i n e s  may a l s o  b e  a  s o u r c e  

o f  ammonia d u r i n g  i n t e n s e  a c t i v i t y .  I n  r e s p o n s e  t o  e x e r c i s e ,  

t h e r e  is  a n  i n c r e a s e  i n  c a t e c h o l a m i n e s  i n  p l a sma  ( B a n i s t e r  and 

G r i f f i t h s ,  1972 ;  Ostman and S j o s t r a n d ,  1 S 7 5 ) ,  and a  changed  

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

accompany p h y s i c a l  t r a i n i n g  (Os tman,  1 9 7 5 ) .  P q u a n t i t a t i v e  

e s t i m a t e  of t h e s e  r e a c t i o n s  a s  a  s o u r c e  o f  ammonia p r o d u c t i o n  

h a s  n o t  b e e n  made, and t h e y  a r e  g e n e r a l l y  c o n s i d e r e d  t o  b e  o f  

min imal  i m p o r t a n c e  r e l z t i v e  t o  t h e  PNC. 

EMP breakdown may o c c u r ,  however ,  by t w o  main pa thways ,  

bo th  o f  which  a r e  r e g u l a t e d  by  PTP ( B u r g e r  and   ow en stein, 1967 ;  

S e t l o w ,  B u r g e r ,  and L o w e n s t e i n ,  1 9 6 6 ) .  The f i r s t  pa thway is by 

d e a m i n a t i o n  of FMP (FTP a c t i v a t e d ) .  T h i s  i s  f o l l o w e d  by 



d e p h o s p h o r y l a t i o n  o f  I K P  t o  i n o s i n e .  O v e r a l l ,  t h e  r e a c t i o n  i s  

c o n s i d e r e d  t o  b e  t h e  " d i r e c t "  pa thway  o f  FYP breakdown. F 

s e c o n d ,  o r  " i n d i r e c t "  pa thway  i n v o l v e s  d e p h o s p h o r y l a t i o n  o f  P P P  

( F T P - i n h i b i t e d )  f o l l o w e d  by  d e a m i n a t i o n  o f  a d e n o s i n e  ( P ? e g e l i n ,  

~ a n z o l i ,  and P a n e ,  1978). The r e l a t i o n s h i p  be tween  t h e  i n d i r e c t  

and d i r e c t  pa thways  o f  AMP breakdown a r e  i l l u s t r a t e d  i n  

F i g u r e  1. 
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Figure 1: P r o p o s e d  p a t h w a y s  of F M P  breakdown l e a d i n g  t o  
s y n t h e s i s  o f  ammonia.  - i n d i c a t e s  i n h i b i t o r y  i n f l u e n c e ,  
+ i n d i c a t e s  s t i m u l a t o r y  i n f l u e n c e .  
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2.3 Ammonia Production and Vuscle Fibre Type - 
Fundamental differences in ammonia and adenylate metabolism 

exist between contracting fast glycolytic (FG), fast oxidative 

glycolytic (FOG), and slow oxidative (SO) fibres in mammalian 

muscle  eyer and Terjung, 1979; Veyer, Dudley, and Terjung, 

1980; Dudley, -- et al., 1983). Different muscle fibre types have 

different levels of AEP deaminase activity, a principal enzyme 

of the purine nucleotide cycle catalyzing the deamination of AMP 

to IMP (Gerez and Kirsten, 1965; Faggi, et g . ,  1369; Winder, - et 

al., 1974; Veyer and Terjung, 1979). Muscles poor in - 
mitochondria are reported to produce more ammonia during 

exercise than muscles which are rich in mitochondria (Gerez and 

Kirsten, 1965; Faggi, et &L., 1969).The relevance of these 

fibre-type differences in ammonia metabolism during exercise 

will be discussed below. 

Meyer, Cudley and Terjucg (1980) examined ammonia and IPP 

contents in skeletal muscle fibres of rats after exercise. 

Exercise consisting of 4 minutes of treadmill running either at 

45 or at 60 m. min -1 in untrained animals resulted in ammonia 

concentrations which were greatest in FG, intermediate in FOG, 

and lowest in SO muscle. These changes in ammonia paralleled 

increases in INP content of the same muscle type. INP is 

Considered to be a good indicator of PEC activity since IPP does 

not diffuse out of muscle tissue (Meyer, Dudley, and Terjung, 

1980). These investigators reaffirmed that fast glycolytic 



n u s c l e  i s  a  more i m p o r t a n t  s o u r c e  o f  b l o o d  amnonia  d u r i n g  

e x e r c i s e  t h a n  FOG o r  S O  f i b r e s .  T h i s  i n t e r p r e t a t i o n ,  h o w e v e r ,  is  

c o m p l i c a t e d  by  t w o  a s p e c t s  o f  ammonia m e t a b o l i s m .  F i r s t ,  e v e n  

u n d e r  r e s t i n g  c o n d i t i o n s  t h e r e  s h o u l d  b e  more ammonia i n  m u s c l e  

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

a t  r e s t   eyer, ~ u d l e y  and  ~ e r j u n g ,  1 9 8 0 ) .  S e c o n d l y ,  m u s c l e  i s  a  

m a j o r  s o u r c e  o f  ammonia u p t a k e  when b l o o d  ammonia c o n c e n t r a t i o n s  

a r e  i n c r e a s e d  ( A l l e n  and  Conn, 1 9 6 0 ) .  Up t o  50  p e r c e n t  o f  

c i r c u l a t i n g  ammonia i s  t a k e n  u p  by s k e l e t a l  m u s c l e  i n  n o r m a l  

s u b j e c t s  a t  rest (Lockwood, -- e t  a l . ,  1 9 7 9 ) ,  a l t h o u g h  t h e  r e s p o n s e  

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

n o t  been  i n v e s t i g a t e d .  

Much o f  t h e  v a r i a b i l i t y  r e p o r t e d  i n  b l o o d  ammonia 

c o n c e n t r a t i o n s  i n  e x e r c i s i n g  humans may b e  r e l a t e d  t o  t h e  w i d e  

r a n g e  o f l f i b r e - t y p e  c o m p o s i t i o n s  among i n S i v i d u a l s ,  and b y  t h e  

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

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

d u r i n g  i n t e n s e  e x e r c i s e ,  r e c r u i t m e n t  o f  f a s t - t w i t c h  f i b r e s  is 

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

work r a t e  (Meyer ,  Dud ley  and T e r j u n g ,  1 9 8 0 ) .  T h i s  r e c r u i t m e n t  o f -  

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

may h e l p  t o  e x p l a i n  t h e  a c c u m u l a t i o n  o f  ammonia a t  h i g h .  

w o r k r a t e s .  D u d l e y ,  -- e t  a l . ,  ( 1 9 8 3 )  d e m o n s t r a t e d  t h a t  i n  humans,  

t h e  p r o p o r t i o n  of ST f i b r e s  was  i n v e r s e l y  r e l a t e d  t o  t h e  

i n c r e a s e  i n  b l o o d  arrimonia w i t h  e x h a u s t i v e  e x e r c i s e .  I t  was  

Sugges t ed  t h a t  s i n c e  ST f i b r e s  h a v e  a h i g h e r  r e s p i r a t o r y  



c a p a c i t y  t h a n  FT f i b r e s ,  t h e n  t h e y  may be  a b l e  t o  r e s y n t h e s i z e  

ATP a t  a  g r e a t e r  r a t e ,  and  would  a v o i d  a n  a c c u m u l a t i o n  of ADP 

and AMP, w h i c h  c o u l d  u p s e t  t h e  e n e r g y  c h a r g e  r a t i o .  I n  a d d i t i o n ,  

FT f i b r e s  h a v e  a  g r e a t e r  l e v e l  o f  PEP d e a m i n a s e  a c t i v i t y ,  and 

t h e o r e t i c a l l y  t h e r e f o r e  h a v e  a  g r e a t e r  c a p a c i t y  f o r  ammonia 

p r o d u c t i o n  v i a  t h e  PNC ( N e y e r  and  T e r j u n g ,  1 9 7 9 ) .  

Ge rez  and  K i r s t e n  ( 1 9 6 5 )  s u g g e s t e d  a p o s s i b l e  r e l a t i o n s h i p  

be tween  ammonia p r o d u c t i o n  and  g l y c o l y t i c  ( a n a e r o b i c )  m e t a b o l i s m  

w i t h i n  m u s c l e ,  and  T o r n h e i m  a n d  L o w e n s t e i n  ( 1 9 7 3 )  d e m o n s t r a t e d  

t h a t  t h e  P N C  is c l o s e l y  l i n k e d  t o  t h e  g l y c o l y t i c  p r o c e s s .  

~ m m o n i a  i n c r e a s e s  t h e  a c t i v i t y  o f  p h o s p h o f r u c t o k i n a s e ,  and  

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

m u s c l e  and  o t h e r  t i s s u e s  ( L o w e n s t e i n ,  1 9 7 2 ) .  ( T h i s  and  o t h e r '  

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

unde r  t h e  b e a d i n g  o f  b l e t a b o l i c  E f f e c t s  - of Ammonia.) T h u s ,  

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

be  r e g a r d e d  as  a n  " a n a e r o b i c "  o r  " f a s t - g l y c o l y t i c "  phenomenon.  

2.4 Reduc ing  E l o o d  Rrnmonia. D e l a y s  F a t i g u e  - 
E x p e r i m e n t a l  e v i d e n c e  t h a t  a r e d u c t i o n  i n  b l o o d  ammonia can-  

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

p r o v i d e d  s u p p o r t  f o r  t h e  h y p o t h e s i s  t h a t  ammonia p r e c i p i t a t e s  

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

may be  d e l a y e d  by  r e d u c i n g  b l o o d  ammonia h a v e  b e e n  r e p o r t e d  i n  

b o t h  a n i m a l  a n d  human e x p e r i m e n t s .  P  r e d u c t i o n  i n  b l o o d  ammonia 

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



~ a r n e s ,  -- e t  a l . ,  1 9 6 4 ) ,  by a d m i n i s t r a t i o n  o f  ammonium c a r b o n a t e  

( r a t s :  B z r n e s ,  -- e t  a l . ,  1 9 6 4 ) ,  by a d m i n i s t r a t i o n  o f  a s p a r t i c  a c i d  

s a l t s  ( r a t s :  L a b o r i t ,  -- e t  a l . ,  1 9 5 7 ;  E a r n e s ,  -- e t  a l . ,  1964;  man: 

~ h l b o r g ,  -- e t  a l . ,  1968 ;  G o l d i n g ,  1 9 7 2 ) ,  and by a d m i n i s t r a t i o n  o f  

sodium g l u t z m a t e  (man: E r o d a n ,  -- e t  a l . ,  1 9 7 4 ) .  The improvement  i n  

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

a t t r i b u t e d  t o  more e f f i c i e n t  e l i m i n a t i o n  o f  an-monia by i n c r e a s e d  

u r e a  c y c l e  c a p a c i t y  i n  e x p e r i m e n t s  i n v o l v i n g  t r a i n i n g ,  ammonium 

c a r b o n a t e ,  and  a s p a r t i c  a c i d  s a l t s .  The e f f e c t  o f  sodium 

g l u t a m a t e  on  improv ing  e x e r c i s e  p e r f o r m a n c e  was a t t r i b u t e d  t o  a n  

i n c r e a s e  i n  t h e  g l u t a m a t e - g l u t a m i n e  b u f f e r i n g  o f  t h e  ammonis. By 

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

r e a c t  w i t h  endogenous  ammonia t o  p r o d u c e  g l u t a m i n e ,  which is 

non- tox ic  t o  m e t a b o l i c  s y s t e m s .  

C o n t r a r y  e v i d e n c e  was p r e s e n t e d  by  C o n s o l a z i o ,  -- e t  a l .  

( 1 9 6 4 ) ,  who c o u l d  n o t  d e m o n s t r a t e  a  p o s i t i v e  r e l a t i o n s h i p  

between a s p z r t i c  a c i d  t h e r a p y  or t r a i n i n g  and  t h e  d e l a y  o f  

f a t i g u e .  However, i n  t h e  C o n s o l a z i o  s t u d y ,  t r a i n i n g  was n o t  

s t r e n u o u s  ( 3 0  min t r e a d m i l l  w a l k i n g  5  d a y s  p e r  week f o r  5  

- 
w e e k s ) ,  and no  p r i o r  f i t n e s s  t e s t s  were p e r f o r m e d  so  t h a t  no  

change i n  t h e  f i t n e s s  l e v e l s ,  i f  t h e y  were p r e s e n t ,  c o u l d  b e  

d e t e r m i n e d  as ,  a  r e s u l t  o f  t h e i r  t r a i n i n g  programme. M c  b lood  

ammonia c o n c e n t r a t i o n s  were r e p c r t c d  e i t h e r  p r i o r  t o ,  or  

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

i n  a  q u a n t i t a t i v e  manner  w h e t h e r  or  n o t  t h e i r  e x p e r i m e n t a l  

P r o t o c o l  a f f e c t e d  ammonia m e t a b o l i s m .  



2 .5  Fovement  of Ammonia a n d  L a c t a t e  Pe tween  T i s s u e  Compar tments  - - 
Pmrnonia a n d  l a c t a t e  a r e  p r o d u c e d  p r i m a r i l y  i n  m u s c l e  t i s s u e  

a s  a  r e s u l t  of p h y s i c a l  e x e r t i o n  (Hu l tman  a n d  S a h l i n ,  1 9 8 0 ;  

~ e s c h ,  1 9 8 0 ;  L o w e n s t e i n ,  1 9 7 2 )  However ,  i n  many s t u d i e s ,  b o t h  

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

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

c o n c e n t r a t i o n s .  I t  is i m p o r t a n t  t h e r e f o r e  t o  s u b s t a n t i a t e  t h i s  

s u b s t i t u t i o n  b y  c o n s i d e r i n g  t h e  mode o f  movement o f  b o t h  ammonia 

and l a c t a t e  from m u s c l e  t o  b l o o d .  

The a c c u m u l a t i o n  of ammonia i n  b l o o d  and  o t h e r  t i s s u e s  i s  

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

( i . e .  i t s  r e m o v a l  b y  o t h e r  m e t a b o l i c  r e a c t . i o n s ) ,  and  i t s  

t r a n s p o r t  o r  d i f f u s i o n  o u t  of t h e  p r o d u c i n g  t i s s u e s .  P s  a  weak 

b a s e ,  t h e  p r e d o m i n a n t  p h y s i o l o g i c a l  form o f  ammonia is  N H ~ + .  

C e l l  membranes  a r e  g e n e r a l l y  more p e r m e a b l e  t o  n e u t r a l  m o l e c u l e s  

t h a n  t o  i o n s  . ( F o o s  a n d  E o r o n ,  1 9 8 1 ) .  Ammonia may move b e t w e e n  

t i s s u e  c o m p a r t m e n t s  by  d i f f u s i o n  ( S t a b e n a u ,  War r en  and  F a l l ,  
* 

1959;  Coope r ,  -- e t  a l . ,  1 9 7 9 )  o r  b y  a c t i v e  t r a n s p o r t  ( F a z e k a s , e t  - 

a 1  1 9 5 6 ;  H i n d f e l t  a n d  S i e s jo ,  1 9 7 1 ) .  The  pH g r a d i e n t  b e t w e e n  - -. 
t i s s u e s  a l s o  i n f l u e n c e s  t h e  d i r e c t i o n  o f  movement o f  ammonia.  I t  

is r e t a i n e d  i n  t i s s u e s  w i t h  a . l o w  p H .  

E lood  is a common pool f o r  t i s s u e  p r o d u c e d  a.mmonia a n d  t h e  

a c i d - b a s e  c h a n g e s  i n  t i s s u e  r e s u l t i n g  from i n t e n s e  e x e r c i s e  

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

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



blood  pH may f a l l  f rom 7.4 ( r e s t )  t o  7.2 ( e x e r c i s e )  and musc le  

p ~  may d e c r e a s e  f rom 7.2 ( res t )  t o  6 .5  ( e x e r c i s e )  (Meyer ,  

Dudley,  and T e r j u n g ,  1 9 8 0 ) .  Thus ,  i n t e n s e  a c t i v i t y  m i g h t  r e s u l t  

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

consequence  o f  t h e  a d v e r s e  pH g r a d i e n t  ( F o o s  and  E o r o n ,  1 9 8 1 ) .  

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

o v e r a l l  m a j o r  c o n t r i b u t o r  t o  r i s i n g  b l o o d  ammonia c o n c e n t r a t i o n  

is t h e  f a c t  t h a t  m u s c l e  may a l s o  b e  a m a j o r  s i t e  o f  anmonia  

u p t a k e  wheneve r  b l o o d  ammonia l e v e l s  a r e  i n c r e a s e d  ( F o s a d a ,  - e t  

a l . ,  1962;  Lockwood, e t  a l . ,  1 9 7 9 ) .  - -- 

2.6 Removal o f  pmmonia From T i s s u e  - - 

The r e m o v a l  o f  ammonia f rom t i s s u e  is a f f e c t e d  i n  f o u r  ' 

p r i n c i p a l  ways .  F i r s t ,  by t h e  f o r m a t i o n  o f  g l u t a m a t e  by t h e  

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

c a t a l y z e d  b y  t h e  enzyme g l u t a m i n e  s y n t h e t a s e ;  t h i r d ,  by g e n e r a l  

t r a n s a m i n a t i o n  r e a c t i o n s  t o  o t h e r  amino a c i d s ;  and  f o u r t h ,  by 

d i f f u s i o n  of ammonia f rom t h e  t i s s u e  compar tmen t  t o  b l o o d .  Elood 

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

p a r t i c u l a r  t o  l i v e r  f o r  c o n v e r s i o n  tc u r e a  ( W h i t e ,  H a n d l e r ,  and - 

Smith ,  1 9 7 3 ) .  

G l u t a m i n e  s y n t h e s i s  i s  p a r t i c u l a r l y  r e l e v a n t  t o  t h i s  s t u 6 y .  

The f o r m a t i o n  o f  g l u t a m i n e  by  g l u t a m i n e  s y n t h e t a s e  (EC 6 .3 .1 .2 )  

r e q u i r e s  ammonia,  g l u t a m a t e ,  end FTP. P r o v i s i o n  o f  amnonia  f o r  

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

g lu ta rn ine  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  ( G a r b e r ,  ~ z r l ,  and 



g i p n i s ,  1976  a and  b ) .  

Ano the r  pa thway  t o  b e  c o n s i d e r e d  i n  t h e  a n a l y s i s  o f  ammonia 

me tabo l i sm is t h a t  c a t a l y z e d  by g l u t a m a t e  d e h y d r o g e n a s e  ( G ~ D H ) .  

The n e t  r e a c t i o n  is: 

G l D H  

G l u t a m a t e  + N?D+ + 2 - o x o g l u t a r a t e  - 
a - k e t o g l u t a r a t e  + a s p a r t a t e  + NH3 ( 8  ) 

A S  w r i t t e n ,  t h i s  r e a c t i o n  f u l f i l l s  t h e  f u n c t i o n  o f  p r o d u c i n g  t h e  

l i b e r a t i o n  of ammonia f rom g l u t a m a t e ,  f o l l o w i n g  t h e  l z t t e r ' s  

f o r m a t i o n  f rom t r a n s a m i n a t i o n  of v a r i o u s  amino a c i d s  ( E r a u n s t e i n  

and Bychkov, 1 9 1 9 ) .  However, t h e  f r e e  e n e r g y  change  o f  t h e  

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

a p p r o x i m a t e l y  +6.5 k c a l  a t  pH=7. T h u s ,  t h e  d i r e c t i o n  o f  t h i s  

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

t h a n  t o w a r d s  o x i d a t i v e  d e a m i n a t i o n  o f  g l u t a m a t e   o ow en stein , 

1972)  a c t s  a s  a  p o t e n t i a l  b u f f e r  s y s t e m  f o r  t h e  r emova l  o f  

t i ssue  and c i r c u l a t i n g  ammonia. The s e v e r a l  t i s s u e  b u f f e r  

sys tems  f o r  ammonia o u t l i n e d  a b o v e  i n d i c a t e  t h a t  n e t  ammonia 

c o n c e n t r a t i o n  may n o t  i n  f a c t  r e f l e c t  i t s  g r o s s  t i s s u e  

p r o d u c t i o n .  

I n  T a b l e  1, a  c o p p a r i s o n  o f  a d e n y l a t e  d e a m i n a s e  and 

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

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

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

dehydrogenase  a c t i v i t y  may i n d i c a t e  a  g r e a t e r  c a p a c i t y  f o r  

b u f f e r i n g  o f  ammonia t o  form a  l ess  t o x i c  m e t a b o l i t e .  ~ i v e r  and 



heart display high glutamate dehydrogenase activity, which may 

account partially for the substantially lower ammonia levels 

found in these tissues (Table 1). 

Table 1: Adenylate deaminase and glutamate dehydrogenase 
activity ~f various rat tissues. The source of leg muscle 
was unspecified. (Modified from Lowenstein, 1972). 

Tissue Adenylate Deaminase Glutamate 
Fctivity Dehydrogenase Activity 

(pmoles per g fresh weight per minute) 

Liver 
Brain 
Heart 
Leg Fuscle 



2.7 L a c t a t e :  Movement f r o m  M u s c l e  t o  E l o o d  - - 

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

m e t a b o l i s m  d u r i n g  e x e r c i s e  ( f o r  r e v i e w ,  see T e s c h ,  1 9 8 0 )  t h a n  o n  

ammonia m e t a b o l i s m .  I n  1 9 3 7 ,  S a c h s  a n d  S a c h s  r e p o r t e 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  w i t h i n  t h e  w o r k i n g  m u s c l e ,  e v e n  a t  

s t e a d y  s t a t e ,  w a s  h i g h e r  t h a n  t h a t  i n  t h e  b l o o d  (Hul t rnan a n d  

s a h l i n ,  1 9 8 0 ) .  I t  h a s  s i n c e  b e e n  d e m o n s t r a t e d  t h a t  t h e  i n c r e a s e d  

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

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

m u s c l e  ( H u l t m a n  and S a h l i n ,  1 9 8 0  1 . J o r f e l d t ,  J u h l i n - D a n n f e l t  a n d  

K a r l s s o n  ( 1 9 7 8 )  u s i n g  f e m o r a l  a r t e r i a l - v e n o u s  c a n n u l a t i o n ,  f o u n d  

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

l a c t a t e  c o n t e n t  d u r i n g  b i c y c l e  e x e r c i s e  u p  t o  4-5 m m o l 0 m i n - l o l e g  

when m u s c l e  l a c t a t e  c o n t e n t  was  a b o u t  4 r n m 0 1 . k ~ ' ~  w e t  w e i g h t .  

