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INTRODUCTION

The search , f o r  th e  c h e m ic a l  s u b s ta n c e  w h ic h  i s  i n i t i a l ­

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

s p o n s ib l e  f o r  the  s e r i e s  o f  e v e n t s  l e a d in g  to  c o n t r a c t i o n  

has b e en  c o m p l ic a te d  by t h e  f a c t  t h a t  i t s  p r o d u c t s  e x i s t  f o r  

so  b r i e f  a  p e r i o d .  The e a r l i e s t  e x p e r im e n ts  by R e g n a u l t  and 

R e i s e t  (1850) d e m o n s tr a te d  t h a t  i n c r e a s e d  oxygen co n sum p tion  

and CO2 l i b e r a t i o n  o c c u r  d u r in g  m u sc u la r  c o n t r a c t i o n .  Com­

b u s t i o n  i s ,  t h e r e f o r e ,  I n t i m a t e l y  a s s o c i a t e d  w i th  m u scu la r  

c o n t r a c t i o n .  The c o m p o s i t io n  of m uscle  n a t u r a l l y  l e d  L ie b ig  

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

v a t i o n s  o f P e t t e n k o f e r  and  V o i t  t h a t  n i t r o g e n  e x c r e t i o n  i s  

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

n i t e l y  p ro v e d  th e  f a l l a c y  o f  t h i s  c o n c e p t io n  ( 7 8 ) .  I n  1896 

Chauveau fo u n d  an i n c r e a s e  i n  r e s p i r a t o r y  q u o t i e n t  from  0 .7 5  

d u r in g  r e s t  t o  0 .9 5  d u r in g  e x e r c i s e  and  f o r m u la te d  th e  th e o r y  

t h a t  e n e rg y  i s  d e r i v e d  e n t i r e l y  from  c a r b o h y d r a t e s ,  a c o n c lu ­

s i o n  s u p p o r te d  by H i l l  (37) and h i s  a s s o c i a t e s .  However, 

abundan t e v id e n c e  has been  a cc u m u la te d  by R a p p o r t  (56) and 

L undsgaard  (43) i n d i c a t i n g  t h a t  m u sc le ,  l i k e  o t h e r  t i s s u e s ,  

o x id iz e s  e i t h e r  c a r b o h y d r a te  o r  f a t ,  o r  b o th ,  depend ing  upon 

th e  r e l a t i v e  q u a n t i t i e s  a v a i l a b l e .  The n e c e s s i t y  of c a r b o ­

h y d ra te  d u r i n g  p e rfo rm an c e  o f  h a rd  work: seems t o  have been  

d e m o n s t ra te d  by  D i l l ,  Edwards and  T a l b o t t  ( 4 4 ) .  L u ndsg aard

(43) fo u n d  t h a t  f a t s  seems to  r e q u i r e  p a r t i a l  o x i d a t i o n  In  

th e  l i v e r  b e fo re  t h e y  c a n  be u t i l i z e d  by m usc les*  A ls o ,  a c ­

c o rd in g  to  L u n d sg aard  a c id s  and k e tone  b o d ie s  a re  r e a d i l y
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o x i d i z e d  by m uscle  t i s s u e .

The modern v ie w p o in t  may be s a i d  t o  have begun w i th  th e  

d i s c o v e r y  by F l e t c h e r  and Hopkins (24) i n  1907 t h a t  l a c t i c  

a c i d  i n c r e a s e s  d u r in g  c o n t r a c t i o n .  T h i s ,  and  th e  th erm ody­

namic s t u d i e s  o f  A.V. H i l l  (38) M eyerho ff  (49) and  t h e i r  r e ­

s p e c t i v e  p u p i l s  w h i c h f o l l o w e d ,  l e d  t o  th e  h y p o th e s i s  t h a t  

an  a n a e ro b ic  breakdow n o f  g ly c o g e n  t o  l a c t i c  a c i d  f u r n i s h e s  

th e  i n i t i a l  e n e rg y  o f  c o n t r a c t i o n .  I n  a cc o rd a n c e  w i th  t h e i r  

h y p o th e s is  a b o u t  o n e - q u a r t e r  t o  o n e - s i x t h  o f  th e  l a c t i c  a c id  

i s  o x id iz e d  and th e  re m a in d e r  r e c o n v e r t e d  t o  g ly c o g e n  w i t h i n  

th e  m u sc les  conce rn ed *

A f t e r  th e  c e s s a t i o n  o f  t o t a l l y  o r  p a r t i a l l y  a n a e ro b ic  

c h e m ic a l  p r o c e s s e s  i n  m u sc le ,  oxygen c o n su m p tio n  rem ains i n ­

c r e a s e d  f o r  some tim e u n t i l  t h e  o x i d a t i o n  o f  a c c u m u la te d  p r o ­

d u c ts  of th e  a n a e ro b ic  r e a c t i o n s  h as  been  c o m p le te d  and th e  

m uscle has b e e n  r e c h a r g e d .  T h is  p e r i o d  o f  r e c h a r g in g  i s  c a l l ­

ed  th e  r e c o v e r y  p e r i o d  and as A.V. H i l l  (37) has s a i d  -  nth e  

s u b j e c t  i s  p a y in g  h i s  oxygen d e b t ” .

W hile th e  l a c t i c  a c i d  th e o r y  of m u scu la r  c o n t r a c t i o n  h e ld  

sway, i t  was su p p o sed  t h a t  t  he f  i r s t  r a p i d  repaym ent l a s t i n g  

f o r  o n ly  a few m in u te s ,  was due t o  o x i d a t i o n  o f  l a c t i c  a c i d  

i n  m u sc le s ;  and t h a t  d e la y e d  re p a y m e n t ,  e x te n d in g  o v e r  an 

hour o r  m ore, was due t o  o x i d a t i o n  o f  l a c t i c  a c i d t h a t  has d i f ­

f u s e d  i n t o  the  b lo o d .  E v id en ce  has a c c u m u la te d ,  how ever, t h a t  

b lo o d  l a c t i c  a c i d  i n c r e a s e s  o n ly  d u r in g  th e  most s t r e n u o u s  e x ­

e r c i s e .  I n  m odera te  w ork , accom panied  by an oxygen d e b t ,  

b lo o d  l a c t i c  a c i d  i s  n o t  i n c r e a s e d .  I t  a p p e a r s ,  t h e r e f o r e ,
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t h a t  th e  e x t e n t  o f  oxygen d eb t  i s  n o t  a c r i t e r i o n  o f  l a c t i c  

a c i d  c o n c e n t r a t i o n  i n  th e  t i s s u e s  a c c o rd in g  t o  D.B. D i l l  (13)* 

A c c o rd in g  t o  M a rg a r ia ,  Edwards and  D i l l  (4 5 ,4 7 )  th e  c u r r e n t  

t r e n d  o f  o p in io n  i s  t h a t  i n  humans th e  e x c e s s  oxygen t a k e n  

i n  d u r i n g  r e c o v e r y  i s  o n ly  e x c e p t i o n a l l y  u se d  t o  o x id iz e  

l a c t i c  a c i d ,  as was o r i g i n a l l y  b e l i e v e d  and  i n  f a c t ,  such  

u sag e  o c c u rs  o n ly  w hen t h e  oxygen d e b t  ex ceed s  3 -5  l i t e r s #  

When i t  i s  l e s s  t h a n  t h i s ,  the  i n c r e a s e d  oxygen consumed 

a f t e r  e x e r c i s e  i s  u se d  (a )  f o r  o x i d a t i o n  o f  a l a c t a c i d  su b ­

s t a n c e s ,  i . e . ,  any a v a i l a b l e  f o o d s t u f f  t h a t  can  y i e l d  e n e rg y  

f o r  r e s y n t h e s i s  and (b ) t o  s a t i s f y  i n c r e a s e d  b a s a l  m etab o lism  

w hich  p e r s i s t s  f o r  s e v e r a l  h o u rs  a f t e r  e x e r c i s e #

M inor v a r i a t i o n s  o f  t h i s  c o n c e p t  developed#  T h u s , Lusk

(44) c o n t in u e d  t o  b e l i e v e  t h a t  l a c t i c  a c i d  a s  such  c a n n o t  be 

o x id iz e d #  S h o r r ,  B a rk e r  and Malam (66) h e ld  t h a t  i t  i s  the  

m ain avenue o f g  lu c o s e  c o m b u s tio n .  A l l  t h a t  c an  be s a i d  i s  

t h a t  e x p e r im e n ta l  work has g iv e n  no d e c i s i v e  answer*

The e x t e n s i v e  i n v e s t i g a t i o n s  o f  th e  Embden S ch o o l  made 

i t  e v id e n t  t h a t  p h o s p h o r ic  a c i d  i s  i n t i m a t e l y  a s s o c i a t e d  w i th  

m u sc u la r  c o n t r a c t i o n .  They b e l i e v e d  t h a t  l a c t i c  a c id  c a n n o t  

be fo rm ed  d i r e c t l y  from  g ly c o g e n  b u t  o n ly  th ro u g h  a p r e c u r s o r ,  

hexose p h o sp h a te  ( l a c t a c i d o g e n )  * The s o u rc e  of th e  p h o s p h a te ,  

how ever, re m a in e d  o b sc u re  u n t i l  t h e  E g g le to n s  (19) i n  1927, 

d i s c o v e r e d  the  e x i s t e n c e  i n  m uscle  of a  l a b i l e  o rg a n ic  p h o s ­

p h o ru s  compound t h a t  t h e y  c a l l e d  p ho sp h ag en , a n d  w hich  F i s k e  

and Subbarow (2 1 ) ,  a l s o  i n  1927 , i d e n t i f i e d  i t  as ph o sp h o -  

c r e a t i n e *  These d i s c o v e r i e s  were r a p i d l y  f o l lo w e d  by t h e  de —
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m o n s t r a t i o n s  (a )  t h a t  p h o s p h o c r e a t in e  i s  b ro k e n  down d u r in g  

c o n t r a c t i o n  and i s  r e s y n t h e s i z e d  d u r in g  r e c o v e r y ,  (b ) t h a t  

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

w e l l  u n d e r  way, and (c )  th e  p r im a ry  s h i f t  i n  r e a c t i o n  o f  

m uscle  d u r in g  c o n t r a c t i o n  i s  to w ard  th e  a l k a l i n e ,  n o t  to w a rd

th e  a c id  s id e *

Muscle c o n t r a c t i o n  t h e o r e t i c a l l y  i s  a  p u r e l y  a n a e ro b ic  

p r o c e s s ,  and o x i d a t i o n  o c c u rs  o n ly  d u r i n g  re c o v e ry *  T h is  

th e o r y  ( u s u a l l y  r e f e r r e d  t o  as th e  H i l l - M e y e r h o f f  th e o r y )  has 

been  q u e s t io n e d  by s e v e r a l  w o r k e r s .  S in c e  1945, S acks  and 

Sacks (5 9 ,6 0 )  have p r e s e n t e d  a  s e r i e s  o f  p a p e r s  s u p p o r t in g  

th e  c o n c e p t i o n  t h a t  when t h e  c i r c u l a t i o n  i s  a d e q u a te ,  th e  

fu n d a m e n ta l  r e a c t i o n s  p ro d u c in g  e n e rg y  f o r  c o n t r a c t i o n  a r e  ox­

i d a t i v e .  They g r a n t  t h a t  a n a e ro b ic  s o u r c e s  a re  emergency 

mechanisms t h a t  o p e ra t e  (a )  a t  th e  o n s e t  o f  e x e r c i s e  and b e ­

f o r e  v a s c u l a r  a d ju s tm e n ts  a re  c o m p le te d ,  (b) d u r in g  h ig h  r a t e s  

o f  s t i m u l a t i o n  and p e rh a p s  i n  s e v e re  p ro lo n g e d  e x e r c i s e .

However, a s  lo n g  a s  th e  oxygen s u p p ly  i s  a d e q u a te ,  e n e rg y  i s  

r e l e a s e d  s o l e l y  by o x i d a t i o n  o f  some s u b s t a n c e .  They b e l i e v e  

w i t h  P i s k e  t h a t  h y d r o l y s i s  o f  p h o s p h o c re a t in e  i s  n o t  a so u rce  

o f  e n e rg y  b u t  t h a t  i t  a c t s  to  b u f f e r  l a c t i c  a c i d  fo rm ed  d u r in g  

a n a e ro b ic  c o n t r a c t i o n *  S u b s t a n t i a l  s u p p o r t  f o r  t h i s  v iew  was 

p ro d u ced  by M i l l i k a n  (50) who s t u d i e d  th e  tim e c o u r s e  of th e  

r e d u c t i o n  o f  myohemoglobin d u r in g  c o n t r a c t i o n  i n  t h e  s o le u s  

m uscle  o f  th e  c a t  by means o f  an in g e n io u s  p h o t o - e l e c t r i c  a r r a n g e ­

ment*

F i n a l l y ,  some r e c e n t  work by F lo c k ,  I n g le  and Bolhman (25)
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i n d i c a t e d  t h a t  th e  m a jo r  changes i n  g ly c o g e n  and  i n  th e  p h o s ­

p h o ro u s  compounds o c c u r  d u r in g  th e  f i r s t  m inu te  o f  m uscle 

c o n t r a c t i o n .  T h is  would s u g g e s t  t h a t  the  c h a i n  o f  r e a c t i o n s  

i n  t h e  H i l l - M e y e r h o f f  scheme may o c c u r  o n ly  a t  th e  b e g in n in g  

o f  m u sc u la r  e x e r c i s e  when t h e  oxygen su p p ly  t o  c o n t r a c t i n g  

m u sc le s  i s  a p t  to  be i n a d e q u a t e .  When c i r c u l a t o r y  a d j u s t ­

m ents have b ro u g h t  ab o u t  a s t e a d y  s t a t e  (a  c o n d i t i o n  in w  h ic h  

oxygen s u p p ly .m e e ts  th e  oxygen r e q u i r e m e n ts )  o th e r  s o u rc e s  of 

e n e rg y  a re  made a v a i l a b l e ,  -  p e rh a p s  th e  o x i d a t i o n  o f  g lu c o s e  

s u p p l i e d  t o  t h e  m uscle by th e  b lo o d .

G-emmill (28) has d e m o n s t ra te d  t h a t  f a t  m a y b e  u s e d  i n ­

d i r e c t l y  as  a so u rc e  o f  e n e r g y  f o r  m uscle c o n t r a c t i o n ,  e s p e ­

c i a l l y  when th e  c a r b o h y d ra te  su p p ly  i s  low .

E v id en ce  has b e en  a c c u m u la t in g  t  h a t  t h e  l i v e r  i s  the  

c h i e f  s i t e  o f  k e to g e n e s i s  and t h a t  d e s t r u c t i o n  o f  k e to n e  

b o d ie s  o c c u rs  m a in ly  i n  th e  e x t r a h e p a t i c  t i s s u e s .  Embden and 

K a lb e r l a k  (20) and l a t e r  S n a p p e r ,  G-runbaum and  Neuberg (67) 

u s in g  th e  p e r f u s i o n  te c h n iq u e  o f  Embden, o f f e r e d  e x p e r im e n ta l  

e v id e n c e  t h a t  l i v e r  i s  th e  s i t e  o f  k e to n e  body f o r m a t io n .

The r e s u l t s  o f  i n  v i t r o  s t u d i e s  o f  Q u a s te l  and W hea tley  (5 5 ) ,  

J o w e t t  and Q u a s te l  ( 4 0 ) ,  and  E dson  (18) have a l l  s u p p o r te d  

t h i s  h y p o t h e s i s .  E v id e n ce  t h a t  d e s t r u c t i o n  o f  k e to n e  b o d ie s  

i s  m a in ly  th e  f u n c t i o n  o f  t h e  e x t r a h e p a t i c  t i s s u e s  has been  

f u r n i s h e d  by S n a p p e r ,  M irsk y ,  Grunbaum ( 6 8 ,6 9 ) .

The p r e s e n t  i n v e s t i g a t i o n  was u n d e r ta k e n  to  s tu d y  s im u l ­

t a n e o u s l y  i n  th e  i n t a c t  an im al th e  p r o d u c t io n  and d i s t r i b u t i o n  

o f  p h o s p h a te s  and o t h e r  components o f  the  m uscle and b lo o d  

o f  th e  norm al and t r a i n e d  r a t  a t  r e s t  an d  u n d e r  th e  in f lu e n c e
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o f  co m p le te  f a t i g u e .  T h is  i n c lu d e d  th e  d e t e r m i n a t i o n  o f  th e  

c o n c e n t r a t i o n  o f  such  compounds as  p h o s p h o c r e a t i n e , g ly c o g e n ,  

l a c t i c  a c i d ,  g l u c o s e ,  and k e to n e  b o d i e s .  I n  a d d i t i o n ,  th e  

a l k a l i n e  r e s e r v e  o f  t h e  b lo o d  was a l s o  d e te rm in e d  i n  o r d e r  to  

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

i n  t r a i n e d  and  u n t r a i n e d  i n d i v i d u a l s .



EXPERIMENTAL METHODS

F o r t y - s i x  a lb i n o  male r a t s  w e ig h in g  be tw een  220-350 

gm. and from  a s i n g l e  c o lo n y  were used* The c o n t r o l  and e x ­

p e r i m e n t a l  r a t s ,  m atched f o r  age and w e ig h t ,  were k e p t  f o r  

s i m i l a r  p e r i o d s  o f  tim e  on t  he same d i e t .  The e x p e r im e n ta l  

r a t s ,  tw e n ty - t h r e e  i n  num ber, were p r o g r e s s i v e l y  c o n d i t i o n e d  

on a b a t t e r y  o f  e x e r c i s e  w h ee ls  (see  P l a t e  I )  f o r  a p e r io d  

o f  one month u n t i l  t h e y  were a b le  to  ru n  r a p i d l y  f o r  t e n  

m in u te s  w i th o u t  d i f f i c u l t y .  They were th e n  k e p t  i n  t  h i s  con­

d i t i o n ,  up t o  t h e  tim e o f  s a c r i f i c e  by r u n n in g  i n  th e  e x e r ­

c i s e  w heel f o r  t e n  m in u te s ,  e v e ry  o t h e r  d a y .  Normal r e s t i n g  

m e ta b o l ism , as w e l l  a s  oxygen d e b t  c a p a c i t y  were d e te rm in e d  

on a l l  a n im a ls  b e fo r e  th e  t r a i n i n g  o f  th e  e x p e r im e n ta l  r a t s  

was u n d e r t a k e n .  The oxygen co n su m p tio n  a t  r e s t  and  a f t e r  

c e s s a t i o n  o f  s e v e re  e x e r c i s e  was m easu red  i n  a c lo s e d  c i r ­

c u i t  m e tab o lism  cham ber. The p r i n c i p l e  w hich  r e f l e c t s  th e  

100 y e a r  o ld  m ethod o f  R e g n a u l t  and R e i s e t  ( 5 7 ) ,  depends 

upon m easurem ent o f  th e  r a t e  o f  change i n  volum e i n  a  c lo s e d  

c i r c u i t  m e tab o lism  cham ber k e p t  a t  c o n s t a n t  te m p e ra tu re  and 

p r e s s u r e .  The m e ta b o la r  was m o d if ie d  to  meet th e  needs o f  

th e  e x p e r im e n t  (see  P l a t e  I I  and  F ig u re  I ) .  The m o d i f i c a t io n  

c o n s i s t e d  o f  an e x e r c i s e  w h eel b u i l t  w i t h i n  th e  cham ber, and 

an a t t a c h e d  s m a l l  e l e c t r i f i e d  g r i l l  w hich was u s e d  as an i n ­

d u ce r  i f ,  and when th e  an im al r e f u s e d  t o  r u n .

A t y p i c a l  d e te r m in a t io n  was made as f o l lo w s :  th e  an im al

was p l a c e d  i n  t h e  m e ta b o la r  and t h e  e n t i r e  chamber submerged 

i n  a c o n s t a n t  te m p e ra tu re  w a te r  b a t h  s e t  to  2 8 .0 °C . The cham-
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b e r  was t h e n  c o n n e c t e d  t o  a m ic ro  s p i r o m e te r  (P h ipps  &

B ird )  w h ich  c o n ta in e d  th e  oxygen su p p ly *  At l e a s t  30 m in­

u t e s  were a l lo w e d  f o r  th e r m a l  e q u i l i b r a t i o n  and  to  p e rm it  

th e  an im a l  t o  become q u i e t .  Carbon d io x id e  e v o lv e d  by th e  

a n im a l  was a b s o rb e d  by so d a  lim e  c o n ta in e d  i n  a w e l l  i n  t h e  

m e ta b o la r*  D uring  e q u i l i b r a t i o n  t h e  an im al was a l lo w e d  to  

b r e a t h  a tm o sp h e r ic  a i r .  When e q u i l i b r a t i o n  was c o m p le te ,  as 

s i g n a l l e d  by c o n s ta n c y  of th e  cham ber t e m p e r a tu r e ,  th e  oxygen 

i n l e t  v a lv e  was opened  and oxygen c o n su m p tio n  r e c o rd e d  f o r  

one h o u r .  At th e  end  o f  the  h o u r  t  he oxygen i n l e t  was c lo s e d  

and the  chamber a g a in  opened  to  a tm o sp h e r ic  a i r .  The e x e r c i s e  

w heel was s e t  i n t o  m o tio n ,  w i t h  t h e  sp e e d  b e in g  b u i l t  up g r a d ­

u a l l y  so  t h a t  th e  r e s t i n g  an im al c o u ld  a d a p t  i t s e l f  t o  th e  

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

The an im a l was e x e r c i s e d  u n t i l  s i g n s  of e x h a u s t io n ,  su c h  a s ,  

i n a b i l i t y  t o  m a in ta in  p ro p e r  p o s i t i o n ,  l i t t l e  o r  no re sp o n se  

to  e l e c t r i c a l  sh o ck , and s e v e r e  h y p e r v e n t i l a t i o n ,  were no­

t i c e d .  The e x e r c i s e  w heel was t h e n  s to p p e d  and th e  chamber 

im m e d ia te ly  f l u s h e d  o u t  w i th  a f r e s h  s u p p ly  o f  oxygen. Oxygen 

consum ption  was a g a in  r e c o r d e d  u n t i l  norm al r e s t i n g  l e v e l  was 

r e a c h e d .  The d i f f e r e n c e  b e tw een  th e  oxygen consumed d u r in g  

r e s t  and t  h a t  consumed im m e d ia te ly  a f t e r  e x e r c i s e  up t o  t h e  

tim e th e  norm al r e s t i n g  l e v e l  was re a c h e d  was c o n s id e r e d  t o  

be th e  oxygen d e b t .  Thus th e  Og d e b t  was m easured  by d e t e r ­

m in ing  th e  Og consum ption  d u r in g  e a c h  o f  3 d e f i n i t e  tim e 

p e r i o d s ,  one im m e d ia te ly  f o l l o w i n g  th e  o t h e r .  These p e r io d s  

were as f o l l o w s :  (a )  r e s t  (b) th e  tim e th e  an im al  was r u n  to
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e x h a u s t i o n  on an e x e r c i s e  w heel b u i l t  w i t h i n  t h e  m e ta b o la r ,  

and (c )  im m e d ia te ly  a f t e r  th e  c e s s a t i o n  of e x e r c i s e  and 

c o n t in u e d  up to  th e  tim e r e c o v e r y  o r  norm al r e s t i n g  m etabo lism  

was resum ed .

A f t e r  th e  t r a i n i n g  p e r io d  o f  one month th e  norm al r e s t ­

in g  m e tab o lism  and oxygen d e b t  were a g a in  d e te rm in e d  on a l l  

a n im a l s ,  b o th  t r a i n e d  and u n t r a i n e d .  T hus, two groups o f  an ­

im a l s ,  tw e n ty - th r e e  a n im a ls  i n  e a c h ,  were a v a i l a b l e  f o r  th e  

e x p e r im e n t .  Group I  -  th e  c o n t r o l  o r  u n t r a i n e d  l a b o r a t o r y  

r a t  and Group I I  -  th e  t r a i n e d  o r  c o n d i t i o n e d  a n im a l .  For 

b lo o d  and t i s s u e  a n a l y s i s ,  th e  g roups were f u r t h e r  d iv id e d  i n ­

to  two g roups  o f  t h i r t e e n  a n im a ls  e a c h .  Group 1 (a )  -  i n  w hich  

a n a l y s i s  was c a r r i e d  o u t  w i t h  t h e  an im al a t  r e s t ,  and  Group 

1 (b )  -  i n  which a n a l y s i s  w as  c a r r i e d  o u t  a f t e r  com ple te  e x ­

h a u s t io n  o f  th e  an im al (maximum oxygen d e b t  a t t a i n e d )  on the  

e x e r c i s e  w h e e l .  The same p ro c e d u re  was fo l lo w e d  w i th  t h e  

t r a i n e d  a n im a l s ,  o r  Group I I .  The g ro u p in g s  o f  t h e  e x p e r im e n t ­

a l  a n im a ls ,  as d e s c r i b e d  ab ove , c a n  be b e s t  sum m arized by the  

f o l lo w in g  t a b l e :

R e s t  E x h a u s te d

T r a in e d  1 1 (a )  11(b)

U n t r a in e d  1 ( a )  1 (b )

B lood a n a l y s i s  in c lu d e d  th e  d e te r m in a t io n  o f  t  o t a l  k e to n e  

b o d i e s ,  l a c t i c  a c i d ,  g lu c o s e ,  and a l k a l i n e  r e s e r v e .  T is su e  

a n a l y s i s  in c lu d e d  th e  d e te r m in a t io n  o f  p h o s p h o c r e a t in e , g ly c o ­

g e n , l a c t i c  a c i d ,  and t o t a l  k e to n e  b o d i e s .

The a n im a ls  were s a c r i f i c e d  by d e c a p i t a t i o n  f o r  t h e  c o l -
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l e c t i o n  of b lo o d  and t i s s u e  sam ples a f t e r  th e  e x p e r im e n ta l  

c o n d i t i o n s  were s a t i s f i e d .  The b l o o d  was c o l l e c t e d  i n  a 

s m a l l  b e a k e r  c o n ta in i n g  h e p a r in  and im m e d ia te ly  p l a c e d  i n  a 

t r a y  o f  c ru s h e d  i c e .

The m u sc les  o f  th e  h in d  l e g s  o f  th e  a n im a l ,  w hich  i n c l u d ­

e d  th e  a d d u c to r  b r e v i s ,  b ic e p s  f e m o r i s ,  v a s t u s  l a t e r a l i s ,  

g l u t e u s  maximus, s e m i te n d in o s u s , and g a s t ro c n e m u is  were q u ic k ­

l y  and c a r e f u l l y  e x c i s e d  and d rop ped  im m e d ia te ly  i n t o  l i q u i d  

a i r .  Thus sam ples  o f  m uscle  were im m e d ia te ly  f r o z e n  upon r e ­

moval from  th e  an im a l  and k e p t  i n  a f r o z e n  s t a t e  u n t i l  a n a l ­

y s i s  was p o s s i b l e .  Sam ples o f  t i s s u e  were w eighed  w h i le  i n  

th e  f r o z e n  s t a t e .

The a l k a l i n e  r e s e r v e  was d e te rm in e d  by th e  method o f  

Van S ly k e  and W eil (75) on th e  Van S ly k e  Manoraetric gas  a n a l ­

y s i s  a p p a r a t u s .  T o t a l  k e to n e  b o d ie s  ( a c e to n e ,  a c e t o a c e t i c  

and B e ta - h y d r o x y b u ty r ic  a c i d s )  o f  b lo o d  was d e te rm in e d  by th e  

G-ruenberg and L e s t e r  method (3 2 ) .  The t o t a l  k e to n e  b o d ie s  o f  

th e  t i s s u e  were d e te rm in e d  by  a s l i g h t  m o d i f i c a t i o n  o f  th e  

Van S ly k e  method ( 7 4 ) ,  th e  d i f f e r e n c e  b e in g  i n  th e  m ethod o f  

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

as  s u g g e s t e d  by  H a r r i s o n  and Long ( 3 4 ) .

Van S ly k e * s  m ethod i s  b a s e d  on a c o m b in a t io n  o f  S h a f f e r * s  

o x i d a t i o n  o f  B e ta - h y d r o x y b u ty r ic  a c i d  to  a c e to n e  and D en iges  

p r e c i p i t a t i o n  of a c e to n e  as a  b a s i c  m ecuric  s u l f a t e  compound. 

O x id a t io n  and p r e c i p i t a t i o n  a re  c a r r i e d  o u t  s im u l t a n e o u s ly  i n  

th e  same s o l u t i o n ,  so  t h a t  th e  te c h n iq u e  i s  s i m p l i f i e d  t o  b o i l ­

in g  th e  m ix tu re  f o r  an hour and a  h a l f  u n d er  a r e f l u x  c o n d e n s e r ,
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and  w e ig h in g  th e  p r e c i p i t a t e  which, fo rm s#  The same p r o c e s s  

may be u s e d  f o r  the  s m a l l e s t  s i g n i f i c a n t  amounts o f  ace to n e  

b o d ie s  and l ik e w is e  f o r  th e  l a r g e s t  t h a t  a re  e n c o u n te r e d .

The p r e c i p i t a t e  i s  c r y s t a l l i n e  and  b e a u t i f u l l y  a d a p te d  to  

q u ic k  d ry in g  and a c c u ra te  w e ig h in g .

L a c t i c  a c i d  d e te r m in a t io n s  were c a r r i e d  o u t  on th e  b lo o d  

and t i s s u e  sam ples by a  method p a t t e r n e d  a f t e r  t h a t  o f  B a rk e r  

and Summerson ( 2 ) ,  b u t  m o d if ie d  by U m b re i t ,  B u r r i s  and S t a u f f e r  

( 7 5 ) .  L a c t i c  a c i d  i s  c o n v e r t e d  i n t o  a c e ta ld e h y d e  by t r e a tm e n t  

w i th  c o n c e n t r a t e d  s u l f u r i c  a c i d  and th e  a c e ta ld e h y d e  d e t e r ­

m ined by i t s  c o l o r  r e a c t i o n s  w i t h  p -h y d ro x y d ip h e n y l  i n  th e  

p re s e n c e  o f  c u p r i c  i o n s .  The c o l o r  was r e a d  i n  a p h o to ­

e l e c t r i c  c o l o r i m e t e r  w i t h  a  f i l t e r  h a v in g  a peak  t r a n s m i s s io n  

o f  565 mu.

M uscle g ly c o g e n  was d e te rm in e d  by  a  method p a t t e r n e d  

a f t e r  t h a t  o f  Good, e t  a l .  (30) i n  w hich  g ly co g en  i s  p r e c i p i ­

t a t e d  o u t  o f  th e  t i s s u e ,  and h y d ro ly s e d  f o r  two h o u rs  i n  IN HG1 

a t  100°C# The h y d r o ly s a te  i s  n e u t r a l i z e d  and th e  r e d u c in g  

s u g a r  m easured  w i t h  a co p p er  r e a g e n t ,  su c h  as  t h a t  o f  S h a f f e r  

and Somogyi ( 6 5 ) .

G lucose  o f  th e  b lo o d  was d e te rm in e d  by th e  method o f  

S h a f f e r ,  Hartman andSomogyi as o u t l i n e d  by Hawk, O se r ,  and 

Summerson ( 3 5 ) .

The d e te r m in a t io n  o f  p h o s p h o c r e a t in e  was c a r r i e d  ou t by 

th e  c a lc iu m  p r e c i p i t a t i o n  method o f  P is k e  and Subbarow ( 2 2 ) .

The d a t a  o b ta in e d  d u r in g  th e  e x p e r im e n ta l  p e r io d  were n o t  

c h ec k ed  by d u p l i c a t e  d e te r m in a t io n s  i n  a l l  c a s e s  b e ca u se  o f
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th e  economy w h ich  had to  be e x e r c i s e d  w i t h  t h e  sam ples  o f  b lo o d  

and o f  th e  u n a v a i l a b i l i t y  o f  e x t r a  sam ples*  Checks were made 

o n ly  on d a t a  w hich  seemed u n u s u a l  o r  m arked ly  d i f f e r e n t  from  

th o s e  a l r e a d y  o b ta in e d *  A ls o ,  sp o t  checks  were made a t  i n t e r ­

v a l s  d u r in g  th e  e n t i r e  e x p e r im e n ta l  p e r i o d  t o  enhance  th e  r e ­

l i a b i l i t y  o f  th e  d a t a  and t o  t e s t  th e  a c c u ra c y  o f  th e  a p p a r a t u s .



EXPERIMENTAL RESULTS 

I  Normal R e s t in g  M etabo lism  and  Oxygen D e b t ,

T ab le  I  shows norm al r e s t i n g  m e ta b o l ism , oxygen d eb t and 

w e ig h t  o r  t h e  e x p e r im e n ta l  a n im a ls .  These f i g u r e s  r e p r e s e n t  

d a t a  c o l l e c t e d  on a l l  an im als  b e fo re  t r a i n i n g  was s t a r t e d ,  

f rom  w h ich  g roup  a c e r t a i n  number o f  a n im a ls  were to  be s e ­

l e c t e d  a t  random , f o r  c o n d i t i o n i n g .  R e s t in g  m etab o lism  i s  

r e c o r d e d  I n  m l. o f  oxygen consumed p e r  h o u r .  I t  i s  t o  be 

n o te d  i n  a l l  d e te r m in a t io n s  o f  m e ta b o l ism , oxygen  consum ption  

r e p r e s e n t s  raw d a t a  re d u c e d  t o  s t a n d a r d  t e m p e r a tu re  and 

p r e s s u r e ,  b u t  i t  i s  n o t  e x p r e s s e d  as oxygen consum ed p e r  

sq u a re  m e te r  o f  body s u r f a c e  p e r  hour as i s  u s u a l l y  done i n  

r e c o r d i n g  b a s a l  m e ta b o l ic  r a t e s  f o r  humans.

A f t e r  th e  i n i t i a l  d e te r m in a t io n  o f  oxygen co n su m p tio n  

and oxygen d e b t ,  th e  a n im a ls  were d iv id e d  i n t o  two e q u a l  

g r o u p s .  One group  was t r a i n e d  or c o n d i t i o n e d  by r u n n i n g  in  

an e x e r c i s e  w heel d a i l y  f o r  a  p e r i o d  o f  one month a s  d e s c r i b ­

e d  p r e v i o u s l y  i n  the  e x p e r im e n ta l  m e th o d s . F o l lo w in g  th e  

t r a i n i n g  p e r i o d  o f  one m onth , norm al r e s t i n g  m e tab o lism  and 

oxygen d e b t  were a g a in  d e te rm in e d .  T ab le  I I  r e c o r d s  th e s e  

r e s u l t s  on a l l  o f  th e  a n im a ls  now d e s ig n a t e d  as  Group I ,  th e  

c o n t r o l  o r  norm al l a b o r a t o r y  r a t s ;  and Group I I ,  th e  t r a i n e d  

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

D i f f e r e n c e s  b e tw een  w e i g h t s ,  m e ta b o l ic  r a t e s ,  and oxygen 

d e b ts  o f  th e  u n t r a i n e d  g roup  b e fo re  and a f t e r  a  p e r i o d  o f  one 

m onth , d u r in g  w hich  tim e a n im a ls  i n  Group I I  were b e in g  t r a i n -  

e d ,  ap p ea r  I n  T ab le  I I I ,  D i f f e r e n c e s  a re  r e c o r d e d  as p e r c e n t ­

a g e 3 * p lu s  o r  m inus , i n d i c a t i n g  an i n c r e a s e  o r  d e c re a s e  r e s p e c -
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t i v e l y .

T ab le  IV p r e s e n t s  d a ta  com paring  t h e  w e i g h t s ,  r e s t i n g  

oxygen co n su m p tio n  and oxygen d e b t  o f  Group I I  a n im a ls ,  i . e . ,  

th e  t r a i n e d  o r  c o n d i t i o n e d  g rou p  a f t e r  a  t r a i n i n g  p e r i o d  o f  

one m onth . A verages  a re  r e c o r d e d  o f  a l l  d a t a  as w e l l  as the  

r a n g e  and s t a n d a r d  d e v i a t i o n .

D a ta  c o l l e c t e d  on th e  g roup  of r a t s  a f t e r  one month o f  

p r o g r e s s i v e  r a p i d  ru n n in g  on t h e  e x e r c i s e  w heel and t h a t ,  c o l ­

l e c t e d  on th e  u n t r a i n e d  g roup  a f t e r  a  l a p s e  o f  t im e  o f  one 

m onth, a re  com pared i n  T ab le  V. Thus T ab le  V d e m o n s tra te s  

th e  e f f e c t s  o f  t r a i n i n g  on w e ig h t ,  norm al r e s t i n g  m e tab o lism , 

and oxygen d e b t .  S in c e  two d i f f e r e n t  g ro u p s  o f  a n im a ls  were 

b e in g  com pared , i n d i v i d u a l  d i f f e r e n c e s  were n o t  r e c o r d e d .

D e l t a  r e p r e s e n t s  t h e  a v e rag e  p e r c e n ta g e  i n c r e a s e  o r  d e c re a s e  

f o r  th e  t o t a l  number o f a n im a ls  i n  e i t h e r  Group I  o r Group I I .

A lth o u g h  w e ig h ts  were r e c o r d e d  f o r  a l l  a n im a ls ,  th e y  were 

n o t  c o n s id e r e d  p e r t i n e n t  to  th e  p a r t i c u l a r  p rob lem  u n d e r  con ­

s i d e r a t i o n ,  and were r e c o r d e d  m e re ly  a s  r o u t i n e  p r o c e d u r e .  

P re v io u s  c o r r e l a t i o n  s t u d i e s  o f  w e ig h t  and oxygen co n su m p tio n , 

c a r r i e d  o u t  on th e  same g roup  o f  an im a ls  u s e d  f o r  t h i s  e x p e r i ­

m en t, i n d i c a t e d  a v e ry  p o o r  c o r r e l a t i o n .

I I  B lood A n a ly s i s

T ab le  VI shows d a t a  c o l l e c t e d  on n in e  u n t r a i n e d  r a t s  under  

c o n d i t i o n  of r e s t .  A n a ly s i s  in c lu d e d  d e te r m in a t io n  f o r  a l k a ­

l i n e  r e s e r v e ,  l a c t i c  a c i d ,  g lu c o s e ,  and t o t a l  k e to n e  b o d i e s .  