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

i n t e n s i t y  e x e r c i s e  i n  humans.  F u r t h e r  i n c r e a s e s  i n  m u s c l e  

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

and t h e  r e l a t i v e l y  c o n s t a n t  t i s s u e / 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 s  

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

P r o c e s s  r e a c h i n g  s a t u r a t i o n  p o i n t  ( J o r f e l d  t , J u h l i n - D a n n f e l  t , 

and K a r l s s o n ,  1 9 7 8 ) .  

B e n a d e  a n d  Heisler ( 1 9 7 8 )  f o u n d  a much more r a p i d  e f f l u x  of 

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

d i a p h r a m  a n d  f rog s a r t o r i u s  m u s c l e .  H o w e v e r ,  t h e  s i g n i f i c a n c e  of 

t h e s e '  i n  v i t r o  f i n 6 i n g s  was  n o t  made c l ea r .  H u l t m a n  a n d  ~ e h l i n  - 



( 1 9 8 0 )  h a v e  s u g g e s t e d  t h a t  w i t h  t h e  e x c e p t i o n  o f  t h e  e a r l y  p h a s e  

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

p a s s  a c r o s s  t h e  m u s c l e  c e l l  membrane a t  a p p r o x i m a t e l y  t h e  same 

r a t e .  E a r l y  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  h a s  been  

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

l a c t a t e  f r c m  m u s c l e .  

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

( ~ i r c h e ,  -- e t  a l . ,  1 9 7 5 ;  Painwood and  Worse ley-Erown,  1 9 7 5 ) ,  by  

l a c t a t e  g r a d i e n t  ( S t e i n h a g e n ,  -- e t  a l . ,  1 9 7 6 ) ,  and by  l o c a l  

g l y c o g e n  s tores  ( E s s e n ,  -- e t  a l . ,  1 9 7 3 ) .  The movement o f  l a c t a t e  

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

d i f f u s i o n ,  and  by  a  c a r r i e r  m e d i a t e d  mechanism i n  p a s s i v e  

t r a n s p o r t  (Hu l tman  and  S a h l i n ,  1 9 8 0 ) .  The s a t u r a t i o n  o f  l a c t a t e  

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

c a r r i e r - m e d i a t e d  t r a n s p o r t  mechanism,  or by  r e s t r i c t i o n  o f  

" l a c t a t e  d i f f u s i o n  a s  a r e s u l t  o f  i n c r e a s e d  w a t e r  c c n t e n t  i n  

m u s c l e s  c a u s i n g  l oca l  m u s c l e  s w e l l i n g .  

2.8 Emmonia D i s t r i b u t i o n  i n  T i s s u e  Compar tments  - - 

2.8.1  p H  Dependence  

Blood ammonia c o n c e n t r a t i o n  r e f l e c t s  t h e  n e t  •’1-ux o f  

ammonia f rom t i s s u e  c o m p a r t m e n t s  i n t o  t h e  b l o o d ,  and o n l y  

i n d i r e c t l y  r e f l e c t s  t i s s u e  ammonia. a weak b a s e  (pK = 

9 .3 )  e x i s t s  p r e d o m i n a n t l y  2s ammonium i o n  ( N H ~ + )  a t  

p h y s i o l o g i c a l  p H .  L e s s  t h a n  5% o f  t h e  t o t a l  ammonia is  c a r r i e d  



i n  p h y s i c a l  s o l u t i o n  a s  N H 3 .  N o n - i o n i z e d  ammonia is  more t h a n  

1200  times more s o l u b l e  t h a n  C02 i n  w a t e r ,  and  is 1 4  t i ~ e s  more 

t h a n  C02 i n  l i p i d  ( L a w r e n c e ,  -- e t  a l . ,  1 9 4 6 ;  D u t t o n  and  

~ e r k m a n ,  1 9 7 8 ) .  C e l l u l a r  membranes ,  howeve r ,  a r e  r e l s t i v e l y  

impermeable  t o  N H ~ ' ,  and t h u s  t o  t h e  m a j o r  p o r t i o n  o f  

c i r c u l a t i n g  ammonia u n d e r  n o r m a l  c o n d i t i o n s  ( E i n d f e l t ,  1 9 7 5 ) .  

The pH g r a d i e n t  b e t w e e n  t i s s u e s  d e t e r m i n e s  t h e i r  r e l s t i v e  

ammonia c o n c e n t r a t i o n s ,  and  t h e  d i r e c t i o n  of movement of ammonia 

be tween  i n t r a -  and  e x t r a - c e l l u l a r  t i s s u e  c o m p a r t m e n t s  ( C n s t a d  

and Z i e v e ,  1 9 7 9 ) .  T h u s ,  a  g r e a t e r  p r o p o r t i o n  o f  t h e  ammonium i o n  

would b e  t r a p p e d  i n  t i s s u e s  w i t h  a  l o w e r  pH t h a n  plasma ( V i s e k ,  

1 9 6 8 ) .  P s  d i s c u s s e d  a b o v e ,  t h i s  o c c u r s  s i n c e  o n l y  t h e  

n o n - p r o t o n a t e d  f o r m  o f  ammonia i s  f r e e l y  d i f f u s i b l e  across c e l l  

membranes. Unde r  r e s t i n g  c o n d i t i o n s ,  t h e r e  would  b e  a 2 .5  times 

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

assuming  p H  v a l u e s  of 7.0 and  7.4 r e s p e c t i v e l y  i n  t h e s e  t i s s u e s  

(Meyer,  D u d l e y  and T e r j u n g ,  1 9 8 0 ) .  D u r i n g  e x e r c i s e ,  when t h e  pH 

d i f f e r e n c e  b e t w e e n  m u s c l e  and  b l o o d  i s  e v e n  g r e a t e r ,  a n  

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

musc le .  

2.8.2 A c t i v e  T r a n s p o r t  

A c o m p l e t e l y  p H - d r i v e n  ammonia d i s t r i b u t i o n  d o e s  n o t ,  

however ,  a p p e a r  t o  b e  f u l l y  s u p p o r t e d  by  e x p e r i m e n t a l  e v i d e n c e .  

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

c e r e b r o s p i n a l  f l u i d  ( C S F ) ,  and  b r a i n  h a s  g rown f r o m  o b s e r v a t i o n s  



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

t h a n  t h a t  w h i c h  may b e  p r e d i c t e d  s o l e l y  f r o m  CSF ammonia 

c Q n ~ e n t r a t i o n s  and  t h e  p H  g r a d i e n t s  b e t w e e n  t h e  t w o  c o m p a r t m e n t s  

( ~ o o s ,  1 9 6 5 ;  H i n d f e l t ,  1 9 7 5 ) .  Twc p o s s i b l e  mechanisms  o f  a c t i v e  

t r a n s p o r t  s u g g e s t e d  a r e  t h e  e x i s t e n c e  o f  a c e l l  menbrane  pump 

mov ing  ammonia f r o m  e x t r a c e l l u l a r  f l u i d  i n t o  t h e  b r a i n ,  and t h e  

r e s t i n g  membrane p o t e n t i a l  o f  n e u r o n s  a n d  g l i a  (-70 t o  -90 mV) 

p romot ing  a n  a c c u m u l a t i o n  o f  ammonia i n s i d e  t h e  c e l l  r e l a t i v e  t o  

t h e  o u t s i d e  . H i n d f e l t  ( 1 9 7 5 )  s u g g e s t e d  t h a t  t h e  CSF/plasma 

ammonia r a t i o  may p r o v i d e  a s i g n i f i c a n t  m e a s u r e  o f  t h e  d e g r e e  o f  

c e r e b r a l  d y s f u n c t i o n  i n  s t a t e s  o f  hyperzmrnonaemia.  

The q u e s t i o n  a r i s e s  a s  t o  how t h e  c o n c e n t r a t i o n s  o f  ammonia 

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

changes  i n  p H  or i n  a c t i v e  t r a n s p o r t  mechan i sms  i n  t h e s e  t i s s u e s  

d u r i n g  e x e r c i s e .  W h i l e  b o t h  m u s c l e  a n d  b l o o d  become more a c i d i c  

d u r i n g  i n t e n s e  e x e r c i s e ,  m u s c l e  p H  c a n  d r o p  t o  a p H  v a l u e  o f  0 . 6  

i n  a s s o c i a t i o n  w i t h  a b l o o d  p H  v a l u e  o f  7 .2  ( S a h l i n ,  e t  a l . ,  -- 
1 9 7 6 ) .  T h i s  i n d i c a t e s  t h a t  i n t e n s e  a c t i v i t y  w i l l  r e s u l t  i n  more 

ammonia b e i n g  r e t a i n e d  i n  m u s c l e  r e l a t i v e  t o  b l o o d .  E lood  

ammonia c o n c e n t r a t i o n s  a re  e l e v a t e d  w i t h  e x e r c i s e ,  howeve r ,  end  

a l t h o u g h  t h e  p H  o f  CSF and b r a i n  d u r i n g  e x e r c i s e  a r e  n o t  known, 

e v i d e n c e  t h a t  e l e v a t e d  b l o o d  ammonia c o n c e n t r a t i o n s  a r e  

accompanied b y  e l e v a t e d  b r a i n  ammonia (Cooper, et g . ,  1 9 7 9 ;  

Lockwood, e t  a l . ,  1 9 7 9 )  would s u g g e s t  t h a t  b r a i n  ammonia -- 
c o n c e n t r a t i o n  w i l l  a l s o  b e  i n c r e a s e d  w i t h  i n c r e a s e d  e x e r c i s e  

i n t e n s i t y .  I • ’  a n  i n c r e a s e  i n  b r a i n  a n d  CSF ammonia d u r i n g  



of ammonia as a fatiguing agent could be related to both 

its central and peripheral actions. 

2 . 9  ~ffects of Pmmonia on Neural Pctivity 
-C 

- 

The action of ammonia on neural activity has been ascribed 

to four major effects: changes in intracellular pH, shifts in 

electrolytes between intracell-ular and extracellular 

compartments, interference with biochemical reactions, and 

depression of hyperpolarizing inhibition in both motoneurons and 

cortical neurons (Iles and Jack, 1980). It also appears that 
1 

ammonia may interfere directly with neuromuscular function, 

initially by potentiating and then depressing twitch tension 

(~eald, 1975). F gradual loss of twitch tension in muscle 

preparations exposed to high ammonia concentrations is 

attributed to a loss of membrane excitability and a progressive 

decrease in the electrical excitability of individual muscle 

fibres. 

Ammonia can also act as a powerful ventilatory stimulant, 

and induces hyperventilation by intravenous or intraventricular 

infusion (Wichser and Kazemi, 19?4). Fespiratory stimulation has 

been related tc the ammonia concentration in cerebrospinal 

fluid, however, and not to blood ammonia, and it has been 

Suggested that ammonia nay be acting as a respiratory stimulant 

a t  an intracranial site (Wicher and ~azeni, 1974). ~lthough this 

question was not investigated in this study, it is pertinent to 



a s k  w h e t h e r  or n o t  t h e  o b s e r v e d  i n c r e a s e  i n  ammonia a s  a r e s u l t  

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

h y p e r p n e a  . 

2.10 N e t a b o l i c  E f f e c t s  o f  Pmmcnia o n  M e t a b o l i s m  - - - 

~ m m o n i a  h a s  a  number o f  d i v e r s e  e f f e c t s  o n  b i o c h e m i c a l  

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

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

p h o s p h o f r u c t o k i n a s e  (PFK) ,  o n e  o f  t h e  r a t e  l i m i t i n g  enzymes o f  

g l y c o l y s i s  ( L o w e n s t e i n ,  1 9 7 2 ) .  Pmmonia c a n  s t i m u l a t e  PFK 

a c t i v i t y  w i t h o u t  a  c h a n g e  i n  pH ( L o w e n s t e i n ,  1 9 7 2 ) .  YcKann and  / 

Tower ( 1 9 6 1 )  r e p o r t e d  t h a t  t h e  a d d i t i o n  o f  ammonia t o  i n c u b a t e d  

c o r t e x  s l i c e s  r e s u l t e d  i n  a 2 - f o l d  d e c r e a s e  i n  t h e  r a t e  o f  

g l y c o l y s i s ,  a rise i n  l a c t a t e  p r o d u c t i o n ,  a l o n g  w i t h  d e c r e a s e d  

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

a t t r i b u t e d  t o  a d i r e c t  i n t e r f e r e n c e  b y  smrnonia w i t h  o x i d a t i v e  

d e c a r b o x y l a t i o n  o f  p y r u v a t e  and  a - k e t o g l u t a r a t e .  Katanuma,  

Okada, and N i s h i i  ( 1 9 6 6 )  a l s o  r e p o r t e d  i n h i b i t i o n  o f  o x i d a t i o n  

of p y r u v a t e ,  c i t r a t e ,  a n d / o r  i s o c i t r a t e  b y  ammonia. 

P y r u v a t e  c a r b o x y l a t i o n ,  w h i c h  is t h e  f i r s t  r e a c t i o n  o f  

9 l u c o n e o g e n e s i s ,  i s  a l s o  i n h i b i t e d  i n  t h e  p r e s e n c e  o f  ammonia 

( B r y l a  and  N i e d z w i e c k a ,  1 9 7 9 ) .  T h i s  c o u l d  b e  r e s p o n s i b l e  f o r  

S u p p r e s s i o n  b y  ammonia of g l u c o n e o g e n e s i s  f r o m  p y r u v a t e ,  which  

has been o b s e r v e d  b y  Z s l e s k e  and  B r y l a  (1.977) . The o v e r a l l  

f u n c t i o n i n g  of t h e  TCA c y c l e  a l s o  a p p e a r s  t o  b e  a f f e c t e d  by  

ammonia: ~t l e a s t  two s e p a r a t e  s teps  i n  t h e  cycle a re  i n v o l v e d *  



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

c i t r a t e  t o  a - k e t o g l u t a r a t e ,  is s p e c i f i c a l l y  i n h i b i t e d  by 

ammonia (Katanuma,  Okada and N i s h i i ,  1 3 6 6 ) .  P d d i t i o n a l l y ,  it h a s  

been o b s e r v e d  t h a t  m i t o c h o n d r i a l  r e s p i r a t i o n  i s  i n h i b i t e d  by  

ammonia (Worcel and E r e c i n s k a ,  1 9 6 2 ) .  P y r u v a t e  d e h y d r o g e n a s e  is  

a m i t o c h o n d r i a l  enzyme which  c a t a l y z e s  o x i d a t i v e  d e c a r b o x y l a t i o n  

of p y r u v a t e  t o  a c e t y l  CoA f o r  e n t r y  i n t o  t h e  TCP c y c l e .  P s  

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

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

A s  a r e s u l t  o f  t h e  s p e c i f i c  a c t . i o n s  of ammonia o n  a  number 

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

o f  p y r u v a t e  ( i e .  s t i m u l a t i o n  o f  g l y c o l y s i s ,  i n h i b i t i o n  o f  TCF 

c y c l e  and m i t o c h o n d r i a l  o x i d a t i o n ,  and i n h i b i t i o n  o f  

g l u c o n e o g e n e s i s  f rom p y r u v a t e ) ,  s n  i n c r e a s e d  p r o p o r t i o n  o f  t h e  

p y r u v a t e  may b e  a v a i l a b l e  f o r  c o n v e r s i o n  t o  l a c t a t e  by  t h e  

enzyme l a c t a t e  d e h y d r o g e n a s e .  R d r i v e  t o  l a c t a t e  p r o d u c t i o n  

cou ld  i t s e l f  a i d  i n  m a i n t a i n i n g  a n  e l e v a t e d  g l y c o l y t i c  r a t e ,  by 

p r o v i d i n g  r e - o x i d i z e d  NFD+ ( 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 )  

which is n e c e s s a r y  f o r  c o n t i n u a t i o n  of g l y c o l y s i s .  T h i s  i s  

s u p p o r t e d  by  e x p e r i m e n t s  wh ich  i n d i c a t e  t h a t  t h e  r i 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  i n  t h e  p r e s e n c e  of ammonia is  accompan ied  

by an even  g r e a t e r  p r o p o r t i o n a l  rise i n  l a c t a t e  ( ~ c h e n k e r ,  - e t  

a 1  1967;  H i n d f e l t  and  S i e s j o ,  1 9 7 0 )  and  t h u s  a n  i n c r e a s e  i n  ,* f 

t h e  l a c t a t e / p y r u v a t e  r a t i o  ( D u t t o n  and  Berkman, 1 9 7 8 ) .  O t h e r  

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

c y c l e - m e t a b o l i s m  which  r e s u l t  f rom i n c r e a s e d  ammonia 



F 

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

( ~ o y u n c u o g l u ,  -- e t  a l . ,  1 9 7 8 ) .  T h u s ,  ammonia a c c u m u l a t i o n  may 

a c c e l e r a t e  l a c t a t e  p r o d u c t i o n ,  t o  t h e  p o i n t  where  l a c t a t e  and 

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

pe r fo rmance .  

Dur ing  e x e r c i s e ,  pH d e c r e a s e s  i n  b l o o d  and  m u s c l e  ( f o r  a  

r ev i ew see T e s c h ,  1 9 8 0 ) .  T h i s  o b s e r v a t i o n ,  a s s o c i a t e d  w i t h  

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

impor t ance  i n  p r o d u c i n g  m u s c u l a r  f a t i g u e  s p e c i f i c a l l y ,  and 

e x e r c i s e  f a t i g u e  i n  g e n e r a l .  However s u c h  a n  i n c r e a s e d  

p r o d u c t i o n  and s u b s e q u e n t  a c c u m u l a t i o n  o f  l a c t i c  a c i d  may i n  

f a c t  be  s e c o n d a r y  t o  ammonia a c c u m u l a t i o n .  

2 .11 P P o s s i b l e  R ~ l e  f o r  Pmmonia P r o d u c t i o n  D u r i n g  E x e r c i s e  -- -- 
Ammonia a c c u m u l a t i o n  i n  t i s s u e  d u r i n g  i n t e n s e  m u s c u l a r  

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

p r o d u c t i o n ,  and  i n d i r e c t l y ,  i n  t h e  p r o t e c t i o n  o f  c e l l s  f rom t h e  

a c i d  l o a d  imposed by  e x e r c i s e .  The P u r i n e  N u c l e o t i d e  C y c l e ,  

rev iewed by L o w e n s t e i n  ( 1 9 7 2 ) ,  i s  g e n e r a l l y  c o n s i d e r e d  a s  t h e  

major  s o u r c e  o f  ammonia p r o d u c t i o n  d u r i n g  e x e r c i s e  b y  

d e a m i n a t i o n  of AMP by t h e  enzyme AMP-dea-minase. The 

p h y s i o l o g i c a l  s i g n i f i c a n c e  o f  t h e  PNC may b e  t h a t  : 

1. it p r o v i d e s  a  p a t h w s y  f o r  amino a c i d  d e a m i n a t i o n .  

2. i t  p r o v i d e s  a pa thway  f o r  a d j u s t m e n t  i n  TCP c y c l e  

i n t e r m e d i a t e s .  

3 .  it ' h e l p s  t o  m a i n t a i n  t h e  r a t i o s  o f  FTP t o  PDP and  Pp?P, t h e  



i , 

e n e r g y  c h a r g e  r a t i o  p r o p o s e d  by E t k i n s o n  ( 1 3 6 8 )  a s  a  m a j o r  

r e g u l a t o r y  f a c t o r  be tween  e n e r g y - y e i l d i n g  and energy-demanding  

o r  e n e r g y - s t o r i n g  p r o c e s s e s .  

4 .  it a i d s  i n  t h e  c o n t r o l  o f  g l y c o l y s i s  by ammonia 's  s t i m u l a t i o n  

of p h o s p h o f r u c t o k i n a s e  a c t i v i t y .  I t  i s  t h r o u g h  c o n t r o l  o f  

g l y c o l y s i s  t h a t  ammonia p r o d u c t i o n  n a y  b e  c o n s i d e r e d  a  c e l l u l z r  

p r o t e c t i v e  mechanism. T i s s u e s  mus t  by p r o t e c t e d  f rom e x c e s s i v e  

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

components .  T h e  i n t e r a c t i o n  o f  AMP-deaminase a c t i v i t y ,  a r m o n i a ,  

hydrogen  i o n  p r o d u c t i o n ,  and PFK a c t i v i t y  may p r o v i d e  

f i n e - t u n i n g  i n  t h e  b a l a n c e  be tween  e n e r g y  p r o d u c t i o n  and 

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



3.0 Me thodo logy  

3 . 1  Pn ima l  S e l e c t i o n  and  C a r e  - -- 
Female  W i s t a r  r a t s  ( C h a r l e s  F i v e r ,  M o n t r e a l )  w e r e  o b t a i n e d  

a t  8 weeks  o f  a g e  a t  a n  a v e r a g e  body w e i g h t  o f  a p p r o x i m a t e l y  

147.7  k 1 6 . 3  g r a m s .  A n i m a l s  were i n d i v i d u a l l y  h o u s e d ,  f e d  r a t  

chow and water - a d  l i b i t u m ,  and m a i n t a i n e d  o n  a 7 a m :  7 pm 

d a r k : l i g h t  c y c l e .  

3.2 Pn imal  T r a i n i n g  - 
F o l l o w i n g  o n e  week a c c l i m a t i z a t i o n  d u r i n g  w h i c h  a n i m z l s  

were h a n d l e d  d a i l y ,  a n i m a l s  were g i v e n  p r e l i m i n a r y  e x e r c i s e  

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

( Q u i n t o n  model  42-15,  Q u i n t o n  I n s t r u m e n t s ,  S e a t t l e ) .  $11 a n i m a l s  

were  e x e r c i s e d  f o u r  times per week ,  f o r  a p p r o x i m a t e l y  1 0  min .  

e ach  s e s s i o n ,  t o  a l l o w  a n  h a b i t u a t i o n  t o  r u n n i n g .  T h i s  p e r i o d  of 

h a b i t u a t i o n  r e q u i r e d  s e v e n  t o  e i g h t  weeks  t o  e n s u r e  c o n s i s t e n t  - 

r u n n i n g  d u r i n g  e x p e r i m e n t s .  F t  t h e  end  o f  t h e  p e r i o d  o f  

h a b i t u a t i o n ,  t h e  maximum amount  o f  d a i l y  work w a s  1 2  m i n u t e s  o f  

e x e r c i s e ,  i n c l u d i n g  7 m i n u t e s  a t  35 m.min-1, and  5 m i n u t e s  a t  4 0  

n.min-l  , r e s p e c t i v e l y .  P t y p i c a l  programme f o r  e n d u r a n c e  

t r a i n i n g  c o n s i s t s  of 5  t o  6 weeks  o f  h a b i t u a t i o n  t o  r u n n i n g  a s  

d e s c r i b e d  a b o v e ,  f o l l o w e d  by e x e r c i s e  u p  t o  a n  i n t e n s i t y  of 1 

h o u r  p e r  d a y ,  5 d a y s  p e r  week a t  a s p e e d  o f  28  t o  30  m.min-I on 



a 1 5 %  g r a d e  f o r  s e v e r a l  weeks  ( E a r p u r ,  1 9 8 0 ;  P a t c h  and  B r o o k s ,  

1 9 8 0 ) .  P t y p i c a l  programme f o r  s p r i n t  t r a i n i n g  would  c o n s i s t  o f  

6  t o  8 weeks  o f  i n t e r v a l  t r a i n i n g  u p  t o  50 r e p e t i t i o n s  o f  1 0  

s e c o n d s  work:  30 s e c c n d s  rest  a t  80 m.min-]- o n  a  1 5 %  g r a d e ,  

a f t e r  h a b i t u a t i o n  t r a i n i n g  ( H i c k s o n ,  -- e t  a l . ,  1 9 7 6 ;  H a r p u r ,  

1 9 8 0 ) .  The a n i m a l s  i n  t h i s  s t u d y  were c o n s i d e r e d  t o  a c c l i m a t e d  

t o  r u n n i n g ,  b u t  n o t  h i g h l y  t r a - i n e d .  