I n d i v i d u a l  d e te r m in a t io n s  on a l l  a n im a ls ,  as w e l l  as  th e  mean, 

th e  r a n g e ,  and s t a n d a r d  d e v i a t i o n  fro m  t h e  mean a re  l i s t e d  i n
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T a b le  V I .  I n  T ab le  V I I I  may be f o u n d  d a ta  from  th e  b lo o d  

a n a l y s i s  o f  u n t r a i n e d  a n im a ls  a f t e r  com ple te  e x h a u s t io n  and 

maximum oxygen d e b t  was a t t a i n e d .

A co m p ar iso n  o f  th e  above d a ta  i s  shown i n  T ab le  X. The 

a l k a l i n e  r e s e r v e ,  l a c t i c  a c i d ,  g l u c o s e ,  and t o t a l  k e to n e  body 

c o n te n t  o f  b lo o d ,  o f  th e  u n t r a i n e d  g ro u p ,  a re  r e p o r t e d  u n der  

c o n d i t i o n s  o f  r e s t  and a f t e r  e x h a u s t iv e  e x e r c i s e .  The l a c t i c  

a c i d  c o n c e n t r a t i o n  o f  the  b lo o d  i n c r e a s e s  i n  th e  e x h a u s te d  

a n im a ls  t o  an  amount o f  805 p e r  c e n t ,  w h i le  th e  g lu c o s e  c o n ­

t e n t  o f  th e  b lo o d  d e c r e a s e d  an  av e rag e  of 62 p e r  c e n t .  I n  th e  

e x h a u s te d  a n im a ls  t h e r e  was an a v e rag e  d e c re a s e  i n  th e  a l k a ­

l i n e  r e s e r v e  o f  30 p e r  c e n t .  The t o t a l  k e to n e  body c o n c e n t r a ­

t i o n  o f  th e  b lo o d  o f  e x h a u s te d  u n t r a i n e d  an im a ls  i n c r e a s e d  an 

av e rag e  o f  178 p e r  c e n t  o v e r  th e  norm al r e s t i n g  a n im a l .

D a ta  a c c u m u la te d  from  th e  b lo o d  a n a l y s i s  o f  t r a i n e d  a n i ­

m als u n d e r  c o n d i t i o n s  o f r e s t  and  a f t e r  s t r e n u o u s  e x e r c i s e  a re  

r e p o r t e d  i n  T a b le s  VI and V I I I .  T ab le  VI r e c o r d s  th e  d a ta  c o l ­

l e c t e d  from  sn im a ls  t h a t  were t r a i n e d  o r  c o n d i t i o n e d  on a t r e a d ­

m i l l  f o r  a  p e r i o d  o f  one month* A t o t a l  of e l e v e n  an im als  com­

p r i s e d  t h i s  g roup  and d a ta  r e p r e s e n t s  a n a l y s i s  made f o r  b lo o d  

components when th e  a n im a ls  were i n  th e  r e s t i n g  s t a t e .  I n  

t u r n ,  T ab le  V I I I  shows th e  re s p o n s e  o f  t r a i n e d  a n im a ls ,  th ro u g h  

t h e i r  b lo o d  p i c t u r e ,  t o  e x h a u s t iv e  e x e r c i s e  and when maximum 

oxygen d e b t  was d e v e lo p e d .  A t o t a l  o f  tw e lv e  an im als  were u sed  

f o r  th e s e  d e t e r m i n a t i o n s .

A co m parison  of s i m i l a r  d a t a ,  betw een c o n t r o l s  and t r a i n e d  

a n im a ls  a t  r e s t  and a f t e r  e x h a u s t io n  i s  r e c o r d e d  i n  T a b le s  XIV
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and XV. These d a t a  o f f e r  some i n s i g h t  i n t o  th e  e f f e c t  o f  

t r a i n i n g  on th e  a l k a l i n e  r e s e r v e ,  l a c t i c  a c i d ,  g lu co se  and 

t o t a l  k e to n e  body c o n c e n t r a t i o n  o f  b lo o d .  D i f f e r e n c e s  b e ­

tw een  th e  b lo o d  c o n c e n t r a t i o n s  o f  t h e  v a r io u s  components men­

t i o n e d  above o f  t r a i n e d  and u n t r a i n e d  an im als  a t  r e s t  a re  

shown i n  Table  XIV, w h ile  T ab le  XV shows th e  d i f f e r e n c e  a f t e r  

th e  an im als  had b e e n  r u n  t o  com plete  e x h a u s t i o n .

The e f f e c t  o f  t r a i n i n g  on t h e  oxygen d e b t  and t  he v a r ­

io u s  c h e m ic a l  components o f  th e  b lo o d  i s  shown i n  T ab le  XIX. 

D a ta  fo u n d  i n  t h i s  t a b l e  r e p r e s e n t  th e  means o f  th e  d e te r m i ­

n a t i o n s .  F ig u r e s  f o r  t  he c h em ic a l  components l a b e l e d  "B e fo re ” 

r e p r e s e n t  u n t r a i n e d  a n im a ls ,  w h i le  th o se  l a b e l e d  " A f t e r ” r e p ­

r e s e n t  t r a i n e d  a n im a l s .

I l l  T is s u e  A n a ly s i s

T is s u e  f o r  a n a l y s i s  was c a r e f u l l y  d i s s e c t e d  from  th e  h ind  

l e g  o f  th e  a n im a l  and im m e d ia te ly  immersed i n  l i q u i d  a i r .  De­

t e r m in a t io n s  were made f o r  g ly c o g e n ,  l a c t i c  a c i d ,  t o t a l  ke tone  

b o d i e s ,  and  p h o s p h o c r e a t in e  by methods p r e v i o u s ly  d e s c r ib e d  o r  

r e f e r r e d  to  i n  t h e  e x p e r im e n ta l  m e th o d s . D a ta  from  the  a n a l ­

y s i s  o f  h in d  l e g  m uscle p r o t e i n - f r e e  f i l t r a t e s  o f  u n t r a i n e d  

r a t s  a t  r e s t  i s  r e c o r d e d  i n  T ab le  V I I .  No k e to n e  b o d ie s  co u ld  

be foun d  i n  any o f  th e  t i s s u e  o f  a n im a ls  u n d e r  r e s t i n g  c o n d i ­

t i o n s  and w ere r e p o r t e d  as ze ro  v a lu e s  i n  th e  t a b l e s .  T h is  was 

done i n s t e a d  o f  u s in g  b la n k  s p a c e s  t o  i n d i c a t e  n e g a t iv e  r e s u l t s ,  

b e ca u se  b la n k  sp a c e s  i n  t h e  t a b l e s  were o th e rw is e  u se d  to  i n d i ­

c a t e  l o s s  o f  an an im al due to  d e a th  o r  o t h e r  c a u se s  d u r in g  the  

e x p e r im e n ta l  p e r i o d .
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R e s u l t s  o f  th e  t i s s u e  a n a l y s i s  o f  u n t r a i n e d  an im a ls  

a f t e r  com p le te  e x h a u s t io n  by  f o r c e d  ru n n in g  i n  an e x e r c i s e  

w hee l a re  l i s t e d  i n  T ab le  IX . A t o t a l  o f  e i g h t  a n im a ls  were 

u s e d  i n  t h e s e  a n a l y s i s .  I n  th e  k e to n e  body d e te r m in a t io n s  o f  

t h i s  g ro u p ,  two o u t  o f  th e  e i g h t  a n im a ls  a n a ly z e d  showed no 

k e to n e  body p r o d u c t i o n .  The av e rag e  k e to n e  body c o n te n t  o f  a l l  

e i g h t  a n im a ls  amounted t o  1 .3 8  mgm. p e r  c e n t .

A co m p ar iso n  o f  th e  d a t a  d e s c r i b e d  abov e , i . e . ,  r e s u l t s  o f  

t i s s u e  a n a l y s i s  o f  th e  u n t r a i n e d  a n im a ls  b e f o r e  and a f t e r  e x ­

h a u s t io n  may be found  i n  T ab le  X I .  S in c e  no k e to n e  b o d ie s  

c o u ld  be f o u n d  i n  r e s t i n g  m u sc le ,  and an a v e rag e  o f  1 .3 8  mgm. 

p e r  c e n t  i n  e x h a u s te d  t i s s u e  o f  u n t r a i n e d  a n im a ls ,  a  co m p ari­

son  r e p r e s e n t s  an i n f i n i t e  c h an g e  and i s  r e c o r d e d  as o® i n  th e  

t a b l e s .

T ab le  V I I ,  i n  a d d i t i o n  t o  showing d a ta  c o l l e c t e d  from  

t i s s u e  a n a l y s i s  on u n t r a i n e d  a n im a ls  u n d e r  c o n d i t i o n s  of r e s t ,  

a l s o  r e c o r d s  the  d a t a  c o l l e c t e d  from  a n im a ls  t h a t  were c o n d i ­

t i o n e d  i n  an e x e r c i s e  w h e e l .  As i n  th e  c a s e  o f  th e  u n t r a i n e d  

r e s t i n g  a n im a ls ,  no k e to n e  b o d ie s  c o u ld  be fo u n d  i n  t h e  t i s s u e  

of th e  t r a i n e d  a n im a ls  u n d e r  c o n d i t i o n s  o f  r e s t .  The e f f e c t  

o f  e x h a u s t iv e  e x e r c i s e  on t h e  v a r i o u s  c h em ica l  components o f  

th e  t i s s u e  o f  t r a i n e d  an im als  i s  shown i n  T ab le  IX .

A co m p ariso n  o f  t  he t i s s u e  d a t a  o f  t r a i n e d  a n im a ls  a t  r e s t  

and a f t e r  e x h a u s t io n  i s  r e c o r d e d  i n  T ab le  X I I I .  A shown, t h e r e  

was a d e c re a s e  o f  7 4 .5  p e r  c e n t  i n  th e  g ly c o g e n  c o n te n t  o f th e  

m uscle  o f  e x h a u s te d  a n im a ls .  The l a c t i c  a c i d  c o n c e n t r a t i o n  o f  

th e  m uscle  t i s s u e  o f  e x h a u s te d  t r a i n e d  an im als  was 243 p e r  c e n t
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h ig h e r  t h a n  t h e  l a c t i c  acid, c o n c e n t r a t i o n  i n  t h e  r e s t i n g  

t i s s u e , i n d i c a t i n g  an ap p ro x im ate  54 1* o ld  change* Changes 

i n  k e to n e  body c o n c e n t r a t i o n  were q u i t e  m arked i n  th e  t r a i n ­

e d  g roup  o f  an im a ls  s in c e  a t  r e s t  no k e to n e  b o d ie s  c o u ld  be 

fo u n d  i n  th e  t i s s u e ,  b u t  a f t e r  e x h a u s t iv e  e x e r c i s e  an a v e r ­

age o f  8*65 mgm. p e r  c e n t  was fo u n d .  P h o s p h o c re a t in e  de ­

c r e a s e s  were a l s o  q u i t e  d e f i n i t e ,  as a c o m p a r is o n  of th e  a v e r ­

age p h o s p h o c r e a t in e  c o n te n t  o f  m uscle o f  t r a i n e d  a n im a ls  i n  

th e  r e s t i n g  c o n d i t i o n  and a f t e r  e x h a u s t i o n  showed an av erag e  

d e c re a s e  of 87 p e r  c e n t .

A co m p ar iso n  o f  s i m i l a r  d a ta  be tw een  c o n t r o l s  and c o n d i ­

t i o n e d  a n im a ls  a t  r e s t  and  a f t e r  e x h a u s t i o n  i s  r e c o r d e d  i n  

T a b le s  XVI and X V II. T h is  d a ta  g i v e s  some i d e a  o f  th e  e f f e c t  

o f  t r a i n i n g  on th e  v a r io u s  c h em ic a l  components o f m uscle 

t i s s u e .  Under r e s t i n g  c o n d i t i o n s ,  i . e . ,  th e  norm al s t a t e ,  th e  

a n im a ls  t h a t  were t r a i n e d  showed an a v e ra g e  muscle g ly co g e n  

c o n te n t  t h a t  was 35 p e r  c e n t  g r e a t e r  th a n  th o se  an im als  which 

were c o n s id e r e d  norm al l a b o r a t o r y  a n im a ls .  The c o n d i t io n e d  

an im a l a l s o  showed a l a c t i c  a c i d  c o n te n t  w hich  was 2 8 .3  p e r  

c e n t  h ig h e r  t h a n  th e  u n t r a i n e d  an im al*  No k e to n e  b o d ie s  c o u ld  

be found  i n  e i t h e r  t h e  t r a i n e d  o r  u n t r a i n e d  a n im a l s f muscle a t  

r e s t .  The p h o s p h o c r e a t in e  c o n te n t  o f  th e  m uscle t i s s u e  o f  th e  

t r a i n e d  a n im a ls  was 74 p e r  c e n t  g r e a t e r  on th e  av e rag e  th a n  the  

p h o s p h o c r e a t in e  c o n te n t  o f  th e  u n t r a i n e d  a n im a ls .

A co m parison  o f  the  t i s s u e  d a ta  o f  the  c o n d i t i o n e d  and n o r ­

mal a n im a l s ,  as shown i n  T ab le  XV II, i n d i c a t e s  t h a t  a f t e r  e x ­

h a u s t iv e  e x e r c i s e ,  th e  t r a i n e d  an im al i s  c a p a b le  o f  u t i l i z i n g
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mope o f  i t s  g ly c o g e n  s t o r e s  s in c e  th e  t r a i n e d  group was a b le  

t o  u se  on t h e  a v e rag e  o f  3 8 .1  p e r  c e n t  more as shown by c a l ­

c u l a t i o n .  I n  a d d i t i o n ,  th e  t r a i n e d  group was a b le  t o  b u i l d  

up a l a c t i c  a c i d  c o n c e n t r a t i o n  w hich  was 2 7 .2  p e r  c e n t  g r e a t ­

e r  t h a n  t h e  u n t r a i n e d  a n im a ls .  T r a in in g  a l s o  had  some b e n e ­

f i c i a l  e f f e c t s  upon k e to n e  b o d y  t o l e r a n c e  and p h o s p h o c re a t in e  

u t i l i z a t i o n .

T ab le  XVIII com pares th e  a v e rag e  o f  a l l  d a t a  on t i s s u e  

b e fo r e  and a f t e r  t r a i n i n g ,  i n c l u d i n g  oxygen d e b t  and w e ig h ts  

o f  a n im a l s .
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n m.

135
75

120
125
135

85
125

97
80

110
85

135
85

105
80

120
125
130

90
75
70
75

110

TABLE I

Normal Oxygen Consum ption  and Oxygen D ebt 
o f  a l l  E x p e r im e n ta l  Anim als B e fo re  T r a i n i n g .

02 C onsum ption  Og D ebt R a t W eigh t Oq C onsum ption
a t  R e s t  c c / h r _____ i n  m l._________ No.___ i n  gms »_____ a t  R e s t  c c / h r

380 75 26 320 400
380 80 #27 325 400
360 70 #28 315 380
430 125 #29 319 415
300 85 #30 320 490
370 85 31 348 375
350 90 32 285 475
480 130 33 255 355
460 100 34 348 485
490 85 35 350 355
365 75 36 325 410
500 120 37 ----- -----
460 70 38 530 450
560 90 39 310 450
470 125 40 293 425
480 80 41 230 380
375 105 42 285 430
430 100 43 299 465
350 85 44 310 480
510 120 45 325 405
385 90 46 277 370
360 80 #47 300 375
490 — - 48 305 380
500 75 49 -  -  - •  _  «

400 135 50 325 420

428 8 9 .7

f o r  t r a i n i n g



TABLE I I

Normal R e s t in g  Oxygen C onsum ption  and Oxygen 
D ebt o f  th e  T r a in e d  Anim als and  U n t r a in e d  A f t e r  one Month,

GROUP I  UNTRAINED GROUP I I  TRAINED
R at W eight Og C onsum ption  Og Debt R a t W eight Og C onsum ption  Og D ebt
No, i n  gms. a t  R e s t  m l , / h r ____ ml*__________________ Lx\.£MU__a tJ R e s t  m l , / h r . ........m l.

17 430 440 140
18 418 430 115
21 390 408 79
22 375 383 85
24 422 505 80
26   -----
31 415 466 90
32 450 336 100
33 436 470 85
34 417 425 75
3 5 _________ ____
36 447 425 100
37 —  —  -
38 405 468 73
39 365 456 94
40 400 430 110
41 430 385 90
42 385 460 130
43 419 460 115
44 410 475 12 0
45 445 500 99
46 405 395 108
48 ----- -----
49 ----- -----
50 455 492 100

A verage 415 440 99 .4

1 340 384 296
2 435 266 416
3 430 382 200
4 340 250 258
5 415 316 291
6 375 400 419
7 375 365 305
8 410 490 410
9 465 450 250

10 420 490 325
11 440 395 375
12 420 334 307
13 460 499 226
14 485 293 490
15 480 350 258
16 420 366 233)
19 355 334 299
20 405 332 206
23 485 482 262
25 470 353 438
27 460 499 375
28 445 350 350
29 415 358 267
30 446 358 250
47 465 305 275

430 376 310



TABLE I I I

Normal Oxygen Consum ption  and  Oxygen Debt o f  Group I  
( U n t r a in e d )  B efo re  and A f t e r  a P e r io d  o f  one Month*

H at W eight i n  gms. 0^ Consum ption  a t  R e s t  Op D ebt i n  m l.
No. i n  m l . / h r
________B efo re  A f t e r  ^change______B efo re____ A f t e r  ^change____ B efo re  A f t e r  ^change

17 287 430 f  49 375 440 f  14 105 140 f  33
18 290 418 f  44 430 430 0 100 115 f  15
21 330 390 f* 18 385 408 f  6 90 79 -  13
22 318 375 f  18 360 383 80 85 f  6
24 340 422 f  24 500 505 f  1 75 80 t  6
26 320 400 ----- 135 85 -  37
31 348 415 f  11 375 466 f  24 85 90 J- 5
32 285 450 f  57 475 336 -  29 125 100 -  20
33 330 436 f  32 450 470 f  * 135 . . .
34 348 417 f  19 485 425 -  13 80 75 -  6
35 350 . . . . . . 355 . . . . . . 110 - - - . . .
36 325 447 f  37 410 425 85 100 f  17
37 - - - ---- . . . . . . . —. . —. . ___
38 305 405 f  32 380 468 f  23 75 73 -  3
39 310 365 f  17 450 456 f  1 85 94 f  10
40 293 400 f  35 425 430 f  1 105 110 t  541 230 330 f  43 380 385 f  1 80 90 f  12
42 285 385 f  35 430 460 f  7 120 130 f  8
43 299 419 * 40 465 460 I  1 125 115 -  8
44 310 410 t  32 480 475 -  1 130 120 -  8
45 325 445 f  36 405 500 f  23 90 99 1 10
46 277 405 f  46 370 395 I  7 75 108

1
f  44

48 - - - — - — - *«**•« . . . __—
49 — - — — ---- ■ . . . —— — — _ _ mmrnrntm
50 325 455 f  40 420 492 f  17 110 100 -  8

A verage 310 415 f  33 418 440 f  5 100 9 9 .4 -  .6



TABLE IV

N o r m a l  O x y g e n  C o n s u m p t i o n  a n d  O x y g e n  D e b t  o f  G r o u p  I I
( T r a i n e d  A n i m a l s )  B e f o r e  a n d  A f t e r  a  P e r i o d  o f  o n e

M o n t h * s  T r a i n i n g  o n  E x e r c i s e  W h e e l .

R at
No.

W eight i n  gms 

B e fo re  A f t e r

•

^change

Og Consum ption 
m l . / h r  

B e fo re  A f t e r

a t  R e s t  

%change

Og Debt ml# 

B e fo re  A f t e r ^change

1 235 340 * 44 380 384 f  1 75 296 f  279
2 245 435 t  77 380 266 -  30 80 416 f  420
3 257 430 f  67 360 382; f  6 70 200 t* 185
4 275 340 f  23 430 250 -  42: 125 258 f  106
5 237 415 f  75 300 316 f  5 85 291 f  242
6 255 375 f  47 370 400 f  8 85 419 f  392
7 240 375 f  56 350 365 f  4 90 305 f  238
8 310 410 f  32 480 490 t  2 130 410 * 215
S 285 465 * 63 460 450 -  2 100 250 * 150

10 265 420 f  58 490 490 0 85 325 f  282
11 246 440 * 78 365 395 t  8 75 375 t  400
12 285 420 f  47 500 334 -  33 120 307 f  155
13 305 460 f  50 460 499 f  8 70 226 fc 222
14 290 485 * 67 560 293 -  48 90 490 t  444
15 298 480 f  61 470 350 -  26 125 258 f  106
16 265 420 f  58 480 366 -  24 80 233 f  191
19 255 355 f  39 350 334 -  5 85 299 f  251
20 273 405 f  48 510 332 -  35 120 206 f  71
23 320 485 f  51 490 482 -  2 _  _  _ 262 _  _  _

25 320 470 f  46 400 353 -  12: 135 438 f  224
27 325 460 f  41 400 499 f 24 75 375 f  400
28 315 445 f  42 380 350 -  8 120 350 f- 191
29 319 415 30 415 358 -  14 125 267 f  113
30 320 446 f  39 490 358 -  27 135 250 f  85
47 300 465 f  55 375 305 -  19 70 275 f  292

A verage 282 430 f  53 426 376 -  1 2 .3 98 311 f  217



TABLE V

E f f e c t  o f  T r a i n i n g  o n  W e i g h t ,  N o r m a l  R e s t i n g  M e t a b o ­
l i s m ,  a n d  O x y g e n  D e b t *

No* o f  Anim als 
U n tra in e  d T r a in e d

fe ig h t  i n  
; r a in e d

G-ms • 
T r a in e d 4

02 C onsum ption  m l* /h r  
U n t r a in e d  T r a in e d  A

O2 D ebt m l.  
U n t r a in e d  T r a in e d  A

430 340 440 384 140 296
418 435 430 266 115 416
390 430 408 382 79 200
375 340 383 250 85 258
422 415 505 316 80 291
415 375 466 400 85 419
450 375 336 365 90 305
436 410 470 490 100 410
417 465 425 450 75 250
447 420 425 490 100 325
405 440 468 395 73 375
365 420 456 334 94 307
400 460 430 499 110 226
330 485 385 293 90 490
385 480 460 350 130 258
419 420 460 366 115 233
410 355 475 334 120 209
445 405 500 332 99 206
405 485 395 482 108 262
455 470 492 353 100 438

460 499 375
445 350 350
415 358 267
446 358 250
465 305 275

415 430 f  3 440 376 -  1 4 . 6 9 9 .4 311 f  2 3

20 25

A verage

to



TABLE V I

Blood A n a ly s i s  o f  T r a in e d  and U n t r a in e d  
Group D uring  R e s t in g  S t a t e .

TRAINED UNTRAINED
R at
No.

A lk a l in e
R ese rv e
V ols

L a c t i c
A cid
m

G lucose  
mgm *fo

T o ta l
Ketone
mgm S .

R a t
No.

A lka lin©
R ese rv e
V o l s .$

L a c t i c
A cid
mgra.$

G lucose
mgm.$

T o t a l
Ketone
ragm.$

47 6 3 .0 18 83 2 .6 4 50 55; 1 6 .5 87 1 .7 5
23 6 7 .0 24 76 3 .5 0 33 48 1 8 .7 74 2 .4 0
27 6 1 .0 13 92 1 .7 6 40 50 1 9 .2 80 1 .8 0

2 5 8 .0 10 51 1 .1 0 34 52 1 4 .0 72 .209
3 5 6 .0 12 55 1 .3 0 39 48 1 5 .0 48 1 .5 6

30 6 5 .0 18 104 1 .2 6 38 43 2 6 .0 50 1 .3 0
15 7 6 .0 18 130 2 .3 8 42 57 1 6 .0 86 1 .9 4

9 7 7 .0 24 89 2 .6 0 22 51 1 5 .8 69 1 .7 4
28 7 5 .0 22 77 0 .9 8 4 24 47 2 0 .6 63 0 .7 8 0
20 5 3 .0 20 55 1 .0 8

5 7 4 .0 15 52 0 .8 9 7

A v e r . 6 5 .9 1 7 .6 7 8 .5 1 .7 7 3 4 9 .8 1 7 .9 69 1 .5 5

Range 21 14 79 2 .6 10 12 37 2 .1 9

SD f  6 .1 2 f  4 .6 5 f  2 3 .2 1 f  2 .4 4 f  1 1 .3 5 * 1 0 .3 4 £ 1 4 .2 4 £2 .2 4

to
cn



TABLE V I I

A n a ly s i s  o f  M uscle T is s u e  o f  T r a in e d  and U n t r a i n ­
e d  R a ts  Under E x p e r im e n ta l  C o n d i t io n s  o f  R e s t .

TRAINED UNTRAINED
R at
No.

G lycogen
mgm.#

L a c t i c
A cid
mgm.#

T o ta l
Ketone
mgm.#

P hospho -  
c re a t in ©  
mgra.#

R a t
No.

G lycogen
mgm.#

L a c t i c
A c id
mgm.#

T o ta l
Ketone
mem.#

P hospho-
c r e a t i n e
mgm.#

47 176 2 4 .4 0 75 50 1 0 4 .7 2 6 .4 0 52
23 130 2 2 .0 0 70 33 94 .82 2 0 .2 0 49
27 120 3 0 .0 0 72 41 8 7 .1 3 2 5 .0 0 54

2 93 .5 1 8 .0 0 62 34 1 4 5 .0 1 8 .0 0 48
3 1 0 4 .7 1 5 .0 0 68 43 9 9 .1 0 2 0 .0 0 55

30 1 6 8 .0 2 2 .5 0 64 38 98 .7 0 2 1 .0 0 51
15 1 5 6 .0 2 6 .0 0 69 42 1 3 3 .0 2 1 .0 0 48

9 1 0 4 .5 2 8 .0 0 73 22 1 2 6 .0 2 3 .6 0 57
28 1 9 4 .0 2 8 .6 0 72 24 9 7 .6 4 1 9 .8 0 52
20 8 5 .0 1 8 .7 0 74

5 1 3 0 .0 2 2 .0 0 72

A v er. 1 3 3 .4 2 7 .7 0 7 0 .0 9 8 .4 2 1 .6 0 5 1 .6

Range 109 15 0 13 58 6 0 9

SD f  1 2 .3 6 * 6 .7 8m 0 f* 4 .1 2 t  2 0 .7 3 f  2 .6 4 0 f  3 .1 6

w
(jt



TABLE V I I I

Blood A n a ly s is  o f  T r a in e d  A nim als and U n t r a in e d  
A nim als A f t e r  Com plete  E x h a u s t i o n ,

TRAINED UNTRAINED
R at
No,

A lk a l in e
R eserve
V o l s A

L a c t i c  G lucose  
A c id  mgm/ mgm/ 
100m l. 100m l.

Ketone
mgm/
100m l,___

R at
No.

A lk a l in e  
R ese rv e  

. V o l s . ^  ...

L a c t i c  G lucose  
A c id  mgm/ mgm/ 
100m l. 100m l.

K etone
mgm/
100ml.

19 31 189 64 9 ,8 7 44 16 205 36 2 ,6 8
25 28 210 25 1 4 .8 41 43 155 53 2 .6 4

6 41 185 35 6 ,8 3 32 33 180 55 1 .9 2 6
29 29 205 38 1 1 .4 0 31 28 95 48 6 .1 7

1 33 208 43 8 .4 3 45 46 200 42 3 .6 4
10 25 235 39 6 .9 3 43 32 150 37 5 .8 3
14 38 205 26 6 .7 3 46 44 176 39 4 .7 6
12 22 187 39 1 0 .5 0 21 37 135 30 6 .9 3

4 29 226 34 1 0 .3 8 5
8 24 164 33 5 .9 8
7 28 213 33 1 0 .4 8 0

11 33 208 28 5 .4 3 2

Aver* 3 0 ,0 203 3 6 ,4 8 .9 8 0 3 4 .9 162 4 2 .5 4 . 32'

Range 19 71 39 9 .4 30 110 25 5

SD f  5 .5 6 f 1 9 .1 5 f  10 .2 9 f  2 .7 4 f  9 .9 4 f 44 f 8 .7 7 f  1 .8 4

3



table; i x

A n a ly s i s  o f  Muscle T is s u e  o f  T r a in e d  and  U n t r a i n ­
ed  R a ts  A f t e r  Com plete E x h a u s t i o n .

TRACKED UNTRAINED
R at
No.

G ly c o -
gen
SEP.,

L a c t i c
A cid
m

T o ta l  
K etone 
msm mi

Phospho- 
c r e a t i n e  
msm.^

R at
No.

G ly c o -
gen
mgm.% . _

L a c t i c  
A c id  

_ mm*fo _

T o t a l
Ketone

Ptiospho- 
c r e a t i n e  
m&m.$

19 1 8 .5 296 3 .5 0 10 44 64 302 1 .2 3 5 18
25 2 4 .0 325 3 .6 5 0 41 68 201 .98 7 29

6 3 4 .0 315 1 8 .5 0 16 32 60 215 4 .88 12
29 4 2 .0 296 1 6 .8 0 5 31 5 4 .3 108 1 .5 0 7 15

1 54 .0 297 5 .6 3 2 45 2 3 .0 302 0 22
10 6 2 .0 315 3 .9 2 12 43 48 293 1 .4 8 15
14 3 5 .0 340 2 .1 5 6 10 46 65 275 0 26
12 2 4 .4 258 1 9 .6 0 14 21 55 245 .98 7 384 1 4 .2 0 350 2 .7 1 6 5

8 32,5 0 316 1 0 .830 22
7 28 ,7 6 310 3 .8 9 7 14

11 3 6 .8 286 1 2 .6 8 5 0

A v e r . 3 3 .8 5 3 0 8 .6 8 .6 5 7 9 .1 6 5 4 .6 6 2 4 2 .6 1 .3 8 4 2 1 .8

Range 48 92 1 6 .7 20 45 194 4 .8 26

SD f 1 3 .8 5 f  2 4 .5 5 f  6 .7 1 f  6 .1 6 f  3 .3 1 f  66 .8 5 f l . 7 3 {■ 8 .7 1

8



TABLE X

A c o m p a r i s o n  o f  B l o o d  D a t a  o f  U n t r a i n e d  A n i m a l s  a t
R e s t  a n d  A f t e r  E x h a u s t i o n *

T o t a l  No* o f  
Anim als 

R e s t -  E xhaus t-

A lk a l in e  L a c t i c  A cid
R ese rv e  V o l0 *^ mgm/lOOml.
R e s t -  E x h a u s t -  R e s t -  E x h a u s t -

G lucose
mgm/lOOml*
R e s t -  E x h a u s t -

T o t a l  K etone 
mgm/lOOml* 
R e s t -  Exhaust*

ed  ed ed ed A ed ed A ed ed e d ed

9 8 53 16 1 6 .5 205 87 36 1 .7 5 2 .6 8
48 43 1 8 .7 155 74 53 2 .4 0 2 .6 4
50 33 19.2? 180 80 55 1 .8 0 1 .9 2 6
52 28 1 4 .0 95 72 48 .2 0 9 6 .1 7
48 46 1 5 .0 200 48 42 1 .5 6 3 .6 4
43 32 2 6 .0 150 50 37 1 .8 0 5 .8 3
57 44 1 6 .0 176 86 39 1 .9 4 4 .7 6
51 37 1 5 .8 135 69 30 1 .7 4 6 .9 3
47 2 0 .6 63 .7 8 0

Average 4 9 .8 3 4 .9 -3 0 1 7 .9 162 f805 6 9 .0 4 2 .5 -6 2 1 .5 5 4 .3 2

A

1 7 8

&  z  f  i n c r e a s e  o r  d e c re a s e



TABLE X I

T o t a l  No, o f  
A nim als 

R e s t -  E x h a u s t -  
ed  ed  ___

9 8

Average

A  =

A C o m p a r i s o n  o f  T i s s u e  D a t a  o f  U n t r a i n e d  A n i m a l s  a t
R e s t  a n d  A f t e r  E x h a u s t i o n .

G lycogen  L a c t i c  T o ta l  Ketone P h o s p h o c re a -
mgm.% A cid  mgm.$ mgm.$ t i n e  mgm.$

R e s t -  E x h a u s t -  R e s t -  E x h a u s t -  R e s t -  E x h a u s t -  R e s t -  E x h a u s t ­
ed  ed  ed  ed  A  ed  ed  A  ed  e d

1 0 4 .7 64 2 6 .4 302 0 1 .2 3 5 52 18
94.82' 68 2 0 .2 201 0 .987 49 29
87 .1 3 60 2 5 .0 215 0 4 .8 8 54 12

1 4 5 .0 54 .3 1 8 .0 108 0 1 .5 0 7 48 15
99 .10 2 3 .0 2 0 .0 302 0 0 55 22
98 .7 0 4 8 .0 2 1 .0 293 0 1 .4 8 51 15

1 3 3 ,0 65 2 1 .0 275 0 0 48 26
126 55 2 3 .6 245 0 .987 57 38

97 .6 4 1 9 .8 0 52

9 8 .4 5 4 .66 -44  2 1 .6 2 4 2 .6 f l0 0 4  0 1 .3 8 4  o o 5 1 .6 21

% i n c r e a s e  o r  d e c r e a s e

8



TABLE X I I

T o ta l  No* of 
A nim als 

R e s t -  E x h a u s t ­
ed  ed

11 12

Average

A C o m p a r i s o n  o f  B l o o d  D a t a  o f  T r a i n e d  A n i m a l s
a t  R e s t  a n d  A f t e r  E x h a u s t i o n *

A lk a l in e  Re L a c t i c  A cid  G lu cose  T o ta l  Ketone
se rv e  V o ls .$  mgm/lOOml. mgm/lOOml. mgm/lOOml.
R e s t -  E x h a u s t -  R e s t -  E x h a u s t -  R e s t -  E x h a u s t -  R e s t -  E x h a u s t ­
ed ed A* ed ed ed ed  A ed ed

63 31 18 189 83 64 2 .6 4 9 .8 7
67 28 24 210 76 25 3 .5 0 1 4 .8
61 41 13 185 92 35 1 .7 6 6 .8 3
58 29 10 205 51 38 1 .1 0 1 1 .4 0
56 33 12 208 55 43 1 .3 0 8 .4 3
65 25 18 235 104 39 2 .3 8 6 .9 3
76 38 18 205 130 26 2 .6 0 6 .7 3
77 22 24 187 89 39 .984 1 0 .5 0
75 29 22 226 77 34 1 .0 8 1 0 .3 8 5
53 24 20 164 55 33 .8 9 7 5 .9 8
74 28 15 213 52 33 1 .2 6 1 0 .4 8 0

33 208 28 5 .4 3 2

65*9 30 -54*5 1 7 .6 203 f  1054 78*5 36*4 - 5 3 .7 1 .7 7 3 8 .9 8 0

erM



TABLE X I I I

T o ta l  No, o f  
Anim als 

R e s t -  E x h a u s t -  
ed  ed_______

11 12

Average

A C o m p a r i s o n  o f  T i s s u e  o f  T r a i n e d  A n i m a l s  a t  R e s t
a n d  A f t e r  E x h a u s t i o n *

G lycogen
mgm.%

R e s t -  E x h a u s t -  
ed  ed

L a c t i c  A cid  
mgm,$

R e s t -  E x h a u s t ­
ed  ed  A

T o ta l  K etone 
mgm.$

R e s t -  E x h a u s t ­
ed   ed  A

P h o s p h o c re a -  
t i n e  mgm./£
R e s t -  E x h a u s t ­
ed  ed   ^

176 1 8 .5 2 4 .4 296 0 3 .5 0 75 10
130 2 4 .0 2 2 .0 325 0 3 .6 5 70 0
120 3 4 .0 3 0 .0 315 0 1 8 .5 0 72 16

9 3 ,5 4 2 .0 1 8 .0 296 0 1 6 .8 0 62 5
1 0 4 ,7 5 4 .0 1 5 .0 297 0 5 .6 3 68 2
1 6 8 .0 6 2 .0 2 2 .5 315 0 3 . 9 ^ 64 12
1 5 6 .0 3 5 .0 2 6 .0 340 0 2 .1 5 6 69 10
10 4 .5 2 4 .4 2 8 .0 258 0 1 9 .6 0 73 14
1 9 4 .0 1 4 .2 28.6 350 0 2 .7 1 6 72 5

8 5 .0 3 2 .5 1 8 .7 316 0 1 0 .8 3 0 74 22
1 3 0 .0 28 .7 6 22. 0 310 0 3 .8 9 7 72 14

3 6 .8 286 1 2 .6 8 5 0

1 3 3 .4 3 3 .8 5 -7 4 .5  2 2 .7 3 0 8 .6  f l2 4 3 0 8 .6 5 7 70 9

03



TABLE XIV

No*of Anim als 
Un- T r a in e d  
t r a i n ­
ed

9 11

Average

A C o m p a r i s o n  o f  B l o o d  D a t a  B e t w e e n  T r a i n e d  a n d  U n ­
t r a i n e d  A n i m a l s  a t  R e s t #

A lk a l in e  L a c t i c  G-lucose T o ta l  Ketone
R ese rve  A c id  mgm/lOOml. mgm/lOOml.
V o l s .$  mgm/lOOml. Un- T r a i n -  Un- T r a i n -
Un- T r a i n -  Un- T r a i n -  t r a i n -  ed  t r a i n -  ed
t r a i n ­
ed

■ed t r a i n ­
e d

ed
A

ed ed
A

53 63 1 6 .5 18 87 83 1 .7 5 2 .6 4
48 67 1 8 .7 24 74 76 2 .4 0 3 .5 0
50 61 1 9 .2 13 80 92 1 .8 0 1 .7 6
52 58 1 4 .0 10 72 51 0 .2 9 0 1 .1 0
48 56 1 5 .0 12 48 55 1 .5 6 1 .3 0
43 65 2 6 .0 18 50 104 1 .8 0 1 .2 6
57 76 1 6 .0 18 86 130 1 .9 4 2 .3 8
51 77 1 5 .8 24 69 89 1 .7 4 2 .6 0
47 75 2 0 .6 22 63 77 0 .7 8 0 0 .9 8 4

53 20 55 1 .0 8
74 15 52 0 .8 9 7

49*8 6 5 .9 f3 2 1 7 .9 1 7 .6  - 1 . 7 6 9 .0 lO.COc- f ! 3 . 7  1 .5 5 0 1 .7 7 3

Oa
W



TABLE XV

N o.o f A nim als 
Un- T r a i n -  
t r a i n -  ©d 
ed

8 12

Average

A C o m p a r i s o n  o f  B l o o d  D a t a  B e t w e e n  T r a i n e d  a n d  U n ­
t r a i n e d  A n i m a l s  A f t e r  E x h a u s t i o n .