F o l l o w i n g  t h e  p e r i o d  o f  h a b i t u s t i o n  i n  t h i s  e x p e r i m e n t ,  

a n i m a l s  were r a n d o m l y  a s s i g n e d  t o  t w o  e x p e r i m e n t a l  g r o u p s ,  

d e s i g n a t e d  a s  e i t h e r  E x p e r i m e n t  1 - C a t h e t e r / R u n  P r o t o c o l ,  o r  

E x p e r i m e n t  2 T i s sue -T ime  C o u r s e  P r o t o c o l .  

3.3 E x p e r i m e n t  1 - C a t h e t e r / R u n  P r o t o c o l  - - - 

H a b i t u a t e d  a n i m a l s  were a c c u s t o n e 2  t o  r u n n i n g  o n  t h e  

m o d i f i e d  o n e - a n i m a l  t r e a d m i l l  ( d e t a i l e d  i n  A p p e n d i x  1) w e a r i n g  a 

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

p r o c e d u r e s  ( d e s c r i b e d  i n  P p p e n d i x  3 ) .  T h i s  r e q u i r e d  e i g h t  t o  t e n  

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

a  f r e q u e n c y  o f  t h r e e  t i m e s  p e r  week.  The  maximum oxygen  u p t a k e  

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

m e a s u r e  oxygen  c o n s u m p t i o n  ( F u s s e l ,  Campagna,  and  Wenger ,  1 9 8 0 ;  

G l e e s o n  and  B a l d w i n ,  1 9 8 1 ) .  

Go2 max was  m e a s u r e d  t o  assess  t h e  aerobic c a p a c i t y  o f  

d i f f e r e n t  a n i m a l s ,  and  t o  e x p r e s s  more a c c u r a t e l y  a n y  s u b s e q u e n t  

e x e r c i s e  work  r a t e s  a s  a p e r c e n t a g e  o f  e a c h  a n i m a l ' s  i n d i v i d u a l  

work c A p a c i t y .  The  u s u a l  method  o f  d o i n g  t h i s  h a s  b e e n  t o  u s e  



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

which a n  a n i m a l  u n d e r t a k e s ,  however  t h i s  d o e s  n o t  t a k e  i n t o  

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

P f t e r  Go2 max e s t i m a t i o n ,  e a c h  a n i m a l  had  a n  i n d w e l l i n g  

c a t h e t e r  i n s e r t e d  v i a  t h e  r i g h t  j u g u l a r  v e i n  i n t o  t h e  r i g h t  

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

d e s c r i b e d  i n  P p p e n d i x  2 .  D u r i n g  two d a y s  o f  p o s t - o p e r a t i v e  

r e c o v e r y ,  a n i m a l s  were e x e r c i s e d  o n  t h e  t r e a d m i l l  f o r  1 0  m i n u t e s  

e a c h  d a y  s t  1 5  m.rnin-1 ( r e p r e s e n t i n g  e a s y  e x e r c i s e ) .  On t h e  

t h i r d  p o s t - o p e r a t i v e  d a y ,  e x e r c i s i n g  a n i m a l s  ( n = 6 )  p e r f o r m e d  a 

p r o g r e s s i v e  t r e a d m i l l  r u n  on a  s m a l l  a n i m a l  t r e a d m i l l ,  i n i t i a l l y  

a t  15 .0  m.min-1, 0 %  g r a d e ,  and i n c r e a s i n g  t h e r e a f t e r  e v e r y  2 

m i n u t e s  by 5.0 m.rnin-l u n t i l  e x h a u s t i o n .  T h i s  r e p r e s e n t e d  an  

e x e r c i s e  d u r a t i o n  o f  1 4  t o  20 m i n u t e s .  Rlood was sampled  

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

r e c o v e r y ,  d u r i n g  t h e  l a s t  30  s e c o n d s  o f  e a c h  t i m e  i n t e r v a l .  T h i s  

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

pe r fo rmance .  An e q u i v a l e n t  volume o f  who le  b l o o d  was r e i n f u s e d  

a f t e r  w i t h d r a w 1  o f  e a c h  s a m p l e  f rom d o n o r  b l o o d  m a i n t a i n e d  a t  
0 

4  C t a k e n  f rom a f r e s h l y  k i l l e d  r a t  o f  t h e  same s t r a i n .  C o n t r o l  

a n i m a l s  ( n = 7 )  were sampled  and  r e i n f u s e d  w i t h o u t  e x e r c i s e  

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

p e r i o d  o f  20 m i n u t e s .  The b l o o d  s a m p l e s  were p r o c e s s e d  and  

s t o r e d  f o r  e n z y m a t i c  a n a l y s i s  o f  ammonia and  l a c t a t e ,  a c c o r d i n g  

t o  t h e  p r o c e d u r e s  o u t l i n e d  i n  Appendix 4 .  



3 . 4  E x p e r i m e n t  2 - Tis sue -T ime  C o u r s e  P r o t o c o l  - - - -- 

T h i s  s t u d y  wzs  c o n d u c t e d  t o  i n v e s t i g a t e  ammonia and l a c t a t e  

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

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

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

r a t s  we re  e x e r c i s e d  a t  45  m.min-1, 0 %  g r a d e  d u r i n g  wh ich  g r o u p s  

o f  a n i m a l s  were s a c r i f i c e d  a t  r e s t ,  and  a t  s i x  t i m e  p o i n t s  

d u r i n g  t h e  e x e r c i s e  c o n d i t i o n s .  T h e  t i m e  p o i n t s  were a t  2 ,  4 ,  6 ,  

8 ,  and 1 0  m i n u t e s  o f  e x e r c i s e ,  a n d  a f t e r  1 0  m i n u t e s  e x e r c i s e  and  

5 m i n u t e s  r e c o v e r y .  A g r o u p  o f  c o n t r o l  a n i m a l s  ( n = 4 ) ,  who were 

o f  t h e  same s t r a i n  and  a g e  a s  t h e  e x e r c i s e d  r a t s  b u t  had  n e v e r  

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

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

t r a i n i n g  p r o c e d u r e .  P n i m a l s  were l i g h t l y  ~ n e s t h e t i z e d  by e t h e r  

and k i l l e d  by  e x s a n g u i n a t i o n .  The  abdomina l .  c a v i t y  was o p e n e d ,  

b lood  was  w i t h d r a w n  f r o m  t h e  a b d o m i n a l  a o r t a  a n d  i m m e d i a t e l y  

t r e a t e d  f o r  s u b s e q e n t  a n a l y s i s  a s  d e t a i l e d  i n  Append ix  4 .  L i v e r ,  

h e a r t ,  and  b r a i n  were e x c i s e d  a n d  i m m e d i a t e l y  f r o z e n  i n  l i q u i d  
0 

n i t r o g e n  a t  -30 C. H i n d l i m b  m u s c l e s  ( s p e c i f i c a l l y  s o l e u s ,  

p l a n t a r i s ,  a n d  v a s t u s  l a t e r a l i s )  w e r e  t h e n  e x p o s e d ,  e x c i s e d ,  and - 

i m m e d i a t e l y  f r o z e n  i n  l i q u i d  n i t r o g e n .  

Two i n v e s t i g a t o r s  p e r f o r m e d  t h e  d i s s e c t i o n s  t o  m i n i m i z e  t h e  

t i m e  e x p e n d e d  b e t w e e n  a n a e s t h e s i a  and  f r e e z i n g  o f  t h e  t i s s u e .  

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

i n  Appendix  4 .  



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

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

s e c t i o n  o f  f r e s h  m e d i a l  g a s t r o c m e n i u s  t i s s u e  ( 1 0 0  - 250 mg) t o  a  

c o n s t a n t  w e i g h t  a t  60•‹ C.  

B lood ,  h e a r t ,  l i v e r ,  m u s c l e  and  b r a i n  t i s s u e  w e r e  a s s a y e d  

f o r  ammonia (Kun and  K e a r n e y ,  1 9 7 4 ;  S igma ,  1 9 8 0 ) .  B l o o d ,  h e a r t ,  

l i v e r  and m u s c l e  were a s s a y e d  f o r  l a - c t a t e  (Gutmann a n d  

W a h l e f e l d ,  1 9 7 4 ;  E o e h r i n g e r  Mannhcim Diagnostics, Chemica l  

a s s a y s  a r e  d e s c r i b e d  i n  d e t a i l  i n  Append ix  5 .  

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

T a b l e  2 .  

T a b l e  2 :  T i m e t a b l e  o f  E x p e r i m e n t a l  P r o c e d u r e s  
showing  t h e  p r o g r a m  o f  t r a i n i n g  and  e x p e r i m e n t a l  p r o c e d u r e s .  

Week # - -  P r o c e d u r e  

1 a. - R e c e i v e d  a n i m a l s ;  8 weeks  o f  a g e  
-Handled  d a i l y  

2-7 - H a b i t u a t i o n  t o  r u n n i n g  
8 -T issue-Time  C o u r s e  E x p e r i m e n t  
8-9 - H a b i t u a t i o n  t o  s m a l l  t r e a d m i l l  and  g a s  

a n a l y z i n g  e q u i p m e n t  
1 0  - h 2 m a x  t e s t i n g  
10-12 - c a t h e t e r i z a t i o n  

- P o s t - o p e r a t i v e  r e c o v e r y  
- C a t h e t e r - F u n  P r o t o c o l  

The t o t a l  s t u d y  i n v o l v e d  70 a n i m a l s .  I n  E x p e r i m e n t  1, 1 3  

a n i m a l s  were u s e d  w i t h  6 a n i m a l s  a s  a n  e x e r c i s e  g r o u p ,  and  7  a s  

u n e x e r c i s e d  c o n t r o l s .  

 he s e c o n d  e x p e r i m e n t ,  w h i c h  r e q u i r e d  e i g h t  g r o u p s  

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



through exercise, and recovery, used 57 animals in total. 

3.5 Statistical Considerations 

Group means and standard error of the meen (SEN) were 

calculated for blood lactate and ammonia concentrations, body 

weights, and oxygen uptake measurements. Oneway analysis of 

variance (SPSS ENOVE) was performed between experimental groups, 

for body weights, and ammonia and lactate concentration changes 

with respect to exercise time, and to tissues. Post hoc Scheffe -- 
analysis was used to test for significance (p<0.05). When tests 

for homogeneity of variances indicated significant differences 

in homogeneity of groups (Bartlett-Fox test, p<0.05), a multiple 

comparison procedure was used, based on Cochran and Cox's test 

for the equality cf two means and Bonferroni's test for 

inequalities. 

Non-linear regression analysis (BMDP-3F) was performed to 

obtain the best-fit exponential equation for the changes in 

blood ammonia and lactate concentrations with respect to time in 

Experiment 1. Felationships between ammonia and lactate 

concentrations in blood and tissue were determined by linear 

regression analysis (MIDPS). Group differences in oxygen uptake 

values were determined by One-Sample t-Test (EFDP-3C), where 

p<0.05 was used as a measure of significant difference between 

groups. 



4.0 R e s u l t s :  G e n e r a l  

4 . 1  Animal Body K e i g h t s  - 
The g r o u p  means  o b t a i n e d  f o r  b o d y  w e i g h t s  of e a c h  

e x p e r i m e n t a l  g r o u p  a re  shown i n  T a b l e  3  f o r  E x p e r i m e n t  1, and  

T a b l e  4 f o r  E x p e r i m e n t  2 .  I n  E x p e r i m e n t  1 ( T a b l e  3 ) ,  b o t h  t h e  

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

t h e  p e r i o d  of t h e  e x p e r i m e n t  ( p < 0 . 0 5 ) .  T h e r e  were n o  o t h e r  

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

E x p e r i m e n t a l  a n i m a l s  w i t h  respect  t o  t h e i r  p r e -  o r  p o s t -  s u r g e r y  

w e i g h t ,  t h e  p e r c e n t  w e i g h t  l o s s  a s  a r e s u l t  o f  t h e  s u r g e r y ,  or  

t h e i r  w e i g h t  o n  t h e  d a y  of t h e i r  e x p e r i m e n t .  



T a b l e  3: A n i m a l  b o d y  w e i g h t s  i n  E x p e r i m e n t  1 ( c o n t r o l  n = 7 ,  
r u n  n = 6 ) .  S h o w i n g  w e i g h t  o n  a r r i v a l ,  pre- a n d  p o s t - s u r g e r y ,  
r e s p e c t i v e l y .  W e i g h t  l o s s  a s  a r e s u l t  of s u r g e r y ,  and  w e i g h t  
on  t h e  d a y  o f  t h e  e x p e r i m e n t  a re  a l s o  shown.  V a l u e s  a r e  m e a n s  
+ SEl?.  - 

C o n t r o l  Run - 
G r o u p  ( C a t h e t e r i s e d - R e s t i n g )  ( C a t h e t e r i s e d - E x e r c i s e d )  

E . r r  i v a l  1 7 5 . 5  f 8 . 3  1 7 7 . 0  + 5 . 5  

P r e s u r g e r y  * 3 1 4 . 5  _+ 6.9 * 285 .3  + 1 6 . 1  

P o s t s u r g e r y  * 301.2  + 6 . 3  * 274.5 2 1 4 . 9  

P e r c e n t  W e i g h t  4 .2  + 0.9  
L o s s  

E x p e r i m e n t a l  * 2 9 9 . 2  + 4 . 9  
W e i g h t  

* i n d i c a t e s  s i g n i f i c a n t  i n c r e a s e s  a b o v e  a r r i v a l  w e i g h t ,  
p<0 .O5. 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 d e t e c t e d  i n  b o d y  
w e i g h t  b e t w e e n  C o n t r o l  a n d  Run a n i m a l s  w i t h  respect  t o  g r o u p .  

G r o u p s  o f  a n i m a l s  i n  E x p e r i m e n t  2 a l s o  showed s i g n i f i c a n t  

g r o w t h  d u r i n g  t h e  p e r i o d  of t h e  e x p e r i m e n t  ( ~ ( 0 . 0 5 )  ( T a b l e  4 )  

T h e r e  were n o  o t h e r  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  g r o u p s  o f  

a n i m a l s  w i t h  respect  t o  e i t h e r  t h e i r  w e i g h t  a t  t h e  t i m e  of t h e i r  

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



Table  4 :  Animal body w e i g h t s  i n  Exper iment  2 .  Showing 
d i f f e r e n c e s  between a r r i v a l  w e i g h t  and w e i g h t  a t  t h e  t ime  
of  s a c r i f i c e .  ( V a l u e s  a r e  Means k SEP).  

GROUP PUN T I P E  
( m i n u t e s )  

TKO ( n = 9 )  

EIGHT ( n = 8 )  

TEN ( n = 8 )  

T a b l e  4 
KEIGHT ON FFFIVPL- 

(gm) 

* i n d i c a t e s  s i g n i f i c a n t  i n c r e a s e  from a r r i v a l  w e i g h t ,  
( p < 0  .O5) . N o  s i g n i f i c a n t  d i f f e r e n c e s  i n  body w e i g h t  were 
d e t e c t e d  between g r o u p s  w i t h  r e s p e c t  t o  w e i g h t  on  a r r i v a l  
o r  e x p e r i m e n t a l  w e i g h t .  



4 .2  F e s u l t s  - E x p e r i m e n t  1 - - 

4 .2 .1  Oxygen U p t a k e  Measurements  

Oxygen u p t a k e  measu red  b e f o r e  and  a f t e r  s u r g i c a l  

c a t h e t e r i z a t i o n  o f  a n i m a l s  i s  summar ized  i n  T a b l e  5 .  C t  r es t ,  VC; 

v a r i e d  f r o m  3 6 . 1  f 4.9 ( r a n g e  3 C . 3  t o  4 6 . 2 )  ml -kg ' l -min - l  i n  

c o n t r o l  a n i m a l s  t o  3 9 . 1  2 6 . 6  ( r a n g e  31 .0  t o  4 7 . 9 )  m l - k g - l - m i n - l  

i n  c a t h e t e r i s e d  a n i m a l s  ( F i g u r e  2 ) .  ~ n i t i a l l y ,  t h e  t r e a d m i l l  

v e l o c i t y  wzs 1 5  menin-1,  and was  i n c r e a s e d  b y  5 m-min-1 e v e r y  2  

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

t r e a d m i l l .  T h i s  o c c u r r e d  a f t e r  maximum r u n n i n g  t i m e s  o f  1 8  

m i n u t e s  f o r  c o n t r o l  and 1 6  m i n u t e s  f o r  c a t h e t e r i s e d  a n i m a l s ,  a t  

maximum r u n n i n g  v e l o c i t i e s  o f  60 m-min-1 f o r .  c o n t r o l  a n i m a l s ,  

and 55 m - m i n - l ,  r e s p e c t i v e l y .  A t  e x h a u s t i o n ,  Cc2 max was 92 .8  f 

4.7 ( r a n g e  88  -1 t o  3 9 . 7 )  m l - k g - l * m i n - 1  i n  c o n t r o l  a n i m a l s  and  

81 .9  + 5.9 ( r a n g e  74.9 t o  9 1 . 5 )  m l * k g - l * m i n - l  i n  c z t h e t e r i s e d  

r a t s .  A t  rest ,  t h e  d i f f e r e n c e s  i n  Go2 b e t w e e n  n o n - c a t h e t e r i s e d  

and c a t h e t e r i s e d  a n i m a l s  was n o t  s i g n i f i c a n t .  However,  t h e r e  
e 

were  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  VC2 max v a l u e s  o f  t h e  

d i f f e r e n t  g r o u p s  ( ~ ( 0 . 0 5 ) .  

I n  c o n t r o l  a n i m a l s ,  t h e  mean r e s p i r a t o r y  e x c h a n g e  r a t i o  

( P E R )  was  0 . 8 2  2 0 .07  and  1 .02  f 0 . 1 1  d u r i n g  r e s t i n g  c o n d i t i o n s  

and maximum e x e r c i s e .  C o r r e s p o n d i n g  v a l u e s  f o r  FEF i n  

c a t h e t e r i s e d  a n i m a l s  were 0 .82  + 0 .04  and  1 . 1 3  + 0 .06  

r e s p e c t i v e l y .  



Table 5: Oxygen uptake and respiratory exchange ratios 
(mean k SEM) measured in female rats pre- (n=7) and 
post-catheterization (N=6) respectively, in animals 
running to exhaustion. 

Pre-Catheterization Post-Catheterization 

REST 

k2 36.1 _+ 4.9 
(ml *kg-1 emin-1 ) 

EXRAUSTION 

kg max 92.8 + 4.7 
(ml *kg-I emin-I ) 

* indicates significant difference from pre-catheterization 
value. 
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Figure 2: Oxygen uptake (mean + SEP) measured in female 
rats measured during a progressive treadmill run to 
exhaustion pre- (n=7) and pcst-catheterization ( N = 6 ) ,  
respec ively . 
* indicates significant difference from pre-catheterization 
value. 



4.3 E lood  Ammonia and L a c t a t e  - -- 

The t i m e  c o u r s e  o f  b o t h  ammonia and  l a c t a t e  a c c u m u l a t i o n  i n  

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

is shown i n  F i g u r e  3 .  E x e r c i s e  d u r a t i o n  r a n g e d  f r o m  1 4  t o  20  

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

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

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

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

r a n  a n  a v e r a g e  o f  2 t o  4 m i n u t e s  l o n g e r  when b l o o d  wzs b e i n g  

sampled  and r e i n f u s e d  t h a n  anima1.s i n  t h e  Co2 max p r o t o c o l .  

4 . 3 .1  C o n t r o l  An ima l s :  Non-Exe rc i s ed  

Blood was  s amp led  e v e r y  2 m i n u t e s  d u r i n g  a 20 m i n u t e  p e r i o d  

i n  c o n t r o l  r a t s  a t  r e s t ,  a  p e r i o d  w h i c h  c o r r e s p o n d e d  t o  t h e  

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

g r o u p s .  D u r i n g  t h i s  e n t i r e  p e r i o d ,  ammonia and l a c t a t e  

c o n c e n t r a t i o n s  r e m a i n e d  a t  t h e i r  r e s t i n g  v a l u e s  o f  5 7 . 1  + 8.5 

( r a n g e  41.5  - 6 7 . 5 )  PM and 1 .5  + 0 .2  ( r a n g e  1 . 4  - 2 .0 )  mM 

r e s p e c t i v e l y .  E t  n o  t i m e  p o i n t  were t h e s e  v a l u e s  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  e a c h  o t h e r  ( F i g u r e  3 ) .  

4.3.2 E x e r c i s e d  An ima l s  

Under r e s t i n g  c o n d i t i o n s  i m m e d i a t e l y  p r i o r  t o  e x e r c i s e ,  

b l o o d  ammonia w a s  36.4  2 1 3 . 2  ( r a n g e  1 8 . 2  - 5 4 . 5 )  ).IM and b l o o d  



l a c t a t e  was  1 . 4  f 0.5  ( r a n g e  0.9 - 2 . 2 )  mM. T h e s e  v a l u e s  were 

s i ~ m i l a r  t o  t h o s e  reported u n d e r  c o n t r o l  c o n d i t i o n s  ( F i g u r e  3 ) .  