A lk a l in e
R ese rve
V o l s .$

L a c t i c
A cid
mgm/lOOml.

G lu co se  
mgm/lOOml. 
Un-

T o ta l  K etone 
Bodie s mgm/lOOml• 
U n t r a i n -  T r a i n -

Un­
t r a i n ­
ed

T r a i n ­
ed

Un­
t r a i n ­
ed

T r a i n ­
ed  A

t r a i n ­
ed

T r a i n ­
ed

ed ed

16 31 205 189 36 64 2 .6 8 9 .8 7
43 28 155 210 53 25 2 .6 4 1 4 .8
33 41 180 185 55 35 1 .9 2 6 6 .8 3
28 29 95 205 48 38 6 .1 7 1 1 .4 0
46 33 200 208 42: 43 3 .6 4 8 .4 3
32 25 150 235 37 39 5 .8 3 6 .9 3
44 38 176 205 39 26 4 .7 6 6 .7 3
37 22 135 187 30 39 6 .9 3 1 0 .5 0

29 226 34 1 0 .3 8 5
24 164 33 5 .9 8
28 213 33 1 0 .4 8 0
33 208 28 5 .4 3 2

3 4 .9 3 0 .0  - 1 4 .1  162 203 f 2 5 .3  4 2 .5 3 6 .4  - 1 4 .4  4 .3 2 8 .9 8 0  f l 0 7

03



table; x v  i

T o ta l  N o ,o f  
Animals 
Un- T r a i n  
t r a i n -  ed 
ed_____________

9 11

Average

A C o m p a r i s o n  o f  T i s s u e  A n a l y s i s  D a t a  B e t w e e n  T r a i n e d
a n d  U n t r a i n e d  A n i m a l s  a t  R e s t ,

G lycogen
mgm.$
Un- T r a i n -
t r a i n -  ed 
ed____________  A

L a c t i c  
A c id  mgm,$
Un- T r a i n -
t r a i n -  ed  
ed  _______________A*

T o ta l  Ketone 
B o d ies  mgm.$
Un- T r a i n -  
t r a i n -  ed  
ed ________  A

Phospfcio- 
c r e a t i n e  mgm.$ 
Un- T r a i n -  
t r a i n -  ed  
ed ______________ A .

1 0 4 .7 0 176 2 6 .4 2 4 .4 0 0 52 75
9 4 .82 130 2 0 .2 2 2 .0 0 0 49 70
8 7 .1 3 120 2 5 .0 3 0 .0 0 0 54 72

1 4 5 .0 9 3 .5 1 8 .0 1 8 .0 0 0 48 62
99 .10 1 0 4 .7 90 .0 1 5 .0 0 0 55 68
9 8 .7 0 1 6 8 .0 2 1 .0 22. 5 0 0 51 64

133*0 1 5 6 .0 2 1 .0 2 6 .0 0 0 48 69
1 2 6 .0 10 4 .5 2 3 .6 2 8 .0 0 0 57 73

97 .64 1 9 4 .0 1 9 .8 2 8 .6 0 0 52 72
8 5 .0 1 8 .7 0 74

1 3 0 .0 2 2 .0 0 72

9 8 .4 1 3 3 .4  f3 5  2 1 .6 2 7 .7  f 2 8 . 5  0 0 5 1 .6  7 0 .0  J.74

Chl
cn



TABLE X V I I

T o ta l  N o .o f
Anim als
TJn-
t r a i n -  T r a i n ­
ed_______ed

8 12

Average

A C o m p a r i s o n  o f  T i s s u e  A n a l y s i s  D a t a  B e t w e e n  T r a i n e d
a n d  U n t r a i n e d  A n i m a l s  A f t e r  E x h a u s t i o n .

G lycogen
mgm.$
Un- T r a i n -  
t r a i n -  ed
ed   A

L a c t i c  
A c id  mgm.$
Un- T r a i n -
t r a i n -  ed  
ed    ^

T o t a l  K©tone 
B od ies  mgm.$
Un- T r a i n -  
t r a i n -  ed  
ed_______________

P h o sp h o -  
c re  a t  in e  mgm•% 
Un- T r a i n -  
t r a i n -  ed  
ed

64 1 8 .5 302 296 1 .2 3 5 3 .5 0 18 10
68 2 4 .0 201 325 0 .9 8 7 3 .6 5 29 0
60 3 4 .0 215 315 4 .8 8 1 8 .5 0 12 16
5 4 .5 4 2 .0 108 296 1 .5 0 7 1 6 .8 0 15 5
2 3 .0 5 4 .0 302 297 0 5 .6 3 22 2
48 6 2 .0 293 315 1 .4 8 3 .92 ' 15 12
65 3 5 .0 275 340 0 2 .1 5 6 26 10
55 24 . 40 245 258 .987 1 9 .6 0 38 14

1 4 .2 0 350 2 .7 1 6 5
3 2 .5 0 316 1 0 .8 3 0 22
28 .7 6 310 3 .8 9 7 14
3 6 .8 0 286 12 .6 8 5 0

5 4 .6 6 3 3 .8 5 - 3 8 .1  24 2 .6 3 0 8 .6  4*27.2S 1 .3 8 4 8 .6 5 7  f525 2 1 .8 9 .]

% I n c r e a s e  o r  d e c re a s e

a
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C o n d i t i o n W eight i n  
gms •

Be- A f t e r  
f o r e

TABLE X V III

The E f f e c t  o f  T r a in in g  on t  he Oxygen Debt and t Le V arious  
Chem ical Components of Muscle T issue*

0g Debt 
ml*

Be- A f t e r  
f o r e

T o ta l  Ke­
tone  mgm*^ 
Be- A f te r  
f o r e

291 430 *53 99 .4  311 *213

L a c t ic  
A cid  mgm,$ 
Be— A ftp  
fo re

Phospho- 
c r e a t i n e  
mgm.^
Be- A f te r  
f o r e ___________

G ly co ­
gen mgm.^
Be- A f t e r  
f o r e

R e s t i n g 0 0 21 .6  2 1 J *28.3 51 .6  70 .0  *74 9 8 .4  1 3 3 .4

E x h a u s t io n 1 .384  8 .6 5 7  *525 242.6  3066 * 27 .2  21 .8  9 .16  -58  5 4 .6  3 3 .8 5

A *1025 *1242 -5 7 .8 -87 -45 -75

*35

- 3 8 .1

N ote: F ig u r e s  r e p r e s e n t  a v e ra g e s .  "B e fo re"  f i g u r e s  f o r  chem ica l  componens r e p r e s e n t
u n t r a i n e d  a n im a ls ,  w h ile  the  " A f te r "  f i g u r e s  r e p r e s e n t  t r a i n e d  anim ls*
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TABLE XIX

The E f f e c t  of T ra in in g  on Oxygen Debt and the  V arious  Chemical
Components of Blood.

C o n d i t io n  h e ig h t  i n  0^ Debt T o ta l  Ketone L a c t ic  Acid Glucose A lk a l in e  R eserve
Sms m l. mgm/lOOml. mgm/lOOml. mgm/lOOml. mgm/lOOml*

Be- A f te r  A f te r  Be- A f te r  3 e -  A f te r  Be- A f te r  Be- A f t e r
____________ ^ ore A  fo re ___________ f o re  ^  f o re  ^  fo re _____________ A  fo r e _______________

291 430 f53  99 .4  311 f213

R e s t in g  1 .55  1 .773 *14 .3  17 .9  17 .6  - 1 .7  69 .0  78 .5  *13.7  49 .8  65 .9  ^

E x h a u s t io n  4 ,32  8 .980-H 107.8  162 203 *25.3 42 .5  36 .4  -1 4 .4  3 4 .9  3 0 .0  -

^  *178 *406 *805 *1054 -62 -5 3 .7  -30 - 5 4 .5

/A

3 2 .3

1 4 .1



PLATE I

A p h o to g r a p h  o f  t h e  e x e r c i s e  a p p a r a t u s  on w h ic h  th e  

e x p e r i m e n t a l  a n im a ls  were t r a i n e d  and  a l l  o f  t h e  a n im a ls  

w ere r u n  to  e x h a u s t i o n .  frA” shows pow erpac  p r o v i d i n g  

power s o u rc e  f o r  e l e c t r i c a l  s t i m u l a t o r  l o c a t e d  i n s i d e  e x ­

e r c i s e  w h e e ls  "B11.
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A p h o to g r a p h  o f  th e  m e ta b o la r  a p p a r a t u s  u s e d  t o  d e ­

t e r m in e  oxygen  d e b t  i n  r a t s  show ing “A” th e  m o to r  w h ic h  

pow ers  th e  e x e r c i s e  w h e e l  b u i l t  i n t o  t h e  m e ta b o la r  

,fCl! th e  c o n s t a n t  t e m p e r a tu r e  w a t e r  b a t h ,  ,!Dlf t h e  m ic ro  

s p i r o m e t e r  f rom  w h ic h  oxygen co n su m p tio n  w as r e c o r d e d ,  

and lfE fl th e  oxygen  s o u r c e .
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FIG I DIAGRAM OF METABOLAR ILLUSTRATING THE M O D IFIC A TIO N  FOR  
DETERMINING OXYGEN DEBT. A r e p r e s e n t s  m o to r  p o r  t u r n i n g  e x e r c i s e  w h e e l  b  s h a f t
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WATER BATH. I OXYGEN INLET TUBE. J  MICROSPIROMETER AND RECORDER. K 
REPRESENTS OXYGEN SU PPLY.



DISCUSSION

OXYGBN DEBT

The amount o f  oxygen  u s e d ,  i n  e x c e s s  o f  th e  r e s t i n g  

l e v e l ,  d u r in g  t  he p e r i o d  commencing a t  the  moment e x e r c i s e  

e n d s  and  e n d in g  when r e c o v e r y  i s  c o m p le te ,  f o r  e x am p le ,  when 

oxygen i n t a k e  has  r e t u r n e d  t o  i t s  r e s t i n g  l e v e l ,  may be c o n ­

s i d e r e d  t o  be th e  oxygen d e b t  w hich  was i n c u r r e d  d u r i n g  th e  

p e r i o d  o f  e x e r c i s e .  T h u s ,  th e  e x te n d  o f  d e b t  i s  d e te rm in e d  

by m e a s u r in g  t h e  t o t a l  amount o f  oxygen consumed d u r i n g  th e  

p e r i o d  o f  r e c o v e r y ,  and  s u b t r a c t i n g  from  i t  th e  amount o f  

oxygen w h ic h  w ould  have been  n o rm a l ly  consumed d u r in g  th e  

same p e r i o d  i f  th e  s u b j e c t  had  re m a in e d  a t  r e s t .  A f t e r  t h e  

c e s s a t i o n  o f  t o t a l l y  o r  p a r t i a l l y  a n a e ro b ic  c h e m ic a l  p r o c e s s e s  

i n  m u s c le ,  oxygen c o n su m p tio n  re m a in s  i n c r e a s e d  f o r  some tim e 

u n t i l  th e  o x i d a t i o n  o f  a c c u m u la te d  p r o d u c t s  o f  th e  a n a e ro b ic  

r e a c t i o n s  has  b e e n  c o m p le te d ,  and the  m uscle  has b e e n  r e ­

c h a r g e d .  T h is  p e r i o d  o f  r e c h a r g i n g  i s  c a l l e d  th e  r e c o v e r y  

p e r i o d  a n d ,  as A .V . H i l l  (37) has s a i d ,  " th e  s u b j e c t  i s  p a y ­

in g  h i s  oxygen d e b t . ”

I t  i s  p o s s i b l e  f o r  a p e r s o n  t o  t a k e  m u sc u la r  e x e r c i s e  

t h a t  r e q u i r e s  f a r  more oxygen th a n  can  c o n c e iv a b ly  be s u p p l i e d  

by  r e s p i r a t i o n  and  c i r c u l a t i o n  d u r in g  th e  p e r i o d  o f  e x e r c i s e .  

I n  t h e  s e v e r e s t  fo rm s  o f  e x e r c i s e  som eth ing  o v e r  22 l i t e r s  o f  

oxygen may be r e q u i r e d  to  p ro v id e  th e  e n e r g y  u se d  i n  one m in­

u t e .  To d e l i v e r  t o  th e  t i s s u e  t h i s  amount o f  Og i s  an  im­

p o s s i b l e  t a s k  f o r  th e  r e s p i r a t o r y  and  c i r c u l a t o r y  s y s t e m s ,
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which, e v e n  i n  a w e l l  d e v e lo p e d  a t h l e t e  may s u p p ly  o n ly  4 o r  

5 l i t e r s  a m in u te .  By c o n t r a c t i n g  an oxygen d e b t  o f  17 -18  

l i t e r s  th e  demand f o r  22 l i t e r s  a  m in u te  can  be met*

I f  e x e r c i s e  i s  m o d e ra te  and  u n i fo rm  th e  oxygen i n t a k e  

r i s e s  g r a d u a l l y  an d  t h e n  i n  a  m inu te  o r  two l e v e l s  o f f  and 

re m a in s  a t  t h i s  l e v e l  f o r  th e  d u r a t i o n  o f  th e  e x e r c i s e .  S in c e  

th e  o t h e r  b o d i ly  f u n c t i o n s  su c h  a s  r e s p i r a t i o n ,  h e a r t  b e a t ,  

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

i s  c a l l e d  th e  " s t e a d y  s t a t e ” . Oxygen i n t a k e  i s  e q u a l  t o  

oxygen  e x p e n d i t u r e .  When i n t e n s i t y  of w ork  r i s e s  to  s u c h  an  

e x t e n t  t h a t  a  s t e a d y  s t a t e  c a n n o t  be m a in t a in e d  b e c a u se  more 

oxygen i s  r e q u i r e d  t h e n  can  be s u p p l i e d ,  i t  i s  o bv io u s  t h a t  

a d d i t i o n a l  work has  t o  d ep en d  e n t i r e l y  on a n a e ro b ic  c h e m ic a l  

p  o c e s s e s  i n  t h e  m u s c le s .  The amount o f  a d d i t i o n a l  work which, 

i s  d e p e n d e n t  upon  th e  amount o f  oxygen d e b t  th e  i n d i v i d u a l  i s  

c a p a b le  o f  a c c u m u la t in g  w i l l  be l i m i t e d  b y  th e  d e g re e  o f  body 

t o l e r a n c e  f o r  th e  a c c u m u la t io n  o f  p r o d u c t s  o f  a n a e r o b ic  decom­

p o s i t i o n ,  c h i e f  among w hich  i s  l a c t i c  a c i d .  When th e  c o n c e n ­

t r a t i o n  o f  l a c t i c  a c i d  i n  m uscle  t i s s u e  r e a c h e s  2 .8  p e r  c e n t  

t h e  m usc le  c a n n o t  c o n t r a c t .  However, t h i s  l e v e l  i s  p r o b a b ly  

se ldom  r e a c h e d .  M u sc u la r  a c t i v i t y  ends when th e  c o n c e n t r a t i o n  

o f  l a c t i c  a c i d  i n  th e  b lo o d  i s  b e tw ee n  32 and 140 mg/lOO cc* 

o f  b l o o d .

F o r m e r ly ,  i t  was b e l i e v e d  t h a t  t h e r e  was a  q u a n t i t a t i v e  

r e l a t i o n s h i p  b e tw ee n  oxygen  d e b t  and l a c t i c  a c i d  p r o d u c t i o n .  

T h is  b e l i e f  l e d  to  th e  s t a t e m e n t  t h a t  l a c t i c  a c i d  i s  th e  s e ­

c u r i t y  g iv e n  f o r  th e  paym ent o f  th e  oxygen d e b t .  Now i t  i s
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known t h a t  t h i s  t h e o r y  i s  o n ly  p a r t i a l l y  c o r r e c t .  M a r g a r i a ,  

E dw ards and  D i l l  (47) have shown t h a t  no e x t r a  l a c t i c  a c i d  

a p p e a r s  i n  th e  b lo o d  d u r i n g  o r  a f t e r  an  e x e r c i s e  i n v o lv i n g  an  

oxygen  d e b t  o f  l e s s  th a n  2 .5  l i t e r s .  I n  a n  u n t r a i n e d  p e r s o n  

t h i s  q u a n t i t y  w i l l  be  d e c i d e l y  l e s s .  When e x e r c i s e  r e q u i r e s  

a  l a r g e r  amount o f  oxygen  th a n  t h i s ,  l a c t i c  a c i d  a c c u m u la te s  

i n  th e  b l o o d  t o  th e  e x t e n t  o f  7 mgm. f o r  e a c h  l i t e r  o f  a d d i ­

t i o n a l  oxygen  d e b t .

Thus oxygen d e b t  c o n s i s t s  o f  two p a r t s :  a l a c t a c i d  and

l a c t a c i d .  The a l a c t a c i d  d e b t  i s  p a i d  a t  a  much f a s t e r  r a t e  

t h a n  th e  l a c t a c i d  d e b t .  W hile  th e  i d e n t i t y  o f  th e  s u b s ta n c e s  

o x i d i z e d  i s  n o t  known, th e  h y p o th e s i s  has  b e en  a d v a n c e d  t h a t  

r e s y n t h e s i s  o f  p h o s p h o c r e a t in e  i s  th e  p r o c e s s  w h ic h  a b s o r b s  th e  

e n e rg y  d e v e lo p e d  i n  th e  o x i d a t i o n  t h a t  o c c u r s  a s  t h e  a l a c t a c i d  

oxygen  d e b t  i s  p a i d .

The f a c t o r s  d e te rm in in g  th e  r a t e  a t  w hich  oxygen c a n  be 

d e l i v e r e d  t o  t h e  t i s s u e s  a r e :

A -  The p a r t i a l  p r e s s u r e  o f  oxygen i n  th e  l u n g s . By 

r a i s i n g  t h e  p a r t i a l  p r e s s u r e ,  th e  d i f f u s i o n  of oxygen th r o u g h  

th e  lu n g  membranes i n t o  th e  c a p i l l a r i e s  i s  h a s t e n e d .

B -  D egree  o f  s a t u r a t i o n  of b l o o d  i n  t h e  l u n g s . I n  

n o rm al i n d i v i d u a l s  100 c c .  o f  b lo o d  o r d i n a r i l y  h o ld s  when f u l l y  

s a t u r a t e d  1 8 .5  c c .  o f  oxygen com bined w i t h  Hgb. I n  men i n  t r a i n ­

in g  t h i s  v a lu e  t e n d s  t o  be s omewhat h i g h e r .

C -  The c o e f f i c i e n t  o f  oxygen u t i l i z a t i o n . The u t i l i ­

z a t i o n  c o e f f i c i e n t  o f  th e  oxygen i n  t  he b l o o d  n e v e r  r i s e s  above 

a b o u t  7 5 Dur i ng  r e s t  m u sc le s  ta k e  4 c c .  o f  cxygen from  t h e
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20 c o ,  p r e s e n t  i n  e a c h  100 c c ,  o f  b lo o d  -  hence m u sc le s  c o n -

sume s #2 o f  th e  a v a i l a b l e  oxyg en . T h is  i s  c a l l e d  th e  c o ­

e f f i c i e n t  o f  oxygen u t i l i z a t i o n .

D -  C a r d ia c  O u tp u t . The m inu te  vo lum e o f  t h e  h e a r t ,  

i . e . ,  t h e  amount o f  b lo o d  c i r c u l a t i n g  p e r  m in u te  d e te r m in e s  th e  

amount o f  0g d e l i v e r e d  t o  th e  t i s s u e s .