P t  t = 1 0  m i n u t e s  d u r i n g  e x e r c i s e ,  t h e  mean g r o u p  ammonia 

c o n c e n t r a t i o n  had  i n c r e a s e d  t o  67 .5  + 18 .2  p,  elmost d o u b l e  

t h a t  o f  t h e  r e s t i n g  v a l u e  (36 .4  2 1 3 . 2 1 ,  b u t  was n o t  a p p r e c i a b l y  

g r e a t e r  t h a n  t h a t  o f  t h e  n o n - e x e r c i s e d  c o n t r o l  a n i m a l s  ( 5 7 . 1  2 

8 . 5 )  a t  a  s i m i l a r  t i m e  p o i n t .  C o r r e s p o n d i n g  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  a t  t = 1 0  m i n u t e s  i n  t h i s  g r o u p  was  2 .9  + 1.1 m M ,  

d o u b l e  b o t h  t h e  r e s t i n g  and n o n - e x e r c i s e d  c o n t r o l  

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

I n  t h i s  g r o u p  a t  e x h a u s t i o n ,  t h e  c o n c e n t - r a t i o n  o f  b l o o d  

ammonia was 349 .7  5 61 .9  ( r a n g e  267.4  - 4 0 2 . 4 )  PM, and b l o o d  

l a c t a t e  measu red  12 .0  + 1.8 ( r a n g e  8.9 - 1 4 . 1 )  nM. T h e s e  v a l u e s  

r e p r e s e n t e d  a 9 f o l d  i n c r e a s e  i n  b l o o d  ammonia and  a n  G f o l d  

i n c r e a s e  i n  b l o o d  l a c t a t e  r e s p e c t i v e l y  compared  t o  r e s t i n g  

v a l u e s  i n  t h e  e x e r c i s i n g  g r o u p .  The  r e l a t i v e  i n c r e a s e s  a r e  

s l i g h t l y  less compared  t o  r e s t i n g  c o n c e n t r a t i o n s  o f  ammonia ( 6  

f o l d )  and l a c t a t e  ( 8  f o l d )  r e s p e c t i v e l y .  i n  c o n t r o l  a n i m a l s .  The 

c o n c e n t r a t i o n  o f  ammonia and  l a c t a t e  a t  t h e  p o i n t  o f  e x h a u s t i o n -  

i n  e x e r c i s i n g  a n i m a l s  w a s  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  t h e  

r e s t i n g  c o n t r o l s  ( p < 0 . 0 5 ) .  D u r i n g  r e c o v e r y ,  a  r a p i d  d e c r e a s e  i n  

b o t h  ammonia and  l a c t a t e  was  o b s e r v e d .  F f t e r  2 m i n u t e s  r e c o v e r y ,  

ammonia had  d e c r e a s e d  b y  30% f r o m  i t s  p e a k  c o n c e n t r a t i o n ,  and  

l a c t a t e  h a d  d e c r e a s e d  b y  25% a t  t h e  same t i m e  p o i n t .  However ,  

ammonia and  l a c t a t e  were 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  t h e  

peak  c o n c e n t r a t i o n s  o f  e x e r c i s e  u n t i l  t h e  6 t h  m i n u t e  o f  



r e c o v e r y ,  a t  w h i c h  t i m e  b o t h  ammonia and l a c t a t e  were 50% lower 

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

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

which was s i g n i f i c a n t l y  d i f f e r e n t  f rom r e s t i n g  c o n t r o l  v a l u e s  

( p < 0 . 0 5 )  b e t w e e n  t=-4  ( 4  m i n u t e s  p r i o r  t o  e x h a u s t i o n )  t o  t = O  

( t h e  p o i n t  o f  e x h a u s t i o n ) .  Group mean d i f f e r e n c e s  be tween  

r e s t i n g  ammonia and  e x e r c i s e  ammonia c o n c e n t r a t i o n  were n o t  

s i g n i f i c a n t l y  d i f f e r e ~ t  ( p < 0 . 0 5 )  u n t i l  t = - 2  and t = O  m i n u t e s .  

The re  is ,  however ,  some d i f f i c u l t l y  i n  i n t e r p r e t i n g  t h e  

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

v a r i a b i l i t y  i n  c o n c e n t r a t i o n .  However,  c o m p a r i s o n  o f  t h e  t i m e  

c o u r s e  o f  t h e  r i s i n g  b l o o d  c o n c e n t r a t i o n  p r o f i l e s  o f  ammonia and 

l a c t a t e  r e s p e c t i v e l y  s u g g e s t s  t h a t  t h e r e  i s  v e r y  l i t t l e  

d i f f e r e n c e  b e t w e e n  them d u r i n g  r u n n i n g  i n  t h e  r a t  ( F i g u r e  3 ) .  

R e g r e s s i o n  a n a l y s i s  showed t h a t  t h e r e  was a  s i g n i f i c a n t  

i n t e r s u b s t . r a t e  c o r r e l a t i o n  be tween  c o n c e n t r a t i o n s  o f  b lood  

ammonia and l a c t a t e  f rom e x e r c i s i n g  a n i m a l s ,  a c c o r d i n g  t o  t h e  

e q u a t i o n :  

L a c t a t e  (mM) = G.O29(P.monia pP) + 1 . 7 7  ( 6 )  

These d a t a  and  r e g r e s s i o n  l i n e  a re  i l l u s t r a t e d  i n  F i g u r e  .4. 
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Figure 3: Time course of accumulation of blood ammonia and 
lactate during a pLogressive treadmill run to exhaustion in - 

female rats. The values are means + SEE. Exercise Time 
(abscissa) was normalized to exhaustion at time zero. 
The other times (i.e. t = -4) indicate minutes prior to 
exhaustion, or minutes of recovery. 
* indicates significant differences from control values. 
+ indicates significant differences from peak concentrations. 
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F i g u r e  4 :  Compar i son  of t h e  r e l a t i v e  r a t e  o f  i n c r e a s e  of 
b lood  ammonia and  l a c t a t e  i n  f e m a l e  r a t s  a s  t h e y  a c c u m u l a t e d  
d u r i n g  a  p r o g r e s s i v e  t r e a d m i l l  r u n  t o  e x h a u s t i o n .  The 
e q u a t i o n  r e p r e s e n t s  t h e  l i n e  o f  b e s t  f i t  f o r  t h e s e  d a t a .  



4.4 E x p e r i m e n t  2:  G e n e r a l  - - 

4 .4 .1  P c c u m u l a t i o n  of Ammonia and Lacta te  i n  T i s s u e  W h i l e  

Working a t  a C o n s t a n t  W o r k r a t e  

T h i s  e x p e r i m e n t  examined  t h e  t i m e  c o u r s e  of a c c u m u l a t i o n  o f  

ammonia and l a c t a t e  i n  v a r i o u s  t i s s u e s  r e s u l t i n g  from e x e r c i s e  

a t  a  c o n s t a n t  w o r k r a t e .  The w o r k r a t e  w a s  p r e s e t  a s  a s  s t r e n u c u s  

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

m i n u t e s .  P a t s  were s a c r i f i c e d  a t  t i m e  p o i n t s  c o r r e s p o n d i n g  t o  0, 

2 ,  4 ,  6 ,  8 ,  and  1 0  m i n u t e s  o f  e x e r c i s e ,  and  s l s o  f o l l o w i n g  5 

m i n u t e s  o f  r e s t i n g  r e c o v e r y .  C o n t r o l  a n i m a l s  were a n i m a l s  of t h e  

same s t r a i n  a n d  a g e ,  b u t  w i t h  n o  e x p o s u r e  t o  r u n n i n g  o n  t h e  

t r e a d m i l l ,  who were s a c r i f i c e d  a t  res t .  T h e s e  were d e s i g n a t e d  a s  

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

a n i m a l s  was e v a l u a t e d  s u b j e c t i v e l y  a s  b e i n g  e i t h e r  poor, f a i r ,  

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

e i t h e r  a  "good"  or " e x c e l l e n t "  r u n n i n g  p e r f o r m a n c e  were i n c l u d e d  - 

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

s i m p l y  t h a t  o f  a w i l l i n g n e s s  by t h e  a n i m a l  t o  k e e p  p a c e  w i t h  t h e  

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

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

a g a i n .  U s i n g  t h i s  c r i t e r i o n ,  n i n e  a n i m a l s  were e l i m i n a t e d ,  t w o  

f rom t h e  2 m i n u t e ,  t w o  f rom t h e  4  m i n u t e ,  o n e  f r o m  t h e  6 m i n u t e ,  

t h r e e  f rom t h e  8 m i n u t e ,  and c n e  f r o m  t h e  1 0  m i n u t e  r u n  g r o u p .  



The s t u d y  a l s o  began  w i t h  n=6 i n  t h e  c o n t r o l  s e d e n t a r y  g roup .  

T h i s  number was r e d u c e d  t o  4  when o n e  e s c a p e d  d u r i n g  h a n d l i n g ,  

and one  s u p p o s e d l y  " v i r g i n "  f e m a l e  g a v e  b i r t h  t o  s i x  p u p s  

e i g h t e e n  d a y s  a f t e r  a r r i v a l .  

T h e r e  were  no  s i g n i f i c a n t  d i f f e r e n c e s  i n  ammonia o r  l a c t a t e  

c o n c e n t r a t i o n s  i n  a n y  o f  t h e  t i s s u e s  s t u d i e d  be tween  C o n t r o l  

( s e d e n t a r y )  and Zero ( r e s t i n g  - t r a i n e d ) ,  and t h e y  w i l l  n o t  b e  

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

4 . 4 . 2  Muscle  Wate r  C o n t e n t  

Water  c o n t e n t  o f  m u s c l e  was e s t i m a t e d  i n  e i g h t e e n  

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

was made be tween  t w o  g r o u p s  ( n = 6 )  w i t h i n  t h i s  s ample .  Group 1 

c o n s i s t e d  o f  a n i m a l s  a t  rest and  a t  t w o  m i n u t e s  o f  e x e r c i s e ,  and 

g r c u p  2 c o n s i s t e d  o f  a n i m a l s  measu red  a f t e r  e i g h t  and t e n  

m i n u t e s  o f  e x e r c i s e .  K u s c l e  w a t e r  c o n t e n t  was measured  i n  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 .  T h e r e  was no  s i g n i f i c a n t  c h a n g e  i n  

t h e  p e r c e n t a g e  o f  w a t e r  i n  t h e  m u s c l e  be tween  t h e  Group 1 ( 7 7 . 1  

+ 0 . 5 % )  and Group 2 ( 7 7 . 3  + 1 . I%) .  V a l u e s  o b t a i n e d  w i t h i n  t h e  

e n t i r e  s ample  r a n g e d  f rom 75 .9% ( s i x  m i n u t e s  o f  e x e r c i s e )  t o  

78.1% ( t e n  m i n u t e s  o f  e x e r c i s e ) .  

4 . 4 . 3  Blood Ammonia and  L a c t a t e  D u r i n g  Submaximal E x e r c i s e  

A t  t h e  o n s e t  of e x e r c i s e ,  b o t h  ammonia and l a c t a t e  

i n c r e a s e d  i n  b lood  f rom p r e - e x e r c i s e  v a l u e s  o f  62 .3  - + 11.6  



( r a n g e  20.7 t o  1 1 4 . 2 )  pM and  3.0 + 0 .3  ( r a n g e  1 . 7  t o  4 . 1 )  mM 

r e a c h i n g  p e a k  c o n c e n t r a t i o n s  a f t e r  8  m i n u t e s  o f  e x e r c i s e  of 

203.5  + 4 6 . 6  ( r a n g e  3 8 . 9  t o  3 2 9 . 7 )  pM, and  10 .6  5 0.9 ( r a n g e  7 . 3  

t o  1 2 . 2 )  mP r e s p e c t i v e l y  ( F i g u r e  5 ) .  S i m i l a r  v a l u e s  we re  

r e p o r t e d  by Keyer, C u d l e y ,  and  T e r j u n g  ( 1 9 8 0 )  i n  u n t r a i n e d  r a t s  

e x e r c i s i n g  a t  4 5  m-min-1.  

Due t o  s i g n i f i c a n t  d i f f e r e n c e s  o f  v a r i a n c e  b e t w e e n  g r o u p s ,  

a oneway ANCVP w a s  i n v a l i d  a s  a  s t a t i s t i c a l  t e s t  o f  s i g n i f i c a n t  

a c c u m u l a t i o n  for  b l o o d  ammonia d a t a .  The  Cochran-Cox p r o c e d u r e  

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

means .  The l a r g e  v ~ r i z n c e  w i t h i n  g r o u p s  w a s  t h e  r e a s o n  f o r  t h e  

l a c k  of s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  ammonia 

c o n c e n t r a t i o n  b e t w e e n  e x e r c i s e  g r o u p s ,  e v e n  t h o u g h  t h e r e  were 

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

t h e  e x e r c i s e  protocol.  

Blood l a c t a t e  c o n c e n t r a t i o n  was  s i g n i f i c a n t l y  d i f f e r e n t  

( p < 0 . 0 5 )  f r o m  r e s t i n g  ( z e r o )  v a l u e s  a t  a l l  p o i n t s  d u r i n g  

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

l a c t a t e  f r om i t s  p e a k  v a l u e s  a t  6 a n d  8 & i n U t e s  o f  e x e r c i s e  

o c c u r r e d .  

I n  r e l a t i v e  terms, t h e  e x e r c i s e  i n  E x p e r i m e n t  2  was less 

i n t e n s e  t h a n  t h a t  r e p o r t e d  i n  E x p e r i m e n t  1. The maximum 

c o n c e n t r a t i o n s  of ammonia and  l a c t a t e  i n  b l o o d  o b s e r v e d  i n  

E x p e r i m e n t  2 ( s u b m a x i m a l  e x e r c i s e )  c o r r e s p o n d e d  t o  t h e  s e c o n d  t o  

l a s t  w o r k r a t e  ( t = - 2 )  a c c o m p l i s h e d  b e f o r e  e x h a u s t i o n  i n  

~ x p e r i m e n t  1 ( p r o g r e s s i v e  work  t o  e x h a u s t i o n ) .  The  v a l u e s  



r e p o r t e d  f o r  ammonia a n d  l a c t a t e  a t  t= -2  i n  E x p e r i m e n t  1 d u r i n g  

maximum e x e r c i s e  t e s t s  ( i e .  t h e  s e c o n d  t o  l a s t  t i m e p o i n t  of 

e x e r c i s e )  w e r e  223 .3  + 26.3 pM and 9.5 + 3 .2  mM r e s p e c t i v e l y .  
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F i g u r e  5: Showing t h e  a c c u m u l a t i o n  o f  ammonia and l s c t a t e  
i n  t h e  b l o o d ,  l i v e r ,  and  h e a r t  o f  r a t s  d u r i n g  submaximal  
e x e r c i s e .  The w i d e  b a r s  r e p r e s e n t  mean v a l u e s ,  and t h e  
nar row b a r s  i n d i c a t e  SEE. 
* i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f rom r e s t i n g  

c o n c e n t r z t i o n s .  
i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f rom p e a k  
c o n c e n t r a t i o n s .  



. 4.4.4 L i v e r  and  H e a r t  Ammonia a n d  L a c t a t e  

I n  h e a r t ,  t h e  r e s t i n g  c o n c e n t r a t i o n s  o f  ammonia a n d  l a c t a t e  

were 0.45 + 0 .02  pF!-g-l, ( r a n g e  (1.39 t o  0 . 5 1 )  a n d  1 0 . 3  + 1 . 9  pFl* 

g-l, ( r a n g e  7.3 t o  1 3 . 9 )  r e s p e c t i v e l y .  I n  l i v e r ,  t h e  r e s t i n g  

c o n c e n t r a t i o n  o f  ammonia was  0 . 9 3  f 0.08 ) l ~ * g - l ,  ( r a n g e  0 .65  t o  

1 . 3 5 1 ,  w h i l e  t h e  r e s t i n g  c o n c e n t r i z t i o n  o f  l a c t a t e  was  5 . 7  2 0.9 

P N = ~ - ~ ,  ( r a n g e  2 .3  t o  9 . 7 ) .  I n  b o t h  l i v e r  and  h e a r t ,  a r a p i d  

rise i n  l a c t a t e  c o n c e n t r a t i o n  w a s  o b s e r v e d  e a r l y  i n  e x e r c i s e .  

L a c t a t e  r e a c h e d  i t s  maximum c o n c e n t r a t i o n  d u r i n g  t h e  8 t h  m i n u t e  

o f  e x e r c i s e  i n  h e a r t  t i s s u e  ( 1 9 . 7  + 1 . 8  p ~ ~ * g - l ,  r a n g e  1 4 . 3  t o  

25 .1)  , and d u r i n g  t h e  6 t h  m i n u t e  i n  t h e  l i v e r  ( 1 4 . 6  + 1 . 6  )~!q*g 

, r a n g e  1 0 . 4  t o  2 0 . 8 )  . T h e r e  was  a  s u b s t a n t i a l  d e c r e a s e  i n  

l a c t a t e  b e t w e e n  8  a n d  1 0  m i n u t e s  o f  e x e r c i s e  and  a f u r t h e r  

d e c r e a s e  d u r i n g  t h e  5  m i n u t e s  o f  r e c o v e r y .  I n  b o t h  t i s s u e s ,  

l a c t a t e  had r e t u r n e d  t o  r e s t i n g  c o n c e n t r a t i o n s  f o l l o w i n g  5 

m i n u t e s  o f  r e c o v e r y  ( F i g u r e  5 ) .  

I n  l i v e r ,  t h e  c h a n g e s  i n  l a c t a t e  c o n c e n t r a t i o n  were 

s t a t i s t i c a l l y  s i g n i f i c a n t  ( p < 0 . 0 5 )  b e t w e e n  r e s t ( z e r o ) ,  and  6  

( p e a k )  and 8 m i n u t e s  o f  e x e r c i s e .  The  p e a k  v a l u e  f o r  l i v e r  

c o n c e n t r a t i o n  ( 6  m i n u t e s )  wzs  a l s o  s i g n i f i c a n t l y  a b o v e  t h e  1 0  

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

( p < 0 . 0 5 ) .  I n  h e a r t ,  s i m i l a r  s i g n i f i c a n t  c h a n g e s  were o b s e r v e d  

be tween  r e s t  ( z e r o )  a n d  t h e  6 a n d  8 m i n u t e  p o i n t s  o f  e x e r c i s e ,  

and be tween  8 m i n u t e s  ( p e a k  v a l u e )  and  r e c o v e r y  l a c t a t e  

c o n c e n t r a t i o n .  



Ammonia c o n c e n t r a t i o n  o n  t h e  o t h e r  h a n d ,  d i d  n o t  c h a n g e  a s  

m a r k e d l y  i n  h e a r t  and  l i v e r  a s  was  o b s e r v e d  i n  o t h e r  t i s s u e s .  Of 

a l l  t h e  t i s s u e s  s t u d i e d ,  t h e s e  l a t t e r  t i s s u e s  were t h e  o n l y  two  

i n  wh ich  t h e  p r o f i l e  o f  ammonia a n d  l a c t a t e  c h a n g e s  were 

d i s s i m i l a r .  I n  l i v e r ,  ammonia 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  

t h r o u g h o u t  t h e  e x e r c i s e  p e r i o d  ( F e s t :  0 . 9 3  t 0 .08  p ~ l * g - l ,  r a n g e  

0 .65  t o  1 .35 :  Maximum: 1 . 0 3  f 0 .08  ) J I ? = ~ - ~ ,  r a n g e  0 .87  t o  1 . 2 3 ) .  

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

( R e c o v e r y :  0 . 7 5  + 0 .05  p ~ * g - l ,  r a n g e  0 .62  t o  0 . 9 6 ) .  None o f  t h e  

d i f f e r e n c e s  i n  ammonia c o n c e n t r z t i o n  i n  l i v e r  were s t a t i s t i c a l l y  

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

I n  h e a r t ,  t h e r e  was  a g r a d u a l ,  b u t  s t e s d y  i n c r e a s e  i n  

ammonia c o n c e n t r a t i o n  t h r o u g h o u t  t h e  e x e r c i s e  f r o m  0.45 2 0 .02  

p ~ * g - l  ( r a n g e  0 .39 t o  0 .51 )  a t  res t  t o  0 . 7 1  5 0 .04  p ~ g - l  ( r a n g e  

0 .55  t o  0 . 8 7 )  a t  1 0  m i n u t e s  o f  e x e r c i s e  f o l l o w e d  by  a  marked  

d e c r e a s e  i n  ammonia t o  r e s t i n g  c o n c e n t r a t i o n  d u r i n g  r e c o v e r y  

(0 .47  2 0  .O6 p ~ * g - l ,  r a n g e  0 .33  to  0 . 6 8 ) .  S t a t i s t i c a l  

d i f f e r e n c e s  b e t w e e n  t h e  g r o u p  means  o f  h e a r t  t i s s u e  ammonia were 

e v a l u a t e d  by  Cochran-Cox p r o c e d u r e  f o r  e v a l u a t i n g  d i f f e r e n c e s  

be tween  means ,  b e c a u s e  d a t a  f r o m  t h i s  t i s s u e  a l s o  showed 

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

a n a l y s i s ,  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  b e t w e e n  ' r e s t i n g  

and  t e n  m i n u t e s  o f  e x e r c i s e .  The  d e c r e a s e  i n  ammonia i n  h e a r t  

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

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



4 .4 .5  P u s c l e  Ammonia and  L a c t a t e  

The t h r e e  m u s c l e s  s t u d i e d  i n  t h i s  e x p e r i m e n t ,  s o l e u s ,  

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

s l o w - t w i t c h  o x i d a t i v e ,  f a s t - t w i t c h  o x i d a t i v e ,  and f a s t - t w i t c h  

g l y c o l y t i c  m u s c l e  r e s p e c t i v e l y .  

I n  r e s t i n g  a n i m a l s ,  t h e  c o n c e n t r a t i o n  o f  ammonia was  0 .88  2 

0.09 w h i l e  l a c t a t e  was  u n d e t e c t a b l e  i n  s o l e u s .  I n  

p l a n t a r i s ,  r e s t i n g  ammonia a n d  l a c t a t e  were 0 . 9 1  + - 0 .07  pP!og-l 

and  2.36 2 0 .56  pflog-l, r e s p e c t i v e l y  ( F i g u r e  6 ) .  I n  v a s t u s  

l a t e r a l i s ,  r e s t i n g  ammonia and  l a c t a t e  were 0.62 2 0.07 p P * g -  1 

and  6 .45  2 0 . 9 0 ~ ~ * ~ - ~ ,  r e s p e c t i v e l y .  

Ammonia: Ammonia r e a c h e d  i t s  p e a k  c o n c e n t r a t i o n  f o l l o w i n g  6  

m i n u t e s  o f  e x e r c i s e  i n  v a s t u s  ( 1 . 2 6  2 0 .24  ) I P ! * ~ - ~ )  and  a f t e r  8  

m i n u t e s  o f  e x e r c i s e  i n  b o t h  p l a n t a r i s  ( 1 . 2 6  f 0 .12  , p ~ * ~ - l )  and  

s o l e u s  ( 1 . 4 1  k 0 . 1 3 )  ( F i g u r e  6 ) .  Pmrnonia c o n c e n t r a t i o n s  were 

s t a t i s t i c a l l y  d i f f e r e n t  ( p < 0 . 0 5 )  f r o m  r e s t i n g  v a l u e s  a t  8 

m i n u t e s  o f  e x e r c i s e  i n  s o l e u s ,  a n d  a t  6  and  8 m i n u t e s  o f  

e x e r c i s e  i n  v a s t u s  t i s s u e .  I n  a d d i t i o n ,  ammonia c o n c e n t r a t i o n  

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

v a l u e 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  i n  ammonia c o n c e n t r a t i o n  were 

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

L a c t a t e :  Peak l a c t a t e  v a l u e s  were o b s e r v e d  a f t e r  6  m i n u t e s  o f  

e x e r c i s e  i n  p l a n t a r i s  ( 1 2 . 3  2 3.4  p ~ - g - l )  and  s o l e u s  (8 .2  2 2.3 

p ~ * g - l ) ,  and a f t e r  8  m i n u t e s  o f  e x e r c i s e  i n  v a s t u s  ( 1 8 . 0  2 3 . 3 )  

( F i g u r e  6 ) .  S i g n i f i c a n t  d i f f e r e n c e s  ( p < 0 . 0 5 )  i n  l a c t a t e  v a l u e s  

were o b s e r v e d  b e t w e e n  z e r o  ( r e s t i n g )  c o n c e n t r a t i o n s  and  6 a n d  8 



m i n u t e s  o f  e x e r c i s e  i n  p l a n t a r i s ,  and  v a s t u s  m u s c l e s ,  and  a t  2 ,  

4 ,  6 ,  8 ,  and  1 0  m i n u t e s  o f  e x e r c i s e  i n  s o l e u s .  D u r i n g  r e c o v e r y ,  

l a c t a t e  d e c r e a s e d  s i g n i f i c a n t l y  ( p < 0 . 0 5 )  f r o m  t h e  p e a k  e x e r c i s e  

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

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

Faximum c h a n g e s  i n  c o n c e n t r a t i o n  i n  s k e l e t a l  m u s c l e  t i s s u e ,  

c a l c u l a t e d  as  t h e  p e a k  c o n c e n t r a t i o n  m i n u s  t h e  r e s t i n g ,  or  z e r o  

v a l u e ,  a r e  shown i n  T a b l e  6 .  T a b l e  6 a l s o  c o m p a r e s  t h e s e  d a t a  

w i t h  s i m i l a r  s t u d i e s  r e p o r t e d  b y  o t h e r s  (Meye r ,  D u d l e y  and  

T e r j u n g ,  1 9 8 0 ) .  I n  t h e  p r e s e n t  s t u d y ,  t h e  g r e a t e s t  c h a n g e  i n  

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

v a s t u s  l a t e r a l i s  m u s c l e .  S m a l l e r  c h a n g e s  were o b s e r v e d  i n  s o l e u s  

and p l a n t a r i s  m u s c l e .  L a c t a t e  c h a n g e s  were a l s o  g r e a t e s t  i n  

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

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

r e s u l t  o f  t h i s  e x e r c i s e  protocol.  



Legend 
2 * * I AMMONIA 20 

LACTATE 

1.5 
16 

.- 
I 

- 
0, 

12 
1 

2s 
=x 

0.5 4 

0 0 

EXERCISE TIME 

F i g u r e  6:  Showing t h e  a c c u m u l a t i o n  of ammonia and l a c t a t e  
i n  t h e  w h i t e  v a s t u s  l a t e r a l i s ,  p l a n t a r i s ,  and  s o l e u s  r a t  
musc l e  a f t e r  submaximal  e x e r c i s e .  I n  s o l e u s ,  l a c t a t e  . , 

c o n c e n t r a t i o n  a t  c o n t r o l  and z e r o  t i m e  p o i n t s  was n o t  
d e t e c t a b l e .  Wide b a r s  r e p r e s e n t  means a n d  t h e  n a r r o w  b a r s  
i n d i c a t e  SEM. 
* i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e s  from r e s t i n g  

c o n c e n t r a t i o n s .  
+ i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e s  f r o m  p e a k  

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



Table 6: Peak changes in ammonia and lactate contents 
observed in three skeletal muscle groups after exercise. 
Values were calculated from the peak concentration observed 
minus the resting concentration value. 
Values in parenthesis are peak changes in ammonia and lactate 
concentrations observed after 4 minutes of similar exercise 
at 45 m.min-1 reported by Meyer, Dudley, and Turjung, 1980. 

CHANGE I N  
AMMON I F. : Vastus > Soleus > Plantaris 

oJ~*g-l wet weight) 
0.64 0.53 0.35 
(1.94) (0.51) (1.25) 

CHANGE I N  
LACTATE : Vastus > Plantaris > Soleus 

()JM*~-~ wet weight) 
11.5 9.9 8.2 

( 3 . 9 . 2 )  ( 3 . 9 )  (6.6) 

In resting musclc, the concentration of amonia was 

significantly greater (p<0.05) in soleus than in vastus tissue, 

but no significant differences were observed in resting ammonia 

concentration between soleus and plantaris or plantaris and 

vastus tissue. Resting lactate in muscle was significantly 

greater in vastus (p<0.05) than in either plantaris or soleus, 

however no significant differences were observed between resting 

lactate concentration in soleus and plantaris. Pt the peak 

concentration observed during exercise, there were no 

significant differences between ammonia concentration between 

vastus, plantaris, and soleus tissue. Peak concentrations of 

lactate, however, were significantly greater (p<0.05) in vastus 



compared to  s o l e u s ,  b u t  n o t  be tween  v a s t u s  and  p l a n t a r i s ,  or 

be tween  p l a n t a r i s  a n d  s o l e u s  t i s s u e .  S i g n i f i c a n t  d i f f e r e n c e s  

( p < 0 . 0 5 )  were o b s e r v e d  i n  t h e  c h a n g e  i n  l a c t a t e  c o n c e n t r a t i o n  

o b s e r v e d  b e t w e e n  r e s t i n g  and  p e a k  v a l u ~ s ,  be tween  v a s t u s  and  

s o l e u s  t i s s u e .  

4.4.6 The R e l a t i o n s h i p  Between Ammonia z.nd L z c t a t e  

C o n c e n t r a t i o n s  i n  T i s s u e  

The c o r r e l a t i o n  b e t w e e n  ammonia and l a c t a t e  a c c u m u l a t i o n  i n  

t i s s u e  r e s u l t i n g  f r o m  e x e r c i s e  was  examined  by  r e g r e s s i o n  

a n a l y s i s  o f  ammonia w i t h  l a c t a t e  i n  e a c h  p a r t i c u l a r  t i s s u e .  

S i g n i f i c a n t  c o r r e l a t i o n s  were a p p a r e n t  i n  b l o o d ,  l i v e r ,  h e a r t ,  

v a s t u s ,  p l a n t a r i s ,  znd  s o l e u s  t i s s u e s  as  i l l u s t r a t e d  by t h e  

f o l l o w i n g  l i n e a r  e q u a t i o n s :  

Blood:  L a c t a t e  mM = 0.033 (Ammonia pM) + 3 .28  ( 7  
( n = 4 4 ,  r = 0 .81 ,  p<0 .001 )  

L i v e r :  L a c t a t e  p ~ * g - l  = 8 . 2 0  (Ammonia ) ~ ~ * g - l )  + 1 . 5 8  ( 8 )  
( n = 4 6 ,  r = 0 . 3 5 ,  p < 0 . 0 2 )  

H e a r t :  L a c t a t e  UM:CJ-~ 1.9.66 ( ~ m m o n i a  )~M*g- l )  + 2.89 ( 9 )  
( n = 4 6 ,  r = 0 .71 ,  p < 0 . 0 0 1 )  

V a s t u s :  L a c t a t e  p#*g-l = 10 .59  (Pmrnonia p ~ - g - l )  + 1 .77  ( 1 0 )  
( n = 4 1 ,  r = 0 . 6 7 ,  p < 0 . 0 0 1 )  

P l a n t a r i s :  L a c t a t e  pM-9-1 = 15 .05  (Ammonia p I V * g - l )  -8 .89 
( n = 4 7 ,  r = 0 .68 ,  p < 0 . 0 0 1 )  (11 

S o l e u s :  L a c t a t e  p ~ - g - l  = 9 .97  (Ammonia p~*g - l )  -7.24 ( 1 2 )  
(n=46 ,  r = 0 . 6 7 ,  p 0 .001)  



These  d a t a  a r e  shown i n  F i g u r e  8 .  The g r a d i e n t  o f  t h e  r e g r e s s i o n  

l i n e  fo r  b l o o d  s l o p e  a p p e a r s  t o  b e  d i f f e r e n t  f rom t h e  o t h e r  

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

u n i t s  o f  c o n c e n t r a t i o n  used  f o r  b l o o d  and  t h e  magn i tude  o f  t h e  

d i f f e r e n c e  be tween  ammonia and l s c t a t e  i n  i n  m o l a r  c o n c e n t r a t i o n  

n o r m a l l y  f o u n d  i n  t h i s  t i s s u e .  H e a r t  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  r ises much more r a p i d l y  t h a n  ammonia, due  t o  

e x e r c i s e .  Changes  i n  ammonia r e l a t i v e  t o  l a c t a t e  i n  p l a n t a r i s  

and s o l e u s  m u s c l e  a r e  somewhat o b s c u r e d  by t h e  r e l a t i v e l y  h i g h  

r e s t i n g  ammonia c o n c e n t r a t i o n  found  i n  t h e s e  t i s s u e s .  

L i v e r  h a s  t h e  l e a s t  s i g n i f i c a n t  r e l a t . i o n s h i p  between 

between ammonia and l a c t a t e  c o n c e n t r a t i o n  ( p < 0 . 0 2 ) ,  which is n o t  

s u r p r i s i n g  s i n c e  no  s i g n i f i c a n t  c h a n g e s  i n  l i v e r  ammonia were 

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

o b s e r v e d ,  t h e  c o r r e l a t - i o n  be tween  ammonia and  l a c t a t e  was 

s i g n i f i c a n t  a t  t h e  p<0.001  l e v e l .  
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4 -4.7 E r a i n  Pmrnonia P c c u m u l a t i o n  

B r a i n  ammonia c o n c e n t r a t i o n ,  measu red  i n  t h e  r a t  b r a i n  

stem, c e r e b e l l u m ,  and c o r t e x ,  r ema ined  r e l a t i v e l y  c o n s t a n t  

t h r o u g h o u t  t h e  d u r a t i o n  of e x e r c i s e  and  r e c o v e r y .  ( F i g u r e  7 ) .  I n  

t h e  c o r t e x ,  t h e r e  a p p e a r e d  to  b e  a  g r e a t e r  d e g r e e  o f  v a r i a b i l i t y  

i n  ammonia c o n c e n t r a t i o n  b o t h  a t  t h e  o n s e t  o f  e x e r c i s e ,  f rom 0 

t o  4 m i n u t e s ,  and d u r i n g  p o s t - e x e r c i s e  r e c o v e r y .  However,  t h e s e  

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

w i t h i n - g r o u p s  v a r i a n c e  a t  e a c h  e x e r c i s e  t i m e .  

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

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

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

i n  most  o f  t h e  t i s s u e s  e x a m i n e d ,  ammonia r e a c h e d  i t s  p e a k  v a l u e s  

between s i x  and  e i g h t  m i n u t e s  of e x e r c i s e ,  and  showed 

s i g n i f i c a n t  d e c r e a s e s  f o l l o w i n g  t h e  r e c o v e r y  p e r i o d .  
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F i g u r e  8:  A c c u m u l a t i o n  o f  ammonia and  l a c t a t e  i n  t h e  c o r t e x  
c e r e b e l l u m  a n d  b r a i n  s t e m  o f  r a t s  r e s u l t i n g  from submaximal  
e x e r c i s e .  Wide b a r s  r e p r e s e n t  m e a n s ,  and  n a r r o w  b a r s  
i n d i c a t e  SEN. 
* i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e s  f r o m  r e s t i n g  

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



5.0 D i s c u s s i o n  

5 . 1  G e n e r a l  

The p r o c e d u r e  u s e d  to  o b t a i n  t i s s u e  s a m p l e s  from e x e r c i s e d  

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

be tween  c e s s a t i o n  of e x e r c i s e  and  s a m p l i n g  o f  t i s s u e s ,  t o  

s t a n d a r d i z e  t h e  o r d e r  i n  w h i c h  s a m p l e s  were t a k e n  from e a c h  

a n i m a l ,  and t o  r e d u c e  i n t e r - a n i m a l  v a r i a b i l i t y  i n  t h e  t i m e  o f  

t i s s u e  s a m p l i n g .  S i n c e  m u s c l e  water  c o n t e n t  i s  known t o  i n c r e a s e  

by 2 t o  3 % ,  f rom a b o u t  7 7 %  w/w a t  r e s t  t o  79-80% w/w a f t e r  

i n t e n s e  e x e r c i s e  ( B e r g s t r o m ,  G r a n i e r i  and Hul tman ,  1 9 7 1 ) ,  

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

r e l a t i v e  t o  some r e f e r e n c e  compound. Musc le  c o n t e n t  of t o t a l  

c r e a t i n e  (TCr  = PCr + C r )  i s  u s u a l l y  c h o s e n  a s  t h e  m a r k e r  

s u b s t a n c e  s i n c e  it is  r e p o r t e d  t o  r e m a i n  c o n s t a n t  d u r i n g  

e x e r c i s e  (Har r i s , e t  -- a l . ,  1 9 7 6 ) .  

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

t i s s u e  was made i n  t h i s  s t u d y ,  no  d i f f e r e n c e  i n  wster  c o n t e n t  

was o b s e r v e d  b e t w e e n  rest c o n d i t i o n s  and  t h o s e  of e x e r c i . s e .  N o  

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

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

f o r  any  p o t e n t i a l  t i s s u e  w z t e r  vo lume c h a n g e s .  



5.2 Pn imal  Body W e i g h t s  --- 

A 1 1  a n i m a l s  i n  t h i s  s t u d y  ( E x p e r i m e n t  1 and  2 )  showed 

s i g n i f i c a n t  i n c r e a s e s  i n  t h e i r  body  w e i g h t  f r o m  t h e  t i m e  o f  

t h e i r  a r r i v a l  t o  t h e  t e r m i n a t i c n  o f  t h e  e x p e r i m e n t .  T h i s  was 

e x p e c t e d ,  s i n c e  a n i m a l s  were r e c e i v e d  a t  8  weeks  o f  a g e .  Female  

W i s t a r  r a t s  r e a c h  s e x u a l  m a t u r i t y  be tween  60 t o  72  d a y s  of a g e ,  

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

a b o v e  200 g .  

T h e r e  were n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  body  w e i g h t s  

be tween  a n y  e x p e r i m e n t a l  g r o u p s  i n  e i t h e r  E x p e r i m e n t  1 o r  2 .  

P a r t i c u l a r l y  n o t e w o r t h y  w a s  t h e  f a c t  t h a t  i n  E x p e r i m e n t  2 ,  

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

were 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  w e i g h t  f r o m  o t h e r  a n i m a l s .  

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

w e i g h t  a s  a r e s u l t  o f  t r a i n i n g  ( H a r p u r ,  1 9 8 0 ) .  T h i s  c o m p l i c a t i o n  

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

s t u d y .  

5.3 Oxygen Consumpt ion  - . - 
D u r i n g  p r o g r e s s i v e l y  i n c r e a s i n g  work  i n  t h e  r u n n i n g  r a t ,  VOL 

i n c r e a s e s  e x p o n e n t i a l l y  as  a  f u n c t i o n  o f  work i n t e n s i t y  

( r u n n i n g  s p e e d )  t o  a maximum asymtotic v a l u e .  F u r t h e r  i n c r e a s e s  

i n  r u n n i n g  s p e e d  h a v e  n o  e f f e c t  i n  i n c r e a s i n g  f702, and m i g h t  

e v e n  c a u s e  s l i g h t  d e c r e a s e s  i n  i t s  v a l u e  ( S h e p h e r d  and  ~ o l l n i c k ,  
.- 

1976 ;  Brooks  a n d  W h i t e ,  1 9 7 8 ;  G l e e s o n  and  B a l d w i n ,  1 9 7 8 ;  P a t c h  

and ~ r b o k s ,  1 9 8 0 ) .  



G l e e s o n  and  Ba ldwin  ( 1 9 8 1 )  m e a s u r e d  +o2 max of 9 3 . 1  + 1 . 6  

ml -kg - l* rn in - l  a t  a  s p e e d  of 27  t o  28 m-min-1,  0 %  g r a d e ,  i n  

u n t r a i n e d  f e m a l e  Wistar r a t s  ( t h e  b r e e d  o f  a n i m a l  u s e d  i n  t h e s e  

e x p e r i m e n t s ) .  The h i g h e s t  r a t e  o f  o x y g e n  c o n s u m p t i o n  i n  r a t s  h a s  

b e e n  r e p o r t e d  by  S h e p h e r d  and G o l l n i c k  ( 1 9 7 6 ) ,  a t  95.4  + 1 . 4  m l .  

k g - l - m i n - l  for  m a l e  Sprague-Dawley r a t s  r u n n i n g  a t  49 .5  momin'l, 

a l t h o u g h  t h e s e  r a t s  c o u l d  c o n t i n u e  t o  r u n  u p  t o  s p e e d  o f  67.0  n o  

min-I w i t h o u t  f u r t h e r  i n c r e a s e s  i n  o x y g e n  u p t a k e .  H a r p u r  (1980  

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

r a t s  be tween  81 .7  and  95.4 m l = k g - l * m i n - l  a t  s p e e d s  r a n g i n g  f r o m  

4 3  t o  50 momin-l on  a  l e v e l  s u r f a c e  ( H a r p u r ,  1 9 8 0 ) .  

The a n i m a l s  o f  t h e  p r e s e n t  s t u d y  e x h i b i t e d  b2 max v a l u e s  

w i t h i n  t h e  r a n g e  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 9 2 . 8  + 4 . 7 ,  

c o n t r o l ,  and 81 .9  + 5 . 9 ,  c a t h e t e r i s e d )  ( T a b l e  5 ) .  

The 11-.7% r e d u c t i o n  i n  +c2 max i n  c a n n u l a t e d  r a t s  compared 

w i t h  c o n t r o l s  (p<O.C5) c a n n o t  b e  c o m p l e t e l y  a c c o u n t e d  f o r ,  

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

G l e e s o n  and  B a l d w i n  ( 1 9 8 1 ) ,  who r e p o r t e d  a  c o m p a r a b l e  r e d u c t i o n  

i n  Go2 max f o l l o w i n g  c a t h e t e r i z a t i o n  of f e m a l e  Wistar  r a t s ,  

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

f o l l o w i n g  K e t a m i n e  a n e s t h e s i a .  

C a n n u l a t e d ,  r a t s  were b e h a v i o u r a l l y  i n d i s t i n g u i s h a b l e  f rom 

n o n - c a n n u l a t e d  a n i m a l s  a f t e r  a 24 h o u r  r e c o v e r y  p e r i o d ,  a l t h o u g h  . 

e a c h  had  l o s t  a n  a v e r a g e  o f  4 .2  0 . 9 %  and  3.7 2 0 .6% o f  t h e i r  

body w e i g h t  o n  t h e  f i r s t  d a y  post s u r g e r y  ( T a b l e  3 ) .  We igh t  

r e d u c t i o n  accompany ing  a p o s s i b l e  a n e s t h e s i a - i n d u c e d  a p p e t i t e  



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

R e s t i n g  v a l u e s  f o r  Go2 r e p o r t e d  i n  t h i s  s t u d y  a r e  g e n e r a l l y  

1 0  t o  1 5  m l * k g - l * m i n - l  h i g h e r  t h a n  t h o s e  r e p o r t e d  p r e v i o u s l y  

( B r o o k s  and  W h i t e ,  1 9 7 8 ;  H a r p u r ,  1 9 8 0 ;  P a t c h  and  B r o o k s ,  1 9 8 0 ;  

 lees son and  ~ a l d w i n ,  1 9 8 1 ) .  The d i f f e r e n c e  may b e ,  t h a t  i n  t h e  

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

e x e r c i s e ,  w h e r e a s  o t h e r  i n v e s t i g a t o r s  h a v e  measu red  r e s t i n g  V02 

v a l u e s  when a n i m a l s  were r e s t i n g  o n  a t r e a d m i l l  f o r  a n  h o u r ,  

when a n i m a l s  were s l e e p i n g ,  or  w e r e  o n e  h o u r  p o s t - e x e r c i s e .  

S e r i a l  m e a s u r e m e n t s  of V02 d u r i n g  t r e a d m i l l  r u n n i n g  e t  

p r o g r e s s i v e  i n t e n s i t y  a r e  shown i n  F i g u r e  2 .  I n  b o t h  g r o u p s  of 

a n i m a l s ,  t h e  k i n e t i c s  of oxygen  u p t a k e  shows  a  f a m i l i a r  n o r m a l  

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

s u g g e s t s  t h a t  r e l i a b l e  n e a s u r e s  o f  rnax were d e t e r m i n e d  

( Shephe rd  and  G o l l n i c k ,  1 9 7 6 ) .  S i n c e  t h e  VC2 max v a l u e s  m e a s u r e d  

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

r e p o r t e d  f o r  n o r m a l  and  c a t h e t e r i s e d  r a t s  ( H a r p u r ,  1 9 8 0 ;  G l e e s o n  

and Ba ldwin ,  1 9 8 1 ) ,  t h e  v a l u e s  were c o n s i d e r e d  t o  b e  a good 

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

D u r i n g  heavy  e x e r c i s e ,  t h e  FER v a l u e s  were 1 . 0 2  5 0 . 1 1  i n  

c o n t r o l ,  and 1.13 2 0 .06  i n  c a t h e t e r i s e d  r a t s .  RER v a l u e s  

a g r e a t e r  t h a n  or e q u a l  t o  1 a l s o  s u g g e s t  maximum e f f o r t  i n  

r u n n i n g  was  a c h i e v e d  by  t h e  a n i m a l s .  V a l u e s  o b t a i n e d  i n  t h i s  

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

e x e r c i s e  t o  e x h a u s t i o n .  



5 . 4  L a c t a t e  -- a n d  Pmmonia P c c u m u l ~ t i o n  i n  Blood  D u r i n g  Maximal - 
E x e r c i s e  

The p r e s e n t  d a t a  i n d i c a t e  t h a t  d u r i n g  p r o g r e s s i v e  e x e r c i s e  

t o  e x h a u s t i o n  ( E x p e r i m e n t  I ) ,  b l o o d  ammonia and l a c t a t e  

c o n c e n t r a t i o n s  r ise i n  b l o o d  e x p o n e n t i a l l y  w i t h  t i m e .  U s i n g  t h e  

e x e r c i s e  p r o t o c o l  d e s c r i b e d ,  b l o o d  ammonia was 349 .7  2 61 .9  uM 

and b lood  l a c t a t e  was  1 2 . 0  5 1 . 8  mP! a t  e x h a u s t i o n  ( ~ i g u r e  4 ) .  