The maximum oxygen d e b t  t o  w h ic h  th e  body  c a n  s u b m i t  d e ­

p e n d s  upon  v a r i o u s  f a c t o r s .  I t  r e a l l y  i s  a  m easure  o f  t h e  max­

imum amount o f  l a c t i c  a c i d  w h ich  th e  t i s s u e s  c an  t o l e r a t e  and 

th e  f a c t o r s  i n v o lv e d  a r e :

(1 ) The amount o f  a l k a l i  a v a i l a b l e  i n  th e  p r o t e i n  

b u f f e r s  o f  t i s s u e  and  b lo o d  t o  n e u t r a l i z e  th e  a c id s  f o r m e d  d u r ­

in g  m e ta b o l i c  p r o c e s s e s .

(2 ) The r a t e  a t  w h ic h  l a c t i c  a c i d  i s  l i b e r a t e d .  I f  

t h i s  l i b e r a t i o n  i s  g r e a t ,  t h e  h y d ro gen  io n  c o n c e n t r a t i o n s  i n  th e  

b lo o d  w i l l  n o t  r i s e  im m e d ia te ly  a s  h ig h  a s  i n  th e  m u s c le s ,  and 

c o n s e q u e n t ly  r e s p i r a t o r y  d i s t r e s s  w i l l  n o t  o c c u r  f o r  some tim e 

a f t e r  th e  a c i d  h a s  b e e n  l i b e r a t e d  b e c a u se  t h i s  d i s t r e s s  i s  due 

l a r g e l y  t o  a c i d  a c t i n g  on  t h e  n e rv o u s  sy s te m .

(3 )  The r e s o l u t i o n  o f  th e  s u b j e c t  i n  p r e s s i n g  h i s  

body  to  e x h a u s t io n *

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

c u r r i n g  an oxygen d e b t  o f  1 8 .6  l i t e r s  w i t h  a l a c t i c  a c i d  c o n c e n ­

t r a t i o n  i n  th e  m u sc le s  c l o s e  t o  .3 0  p e r  c e n t .  I n  l e s s  a b le  

b o d ie d  p e r s o n s ,  l a b o r a t o r y  w o r k e r s ,  e t c . ,  t h e  g r e a t e s t  oxygen 

d e b t  t e n d s  t o  be  a b o u t  1 2 .5  l i t e r s  i n  a  man w e ig h in g  a b o u t  154 

p o u n d s ,  and  a c o n c e n t r a t i o n  o f  a b o u t  .21  p e r  c e n t  l a c t i c  a c i d  i n
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h i s  m u sc le s*

T h is  p a p e r  c o n c e rn s  i t s e l f  w i t h  a  s tu d y  o f  oxygen d e b t  

i n  w h ic h  a l b i n o  r a t s  w ere u s e d  as e x p e r i m e n t a l  a n im a ls  i n  an  

a t t e m p t  t o  f i n d  some e x p e r i m e n t a l  e v id e n c e  w h ich  w i l l  e x p l a i n  

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

oxygen d e b t  th a n  an  u n t r a i n e d  i n d i v i d u a l .  T ab le  I  shows th e  

no rm al r e s t i n g  m e ta b o l is m  and  oxygen d e b t  o f  a l l  a n im a ls  b e f o r e  

t r a i n i n g  was s t a r t e d .  The n o rm al r e s t i n g  oxygen c o n su m p tio n  

r a n g e d  f ro m  300 t o  560 m l. o f  oxygen p e r  h o u r ,  th e  a v e ra g e  h o u r ­

l y  oxygen  c o n su m p tio n  a t  r e s t  b e in g  428 m l.  Oxygen d e b ts  r a n g e d  

f ro m  70 t o  135 m l . ,  th e  a v e ra g e  b e in g  8 9 .7  m l.

As t h e  r e s u l t s  o f  t h i s  e x p e r im e n t  i n d i c a t e ,  T ab le  V, th e  

oxygen d e b t  o f  r a t s  was i n c r e a s e d  o v e r  200 p e r  c e n t  above th e  

l e v e l  o f  u n t r a i n e d  a n im a ls  a s  a r e s u l t  o f  p r o g r e s s i v e  t r a i n i n g  

on an e x e r c i s e  w h e e l .

E f f e c t  o f  T r a i n i n g  on B a s a l  M e ta b o l is m .

Oxygen c o n su m p tio n  o f  t h e  t r a i n e d  g ro up  i n  c o m p a r is o n  w i t h  

t h e  u n t r a i n e d  g ro u p  showed an  a v e ra g e  d e c r e a s e  o f  1 4 .6  p e r  c e n t .

T here  i s  much u n c e r t a i n t y  r e g a r d i n g  c h a n g e s  i n  b a s a l  m e ta ­

b o l i s m  b r o u g h t  a b o u t  by  t r a i n i n g .  O b s e rv a t io n s  made by S t e in h a u s  

(70) on d o g s ,  i n d i c a t e  a  s l i g h t  d e c r e a s e  i n  t h e  b a s a l  m e ta b o l i c  

r a t e .  I n  h i s  r e v ie w  of th e  l i t e r a t u r e  d e a l in g  w i t h  t h i s  p ro b le m , 

S t e in h a u s  (71) c a l l s  a t t e n t i o n  t o  numerous e x p e r i m e n t a l  e r r o r s  

t h a t  m ig h t  have a f f e c t e d  th e  many s t u d i e s  o f  b a s a l  m e ta b o l ism  a n d  

th u s  have b e e n  r e s p o n s i b l e  f o r  c o n t r a d i c t o r y  r e p o r t s .  Most o f  th e  

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

b o l i c  r a t e  has r e s u l t e d  from  an  i n s u f f i c i e n t  number o f  t e s t s  o f
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b a s a l  m e ta b o l i c  r a t e  on e a c h  s u b j e c t *

S c h n e id e r  (62) i n  h i s  o b s e r v a t i o n s  on t e n  a t h l e t e s  fo u n d  

t h a t  e i g h t  had  a  d rop  i n  t h e i r  b a s a l  m e ta b o l i c  r a t e ,  one had 

an  i n c r e a s e ,  and  one had  no c h a n g e .  Of s e v e n  n o n - a t h l e t e s ,  

t h r e e  had a  f a l l  i n  t h e i r  b a s a l  m e ta b o l i c  r a t e ,  two h ad  a  r i s e ,  

and tw o  had  no c h a n g e .

M orehouse (53) c a r r i e d  o u t  i n v e s t i g a t i o n s  on tw e n ty  a t h l e t e s ;  

i n  and  o u t  o f  t r a i n i n g  and  c o n c lu d e d  t h a t  m e ta b o l ism  was n o t  a l ­

t e r e d  b y  t r a i n i n g .  A l th o u g h  th e  b a s a l  m e ta b o l ism  was 2 p e r  c e n t  

h i g h e r  a f t e r  t r a i n i n g ,  th e  d i f f e r e n c e  was w e l l  w i t h i n  th e  n o r ­

m al r a n g e  o f  f l u c t u a t i o n  o f  m e ta b o l i s m .

One c an  o b s e rv e  from  th e  d a t a  p r e s e n t e d  i n  t h i s  p a p e r ,

T a b le  V, t h a t  l o n g e r  and  p ro b a b ly  more s t r e n u o u s  t r a i n i n g  c o i n ­

c i d e s  w i t h  a f a l l  i n  t h e  b a s a l  m e ta b o l i s m .

T r a i n i n g  i n c r e a s e s  th e  e a s e  w i t h  w h ich  w ork  i s  p e r fo r m e d .

I t  i s  d i f f i c u l t  t o  d e te rm in e  a c c u r a t e l y  th e  r e l a t i v e  im p o r ta n c e  

o f  i n c r e a s e d  s k i l l  an d  o f  i n c r e a s e d  m e c h a n ic a l  e f f i c i e n c y  o f  

th e  m u s c le s .  Im provem ent i n  s k i l l  and  c o n s e q u e n t  r e d u c t i o n  i n  

oxygen  r e q u i r e m e n t s  a r e  o f t e n  n o t e d  i n  army r e c r u i t s  l e a r n i n g  

t o  m arc h .  S c h n e id e r  (63) p o i n t s  o u t ,  im provem ent i n  t h e  m echan­

i c a l  e f f i c i e n c y  o f  m u sc le s  i s  due l a r g e l y  t o  t h e  i n c r e a s e  in  

d ia m e te r  o f  e a c h  m usc le  f i b e r  w h ich  r e s u l t s  from  c o n t in u e d  u s a g e .  

As a  r e s u l t ,  f e w e r  f i b e r s  m ust c o n t r a c t  f o r  t h e  deve lopm en t o f  

a  g i v e n  amount o f  t e n s i o n .  T h u s ,  t h e  oxygen r e q u i r e m e n t  f o r  a 

g i v e n  t a s k  i s  d im in i s h e d  as a  r e s u l t  o f more e f f i c i e n t  u se  o f  

m u sc le s  an d  e l i m i n a t i o n  o f  e x t r a n e o u s  m ovem ents, and o f  g r e a t e r  

m e c h a n ic a l  e f f i c i e n c y  o f  t h e  m u sc le s  t h e m s e lv e s .  P e r h a p s ,  t h i s
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g r e a t e r  e f f i c i e n c y  and s k i l l  a c q u i r e d  by  t r a i n i n g  a c c o u n te d  

f o r  t h e  lo w e re d  b a s a l  m e ta b o l i c  r a t e .

L a c t i c  A c i d .

The maximum oxygen d e b t  w h ic h  can be t o l e r a t e d  by  a  s u b ­

j e c t  i s  u s u a l l y  i n c r e a s e d  by  t r a i n i n g .  T h is  means p r i m a r i l y ,  

t h a t  th e  t r a i n e d  i n d i v i d u a l  i s  a b le  t o  b u f f e r  a l a r g e r  amount 

o f  l a c t i c  a c i d  s i n c e  t h e r e  i s  no e v id e n c e  o f  any d i f f e r e n c e  i n  

a b i l i t y  t o  t o l e r a t e  a h i g h e r  hy d ro g en  io n  c o n c e n t r a t i o n  i n  th e  

m u sc le  t i s s u e .

T h is  e x p e r im e n t  showed t h a t  t h e  t r a i n e d  g roup  o f  a n i ­

m als  had  a  s l i g h t l y  s m a l l e r  l a c t i c  a c i d  c o n c e n t r a t i o n  i n  th e  

b lo o d  a t  r e s t  i n  c o m p a r iso n  w i t h  t h e  u n t r a i n e d  g ro u p  t o  t h e  e x ­

t e n t  o f  1 .7  p e r  c e n t .  T h is  i s  n o t  a  s t a t i s t i c a l l y  im p o r ta n t  

change so  t h a t  a c t u a l l y  i t  i s  p o s s i b l e  t o  say  th e  t r a i n e d  and  

u n t r a i n e d  g ro u p s  had  p r a c t i c a l l y  th e  same c o n c e n t r a t i o n  o f  

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

o f  th e  b lo o d  d a t a  b e tw ee n  th e  t r a i n e d  and u n t r a i n e d  a n im a ls  as  

t a b u l a t e d  i n  T a b le s  XIV and  XV may be sum m arized  as  f o l l o w s :

A verage  L a c t i c  A c id  C o n c e n t r a t i o n  o f  
B lood  i n  mgms. p e r  c e n t

R e s t  E x h a u s te d  Change

U n t r a i n e d  1 7 .6  162 f 144

T r a i n e d  1 7 .9  205 f  185

T h is  sh o w s t h a t  th e  t r a i n e d  g ro u p  was c a p a b le  o f  p ro d u c in g  and 

w i t h s t a n d i n g  185 mgm. p e r  c e n t  o f  l a c t i c  a c i d  w h i l e  th e  u n t r a i n ­

e d  g ro u p  was c a p a b le  o f  p r o d u c in g  a n d w i t h s t a n d i n g  o n ly  144 mgm. 

p e r  c e n t  o f  l a c t i c  a c i d ,  a  d i f f e r e n c e  o f  41 mgm. p e r  cen t*
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A c o m p a r is o n  o f  l a c t i c  a c i d  c o n te n t  o f  m usc le  be tw een  

u n t r a i n e d  and  t r a i n e d  a n im a ls  a t  r e s t  a n d  a f t e r  e x h a u s t i o n  

i s  r e c o r d e d  i n  T a b le s  XVI and  X V II. T h is  d a t a  i n  c o n c i s e  

fo rm  a p p e a r s  a s  f o l l o w s :

A verage  L a c t i c  A c id  C o n c e n t r a t i o n  o f  
M uscle i n  mgm. p e r  c e n t

H a s t  Exhai s t e d  Change

U n t r a i n e d  2 1 .6  2 4 2 .6  f  222

T r a i n e d  2 7 .7  3 0 8 .6  f  281

Under r e s t i n g  c o n d i t i o n s ,  th e  a n im a ls  t h a t  were t r a i n e d  and 

th o s e  t h a t  w ere  u n t r a i n e d  showed an a v e rag e  l a c t i c  a c i d  c o n te n t  

t h a t  was p r a c t i c a l l y  i n  th e  same r a n g e .  A f t e r  e x h a u s t i v e  e x ­

e r c i s e  th e  t r a i n e d  g ro up  was a b le  t o  b u i l d  up a  l a c t i c  a c i d  

c o n c e n t r a t i o n  i n  th e  m u sc le  w h ich  was 60 mgm. p e r  c e n t  g r e a t ­

e r  t h a n  th e  u n t r a i n e d  a n im a l s .

One o f  t h e  many f a c t o r s  w hich  may d e te rm in e  th e  l a c t a t e  

r e s p o n s e  o f  an I n d i v i d u a l  t o  a  g iv e n  e x e r c i s e  i s  th e  i n d i v i ­

d u a l ^  e x e r c i s e  t  o l e r a n c e  ( p h y s i c a l  f i t n e s s ) .  S e v e r a l  r e p o r t s  

made by  Bock (6 )  and  Owles (54) a l l u d e  t o  t h e  h i g h e r  b lo o d  

l a c t a t e  f o l l o w i n g  a  subm axim al e x e r c i s e  i n  p e r s o n s  c o n s i d e r e d  

u n f i t  o r  u n t r a i n e d .  The lo w e r  b lo o d  l a c t a t e  r e s p o n s e  to  a  

subm axim al e x e r c i s e  a f t e r  a  t r a i n i n g  jr  ogram was a l s o  o b s e rv e d  

by R o b in so n  a n d  Harmon (58 ) who r e p o r t e d  a  h i g h e r  b lo o d  l a c ­

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

T h is  l a t t e r  f i n d i n g  has b e e n  c o n f i rm e d  by  K n eh r ,  D i l l ,  a id  

N e u f e ld  ( 4 2 ) .  The p r e s e n t  r e p o r t  i n d i c a t e s  t h a t  i n s o f a r  as e x ­

h a u s t i v e  e x e r c i s e  o r  w o rk  i s  c o n c e rn e d ,  th e  b l o o d  l a c t a t e  r e -
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sp o n se  I s  h i g h e r  i n  the  t r a i n e d  an im al*  T h is  i n c r e a s e d  l e v e l  

o f  l a c t a t e  n o t e d  i n  th e  t r a i n e d  g ro u p  may be lo o k e d  upon as  

one o f  th e  m ost s i g n i f i c a n t  e f f e c t s  o f  t r a i n i n g .

A c c o rd in g  t o  M a r g a r i a ,  Edwards and  D i l l  (47 )  th e  oxygen 

c o n su m p tio n  c u rv e  d u r in g  r e c o v e r y  may be c o n s i d e r e d  a s  b e in g  

madeup o f  (a )  an  oxygen c o n su m p tio n  a t t r i b u t a b l e  t o  o x i d a t i o n  

o f  t h e  l a c t i c  a c i d .  T h is  p r o c e s s  i s  a v e r y  s low  one* A n o th e r  

p r o c e s s  (b ) w h ic h  a l s o  has an  e x p o n e n ta l  tim e f u n c t i o n  o c c u r r i n g  

a t  a  much f a s t e r  r a t e *  The m echanism  (a )  i s  lo o k e d  upon by 

M a r g a r i a ,  E d w ard s ,  and D i l l  a s  t h e  l a c t i c  a c i d  m echanism , d e ­

s c r i b e d  by  A.V* H i l l .  The m echanism  (b) i s  in d e p e n d e n t  o f  any 

l a c t i c  a c i d  f o r m a t i o n  o r  re m o v a l ,  and  t h e r e f o r e ,  has  b e e n  te r m ­

e d  t h e  a l a c t a c i d  d eb t*  The a l a c t a c i d  oxygen d e b t  I s  a p p r o x i ­

m a te ly  a  l i n e a r  f u n c t i o n  o f  th e  oxygen i n t a k e  i n  e x e r c i s e .  I t  

i s  s u p p o s e d  t o  be r e l a t e d  t o  th e  o x i d a t i o n  o f  s u b s ta n c e s  f u r ­

n i s h i n g  th e  e n e rg y  f o r  t h e  r e s y n t h e s i s  o f  p h o s p h o c r e a t in e  

s p l i t  down d u r in g  m u s c u la r  c o n t r a c t i o n .  T here  a re  r e a s o n s  t o  

b e l i e v e  t h a t  th e  l a c t a c i d  oxygen d e b t  comes i n t o  p l a y  o n ly  when 

w ork  i s  c a r r i e d  on i n  a n a e r o b ic  c o n d i t i o n s .  I t s  am ount, a c c o r d ­

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

mum r a t e s  o f  w o rk .  The maximum a b s o l u t e  amount i s  a b o u t  5 

l i t e r s .  I t  may be i n c r e a s e d  by i n c r e a s i n g  th e  c a p a c i t y  o f  th e  

body t o  a c c u m u la te  l a c t i c  a c i d ,  as f o r  e x am p le ,  a f t e r  i n g e s t i o n  

o f  a l k a l i  o r  due t o  th e  i n c r e a s e  i n  a l k a l i n e  r e s e r v e  a c q u i r e d  

by  t r a i n i n g .

A l k a l i n e  R e se rv e

As h a s  b e e n  s t a t e d  p r e v i o u s l y , . I n c r e a s e d  oxygen  d e b t  due t o  

t r a i n i n g  i s  p r o b a b ly  d u e  t o  t h e  a b i l i t y  o f  t r a i n e d  i n d i v i d u a l s
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t o  b u f f e r  a  l a r g e r  amount o f  l a c t i c  a c i d .  I t  m ig h t be e x ­

p e c t e d  t h e n ,  t h a t  t r a i n i n g  would i n c r e a s e  t h e  b o dy* s  s u p p ly  

o f  b u f f e r  a l k a l i ,  and  t h i s  seems t o  b e  t r u e .  F u l l  and  

H e rx h e im e r  (27) r e p o r t e d  an a v e rag e  a l k a l i n e  r e s e r v e  o f  7 2 .1 2  

vo lum es  p e r  c e n t  i n  13 h i g h l y  t r a i n e d  a t h l e t e s  a s  com pared  

w i t h  6 5 .1 5  vo lum es p e r  c e n t  i n  18 n o rm al b u t  u n t r a i n e d  men. 