S i m i l a r  r e s u l t s  h a v e  b e e n  r e p o r t e d  by  o t h e r s  u s i n g  t h e  end  p o i n t  

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

( L a b o r i t ,  -- e t  a l . ,  1 9 5 7  and  1 9 5 8 ;  B a r n e s ,  -- e t  a l . ,  1 9 6 4 ;  F e y e r ,  

Dud ley ,  and T e r j u n g ,  1 9 8 0 )  and humans ( A l l e n  and Conn,  1960 ;  

Brodan ,  -- e t  a l . ,  1 9 7 4 ;  P i l k e r s o n ,  e t  a l . ,  1 9 7 5  and  1 9 7 7 ) .  -- 
R e c e n t l y ,  t w o  papers h a v e  r e p o r t e d  a s i m i l a r  t i m e - c o u r s e  o f  

b lood  l a c t a t e  and  ammonia a c c u m u l a t i o n  d u r i n g  e x e r c i s e  and  

r e c o v e r y  i n  humans ( ~ a b i j ,  E a t t h e w s  and  ~ e n n i e ,  1 9 8 3 ;  ~ a n i s t e r ,  

e t  a l . ,  1 9 8 3 ) ,  a l t h o u g h  i n  h u n a n s ,  l a c t a t e  c o n t i n u e d  t o  i n c r e a s e  -- 

i n  t h e  i n i t i a l  p o s t - e x e r c i s e  p e r i o d .  I n  r a t s ,  b o t h  ammonia and  

l a c t a t e  d e c r e a s e d  r a p i d l y  p o s t - e x e r c i s e ,  wh ich  s u g g e s t s  t h a t  

r a t s  h a v e  a b e t t e r  c l e a r a n c e  mechanism f o r  l a c t a t e  t h a n  humans 

d o .  

R o n - s i g n i f i c a n t  i n c r e a s e s  i n  b l o o d  ammonia a n d  l a c t a t e  were 

f i r s t  o b s e r v e d  a t  t=-12 m i n u t e s  ( F i g u r e  4 ) ,  wh ich  c o r r e s p o n d e d  

t o  a mean w o r k r a t e  of 25  m-min- l .  Greater i n c r e a s e s  i n  ammonia 

and l a c t a t e  t h e n  d e v e l o p e d  b e t w e e n  t=-10  a n d  t=-8  m i n u t e s  o f  

e x e r c i s e ,  c o r r e s p o n d i n g  t o  a  mean work r a t e  o f  3 0  and  3 5  momin-I  

a t  each '  t i m e  p o i n t .  S i n c e  oxygen  u p t a k e  w a s  n o t  m e a s u r e d  



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

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

t h a n  d u r i n g  t h e  oxygen  u p t a k e  m e a s u r e m e n t s  i n  t h i s  e x p e r i m e n t ,  

t h e  oxygen u p t a k e  c o r r e s p o n d i n g  t o  a  p a r t i c u l a r  w o r k r a t e  ( s p e e d )  

i n  t h i s  s t u d y  c a n  o n l y  be  e s t i m a t e d .  

F i g u r e  9 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between ammonia ( 9 P )  

and  l a c t a t e  (9B) a c c u m u l a t i o n  and % +02 max d u r i n g  a  p r o g r e s s i v e  

t r e a d m i l l  r u n  t o  e x h a u s t i o n .  The t o2  d a t a  were e x t r a p o l a t e d  from 

t h o s e  o b s e r v e d  d u r i n g  maximum oxygen  u p t a k e  s t u d i e s  u s i n g  a  

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

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

d i s c u s s e d ,  t h e  a n i m a l s  r a n  f o r  a l o n g e r  d u r a t i o n  when b l o o d  was 
. '  

sampled  and r e i n f u s e d .  ~ h u s  i t  was n e c e s s a r y  t o  e x t r a p o l a t e  VC2 

d a t a  f rom t h e  time of e x h a u s t i o n  ( 1 0 0 %  Go2 max) t o  t h e  r e s t i n g  

c o n c e n t r a t i o n  ( 4 8 %  V02 max) and  a p p l y  them t o  t h e  time p o i n t s  o f  

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

o b s e r v a t i o n s  w e r e  made. 

?,n i n i t i a l  i n c r e a s e  was o b s e r v e d  i n  b o t h  b lood  ammonia and 

l a c t a t e  c o n c e n t r a t i o n  a t  t= -12 ,  a t  a  w o r k r a t e  ( s p e e d )  

c o r r e s p o n d i n g  t o  74% max. T h i s  i n c r e a s e  d e v e l o p e d  d i s t i n c t l y  - 

between  t i m e  -10 and -8 m i n u t e s ,  r e s p e c t i v e l y  c o r r e s p o n d i n g  t o  

7 8  and 80% o f  ~ 0 2  max. I t  was n o t  p o s s i b l e  t o  d e t e r m i n e  . t h e  

pre-eminance  o f  e i t h e r  l a c t a t e  o r  ammonia a c c u m u l a t i o n  i n  t h e  

b l o o d .  
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Figure 9: Showing the relation between blood ammonia ( 9 F )  
and blood lactate ( 9 E )  concentrations and %+o2 max 
in female rats during a progressive treadmill run to 
exhaustion. 



I n  t h i s  s t u d y ,  c a t h e t e r i s e d  a n i m a l s  r a n  f o r  a n  a v e r a g e  o f  2 

t o  4  m i n u t s  l o n g e r  d u r i n g  t h e  p r o c e d u r e  i n v o l v i n g  b l o o d  s a m p l i n g  

and r e i n f u s i o n  t h a n  d u r i n g  t h e  oxygen  u p t a k e  p r o t o c o l .  T h i s  may 

h a v e  r e s u l t e d  f rom t w o  f a c t o r s .  F i r s t ,  t h e  r e i n f u s i o n  o f  " c l e a n "  

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

o r  s e c o n d ,  t h e  i n f u s i o n  o f  c o l d  b l o o d  ( 4 '  C )  may h a v e  h e l p e d  t o  

m a i n t a i n  t h e  body t e m p e r a t u r e  a t  a  lower v a l u e .  E i t h e r  o f  t h e s e  

m i g h t  have  a i d e d  i n  d e l a y i n g  t h e  o n s e t  o f  f a t i g u e .  

The o b s e r v e d  s c a t t e r  o f  b l o o d  ammonia and l a c t a t e  

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

o f  t h e  e x e r c i s e  r eg ime  i n  E x p e r i m e n t  1, ( F i g u r e  4 ,  F i g u r e  9) 

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

p h y s i o l o g i c s l  phenomena. Blood ammonia and l a c t a t e  c o n c e n t r a t i o n  

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

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

( r a n g e  1 4  to  20 m i n u t e s )  and s t o p p e d  a t  d i f f e r e n t  r e l a t i v e  

w o r k r a t e s .  I n c r e a s e d  r e l i a b i l i t y  would  p r o b a b l y  d e r i v e  f rom 

u s i n g  m u l t i p l e  t e s t s  on a  s m a l l e r  number of a n i m a l s ,  so t h a t  

b o t h  i n t e r - ,  and i n t r a - t e s t  v a r i a b i l i t y  m i g h t  be d e t e r m i n e d .  

5.5 Ammonia and  L a c t a t e  Accumula t ion  i n  T i s s u e  Dur ing  Submaximal - - 
E x e r c i s e .  

I n  E x p e r i m e n t  2 ,  which examined  t h e  t i m e  c o u r s e  o f  

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

t h e  ex'ercise p r o t o c o l  c a u s e d  t h e  c o n t e n t  o f  ammonia and l a c t a t e  



in blood and muscle tissue to increase. Workrate quantitatively 

affected peak ammonia and lactate accumulation. The submaximal 

workrate in Experiment 2 is reflected in lower peak 

concentrations of ammonia and lactate in blood (~igure 51, 

compared with Experiment 1 (Figure 3), when animals exercised to 

exhaustion. 

In ~xperiment 1, there was less variance in blood arrmonia 

concentrations within groups than was observed in Experiment 2. 

The difference in the homogeneity of variance within groups may 

have been a result of normalizing the point of exhaustion in 

Experiment 1, which meant that blocd was sanpled from animals 

relative to a similar state of fatigue. Because of this, similar 

overall changes in blood ammonia concentration which were 

significantly different from resting values in Experiment 1 were 

not found to be significantly different in Experiment 2. 

5.6 Accumulation of Fmmonia and Lactate in Heart and Liver - - 
Lactate accumulated significantly in heart and in liver as 

a result of the exercise. Maximum changes' in tissue lactate 

concentration were in heart muscle from 10.3 - + 0.4 p#*g- l  at 

rest to 19.7 + 1.8 p~*g-l) by the 8th minute of exercise 
(~(0.05) and in liver from 5.7 0.5 p~.g-l at rest to 14.6 k1.6 

p!4*g-1) by the 6th minute of exercise (p<0 .O5) . There was also a 
small but significant increase in ammonia concentration observed 

in heart muscle (0.45 - +0.02 p ~ * g - l  at rest - 0.71 20.04 
at the 'end of the exercise, p<0.05). No significant changes 



o c c u r r e d  i n  ammonia c o n c e n t r a t i o n  i n  l i v e r .  

The o b s e r v e d  c h a n g e s  i n  l a c t a t e  and  ammonia i n  l i v e r  and  

h e a r t  may p a r t i a l l y  r e f l e c t  t h e  f u n c t i o n  and  m e t a b o l i c  

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

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

e x e r c i s e .  D u r i n g  e x e r c i s e ,  l a c t a t e  may b e  t a k e n  u p  by l i v e r  and 

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

m e t a b o l i s m .  B o t h  l i v e r  and  h e a r t  t i s s u e  a p p e a r  t o  b e  c a p a b l e  o f  

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

f o r  example ,  t h e  p e a k  l a c t a t e  c o n c e n t r a t i o n  i n  h e a r t  t i s s u e  was 

g r e a t e r  t h a n  i n  a n y  c f  t h e  3 s k e l e t a l  m u s c l e s ,  and  i n  l i v e r ,  

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

p l a n t a r i s  m u s c l e s  ( F i g u r e  5 , 6 ) .  I n  l i v e r ,  l a c t a t e  may b e  

o x i d i z e d ,  o r  u t i l i s e d  f o r  g l u c o s e  p r o d u c t i o n  b y  g l u c o n e o g e n e s i s .  

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

1 i v e r  . 
C a r l s t e n ,  e t  a l . ,  ( 1 9 6 1 )  s t u d i e d  t h e  up ta .ke  o f  l a - c t a t e  by  -- 

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

m u s c l e  a t  r e s t  w h i c h  i n c r e a s e d  d u r i n g  e x e r c i s e .  The i n c r e a s e  was 

d i r e c t l y  c o r r e l a t e d  t o  t h e  a r t e r i a l  c o n c e n t r a t i o n  o f  l a c t a t e .  

U t i l i z a t i o n  o f  l a c t a t e  by  t i s s u e  a s  a n  e n e r g y  s o u r c e  d e p e n d s  

upon t h e  e n z y m a t i c  p r o f i l e  of t h e  m u s c l e  f i b r e s .  The  i soenzyme  

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

H-LDH i s o z y m e )  f a v o u r s  t h e  o x i d a t i o n  o f  l a c t a t e  (Hu l tman  and 

S a h l i n ,  1980  1 . 



Ammonia a c c u m u l a t i o n ,  howeve r ,  was c o n s i d e r a b l y  less i n  

b o t h  l i v e r  a n d  h e a r t  compared  w i t h  s k e l e t a l  m u s c l e  ( F i g u r e  5 , 6 ) .  

PMP d e a m i n a s e  activity is l o w  i n  b o t h  l i v e r  and  h e a r t  ( T a b l e  I . ) ,  

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

t i s s u e s  by t h i s  pa thway .  ~ l u t a m a t e  d e h y d r o g e n a s e  a c t i v i t y  is  

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

g r e a t e r  c a p a c i t y  t o  c o n v e r t  ammonia t o  g l u t a m a t e  ( T a b l e  1) .  I n  

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

t i s s u e ,  wh ich  i s  a l s o  a p r i m a r y  s i t e  o f  ammonia d e t o x i f i c a t i o n  

by u r e a  f o r m a t i o n ,  was  c a p a b l e  of h a n d l i n g  t h e  metabolic l o a d  o f  

ammonia d e l i v e r e d  t o  i t  by  b l o o d ,  w h e r e  an i n c r e a s e  i n  ammonia 

was  o b s e r v e d  a s  a  r e s u l t  o f  e x e r c i s e  ( F i g u r e  5 ) .  I t  is a l s o  

p o s s i b l e  t h a t  b l o o d  f l o w  t o  t h e  l i v e r  was  n o t  compromised  b y  t h e  

submaximal  e x e r c i s e  i n  t h i s  s t u d y .  

The v e r y  s l o w  a c c u m u l a t i o n  of ammonia i n  h e a r t  f r o m  r e s t  

( 0 . 4 5  k0 .02  p ~ * ~ - l )  t o  i ts  maximum v a l u e  ( 0 . 7 1  k0 .04  p ~ o g - l )  

d u r i n g  t h e  1 0 t h  m i n u t e  of e x e r c i s e ,  w a s  n o t  u n e x p e c t e d .  Heart  is 

p r i m a r i l y  a  s l o w  t w i t c h  o x i d a t i v e  m u s c l e ,  t h e r e f o r e  i t  would b e  
a 

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

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

i n t r i n s i c  e n z y m a t i c  c a p a c i t y  t o  b u f f e r  ammonia t o  f o r m  l e s s  

t o x i c  compounds ( i . e .  g l u t a n a t e ) .  ~t may a l s o  b e  p h y s i o l o g i c a l l y  

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

of t h e  t o x i c  n a t u r e  o f  ammonia ( W a t a n a b e ,  Yamazek i ,  and  Foyama, 

1 9 6 9 ) .  



Dur ing  Submaximal E x e r c i s e  

D u r i n g  1 0  m i n u t e s  of submaximal  e x e r c i s e  a t  4 5  m-min-1,  

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

p r o f i l e  i n  t h e  t h r e e  s k e l e t a l  m u s c l e s  s t u d i e d  ( F i g u r e  6 ) .  

S o l e u s ,  p l a n t a r i s  and w h i t e  v a s t u s  l a t e r a l i s  were s e l e c t e d  i n  

t h i s  s t u d y  b e c a u s e  t h e y  were r e p r e s e n t a t i v e  o f  a l l  3  m u s c l e  

f i b r e  t y p e s ,  i .e .  s l o w - t w i t c h  o x i d a t i v e  ( S O ) ,  f a s t - t w i t c h  

o x i d a t i v e  (FOG) and  f a s t - t w i t c h  g l y c o l y t i c  (FG) m u s c l e s  

r e s p e c t i v e l y .  I n  t h e  r a t ,  s o l e u s  c o n s i s t s  of 8 4 %  SO and 1 6 %  FOG 

f i b r e s .  P l a n t a r i s  c o n s i s t s  o f  5 3 %  FOG, 41% FG, and  6% SO f i b r e s .  

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

u s u a l l y  c o n s i s t s  of 7 7 %  FG and  23% FOG ( G u i n e a  p i g  - A r i a n o ,  

Armst rong ,  and  E d g e r t o n ,  1 9 7 3 ) .  The t h r e e  d i s t i n c t  f i b r e  t y p e s  

d i f f e r  i n  t h e i r  c a p a c i t y  t o  p r o d u c e  ammonia ed ow en stein, 1 9 7 2 )  

and l a c t a t e  ( T e s c h ,  1 9 8 0 )  i n  t h e  o r d e r  FG > FOG > SO, a s  

p r e v i o u s l y  d i s c u s s e d .  

I n  s k e l e t a l  m u s c l e  t i s s u e ,  p r o g r e s s i v e  i n c r e a s e s  i n  ammonia 

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

v a l u e s  a t  6 or  8  m i n u t e s  of e x e r c i s e ,  a f t e r  w h i c h  b o t h  ammonia - 

and l a c t a t e  d e c r e a s e d  u p  t o  t h e  e n d  of e x e r c i s e  ( 1 0 t h  m i n u t e ) ,  

and c o n t i n u e d  t o  d e c r e a s e  t o  n e a r  r e s t i n g  c o n c e n t r a t i o n s  d u r i n g  

r e c o v e r y .  The d e c r e a s e  o b s e r v e d  i n  b o t h  m e t a b o l i t e s  may h a v e  

b e e n  a r e s u l t  of t h e  i n t r i n s i c  b u f f e r i n g ,  ( i . e .  c o n v e r s i o n  of 

ammonia t o  g l u t a m a t e  or  g l u t a m i n e  o r  t h e  o x i d a t i o n  o f  l a c t a t e ) ,  

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



l a c t a t e  and  ammonia. 

The d a t a  r e p o r t e d  i n  T e b l e  6 shows  t h e  maximum c h a n g e s  of 

l a c t a t e  and  ammonia c o n c e n t r a t i o n s  o b s e r v e d  i n  s k e l e t a l  m u s c l e  

a s  a r e s u l t  o f  submaximal  e x e r c i s e  ( r u n n i n g  a t  4 5  m*min-1) .  

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

r e p o r t e d  ( M e y e r ,  Dud ley  and T e r j u n g ,  1 9 8 0 )  a r e  a p p a r e n t ' b o t h  

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

c o n c e n t r a t i o n ,  and  t h e  r e l a t i v e  c h a n g e s  b e t w e e n  f i b r e  t y p e s .  

Meyer ,  D u d l e y  a n d  T e r j u n g  ( 1 9 8 0 )  ( T a b l e  6 )  o b s e r v e d  maximum 

c h a n g e s  i n  ammonia c o n c e n t r a t i o n  o f  1 . 9 4  pl:*g-l i n  v a s t u s ,  1 . 2 5  

p ~ - g - l  i n  p l a n t a r i s ,  and 0 .51 p n - g - b i n  s o l e u s ,  compared  w i t h  

t h e  maximum c h a n g e s  r e p o r t e d  i n  t h i s  s t u d y  o f  0 . 6 5  p~*g - l  i n  

v a s t u s ,  0 . 3 5  ' p ~ * ~ - l  i n  p l a n t a r i s ,  and  0 .53  i n  s o l e u s .  

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

a c c u m u l a t i o n  of 1 9 . 2  p ~ * g - l  i n  v a s t u s ,  9 .9  pr"og-l i n  p l a n t a r i s ,  

and  6 . 6  p ~ * ~ - ~  i n  s o l e u s  t i s s u e ,  . compa red  t o  1 1 . 5  p ~ * g - l  i n  

v a s t u s ,  9 . 9  ) I M * ~ - ~  i n  p l a n t a r i s ,  and  8 .2  p ~ * g - l  i n  s o l e u s  

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

c o m p l e t e l y  a c c o u n t e d  f o r ,  t h e y  may b e  d u e  t o  t h e  f a c t  t h a t  

r e s t i n g  c o n c e n t r a t i o n s  f o r  r a t  m u s c l e  ammonia a n d  l a c t a t e  were 

h i g h e r  i n  t h i s  s t u d y  t h a n  i n  o t h e r s  ( P e y e r  a n d  T e r j u n g ,  1 9 7 9 ,  

1980;  P e y e r ,  D u d l e y  and  T e r j u n g ,  1 9 8 0 ) .  E l e v a t e d  r e , s t i n g  

c o n c e n t r a t i o n s  o f  ammonia and  l a c t a t e  c o u l d  i n  t u r n  b e  a r e s u l t  

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

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

d i s t u r b e d  o r  e x c i t e d  b e f o r e  t h e y  w e r e  s a c r i f i c e d .  The l a t t e r  



possibility is less likely. Since soleus tissue is more vascular 

' than plantaris or vastus, it is also possible that more residual 

blood was retained in soleus tissue following the dissection, 

affecting the resting metabolite concentrations. Fdditionally, 

in the Meyer, Dudley, and Terjung study, animals were given only 

2 or 3 preliminary exercise bouts in order to aquaint the 

animals with treadmill running. A training effect, resulting in 

less ammonia and lactate production during exercise may have 

occurred in the present study where, in fact, the animals 

underwent considerable training previous to sacrifice. 

The observed maximum change in ammonia concentration was 

unaccountably greater in soleus than in plantaris tissue. 

5.8 Fmmonia Pccumulation - in Brain Tissue 

Ammonia accumulation in brain tissue was examined in this 

study because of the known toxic effects of ammonia on the 

central nervous system (Iles and Jack, 1980). 

In the present study only cerebellar tissue showed 

significant increase in ammonia concentration in brain during 

post-exercise recovery (Figure 7). The actual source of this 

additional ammonia could not be identified however. More 

accurate analysis might have been possible if the concentration 

of other metabolites taking part in the buffering process for 

ammonia had been determined (glutamate, glutamine and GPBA). 

Although some change in brain ammonia concentration was observed 

it is possible that the exercise undertaken was not of 



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

me tabo l i sm.  The h y p o t h e s i s  t h a t  ammonia a c c u m u l a t i o n  m i g h t  b e  

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

p roposed  i n  r e l a t i o n s h i p  t o  t h e  g r o s s  v e n t i l a t o r y  and 

n e u r o t r a n s m i t t e r  d i s t u r b a n c e s  wh ich  accompany a l l - o u t  e x h a u s t i v e  

e x e r c i s e  (Mutch and B a n i s t e r ,  1 9 8 3 ) .  No d e f i n i t i v e  c o n c l u s i o n s  

on  t h i s  topic  may be  made however  f r o m  t h e s e  l i m i t e d  d a t a  f r o m  a  

sub-maximal e x e r c i s e  p e r f o r m a n c e .  I n  b r a i n  t i s s u e ,  h i g h  l e v e l s  

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

and c o n v u l s i o n s  ( I l e s  and  J a c k ,  1 9 8 0 ;  S i n g h  and  B a n i s t e r ,  1 9 8 3 ) .  

I n  t h i s  t i s s u e  amnonia  may f i r s t  be b u f f e r e d  by  c o n v e r s i o n  t o  3 ' 

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

or  ?-amino b u t y r i c  a c i d  (GABR) by  t h e  enzyme L - g l u t a m a t e  

a - d e c a r b o x y l a s e .  T h e r e f o r e ,  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of 

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

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

ammonia c o n c e n t r a t i o n ,  i n  o r d e r  t o  i n t e g r a t e  t h e  ro le  t h a t  

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

CNS . 