D a v is  and  B rew er (1 2 )  o b s e rv e d  a s t e a d y  r i s e  i n  th e  a l k a l i n e  

r e s e r v e  o f  dogs s u b j e c t e d  t o  r e g u l a r  e x e r c i s e  on a t r e a d m i l l  

f o r  a  p e r i o d  o f  7 t o  9 w e e k s ,  ^ a l i n s k i  (77) has r e p o r t e d  an  

i n c r e a s e d  a l k a l i n e  r e s e r v e  i n  man a f t e r  p h y s i c a l  t r a i n i n g  b u t  

an  i n c r e a s e d  a l k a l i  r e s e r v e  i n  t r a i n e d  r a t s  has  n o t ,  t o  t h e  

know ledge o f  th e  a u t h o r ,  b e e n  r e p o r t e d  p r e v i o u s l y .  At r e s t ,  

th e  r e s u l t s  o f  t h i s  e x p e r im e n t  i n d i c a t e ,  T a b le  XIV, t h a t  th e  

11 t r a i n e d  a n im a ls  showed an  a v e ra g e  a l k a l i n e  r e s e r v e  w h ich  

was 32 p e r  c e n t  g r e a t e r  t h a n  th e  g roup  o f  9 a n im a ls  w h ic h  w ere 

u n t r a i n e d .  A f t e r  e x h a u s t i v e  e x e r c i s e  a c o m p a r iso n  o f  t h e  b lo o d  

d a t a  b e tw ee n  th e  t r a i n e d  and  u n t r a i n e d  a n im a ls ,  T ab le  XV, shows 

t h a t  e v en  th o u g h  th e  t r a i n e d  g rou p  had a  g r e a t e r  a l k a l i n e  r e ­

s e r v e  t o  b e g in  w i t h ,  i t  was a l s o  d e p l e t e d  t o  a  g r e a t e r  e x t e n t .  

The u n t r a i n e d  g ro u p  had  an a v e ra g e  a l k a l i n e  r e s e r v e  o f  3 4 .9  

volum es p e r  c e n t  a f t e r  e x h a u s t i v e  e x e r c i s e ,  w h i le  th e  t r a i n e d  

g ro u p  had  an a v e ra g e  a l k a l i n e  r e s e r v e  o f  30 volum es p e r  c e n t .  

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

summary as  f o l l o w s :

A l k a l i n e  R e se rv e  o f  B lood  
i n  Volumes p e r  c e n t

R e s t E x h a u s te d 0 hange
U n t r a in e d 4 9 .8 3 4 .9 -  1 4 .9
T r a i n e d 6 5 .9 3 0 .0 3 5 .9
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Thus i t  c an  be s e e n  t h e  t r a i n e d  g roup  was c a p a b le  o f  u s in g  21 

vo lum es p e r  c e n t  more b u f f e r  s u b s ta n c e  th a n  th e  u n t r a i n e d  

g ro u p  a f t e r  e x h a u s t iv e  e x e r c i s e *  E x e r c i s e  i t  seem s , C h e m i ­

c a l l y  t r a i n s 1* t h e  b lo o d  by i n c r e a s i n g  i t s  c o n t e n t  o f  a v a i l a b l e  

b a s e  f o r  t h e  n e u t r a l i z a t i o n  o f  a c id s *

I t  i s  w e l l  known t h a t  d u r in g  e x e r c i s e  c a r b o n i c * l a c t i c ,  and 

o t h e r  a c i d s  a r e  f o r m e d  i n  th e  m u s c le s .  C arbon  d io x id e  a t  a l l  

t i m e s ,  and l a c t i c  a c i d  so m e tim e s ,  a p p e a r  i n  t h e  b lo o d  d u r in g  

e x e r c i s e .  S in c e  t h e s e  must be b u f f e r e d ,  t h e i r  v e r y  p r e s e n c e  i n  

e x c e s s  i n  th e  b lo o d  may in du ce  th e  f o r m a t io n  o f  a  g r e a t e r  a l k a ­

l i  r e s e r v e *

G-lucose and G lyco gen

The e x p o n e n ts  o f  th e  new er c o n c e p t io n  o f  th e  n a tu r e  o f  mus­

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

c a r b o h y d r a t e s ,  n am e ly ,  g lu c o s e  and  g ly c o g e n ,  b u t  Lusk (44) and 

H e n d e rso n  (36 ) have s hown t h a t  th e  e n e rg y  expended  by  a t h l e t e s  

may a l s o  be d e r i v e d  f ro m  f a t s .  However, a l l  s t u d e n t s  o f  t h e  

p ro b lem  a d m it  t h a t  s u g a r  i s  t h e  b e s t  f u e l  f o r  i n t e n s e  e x e r t i o n *  

L u r in g  t h e  p e r i o d  o f  w ork  l a c t i c  a c i d  l o s s  o c c u r s  i n  two 

w ay s . The f  i r s t  l o s s  o c c u r s  i n  th e  r e c o n v e r s i o n  o f  l a c t i c  a c i d  

t o  l a c t i c  a c i d  p r e c u r s o r .  The se co n d  s o u r c e  o f  l o s s  i s  fo u n d  i n  

th e  k id n e y s .  When e x e r c i s e  i s  v i o l e n t ,  th e  b lo o d  i s  q u ic k ly  

lo a d e d  w i t h  a c i d ;  some o f  w h ic h  t h e  k id n e y s  e l i m i n a t e .  A c co rd ­

in g  to  S c h n e id e r  (54 ) i n  lo n g  p e r i o d s  o f  w o rk ,  t h i s  l o s s  may be 

p ro n o u n c e d  and t h e  f o o d  w h ic h  makes good t h i s  l o s s  t o  th e  mus­

c l e s  m ust f i r s t  be c o n v e r t e d  i n t o  g ly c o g e n .  S u g a r  i s  th e  b e s t
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fo o d  f o r  t h i s  p u rp o se *

D -  g lu c o s e  as  s t a t e d  by W iggers  (78) i s  th e  

c h i e f  c a r b o h y d r a t e  c o n s t i t u e n t  o f  b lo o d  and  th e  o n ly  known 

fo rm  c o n c e rn e d  i n  e n e rg y  m etabo lism *  I t  i s  d i s t r i b u t e d  

e q u a l l y  b e tw e e n  b lo o d  c e l l s  and  p lasm a  i n  a n t h r o p o i d s ,  i n c l u ­

d in g  hum ans, b u t  a c c o rd in g  t o  K l i n g h o f f e r  (41) i n  o t h e r  mam­

m als  r e d  c o r p u s c l e s  a re  l e s s  p e rm e ab le  o r  w h o l ly  im perm eable  

t o  g lu c o s e *

V a r i a t i o n s  i n  th e  s u g a r  c o n t e n t  o f  t h e  b lo o d  a r e  n o t  g r e a t ,  

b u t  t h e y  may be l a r g e  enough  a f t e r  v i o l e n t  e x e r t i o n  t o  a c c o u n t  

f o r  c e r t a i n  d i s t u r b a n c e s *  V a r io u s  fo rm s  o f  m ild  e x e r c i s e  do 

n o t  p ro d u c e  any s i g n i f i c a n t  ch an ges  i n  b lo o d  s u g a r ,  b u t  as th e  

i n t e n s i t y  o f  t h e  e x e r t i o n  i n c r e a s e s  th e  s u g a r  c o n t e n t  may show 

a  m arked  d e c r e a s e  i f  t  he e x e r t i o n  i s  maximum. As we d e m o n s tra ­

t e d  i n  t h e  p r e s e n t  e x p e r im e n t ,  T a b le  V I ,  i n  t h e  u n t r a i n e d  g roup  

o f  a n im a l s ,  th e  r e s t i n g  g lu c o s e  l e v e l  r a n g e d  from  48 to  87 mgm/ 

100 ml* w i t h  an a v e ra g e  f o r  n in e  a n im a ls  o f  69 /100  ml* A f t e r  

e x h a u s t i v e  e x e r c i s e  g lu c o s e  c o n c e n t r a t i o n s  a s  shown i n  T ab le  

V I I I  r a n g e d  from  30 t o  55 mgm/lOO m l.  o f  b lo o d  w i t h  an a v e ra g e  

o f  42 .5 *  T h is  i n d i c a t e s  an  a v e ra g e  d e c r e a s e  of th e  s u g a r  con ­

t e n t  t o  be 62 p e r  c e n t*  I n  th e  g ro u p  o f  a n im a ls  t h a t  were 

t r a i n e d ,  th e  b lo o d  s u g a r  l e v e l  a t  r e s t  was an a v e r a g e  o f  78*5 

mgm/lOO m l.  a s  i s  r e c o r d e d  i n  T ab le  X I I ,  w h i le  a f t e r  e x h a u s t i v e  

e x e r c i s e ,  th e  mean v a lu e  f o r  tw e lv e  a n im a ls  was 36*4 m i l l i g r a m s .  

T h is  d e m o n s t r a te s  an  a v e ra g e  d e c r e a s e  i n  th e  b lo o d  s u g a r  l e v e l  

o f  53*7 p e r  c e n t*  T h u s ,  i t  seems t r a i n i n g  i n c r e a s e d  t h e  amount 

o f  s u g a r  n o rm a l ly  p r e s e n t  i n  t h e  b lo o d  a n d ,  t h e r e f o r e ,  made i t
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p o s s i b l e  f o r  th e  a n im a l  t o  c o n t in u e  e x h a u s t iv e  e x e r c i s e  l o n g ­

e r ;  a s  th e  t r a i n e d  a n im a ls  i n  t h e i r  e x h a u s te d  c o n d i t i o n  were 

a l s o  a b le  t o  w i t h s t a n d  a  lo w e r  b lo o d  s u g a r  l e v e l  t h a n  th e  u n ­

t r a i n e d  a n im a l s .  The above d a ta  i s  sum m arized  i n  T a b le s  XIV 

and  XV and  i s  p r e s e n t e d  h e re  i n  s i m p l i f i e d  fo rm , a s  f o l l o w s :

G lu c o se  C o n te n t  o f  B lood  in  
mgm* p e r  c e n t

R e s t  E x h a u s te d  C hange

U n t r a in e d  69*0 42*5 -  2 6 .5

T r a i n e d  78*5 36*4 -  42*1

W h eth er  th e  s u g a r  c o n te n t  o f  t h e  b lo o d  f a l l s  be low  norm al o r  

n o t  w i l l  be d e p e n d e n t  upon t h e  amount o f  f u e l  r e q u i r e d .  H ence , 

v a r i o u s  i n v e s t i g a t o r s  have  r e p o r t e d  d i f f e r e n t  f i n d i n g s *  S h e u n e r t  

and B a r t s c h  (61) i n  a  s tu d y  o f  t h e  i n f l u e n c e  of no rm al am ounts 

o f  w ork  on th e  c o m p o s i t io n  o f  t h e  b l o o d  o f  th e  h o r s e ,  r e p o r t e d  

t h a t  w ork  d id  n o t  a f f e c t  t h e  p e r c e n ta g e  o f  s u g a r .  B u rg e r  and 

M a r ten s  (8) i n  s e v e n  f a s t i n g  s u b j e c t s  fo u n d  Im m e d ia te ly  a f t e r  

an  h o u r  o f  g y m n a s t ic s  and  b o x in g  t h a t  i n  f  our  t h e r e  was no 

c h a n g e ,  i n  two a  d e f i n i t e  f  a l l ,  and  i n  one a  s l i g h t  r i s e  i n  

b lo o d  s u g a r .  S c o t t  a n d  H a s t in g s  (64) and  B rosam len  and S t e r k e l  

(7 )  fo u n d  t h a t  t h e  c o n c e n t r a t i o n  o f  s u g a r  f e l l  s t e a d i l y  th r o u g h ­

o u t  a  p r o lo n g e d  p e r i o d  o f  f a t i g u i n g  w ork .

The o b s e r v a t i o n s  i n  t h i s  e x p e r im e n t  w e re ,  o f  c o u r s e ,  c a r r i e d  

o u t  on a n im a ls  w h ic h  w ere  e x e r c i s e d  to  c o m p le te  e x h a u s t i o n ,  i n  

w h ic h  t h e  a n im a l  was u n a b le  to  r u n  any f u r t h e r  o r  some were u n ­

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

th e  r e s t i n g  b lo o d  s u g a r  l e v e l  o f  r a t s ,  -  p e rh a p s  due t o  a more



55

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

I n  a d d i t i o n ,  th e  p r e s e n t  s t u d y  i n d i c a t e s  t h a t  t h e  muscle 

g ly c o g e n  o f  r a t s  i s  a l s o  i n c r e a s e d  by t r a i n i n g .  The a v e ra g e  

g ly c o g e n  c o n t e n t ,  T ab le  V I I ,  o f  th e  m uscle  o f  u n t r a i n e d  a n i ­

m als  a t  r e s t  was on th e  a v e r a g e ,  f o r  n in e  a n im a ls  98*4 mgm* 

w h i le  th e  t r a i n e d  g ro u p ,  a t  r e s t ,  c o n s i s t i n g  o f  e l e v e n  r a t s ,  

h ad  a  mean o f  133*4 m i l l i g r a m s .  I t  was a l s o  shown t h a t  t r a i n ­

in g  e n a b l e d  th e  a n im a ls  t o  u t i l i z e  more g ly c o g e n ,  as th e  r e ­

s u l t s  r e c o r d e d  i n  T a b le  X V III show t h a t  th e  t r a i n e d  group i n  

t h e  e x h a u s t e d  s t a t e  had  a  g ly c o g e n  c o n c e n t r a t i o n  o f  3 8 .1  p e r  

c e n t  l e s s  t h a n  t h e  u n t r a i n e d .  I t  can  be se e n  from a  su rv e y  o f  

th e  l i t e r a t u r e  t h a t  d u r in g  l i g h t  e x e r c i s e ,  t h e  o r d i n a r y  r a t e  

o f  d e l i v e r y  o f  g lu c o s e  to  th e  b lo o d  from  t h e  s t o r a g e  d e p o t  i s  

a d e q u a te  t o  b a la n c e  th e  r a t e  o f  g l u c o s e  u t i l i z a t i o n  by th e  

m u s c le s ,  and t h e  b lo o d  s u g a r  l e v e l  i s  u n ch an g e d . As e x e r c i s e  

i n c r e a s e s  i n  i n t e n s i t y ,  e s p e c i a l l y  i f  accom panied  by  e m o t io n a l  

e x c i t e m e n t ,  t h e  s e c r e t i o n  o f  a d r e n a l i n  becomes e x c e s s iv e  i n s o f a r  

as  b lo o d  s u g a r  r e g u l a t i o n  i s  c o n c e r n e d  and g lu c o s e  i s  ad d ed  t o  

th e  b lo o d  from  th e  g ly c o g e n  s t o r a g e  r e s e r v o i r s  a t  a r a t e  f a s t e r  

th a n  th e  m e ta b o l i c  a c t i v i t i e s  o f  t h e  c o n t r a c t i n g  m u sc le s  r e ­

q u i r e .  The r e s u l t  i s  a  r i s e  i n  th e  b lo o d  s u g a r  c o n c e n t r a t i o n .  

T h is  e f f e c t  i s  more p ro n o u n c e d  i n  i n t e r m i t t e n t  th a n  i n  c o n t i n ­

uous e x e r t i o n .  The r e s u l t s  o f  th e  p r e s e n t  e x p e r im e n t  i n d i c a t e s  

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

s u g a r  l e v e l  as  w e l l  a s  m usc le  g ly c o g e n  show a f a l l  -  so m etim es  

t o  l e s s  t h a n  h a l f  th e  norm al v a l u e .  T h is  i s  i n t e r p r e t e d  a s  i n ­

d i c a t i n g  e x h a u s t i o n  o f  a v a i l a b l e  g*lycogen s t o r e s .
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Phosphocreatine

The oxygen d e b t  g iv e s  an e s t im a t e  o f  th e  r e s e r v e  e n e rg y  

t h a t  can  be d e r i v e d  from  a n a e r o b ic  p r o c e s s e s  i n  e x c e s s  o f  th e  

im m ed ia te  a v a i l a b l e  oxygen s u p p ly .  The maximum r e s e r v e  e n e r g y  

t h a t  c a n  be f u r n i s h e d  i n  s e v e re  e x e r c i s e  t o  t h e  p o i n t  o f  e x ­

h a u s t i o n  i s  l i m i t e d  by  t h e  c r e a t i n e  p h o sp h a te  r e s e r v e  i n  m uscle  

and by th e  amount o f  l a c t i c  a c id  w h ich  t h e  body c an  t o l e r a t e .

The r e s u l t s  o b t a i n e d  i n  th e  p r e s e n t  e x p e r im e n t  on th e  p h o s -  

p h o c r e a t i n e  c o n te n t  o f  m usc le  t i s s u e  of t r a i n e d  and u n t r a i n e d  

a n im a ls  u n d e r  c o n d i t i o n s  o f  r e s t  and e x h a u s t i o n  i s  r e c o r d e d  i n  

T a b le s  XVI a n d  X V II. A summary o f  th e  a v e ra g e  d a t a  i s  a s  

f o l l o w s :

P h o s p h o c r e a t in e  C o n te n t  of M uscle 
T is s u e  r e c o r d e d  i n  mgm. p e r  c e n t

R e s t  E x h a u s te d  Change

U n t r a in e d  51*6 2 1 .8  2 9 .8

T r a i n e d  7 0 .0  9 .1  6 0 .9

Prom th e  above i t  c a n  be s e e n  t h a t  th e  p h o s p h o c r e a t in e  c o n te n t  

o f  th e  m u sc le  o f  t h e  t r a i n e d  a n im a ls  was 74 p e r  c e n t  g r e a t e r  th a n  

i n  t h e  u n t r a i n e d  g r o u p .  The t r a i n e d  g ro u p  o f  a n im a ls  s howed an 

a v e ra g e  p h o s p h o c r e a t in e  c o n t e n t  o f  70 m i l l ig r a m s  p e r  c e n t  w h i l e  

th e  u n t r a i n e d  had an  a v e ra g e  o f  5 1 .6  m i l l ig r a m s  p e r  c e n t ,  i n d i c a ­

t i n g  an a v e ra g e  o f  2 1 .6  mgm. more p h o s p h o c r e a t i n e .  I n  a d d i t i o n ,  

i t  can  be se e n  t h a t  n o t  o n ly  d id  th e  t r a i n e d  a n im a ls  have a  g r e a t ­

e r  p h o s p h o c r e a t in e  c o n c e n t r a t i o n  i n  t h e i r  m uscle  t i s s u e ,  b u t  t h e y  

w ere  a l s o  a b le  t o  u t i l i z e  a g r e a t e r  am ount. As t h e  t a b l e  above 

i n d i c a t e s ,  th e  t r a i n e d  a n im a ls  i n  c o n t r a s t  to  th e  u n t r a i n e d  a n i -
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m als  w ere a b le  t o  u se  3 1 .1  mgm* p e r  c e n t  more p h o s p h o c r e a ­

t i n e  t h a n  th e  u n t r a i n e d  a n im a l s .  T h u s , i t  w ou ld  seem t h a t  

t r a i n i n g  i n c r e a s e d  th e  p h o s p h o c r e a t in e  r e s e r v e  of m u s c le ,  

t h e r e b y  e n a b l i n g  th e  t r a i n e d  a n im a l  t o  a c q u i r e  a g r e a t e r  oxy ­

g en  d e b t  t h a n  th e  u n t r a i n e d ,  due t o  th e  f a c t  t h e r e  i s  a  g r e a t ­

e r  ra n g e  o f  e n e r g y  r e s e r v e  f o r  a n a e r o b ic  p r o c e s s e s .