LIMITATIONS 

T h i s  s t u d y  examined t h e  t i m e  c o u r s e  of c h a n g e s  i n  ammonia and 

l a c t a t e  a s  a  r e s u l t  o f  t w o  i n t e n s i t e s  of e x e r c i s e  i n  r a t s .  The 

v a l i d i t y  of e x t r a p o l a t i n g  c o n c l u s i o n s  from -- i n  v i v o  p r o c e s s e s  i n  

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

f o l l o w i n g  r e a s o n s :  

1. C o n s i s t e n t  p e r f o r m a n c e ,  and e v a l u a t i o n  o f  e x e r c i s e  i n t e n s i t y  

i n  a n i m a l s  is  o b v i o u s l y  a f f e c t e d  by an  i n a b i l i t y  t o  communicate .  

Naximum e f f o r t ,  i n  humans, depends  upon m o t i v a t i o n a l  d r i v e ,  a 

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

, 2 .  The b i o m e c h a n i c a l  d i f f e r e n c e s  i n  r u m i n g  be tween  b i p e d s  and  

quadrupeds  l i m i t s  compar i sons  o f  m e t a b o l i c  c h a n g e s  i n  s p e c i f i c  L< 

musc le  g r o u p s  be tween  t h e  s p e c i e s .  

3 .  The r a t e  o f  m e t a b o l i c  r e a c t i o n s ,  and t h e  e f f i c i e n c y  o f  

b u f f e r i n g  p r o c e s s e s  may n o t  be  d i r e c t l y  c o m p a r a b l e ,  a s  is 

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

s t u d y ,  e v e n  a f t e r  maximum e f f o r t .  

4 .  C o n c l u s i o n s  a b o u t  c h a n g e s  i n  ammonia p r o d u c t i o n  a r e  l i m i t e d  

w i t h o u t  a d d i t i o n a l  r e l e v a n t  d a t a  o n  t h o s e  m e t a b o l i t e s  which 

s e r v e  t o  remove ammonia f r o m  t i s s u e  and  b l o o d .  Of p a r t i c u l a r  

i n t e r e s t  is a b r o a d  p r o f i l e  of amino a c i d  c o n c e n t r a t i o n  c h a n g e s ,  

among which  c h a n g e s  i n  g l u t a m a t e ,  g l u t a m i n e ,  a s p a r t a t e ,  and G A B 3  

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

accompanying e x e r c i s e  a r e  a l so  a n  i m p o r t a n t  c o n s i d e r a t i o n  i n  

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

s e v e r e  e x e r c i s e .  



5 .  More i n t e n s e  e x e r c i s e ,  s u c h  a s  r e p e a t e d  h i g h  i n t e n s i t y  

i n t e r v a l  r u n n i n g ,  for  e x a m p l e ,  may b e  n e c e s s a r y  t o  d e t e r m i n e  

w h e t h e r  ammonia a c c u m u l a t e s  i n  b r a i n  t i s s u e  a s  a r e s u l t  o f  

e x e r c i s e .  

6 .  N e i t h e r  t h e  s o u r c e  o f  ammonia p r o d u c t i o n ,  n o r  t h e  p a t t e r n  o f  

ammonia movement be tween  t i s s u e  c o m p a r t m e n t s  c o u l d  b e  d e t e r m i n e d  

i n  t h i s  s t u d y .  T r a c e r  s t u d i e s  f o r  ammonia m e t a b o l i s m  u s e  a n  l 3 - ~  

r a d i o l a b e l .  U n f o r t u n a t e l y ,  t h i s  isotope h a s  a h a l f - l i f e  of o n l y  

1 0  m i n u t e s ,  making  i t s  u s e  d i f f i c u l t  and  e x p e n s i v e .  

7 .  R e i n f u s i o n  of c o l d  w h o l e  b l o o d  ( E x p e r i m e n t  1) may h a v e  

d e l a y e d  t h e  o n s e t  o f  f a t i q u e ,  e i t h e r  b y  d i l u t i o n  of f a t i g u i n g  

m e t a b o l i t e s ,  o r  by  r e d u c i n g  body  t e m p e r a t u r e  o f  t h e  a n i m a l s .  The 

a b s o l u t e  m e a s u r e m e n t s  o f  ammonia and  l a c t a t e  n a y  h a v e  b e e n  

a f f e c t e d  by  t h i s  p r o c e s s .  

8 .  N o r m a l i z a t i o n  o f  e x e r c i s e  t i m e  r e l a t i v e  t o  t h e  p o i n t  o f  

e x h a u s t i o n  s h o u l d  b e  c o n s i d e r e d  i n  t h e  i n t e r p r e t a t i o n  o f  d a t a ' i n  

Expe r imen t  1. 



CONCLUSIONS AND RECOMMENDATIONS 

Within the limitations of this study, the following conclusions 

and were made: 

1. the accumulation of ammonia and lactate is affected by 

exercise intensity. 

2. progressively increasing workrate to exhaustion results in an 

exponential increase in both ammonia and lactate in blood. 

3. during submaximal exercise, the time course of ammonia and 

lactate accumulation are similar in blood and skeletal muscles. 

4. during submaximal exercise, ammonia accumulation is more 

gradual in heart tissue than in blood or in skeletal muscle. 

5. submaximal exercise does not produce marked changes in brain 

ammonia concentrations. 

The following recommendations were made with respect to 

future research on ammonia metabolism: 

1. Since intrinsic tissue buffering may mask changes in 

metabolic production, evaluation of gross ammonia production 

during maximal and submaximal exercise should include 

quantitative analysis of metabolites known to act as buffers for 

ammonia both in the blood and relevant tissues known to be 

sources of ammonia production. 

2. More intensive exercise.may be needed for a better assessment 

of ammonia accumulation in brain tissue. 



APPENDIX 1: ANIMAL TREADMILL PND SHOCKEF 

F d i a g r a m  o f  t h e  t r e a d m i l l  is shown i n  F i g u r e  A - 1 .  I t  

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

b e l t  r i d e s  o n  c o p p e r  ro l l e r s  s u p p o r t e d  by  a  m e t a l  f r a m e .  P 

p l e x i g l a s  compar tment  i s  suspended  o v e r  t h e  b e l t  w i t h  e l e c t r i c  

p r o d s  p r o t r u d i n g  i n t o  t h e  r e a r  o f  t h e  compar tmen t .  

The f r ame  is made o f  1 2  g u a g e  a luminum,  t h e  b a s e  o f  which 

measured 50cm X 35cm. The p l a t f o r m  o n t o  wh ich  t h e  r o l l e r s  

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

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

The d i m e n s i o n s  o f  t h e  p l a t f o r m  a r e  t h e  same a s  t h e  b a s e ,  50cm X 

35 c m .  

Twc c o p p e r  r o l l e r s ,  8cm i n  d i a m e t e r  and  l l c m  i n  l e n g t h  and 

made o f  c o p p e r  t u b i n g ,  c o n s t r u c t e d  w i t h  a s l i g h t  c rown,  e n s u r e s  

t h a t  t h e  t r e a d m i l l  b e l t  d o e s  n o t  d r i f t  l a t e r a l l y .  F t  e a c h  end  o f  

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

1.5cm b r a s s  s h a f t  p r o t r u d e s  f rom t h e  c e n t r e  o f  t h e  f l a n g e .  The 

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

by b e a r i n g s  h o u s e d  i n  a luminium b l o c k s .  A t  t h e  p o i n t  o f  

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

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

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

c o n n e c t i o n  w i t h  t h e  motor and power u n i t .  Pn aluminum s t a g e  

measu r ing  33cm i n  l e n g t h  by 16cm i n  w i d t h  by 9cm i n  h e i g h t  

a t t a c h e s  t o  t h e  p l a t f o r m  be tween  t h e  t w o  r o l l e r s  and  a s s i s t s  i n  

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



s u r f  a c e .  

The b e l t  i s  c o n s t r u c t e d  o f  o n e - p l y  p o l y v i n y l  c h l o r i d e  which  

r e t a i n s  i t s  t e n s i o n  and c a n  b e  e a s i l y  c l e a n e d .  I t  i s  s p l i c e d  and  

j o i n e d  a s  a n  e n d l e s s  b e l t  t o  p r o v i d e  2 smooth r u n n i n g  s u r f a c e .  

The p l e x i g l a s  compar tment  m e a s u r i n g  31.5 X10 X 1 5  c m  and  is 

c o n s t r u c t e d  f rom 0.6cm p l e x i g l a s .  The compar tment  s u s p e n d s  o v e r  

t h e  b e l t  by means o f  f o u r  a n g l e - b r a c k e t s  s e c u r e d  t o  t h e  

s t a g e - p l a t f o r m .  

An e l e c t r i c a l  A.C.  s h o c k i n g  d e v i c e  i s  a t t a c h e d  t o  t h e  r e a r  

o f  t h e  suspended  compar tmen t .  The s h o c k i n g  r o d s  a r e  i n s e r t e d  

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

i n  t h e  p l e x i g l a s .  The r o d s  a r e  s e p a r a t e d  by  1 . 5  c m  and  c o n n e c t  

i n  series t o  a  250 v o l t  t r a n s f o r m e r  s e c o n d a r y  t h r o u g h  a  c u r r e n t  

l i m i t i n g  r e s i s t o r .  Maximum o u t p u t  v o l t a g e  i s  250 V a t  2 .5  ma and  

60  Hz. P s c h e m a t i c  d i a g r a m  o f  t h e  s h o c k e r  is  shown i n  F i g .  F-2. 

E l e v a t i o n  o f  t h e  t r e a d m i l l  is a c c o m p l i s h e d  by  means o f  a n  

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

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

t h e  u p r i g h t  p o s t .  Two i n t e r c h a n g a b l e  p o s t s  are  a v a i l a b l e ,  o n e  
- 

which r e a d  i n  d e g r e e s  o f  e l e v a t i o n  ( 0 ,  5 ,  1 0 ,  1 5 ,  and 2 0 )  and  

t h e  second  wh ich  r e a d  a s  p e r c e n t a g e  o f  g r a d e  e l e v a t i o n  ( 0 ,  5 ,  

1 0 ,  1 5 ,  2 0 ,  and 2 5 ) .  

The t r e a d m i l l  is powered b y  a  6 ,000  rpm s e w i n g  mach ine  

motor ( ~ a k a j i m a  A l l  C o . ,  L t d . .  NE-35, I n p u t  70 W, 6 ,000  rprn) .  

Connec t ion  o f  t h e  motor t o  t h e  r o l l e r s  o f  t h e  t r e a d m i l l  is  made 

th rough  t h e  s h a f t  u s i n g  a  b e l t d r i v e n  r p m  r e d u c t i o n  r a t i o  of 



1 25:l, in a two-stage reduction of 5:1:5:l. The speed is 

! controlled with a variable autotransformer (Superior Powerstat, 

10C). 



Figure A - 1 :  Showing a schematic diagram of the animal 
-treadmill which was designed for use in these experiments. 

M - motor 

P - power source 

S - electrical motivation control 
-3 - belt direction 



Figure P-2: Schematic Diagram For Current-Limited Animal 
Shocker. Showing the electronic schematic diagrzm used in the - 
transformer of the current-limited shocking device attatched 
to the animal treadmill. 



APPENDIX 2: CFNNULATION TECHNIQUES 

C a n n u l a  P r e p a r a t i o n  

The c a n n u l a  p r e p a r a t i o n  a n d  c o m p l e t e d  c a n n u l a  a r e  

i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  A - 3 .  

One l e n g t h  o f  p o l y e t h y l e n e  t u b i n g  (PE-90,  i . d .  = 0.86 mm, 

0 . d .  = 1 . 2 7  m m )  i s  t h r e a d e d  t h r o u g h  a r e c t a n g u l a r  p i e c e  o f  

s i l i c o n  s h e e t i n g  ( S i l a s t i c  B r a n d :  5mm X l O m m ,  0.002mm t h i c k .  The 

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

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

t h e  t i p  o f  t h e  PE-90 t u b i n g  i s  a b l e  t o  b e  a d j u s t e d  a c c o r d i n g  t o  

t h e  s i z e  o f  t h e  r a t .  F f i n i s h e d  l e n g t h  f r o m  t h e  t a b  t o  t h e  e n d  

o f  t h e  c a n n u l a  of 28mm is  a p p r o p r i a t e  f o r  a n i m a l s  b e t w e e n  260 t o  

280 g .  The s i l i c o n  s h e e t  is d i v i d e d  i n t o  t h r e e  a p p r o x i m a t e l y  

e q u a l  p a r t s ,  a s  i l l u s t r a t e d  i n  F i g .  A - 3 .  P a r t  A  is f o l d e d  b a c k  

upon t h e  t u b i n g  a n d  bonded  t o  P a r t  E w i t h  s i l i c o n e  a d h e s i v e  

( S i l a s t i c  b r a n d ,  M e d i c a l  a d h e s i v e  T y p e  A ) .  When t h e  a d h e s i v e  i s  

c u r e d ,  t h e  s h e e t  i s  t r i m m e d  t o  f o r m  a s m o o t h  t a b .  T h i s  t a b  i s  

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

c a n n u l a  n e a r  t h e  p o i n t  o f  e n t r y  of t h e  c a n n u l a  t o  t h e  j u g u l a r  

v e i n .  

A f t e r  t h e  f r ee  e n d  of the c a n n u l a  is e x t e r i o r i z e d  a t  t h e  

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

s i l i c o n  s h e e t ,  ( S i l a s t i c  b r a n d :  5mm X l O m m ,  0.002mm t h i c k )  w h i c h  

is  t r i m m e d  i n  t h e  s h a p e  o f  a n  o v a l .  T h i s  t a b  p r o v i d s  a n  a n c h o r  

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



e x t e r i o r i z e d  on t h e  a n i m a l ' s  b a c k .  

The c a n n u l a  i s  p l u g g e d  w i t h  2 4  guage  s t a i n l e s s  s t e e l  

t u b i n g ,  1 0  mm i n  l e n g t h ,  wh ich  p r e v e n t s  l e a k a g e  of f l u i d  from 

t h e  c a n n u l a .  The p l u g  c a n  e a s i l y  removed t o  e l l o w  b lood  

sampl ing  . 

S u r g i c a l  I m p l a n t a t i o n  

R a t s  were a n a e s t h e t i z e d  w i t h  k e t a m i n e  h y d r o c h l o r i d e  

( K e t a s e t ,  Fogar/STE) i n t r a p e r i t o n e a l l y  (10mg/100g body w e i g h t ) .  

Animals  were shaved  i n  t w o  r e g i o n s ,  a t  t h e  t h r o a t  and r i g h t  

c l a v i c a l  r e g i o n ,  and a t  t h e  b a c k  o f  t h e  neck .  A l o n g i t u d i n a l  

i n c i s i o n  was made a t  t h e  a r e a  w h e r e  t h e  r i g h t  e x t e r n a l  j u g u l a r  

v e i n  p a s s e s  d o r s a l  t o  t h e  p e c t o r a l i s  m a j o r  musc le .  The r i g h t  

j u g u l a r  v e i n  was f r e e d  f r o m  s u b c u t a n e o u s  t i s s u e ,  and i s o l a t e d  by 

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

o f  s i l k  s u t u r e  t h r e a d  were made l o o s e l y  a round  t h e  v e i n .  A f t e r  

t h e  v e i n  was i s o l a t e d  i n  t h i s  manne r ,  a  s m a l l  i n c i s i o n  was made 

i n  t h e  v e i n  wh ich  was expanded  b y  i n s e r t i o n  o f  f i n e  f o r c e p s .  The 

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

i n c i s i o n ,  and  g u i d e d  i n w a r d s  u n t i l  t h e  s i l i c o n  t a b  touched  t h e  

v e i n .  The c a n n u l a  was  f l u s h e d  w i t h  h e p a r i n i z e d  s a l i n e  (250  

U n i t s .  m l - l )  t o  e n s u r e  t h a t  a d e q u a t e  b l o o d  f l o w  c o u l d  b e  

e s t a b l i s h e d .  The t w o  l i g a t u r e s  were t i g h t e n e d  t o  a.nchor t h e  

c a n n u l a  and t o  p r e v e n t  l e a k a g e  of b l o o d  f rom t h e  v e i n .  The 

c a n n u l a  was f u r t h e r  s t a b i l i z e d  by  s u t u r i n g  t h e  t a b  t o  t i s s u e  i n  

t h e  neck .  



A l o n g i t u d i n a l  i n c i s i o n  was  t h e n  made i n  t h e  do r sum of t h e  

n e c k .  P p a i r  o f  c u r v e d  f o r c e p s  was i n s e r t e d  t h r o u g h  t h e  

i n c i s i o n ,  a n d  g u i d e d  u n d e r  t h e  s k i n  u n t i l  t h e  t i p s  were 

e x t e r i o r i z e d  a t  t h e  i n c i s i o n  i n  t h e  n e c k .  W i t h  t h e  f o r c e p s ,  t h e  

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

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

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

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

was a n c h o r e d  by  a s i n g l e  s u t u r e  b e t w e e n  t h e  s c a p u l a e .  The 

c a n n u l a  w a s  t h e n  f l u s h e d  w i t h  h e p a r i n i z e d  s a l i n e  ( 2 5 0  U - m l - l )  

and t h e  metal  p l u g  w a s  i n s e r t e d .  The i n c i s i o n s  were s u t u r e d  

c l o s e d ,  and t h e  r a t s  were g i v e n  a p r o p h y l a c t i c  d o s e  o f  

a n t i b i o t i c  ( D e r e p e n ,  A y e r s t .  0 . 4  m l /kg . )  A t  t h e  t e r m i n a t i o n  o f  

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



F i g u r e  A - 3 :  Showing t h e  p r o c e d u r e  used i n  t h e  p r e p a r a t i o n  
o f  the c a n n u l a  and  t h e  t a b  wh ich  a i d s  i n  t h e  p l a c e m e n t  o f  
t h e  c a n n u l a  i n  t h e  a n i m a l .  



APPENDIX 3: MFXIPUM OXYGEN UPTAKE PROTOCOL 

The determination of respiratory gas exchange in the 

exercising rat was be made using a flow-through respirometry 

system. Measurement of +o2 and CCO~ have been made in a similer 
procedure using an open-flow mask for hummingbirds and lizards 

(Withers, 1977) and exercising rats (Fussel, Campagna and 

~eng'er, 1980; Gleeson and Baldwin, 1981). 

In the calculation of oxygen uptake and carbon dioxide 

production, the following terms are used: 

Throughout 

temperature and 

oxygen uptake per minute 
rate of airflow out of mask 
carbon dioxide production per minute 
fraction inspired oxygen 
fraction inspired carbon dioxide 
fraction inspired nitrogen 
fraction expired oxygen 
fraction expired carbon dioxide 
fraction expired nitrogen 

text, volumes are expressed at standard 

pressure dry (STPD), by converting to standard 

temperature (oO C) and pressure (760 Torr), and adjusting for 

ambient relative humidity. 
* 

Calculation of V02 and VC02 were made using the premise of 

pulmonary nitrogen (N2) constancy during gas exchange, 

essentially as described by Consolazio, -- et al., (1963), and as 



used  by  B r o o k s  a n d  W h i t e  ( 1 9 7 8 )  t o  s t u d y  t h e  m e t a b o l i c  r a t e s  o f  

r a t s  a t  rest a n d  w i t h  e x e r c i s e  u s i n g  o p e n - c i r c u i t ,  i n d i r e c t  

c a l o r i m e t r y .  

1 . 0 0  - (FEC02 + FE02) 

c 0 2  = +E( STPD) F102 - FE02 

FEc02-[. 00 - ( FECO2 + FEC2 ) 

c ~ 0 2  = CE ( STPD) F I  C02 

F lF2  

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

w i t h  a l i g h t - w e i g h t  c l e a r  p l a s t i c  mask made f r o m  a  l i g h t  a c e t a t e  

s h e e t .  The mask w a s  r e t a i n e d  by  a  s i m p l e  c o l l a r  made f rom 

f l e x i b l e  w i r e  a t t a t c h e d  b e h i n d  t h e  ears  o f  t h e  a n i m a l .  A mask o f  

s i m i l a r  d e s i g n  w a s  u s e d  by  R u s s e l ,  Campagna, and  K e n g e r  ( 1 9 8 0 )  

and by G l e e s o n  and  B a l d w i n ,  ( 1 9 8 1 ) .  The combined  w e i g h t  o f  t h e  

mask and c o l l a r  w a s  1 . 9  g .  An ima l s  were c o n d i t i o n e d  t o  wea r  t h e  

mask and were t r a i n e d  t o  r u n  w h i l e  w e a r i n g  i t  b e f o r e  oxygen  

u p t a k e  s t u d i e s  w e r e  p e r f o r m e d .  

P e s p i r a t o r y  g a s e s  were m e a s u r e d  by  e x t r a c t i n g  a i r  f rom t h e  

f r o n t  o f  t h e  n o s e  c o n e  c l o s e  t o  t h e  r a t ' s  n o s t r i l s  a t  a  c o n s t a n t  

r a t e  o f  5 , 0 0 0  ml .min-1 (STPD) a n d  d r a w n i n g  i t  t h r o u g h  a 0 .5  

l i t r e  g a s  m i x i n g  chamber .  T h i s  f l o w  r a t e  was  c h o s e n  f o l l o w i n g  
*C 

t h e  r e f e r e n c e  o f  R u s s e l ,  Campagna and  Wenger ( 1 9 8 0 ) ,  and G l e e s o n  

and g aid win ( 1 9 8 1 ) .  A c o n t i n u o u s  a l i q u o t  o f  mixed  e x p i r e d  g a s  



(500 ml.min-1) was drawn from the expiration side of the mixing 

chamber, through a dessicant to an Applied Electrochemistry 0 2  

analyser and a Beckman LE-2 C02 analyzer. 

The arrangement of equipment for gas analysis is 

illustrated in Figure A - 4 .  

Oxygen uptake and carbon dioxide production were expressed 

as ml=kg-l* min-1. Fespiratory exchange ratios were calculated 

as the ratio + C C ~ / ~ ~ .  



F i g u r e  A-4: Showing t h e  a r r a n g e m e n t  o f  e q u i p m e n t  a s  i t  w a s  
u sed  i n  t h e  measu remen t  of oxygen  u p t a k e  i n  t h e  r u n n i n g  r a t .  

f a c e  mask 
o u t l e t  t u b i n g  
f lowmeter 
mixing chamber 
Pump 
d r y i n g  t u b e  
0 a n a l y z e r  ~6~ a n a l y z e r  
r e c o r d e r  
t r e a d m i l l  
cage 
e l e c t r i c a l  p r o d s  

' d i r e c t i o n  of a i r  f low 



F Graded T r e a d m i l l  T e s t  f o r  P a t s  - --- 

A t e s t  was d e s i g n e d  t o  e v a l u a t e  maximal work c a p a c i t y  i n  

r a t s .  P s m a l l  a n i m a l  t r e a d m i l l ,  a s  d e s c r i b e d  i n  Fppend ix  1, was 

used  i n  t h e  p r o t o c o l  be low.  

Animals were t r a n s p o r t e d  t o  t h e  l a b o r a t o r y ,  and r ema ined  i n  

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

of b2, a n i m a l s  were a l l o w e d  t o  rest q u i e t l y  f o r  a p p r o x i m a t e l y  

1 0  m i n u t e s  b e f o r e  r e s t i n g  m e a s u r e m e n t s  were t a k e n .  

A f t e r  a b r i e f  warmup p e r i o d  o f  e a s y  r u n n i n g ,  t o  e n s u r e  t h a t  

r a t s  r u n  i n  t h e  correct  d i r e c t i o n  2nd n o t  become t a n g l e d  i n  t h e  

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

s e t  a t  1 5  mornin-l. T h i s  s p e e d  i s  c o m p a r a b l e  t o  e a s y  e x e r c i s e  f o r  

t h e  r a t .  The s p e e d  o f  t h e  t r e a d m i l l  was t h e n  i n c r e a s e d  by 5  m e  

,min-1 a t  t h e  end  o f  e a c h  2 m i n u t e  p e r i o d .  S t e p w i s e  i n c r e m e n t s  i n  

v e l o c i t y  were used  t o  a l l o w  t h e  r a t e  o f  0 2  consumpt ion  to  r e a c h  

a ,  p l a t e a u  b e f o r e  t h e  n e x t  i n c r e m e n t  i n  work.  I n  t h e  r u n n i n g  r a t ,  

b2 i n c r e a s e s  a s  a  l i n e a r  f u n c t i o n  o f  work i n t e n s i t y  ( r u n n i n g  

s p e e d )  up  t o  a  maximum v a l u e ,  a f t e r  which  f u r t h e r  i n c r e a s e d  i n  . 
r u n n i n g  s p e e d  w i l l  c a u s e  t h e  VC2 v a l u e s  t o  p l a t e a u ,  o r  t o  

d e c r e a s e  s l i g h t l y  ( S h e p h e r d  and  G o l l n i c k ,  1976 ;  Brooks  and 

Whi te ,  1978 ;  G l e e s o n  and E a l d w i n ,  1 9 7 8 ;  P a t c h  and  Brooks ,  1 9 8 0 ) .  



APPENDIX 4 : COLLECTION, STORAGE PREPARATION OF TISSUE 

SAMPLES FOR ANALYSIS 

T i s s u e  S a m p l i n g  P r o c e d u r e s  

Animals  were a n e s t h e t i z e d  w i t h  l i g h t  e t h e r  a n a e s t h e s i a ,  and 

e x s a n g u i n a t e d .  The m i m a l s  were a n e s t h e t i z e d  i n  a  5 l i t r e  

c o n t a i n e r  i n  wh ich  a  wad o f  c o t t o n  s a t u r z t e d  i n  e t h e r  was 

p l a c e d .  A n a e s t h e s i a  was c o n s i d e r e d  t o  b e  c o m p l e t e  when t h e  b l i n k  

r e f l e x  had d i s a p p e a r e d .  The c h e s t  o f  t h e  a n i m a l  was t h e n  w e t ,  

and t h e  abdomen opened  w i t h  s c i s s o r s .  Blood was wi thd rawn  from 

t h e  abdominz l  a o r t a .  H e a r t ,  and a p i e c e  o f  l i v e r  were removed 

and f r o z e n  i n  l i q u i d  n i t r o g e n .  The a n i m a l  was t h e n  q u i c k l y  

d e c a p i t a t e d ,  t h e  b r a i n  removed i n t a c t ,  and s e p a r a t e d  i n t o  

c o r t e x ,  c e r e b e l l u m  and b r a i n  s t e m .  B r a i n  s a m p l e s  were f r o z e n  

i m m e d i a t e l y  i n  l i q u i d  n i t r o g e n .  The l e f t  h i n d l i m b  m u s c l e s  were 

exposed  by remova l  o f  t h e  s k i n ,  and t h e  w h i t e  v a s t u s  l a t e r a l i s ,  

s o l e u s ,  and p l a n t a r i s  m u s c l e s  were e x c i s e d ,  and f r o z e n  i n  l i q u i d  

n i t r o g e n .  I11 t i s s u e s  were s t o r e d  a t  - 8 0 • ‹ c  u n t i l  a n a l y s i s .  

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

r e d u c e  t h e  t i m e  t o  p r o c e s s  t h e  t i s s u e .  I t  r e q u i r e d  s i x  t o  s e v e n  

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

c o m p l e t i o n  o f  d i s e c t i o n  and f r e e z i n g  o f  t h e  t i s s u e .  T i s s u e s  were 

removed i n  t h e  same o r d e r  f rom e a c h  a n i m a l  t o  m a i n t a i n  

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



T r e a t m e n t  o f  Blood f o r  ~ n a l y s i s  - 
I n  ~ x p e r i m e n t  1 ( C a t h e t e r  - - -- Fun P r o t o c o l ) ,  b lood  s a m p l e s  

( 0 . 5  m l )  were wi thd rawn  i n  a  h e p a r i n i z e d  1 r n l  s y r i n g e  f rom t h e  

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

Expe r imen t  2 ,  ( T i s s u e  -Time Course  P r o t o c o l )  f o l l o w i n g  e t h e r  

a n a e s t h e s i a  b l o o d  s a m p l e s  w e r e  w i t h d r a w n  f rom t h e  abdomina l  

a o r t a  i n  a  h e p a r i n i z e d  1 0  m l  s y r i n g e  u s i n g  a  2 1  g u a g e  n e e d l e .  

Each b lood  s a m p l e  was d i v i d e d  i n t o  t w o  p o r t i o n s  f o r  p r e p a r a t i o n  

f o r  ammonia and l a c t a t e  a n a l y s i s .  

For  t h e  d e t e r m i n a t i o n  o f  ammonia, b l o o d  was c e n t r i f u g e d  a t  

~ O C  f o r  10  m i n u t e s  i n  a  r e f r i g e r a t e d  c e n t r i f u g e .  The p l a sma  was 

t r a n s f e r r e d  i n t o  t e s t  t u b e s  and f r o z e n  o v e r  d r y  i ce  f o r  s t o r a g e  

a t  -80•‹C. 

F c r  t h e  d e t e r m i n a t i o n  o f  l a c t a t e ,  w h c l e  b l o o d  was 

d e p r o t e i n i z e d  i n  i c e - c o l d  p e r c h l o r i c  a c i d  (0 .6  N, 1:2 r a t i o  

b1ood:HClOq) and  a f t e r  m i x i n g ,  c e n t r i f u g e d  a t  4' C f o r  1 0  min .  i n  

a r e f r i g e r a t e d  c e n t r i f u g e .  The s u p e r n a t e n t  was t r a n s f e r r e d  i n t o  

s e p a r a t e  t u b e s ,  f r o z e n  o v e r  d r y  i c e ,  t h e n  s t o r e d  a t  -80•‹ C. 

T i s s u e  Homogen iza t ion  

T i s s u e  s a m p l e s  were p r e p a r e d  f o r  c h e m i c a l  a n a l y s i s  by 

h o m o g e n i z a t i o n  i n  1 0 %  t r i c h l o r o a c e t i c  a c i d  (TCA). Whi l e  f r o z e n ,  

a p i e c e  o f  t i s s u e  was d i s s e c t e d ,  w e i g h e d ,  and homogenized i n  

i c e - c o l d  TCA a t  O'C. T e m p e r a t u r e  was m a i n t a i n e d  by  immers ing  a l l  

t u b e s  i n  a n  ice  b a t h .  The r a t i o  of t i s s u e  w e i g h t  t o  TCA was 

a p p r o x i m a t e l y  1 : l O .  The homogenate  w a s  c e n t r i f u g e d ,  and t h e  



supernatent was drawn off and neutralized with 2 M K H C 0 3  

(potassium bicarbonate). The neutralized extract was divided 

into two portions and immediately frozen over dry ice, then 
0 

stored at -80 C until analysis for lactate and ammonia. 



APPENDIX 5: CHEMICAL ASSAYS 

Blood was a s s a y e d  f o r  ammonia by  t h e  me thodo logy  d e s c r i b e d  

by Sigma, ( 1 9 8 0 ) .  Blood l a c t a t e  was  d e t e r m i n e d  u s i n g  t h e  

e n z y m a t i c  method d e s c r i b e d  by Gutmann and  M a h l e f e l d  (1.974) and 

B o e h r i n g e r  Mannheim D i a g n o s t i c a ,  ( 1 9 7 9 ) .  

Musc le ,  b r a i n ,  l i v e r  and h e a r t  t i s s u e  were a s s a y e d  f o r  

ammonia by e n z y m a t i c  d e t e r m i n a t i o n  (Kun and  K e a r n e y ,  1 9 7 4 ) .  

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

Gutmann and W a h l e f e l d  ( 1 9 7 4 ) .  

Pmrnonia Assay  - Elood - 

The e n z y m a t i c  t e c h n i q u e  d e s c r i b e d  i n  Sigma T e c h n i c a l  

b u l l e t i n  N o .  170-UV was d e v e l o p e d  t o  a c h i e v e  g r e a t e r  s p e c i f i c i t y  

i n  q u a n t i t a t i ~ n  o f  c i r c u l a t i n g  ammonia c o n c e n t r a t i o n s .  By 

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

f o r m a t i o n  o f  ammonia by d e a m i d a t i o n  o f  a c i d  a m i d e s  o r  b y  

d e a m i n a t i o n  r e a c t i o n s  a r e  min imized .  The method i s  b a s e d  on  t h e  

r e d u c t i v e  a m i n a t i o n  o f  2 - O x o g l u t a r a t e ,  u s i n g  G l u t a m a t e  

Dehydrogenase  and  r e d u c e d  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  

(NPDH). The r e a c t i o n  i s  d e p e n d e n t  o n  ammonium i o n  (Kun and 

Kearney ,  1 9 7 4 ;  Sigma,  1 3 8 0 ) .  

The r e d u c t i v e  a m i n a t i o n  o f  2 - O x o g l u t a r a t e  i s  c a t a l y z e d  by  

L-Glutamate Dehydrogenase  as f o l l o w s :  

2 - O x o g l u t a r a t e  + N H ~ +  + NPDH s- G l u t a m a t e  + NFD+ + H2C 

The d e c r e a s e  i n  a b s o r b a n c e  a t  340 nm d u e  t o  o x i d a t i o n  o f  NPDH is 

p r o p o r t i o n a l  t o  t h e  ammonium i o n  c o n c e n t r a t i o n .  



R e a g e n t s  

1. Ammonia A s s a y  S o l u t i o n ,  Sigma S t o c k  N o .  170-UV 

2 - o x o g l u t a r a t e ,  2mM 

NADH,  0.12mM 

B u f f e r s  a n d  s a l t  s t a b i l i z e r s  

( n o t e :  Upon r e q u e s t ,  S igma wou ld  n o t  g i v e  more  

d e t a i l e d  i n f o r m t i o n )  

2 .  L - ~ l u t a m i c  D e h y d r o g e n a s e  S o l u t i o n ,  S igma S t o c k  N o .  170-4 

L - g l u t a m i c  d e h y d r o g e n a s e  ( b o v i n e  l i v e r ) ,  1 2 0 0  u n i t s - m l - 1  

i n  5 0 %  g l y c e r o l  and  p h o s p h a t e  b u f f e r ,  pH 7 .4  

I n s t r u m e n t s  

Beckman DU-8 Spec  t r o p h o t o m e  ter  

W a v e l e n g h t  340 nm 

P r o c e d u r e  
0 

1. R e a c t i o n s  w e r e  c a r r i e d  o u t  a t  2 5  C. 

2 .  To e a c h  c u v e t t e ,  t h e  f o l l o w i n g  s o l u t i o n s  were added :  

0 . 1  m l  p l a s m a .  An e q u i v a l e n t  vo lume  o f  w a t e r  was  

a d d e d  t o  t h e  BLPNK c u v e t t e .  

3 .  The s o l u t i o n  w a s  mixed  and  a l l o w e d  t o  s i t  f o r  5 m i n u t e s  

f o r  e q u i l i b r a t i o n .  

4 .  a b s o r b a n c e  1 o f  t h e  c u v e t t e  w a s  r e a d  a n d  r e c o r d e d  

a t  340  nm. 

5 .  0 . O 1  m .  L -Glu tamic  D e h y d r o g e n a s e  w a s  a d d e d  t o  t h e  c u v e t t e .  

6 .  The s o l u t i o n  w a s  mixed  and  a l l o w e d  t o  s t a n d  f o r  5 m i n u t e s  

f o r  e q u i l i b r a t i o n .  

7 .  S b s o r b a n c e  2 ( A 2 1  o f  t h e  c u v e t t e  w a s  r e a d  and  r e c o r d e d  



at 340 nm. 

8. The concentration of ammonia was determined by the 

following calculation: 

Ammonia (pg-ml-l) = (AA plasma - AA blank) X 44 

To convert the concentration of ammonia from pg*ml-l 

to PP, the following conversion was used. 

Ammonia (pM) = Pmmonia (pgoml-l) X (1000/17) 

= Pmrnonia (pg*ml-l) X 58.8 



L a c t a t e  P s s a y  - Blood  - 

Blood was  a s s a y e d  f o r  l a c t a t e  u s i n g  a s s a y  k i t s  a v a i l a b l e  

c o m m e r c i a l l y  f r o m  B o e h r i n g e r  Msnnheim. T h i s  method  was b a s e d  o n  

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

a b s o r b a n c e  a t  340  nm is  d u e  t o  t h e  r e d u c t i o n  o f  NAD' t o  NPDH and 

is p r o p o r t i o n a l  t o  t h e  amount  o f  l a c t a t e  p r e s e n t  ( ~ o e h r i n g e r  

Mannheim, 1 9 7 9  . 
R e a g e n t s  

H y d r a z i n e  - G l y c i n e  Euf f e r  

G l y c i n e  B u f f e r  0.5 F, p H  9 .0  

H y d r a z i n e  0 .4  I? 

B-Nicot inami.de  a d e n i n e  d i n u c l e o t i d e  ( N A D )  

E P P +  27 mM 

L a c t a t e  C e h y d r o g e n a s e  

LDH ( r a b b i t  m u s c l e )  : 650  u n i t s - m l - l ,  

i n  ammonium s u l p h a t e ,  3 .2  mM p H  6 .5  

I n s t r u m e n t s  

Beckman DU-8 S p e c t r o p h o t o m e t e r  

Wave l eng th  340  nm. 

P r o c e d u r e  

1. R e a c t i o n s  were c a r r i e d  o u t  a t  2 5 O ~ .  

2 .  TO e a c h  c u v e t t e ,  t h e  f o l l o w i n g  s o l u t i o n s  w e r e  added :  

1 . 0  m l  H y d r a z i n e  - C l y c i n e  E u f f e r  

0 . 1  m l  s u p e r n a t e n t  ( f r o m  b l o o d )  An e q u i v a l e n t  volume 

o f  H C 1 0 4  w a s  a d d e d  t o  b l a n k  c u v e t t e .  

0 . 1  m l  NPD 



0 . 0 1  m l  LDH 

The s o l u t i o n s  w e r e  mixed  a n d  i n c u b a t e d  f o r  1 h o u r  i n  a 

w a t e r  b a t h  a t  25' C. 

F b s o r b a n c e  o f  t h e  s a m p l e  was r e a d  a t  340  n n  a g a i n s t  

r e a g e n t  BLANK (=AA) .  

The c o n c e n t r a t i o n  o f  l a c t a t e  w a s  c a l c u l a t e d  a s  f o l l o w s :  

L a c t a t e  m g * m l - l  = dF X 0 . 4 9  

c o n v e r 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  f r o m  m g a r n l - l  t o  mM 

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

L a c t a t e  mM = L a c t a t e  m g 0 m l - 1  X (lOOO/9O .1) 

= L a c t a t e  mg-ml- I  X 11.1 



Ammonia .Rssay - Tissue - 

This enzymatic determination of ammonia was used for the 

analysis of tissue extracts (Kun and Kearney, 1974). Tissue 

extracts were prepared for analysis as described above. 

This assay is based on the same principle as described for 

Ammonia Pssay - - Blood, ie. that the reductive amination of 

2-oxoglutarate is catalysed by the enzyme glutamate 

dehydrogenase. The decrease of NPDH, as measured by the change 

in absorbance at 340 nm, is a measure of the reaction, which is: 

NADH + NH4 + 2-Oxoglutarate .-> L-Glutamate + NAD+ +H20 

Reagents 

1. Tris Buffer Solution 

~ris-hydroxymethyl-aminonethane, tris 0.5 M, pH 8.0 

2. 2-Oxoglutarate Solution, 0.1 M, ph 7.4 

3. NFDH Solution 

Feduced nicotinamidc-adenine denucleotide, 

ca. 8mM B-NEDH 

4. Glutama te Dehydrogenase, GlDH 

from liver, 30 units/mg. 

Instruments 

Beckman DU-8 Spec trophotome ter 

Wavelength 340 nm 

Procedure 

1. Reactons were carried out at 3 7 ' ~ .  

2. To each cuvette, the following solutions were added: 

0.2 ml Tris Buffer Solution 



0 . 1  m l  2 - O x o g l u t a r a t e  S o l u t i o n  

0 .03  m l  NADH S o l u t i o n  

0 .15  m l  D e i o n i z e d  Water 

0.50 m l  T i s s u e  E x t r a c t  - Rn e q u i v a l e n t  vo lume of 

n e u t r a l i z e d  TCP. was  a d d e d  t o  t h e  BLANK 

c u v e  t t e  . 
3.  The s a m p l e s  were mixed  and  F b s o r b a n c e  1 ($1) w a s  r e a d  and  

r e c o r d e d  a t  340 nm. 

4 .  To e a c h  c u v e t t e ,  0 .02 m l  G l D H  S o l u t i o n  w a s  a d d e d .  

5. The s a m p l e s  were mixed  and  i n c u b a t e d  a t  3 7 * ~  i n  a w a t e r  

b a t h  f o r  30 m i n u t e s .  

6 .  F b s o r b a n c e  2  ( F 2 )  was  r e a d  a-nd r e c o r d e d  a t  3 4 0  nm. 

7 .  The c o n c e n t r a t i o n  o f  ammonia w a s  c a l c u l a t e d  a s  f o l l o w s :  

R H 3  pP: = 488.8 ( A A  s a m p l e  - A A  b l a n k )  - 5.09  

NH3 ) . I M * ~ - ~  w e t  w e i g h t  = 

NH3 pM X E x t r a c t  Volume 

T i s s u e  W e i g h t  



L a c t a t e  Assay - T i s s u e  -- - 

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

a  method m o d i f i e d  f r o m  t h a t  d e s c r i b e d  i n  Lowry and  P a s s o n e a u  

( 1 9 7 2 ) .  T h i s  a s s a y  is  a  t w o  s t e p  enzyme r e a c t i o n ,  i n  w h i c h  a n y  

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

i n i t i a l l y  removed by a  t r a n s a m i n a t i o n  r e a c t i o n  w i t h  g l u t a m a t e ,  

u s i n g  

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

s e c o n d  r e a c t i o n  is  c a t a l y s e d  b y  l a c t a t e  d e h y d r o g e n a s e  (Lowrey  

and  P a s s o n e a u ,  1 9 7 2 ) .  

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

l a c t a t e  t o  f o r m  p y r u v a t e  a s  f o l l o w s :  

L a c t a t e  + N E D +  - P y r u v a t e  + NADH + P+ 

A s  m e n t i o p e d  a b o v e ,  t h i s  method  is c o u p l e d  t o  a  r e a c t i o n  w h i c h  

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

w i t h  t h e  measu remen t  o f  l a c t a t e  b e c a u s e  o f  a n  u n f a v o r a b l e  

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

P y r u v a t e  + G l u t a m a t e  - F l a n i n e  + 2 - O x o g l u t a r a t e  

R e a g e n t s  

G l u t a m a t e  S o l u t i o n  

Glu tama t e  (monosodium)  , 1 l! 

NaOH, 0 . 9  El, to  p H  1 0  

~ ~ e u t r a l i z e d  T r i c h l o r o a c e t i c  A c i d  ( T C F ) ,  p H  7 .2  

1 0 %  TCA : H20 : 2P KHC03, i n  t h e  r a t i o  

1 . 3  : 3 4  : 1 . 5 2  (per  v o l u m e )  

~ e a g e n t  B u f f e r  S o l u t i o n  



2 - ~ m i n o - 2 - ~ e t h y l  P r o p a n o l  100 mM 

NPD' 1 . 5  mM 

G l u t a m a t e  S o l u t i o n  ( a b o v e )  1 0 %  ( v o l )  

4 .  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  (GPT) ,  

p i g  h e a r t ,  136 u n i t s - m l - 1  

5.  L a c t a t e  D e h y d r o g e n a s e  (LDH) 500  u n i t s  * m l - 1  

I n s t r u m e n t s  

Beckman DU-8 S p e c t r o p h o t o m e t e r  

Wave l eng th  340 nm 

P r o c e d u r e  
0 

1. All r e a c t i o n s  w e r e  c a r r i e d  o u t  a t  37  C. 

2 .  To e a c h  c u v e t t e ,  t h e  f o l l o w i n g  s o l u t i o n s  w e r e  a d d e d :  

0 . 2 5  m l  N e u t r a l i z e d  t i s s u e  e x t r a c t .  An e q u i v a l e n t  

vo lume  of n e u t r a l i z e d  TCA was  a d d e d  t o  t h e  

BLANK c u v e  t t e  . 
1.20 r n l  R e a g e n t  B u f f e r  S o l u t i o n  

0.05 m l  GPT 

3 .  S o l u t i o n s  w e r e  mixed  and  a l l o w e d  t o  s i t  fo r  10 m i n u t e s  f o r  

e q u i l i b r a t i o n .  A b s o r b a n c e  1 ($1) was r e a d  and  r e c o r d e d  

a t  340 nm. 

4 .  TO e a c h  c u v e t t e ,  0.05 m l  LDH was a d d e d .  

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

a t  37'~ fo r  30 m i n u t e s .  

6 .  ~ b s o r b a n c e  2 (A21 wzs r e z d  and  r e c o r d e d  a t  340 nm. 

7 .  The c o n c e n t r a t i o n  o f  l a c t a t e  i n  t h e  e x t r a c t  was  d e t e r m i n e d  

by t h e  f o l l o w i n g  e q u a t i o n :  



Lactate pM = 1.18 ( & A )  - 0.16 

Lactate p ~ . g - l  wet weight = 

Lactate PI? X E x t r a c t  Volume - 
Tissue Weight  
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