F i s k e  and Subbarow (21) fo u n d  th e  d i s s o c i a t i o n  c o n s t a n t  

o f  p h o s p h o c r e a t in e  was r o u g h l y  250 t im e s  as g r e a t  a s  th e  c o n ­

s t a n t  o f  o r t h o  p h o s p h o r ic  a c i d  a t  th e  same i o n i c  s t r e n g t h .

T h is  r e s u l t ,  w h ic h  i s  p re su m a b ly  t o  be a t t r i b u t e d  to  th e  unmask­

in g  o f  th e  c a r b o x y l  g ro u p ,  t o  m en t io n  one f u n c t i o n ,  s in c e  t h e r e  

may be o t h e r s ,  i s  t h a t  o f  n e u t r a l i z i n g  a  c o n s i d e r a b l e  p a r t  o f  

t h e  l a c t i c  a c i d  fo rm e d  d u r in g  m u sc u la r  c o n t r a c t i o n .  The above 

a u th o r s  t h i n k  t h i s  i s  th e  p r im a ry  p u rp o se  o f  th e  h y d r o l y s i s  o f  

p h o s p h o c r e a t in e  i n s t e a d  o f  th e  l i b e r a t i o n  o f  e n e rg y  f o r  m uscu­

l a r  c o n t r a c t i o n .

C a l c u l a t i o n s  by  F i s k e  and  Subbarow have shown t h a t  the  h y ­

d r o l y s i s  o f  p h o s p h o c r e a t in e  l i b e r a t e s  s u f f i c i e n t  b ase  u n d e r  op­

timum c o n d i t i o n s  ( i . e . ,  t h e  maximum amount of b a se  i s  r e l e a s e d  

a t  pH 6 , w h ich  i s  r o u g h ly  th e  a c i d i t y  o f  c o m p le te ly  f a t i g u e d  

m u sc le )  t o  n e u t r a l i z e  th e  l a c t i c  a c i d  fo rm ed  up t o  a c o n c e n t r a ­

t i o n  o f  a b o u t  0 .2 3  p e r  c e n t .  A p p ro x im a te ly  h a l f  o f  t h i s  amount 

o f  l a c t i c  a c i d ,  m o re o v e r ,  c a n  be n e u t r a l i z e d  a t  pH 7 ,  i . e . ,  w i t h ­

o u t  th e  d e v e lo p m e n t  o f  any  a c i d i t y  a t  a l l .

I f  i t  i s  t r u e ,  a s  h a s  b e e n  c la im e d  by  M eyerho ff  and  Lohmann 

(61) t h a t  th e  m ain  r e s t r i c t i o n  on m u sc u la r  p e rfo rm a n c e  i s  th e  

a c c u m u la t io n  o f  a c i d  i n  th e  c e l l s ,  t h e n  th e  h y d r o l y s i s  o f  p h o sp h o -
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c r e a t i n e  as  P i s k e  p o i n t s  o u t  seems now to  be th e  p r i n c i p a l  

f a c t o r  p e r m i t t i n g  c o n t r a c t i o n  to  t a k e  p l a c e  w i t h o u t  th e  a p p e a r ­

ance o f  f a t i g u e .

I t  a p p e a rs  t h e n  t h a t  t r a i n i n g  i n  e n a b l in g  th e  an im a l to  

b u i l d  up a  g r e a t e r  c r e a t i n e  p h o sp h a te  r e s e r v e ,  makes i t  p o s s i ­

b l e  f o r  t h e  a n im a l  t o  a c q u i r e  a  g r e a t e r  oxygen d e b t  i n  tw o 

w ays:  F i r s t ,  by  p r o v i d in g  th e  c o n d i t i o n e d  a n im a l  a g r e a t e r

s t o r e  o f  r e s e r v e  e n e rg y  t h a t  can  be d e r iv e d  fro m  a n a e r o b ic  j r  o -  

c e s s e s ,  and  s e c o n d l y ,  by p r o v id in g  more b a se  i n  t h e  h y d r o l y s i s  

o f  more a v a i l a b l e  p h o s p h o c r e a t in e  f o r  th e  b u f f e r i n g  o f  l a c t i c  

a c i d .

K etone  B o d ies

A bundan t e v id e n c e  has a c c u m u la te d  t h a t  k e to n e  b o d ie s  a r e  

f r e e l y  u s e d  b y  th e  norm al m uscle  t i s s u e .  E x p e r im e n ts  w i th  p e r ­

f u s e d  s u r v i v i n g  l im b s  o f  e x p e r im e n ta l  a n im a ls  were done by  

G r ie s b a c h  ( 3 1 ) ,  S n a p p e r  and Grunbaum (69) and T o e n n ie s s e n  and 

B rinkm an ( 7 2 ) .  K etone u t i l i z a t i o n  f ro m  c a l c u l a t i o n s  o f  b lo o d  

and  t i s s u e  k e to n e  body l e v e l s  f o l lo w in g  i n j e c t i o n  o f  a c e t o a c e t a t e  

o r  B - h y d ro x y b u ty r a te  i n  e v i s c e r a t e d  p r e p a r a t i o n s  have b e e n  made 

by  F r ie d m a n  ( 2 6 ) ,  and C h a ik o f f  and  S o s k in  ( 1 0 ) .  The e v id e n c e  

u n i f o r m ly  p o i n t s  t o  co m p le te  o x i d a t i o n  o f  t h e  s u b s t r a t e .  C a re ­

f u l  m easu rem en ts  by  B l ix e n k r o n e - M o e l l e r  (5) who d e te rm in e d  b o t h  

th e  k e to n e  b o dy  u t i l i z a t i o n  a n d  oxygen c o n su m p tio n  o f  p e r f u s e d  

h in d  l im b s  o f  th e  c a t  i n  th e  r e s t i n g  s t a t e  and when w ork ing  

( e l e c t r i c a l  s t i m u l a t i o n ) ,  gave a s  th e  mean o f  11 d e te r m in a t io n s  

a  r a t i o  o f  3 .6  m oles o f  oxygen  t o  one mole o f  a c e t o a c e t a t i  c o n ­

sum ed. T h is  i s  r e m a rk a b ly  c l o s e  t o  t h e  t h e o r e t i c a l  v a lu e  o f  3 .5
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and  p ro v e s  t h a t  th e  s u b s t r a t e  i s  c o m p le te ly  o x i d i z e d .

The a r t e r i o - v e n o u s  k e to n e  d i f f e r e n c e  o f  c e r t a i n  o rg an s  

h a s  a l s o  b e e n  u s e d  t o  show k e to n e  body u t i l i z a t i o n .  G o ld fa rb  

and  Himwich (29) i n  s u c h  s t u d i e s  r e p o r t e d  t h a t  s t r i a t e d  m usc le  

and  h e a r t  u t i l i z e d  k e t o n e s ,  b u t  t h a t  th e  b r a i n  d id  n o t .  B arnes  

and  D ru ry  (3 ) a l s o  d e m o n s t r a te d  th e  u t i l i z a t i o n  o f  k e to n e s  by 

p e r i p h e r a l  t i s s u e s  b y  t h i s  m e th o d .

H a r r i s o n  and  Long (34) em ployed a u n iq u e  m ethod f o r  th e  d e ­

t e r m i n a t i o n  o f  k e to n e  u t i l i z a t i o n  by th e  m u s c le .  Prom b lo o d  

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

u l a r  w a t e r .  Even when b lo o d  k e to n e s  were h ig h  f o l lo w in g  p h l o r -

h i z i n  ( p h l o r h i z i n  i s  a  b i t t e r  g l u c o s i d e ,  C2 , H2 f  %
4 2

d e r i v e d  f ro m  th e  r o o t  b a r k  o f  a p p le ,  c h e r r y ,  plum and p e a r  

t r e e s )  o r  a n t e r i o r  p i t u i t a r y  i n j e c t i o n ,  th e y  c o u l d  f i n d  no s i g ­

n i f i c a n t  amount o f  k e to n e  i n  m usc le  c e l l  w a te r  e x c e p t  a t  h ig h  

b lo o d  c o n c e n t r a t i o n s ,  t h u s  i n d i c a t i n g  t h a t  m usc le  m e ta b o l ism  o f  

k e to n e s  was s u f f i c i e n t l y  a c t i v e  t o  m a i n t a i n  them a t  p r a c t i c a l l y  

z e r o  l e v e l  w i t h i n  t h e  c e l l .

The e x p e r im e n ta l  d a t a  o b t a i n e d  in  t  he r e s e a r c h  u n d e r  d i s ­

c u s s i o n  show t h a t  no k e to n e  b o d i e s  c o u ld  be f o u n d  i n  m uscle  

t i s s u e  o f  e i t h e r  t h e  t r a i n e d  g rou p  o r  the  u n t r a i n e d  g ro u p  a t  

r e s t ,  T ab le  XVI, w h i le  th e  b lo o d  o f  the  t r a i n e d  a n im a l s ,  T ab le  

XIV, had  an  amount s l i g h t l y  h i g h e r  th a n  t  he u n t r a i n e d .  The f o r ­

mer b e in g  1 .7 7 3  mgm/lOO m l . ,  t h e  l a t t e r  b e in g  1*550 mgm/lOO m l.  

o f  b lo o d .

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

n e s s  t h e  b lo o d  p i c t u r e  o f  th e  r a t s  was q u i t e  d i f f e r e n t .  As Table 

XV show s, th e  b lo o d  o f  th e  t r a i n e d  g ro u p  c o n ta in e d  much g r e a t e r
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c o n c e n t r a t i o n s  o f  k e to n e  b o d i e s  th a n  t h e  u n t r a i n e d ;  to  th e  

e x t e n t  o f  107 p e r  c e n t  more on th e  a v e r a g e .  The a n a l y s i s  o f  

m usc le  t i s s u e ,  T ab le  X V II, a l s o  gave a  r a t h e r  i n t e r e s t i n g  p i c ­

t u r e ,  show ing  k e to n e  b o d i e s  a cc u m u la te d  t o  th e  e x t e n t  o f  1 .3 8 4  

mgm* p e r  c e n t  i n  th e  u n t r a i n e d  and 8*657 p e r  c e n t  i n  th e  t r a i n ­

e d ,  t h e  mean d i f f e r e n c e  b e in g  525 p e r  c e n t ,  i n d i c a t i n g  t r a i n i n g  

a l s o  h a d  some b e n e f i c i a l  e f f e c t s  upon k e to n e  body  t o le r a n c e *

Prom r e s u l t s  o b t a i n e d  i n  e x p e r im e n ts  on d ogs by  M irsky  and 

Broh-K ahn ( 5 2 ) ,  i t  i s  e v id e n t  t h a t  an i n c r e a s e d  m e ta b o l ism  

e l i c i t s  an  i n c r e a s e d  r a t e  o f  u t i l i z a t i o n  of k e to n e  b o d ie s  b y  th e  

e x t r a  h e p a t i c  t i s s u e s .  I m p l i c i t  i n  B a rk e r* s  (2 ) c a l c u l a t i o n s  i s  

th e  a s s u m p t io n  t h a t  k e to n e s  a cc u m u la te  i n  th e  b lo o d  and u r i n e  o f  

t h e  d e p a n c r e a t i z e d  d o g  b e c a u se  t h e y  a r e  i n c a p a b le  o f  f u r t h e r  ox­

i d a t i o n .  How ever, a s  C h a ik o f f  and S o s k in  ( 1 0 )d e m o n s tr a te d ,  th e  

d i a b e t i c  o rg a n ism  u t i l i z e s  k e to n e s  a t  a  norm al r a t e  b u t  th e s e  

s u b s t a n c e s  a c c u m u la te  s o l e l y  i n  amounts t h a t  r e p r e s e n t  th e  b a l ­

ance  be tw een  t h e i r  r a t e  o f  f o r m a t io n  b y  l i v e r  and  t h e i r  r a t e  o f  

u t i l i z a t i o n  by  th e  e x t r a  h e p a t i c  t i s s u e s .

D ru ry ,  W ick and  MacKay (16) have d e m o n s tr a te d  i n  e x p e r i ­

m en ts  w i t h  r a t s  i n  w h ic h  a  s t a t e  o f  k e t o s i s  had  been  a r t i f i ­

c ia l ly  p r o d u c e d ,  a  s h o r t  b o u t  o f  heavy  e x e r c i s e  c a u s e s  an immed­

i a t e  d r o p  i n  th e  b lo o d  k e to n e  l e v e l .  D uring  a p e r i o d  o f  t h r e e  

t o  f o u r  h o u rs  t h e r e a f t e r  t h e r e  was a phase  o f  o v e r - p r o d u c t i o n  o f  

k e to n e  b o d i e s ,  so  t h a t  th e  b lo o d  v a l u e s  f o r  e x e r c i s e d  a n im a ls  

w en t t o  h i g h e r  l e v e l s  t h a n  i n  c o n t r o l s .  The p r e s e n t  w ork  co n ­

f i r m s  t h i s  v iew  i n  n o rm al a n im a ls  and even  more so i n  th e  t r a i n e d  

g ro u p  o f  a n im a l s .
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R e s u l t s  o f  e x p e r im e n ta l  work s u p p o r t s  th e  v iew  t h a t  i n  

k e t o s i s  s t a t e s ,  e x e r c i s e  i n c r e a s e s  th e  o x i d a t i o n  o f  k e to n e  

b o d ie s  and  a l s o  c a u s e s  th e  l i v e r  t o  p ro d u ce  them a t  a  h i g h e r  

r a t e *  I n  man t h e s e  ch an ges  w ere  n o t  d e m o n s t ra te d  f o r  l i g h t  e x ­

e r c i s e .  A d ro p  d u r in g  heavy  e x e r c i s e  was o b t a i n e d .

The p o s s i b l e  m echanism  o f  th e  a c t i o n  of e x e r c i s e  on k e to n e  

b o d ie s  may p o s s i b l y  be e x p l a i n e d  i n  th e  fo l lo w in g  way. The 

i n i t i a l  f a l l  w h ich  has b e e n  o b se rv e d  by  some w o r k e r s  i n  th e  k e ­

to n e  body l e v e l  o f  th e  b lo o d ,  w h ich  r e s u l t s  from  e x e r c i s e  i s  

m ost r e a s o n a b l y  e x p l a i n e d  by an i n c r e a s e d  r  a t e  o f  u t i l i z a t i o n #

I n  s e v e r e  e x e r c i s e  t h e  i n c r e a s e  i n  k e to n e  body  c o n c e n t r a t i o n  

may be e x p l a i n e d  i n  t h e  f o l l o w i n g  m an ner .  D i l l ,  Edwards and 

Mead (15 )  and  Gannon and  B r i t t o n  (9) have d e m o n s t r a te d  i n  

s e v e re  e x e r c i s e  e p in e p h r in e  s e c r e t i o n  i s  ab u n d an t  and c a u s e s  an 

i n c r e a s e  i n  g l y c o g e n o ly s i s  when c a rb o h y d ra te  f o r  su ch  i s  a v a i l ­

a b l e .  When t h e r e  i s  a  l a c k  o f  c a r b o h y d r a t e ,  e p in e p h r in e  i n ­

c r e a s e s  k e to n e  body f o r m a t i o n .  T h is  f a c t  was d e m o n s tra te d  by 

A n d e rso n  and  A n d e rso n  ( l )  i n  t h e i r  w ork  on k e t o s i s .  T h is  may 

w e l l  be  t h e  c a u se  o f  t h e  o v e r - p r o d u c t i o n  o f  k e to n e  b o d i e s  d u r in g  

and im m e d ia te ly  f o l lo w in g  e x h a u s t i v e  e x e r c i s e  when t h e r e  i s  a 

c o n d i t i o n  t h a t  may r e q u i r e  a  l o t  o f  them , s u c h  as i n  c a rb o h y d ra te  

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

when t h e r e  i s  n e e d  f o r  i t  and  an ample su p p ly  of g ly co g e n  i s  

a v a i l a b l e #

S in c e  i n  th e  c o n d i t i o n  o f  e x h a u s t i o n  t h e r e  i s  more k e to n e  

b o d i e s  p ro d u c e d  th e n  can  b e  u t i l i z e d  by th e  t i s s u e ,  t h e y  w i l l  

a c c u m u la te  a s  does  l a c t i c  a c i d ,  w a i t i n g  f o r  more f a v o r a b l e  c i r ­

c u m s ta n c e s  (an  ample oxygen s u p p l y )  so t h a t  t h e y  may be o x id iz e d
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r e l e a s i n g  CO2 and  w a te r  and  e n e rg y ,  t h e  e n e rg y  b e in g  u s e d  f o r  

r e s y n t h e s i s  o f  more p h o s p h o c r e a t in e .

From t h e  r e s u l t s  o b t a i n e d  i n  t  h i s  e x p e r im e n t  w i t h  t h e  

t r a i n e d  g ro u p  o f  a n im a l s ,  i t  a l s o  a p p e a r s  t h a t  t r a i n i n g  makes 

th e  p a th w a y  f o r  f a t  m e ta b o l ism  more e f f i c i e n t  and more e a s i l y  

a v a i l a b l e  t o  th e  a n im a l  f o r  th e  a c q u i s i t i o n  o f  n e c e s s a r y  

e n e r g y .

S t u d i e s  on R .Q . i n d i c a t e  t h a t  o x i d a t i o n  o f  f a t  may p la y  a 

more im p o r t a n t  r o l e  i n  p r o v i d in g  n e c e s s a r y  e n e rg y  f o r  an im al 

d u r in g  s e v e r e  e x e r c i s e  th a n  was p r e v i o u s l y  b e l i e v e d .  S t u d i e s  

o f  th e  r e s p i r a t o r y  q u o t i e n t  o f  m u sc les  i n  the  f a s t i n g  s t a t e  

e i t h e r  i n  v i t r o  o r  i n  th e  i n t a c t  s t a t e  g i v e s  v a lu e s  c lo s e  t o  

t h e o r e t i c a l  v a lu e  o f  0 .7  f o r  o x i d a t i o n  o f  f a t  a s  has been  de­

m o n s t r a t e d  by  G -oldfarb  and Himwich ( 3 0 ) .  D ru ry  and McMaster 

(17) c o n t r i b u t e d  v a lu a b le  e v id e n c e  by d e te rm in in g  th e  R.Q. of 

r a b b i t s  d e p r iv e d  o f  t h e i r  l i v e r s .  F o l lo w in g  f a t  f e e d i n g ,  th e  

R.Q,. was n o t  s i g n i f i c a n t l y  changed  from  th e  p r e l i m i n a r y  p e r i o d  

b e f o r e  h e p a te c to m y .  T h e i r  a v e rag e  R.Q. v a lu e  i n  t h e  p r e l i m i ­

n a ry  p e r i o d  was 0*73 f 0 .0 1 ,  and  re m a in e d  unchanged  even  as 

l a t e  as  24 h o u rs  a f t e r  t h e  o p e r a t i o n .  A p p a re n t ly  th e  o rgan ism  

d e p r iv e d  o f  l i v e r  i s  s t i l l  c a p a b le  o f  b u rn in g  f a t  in d e p e n d e n t  o f 

any  p o s s i b l e  f  o rm a t io n  o f  c a r b o h y d r a t e s  o r  k e to n e s  by p? i o r  

a c t i o n  of th e  l i v e r .  I n  o t h e r  w o rd s ,  t h e  low R.Q. v a lu e  i s  a  

t r u e  f a t  c o m b u s tio n  R .Q . and n o t  th e  a l g e b r a i c  sum o f  p r o c e s s e s  

g o in g  on i n  th e  l i v e r  an d  m u sc le s  s i m u l t a n e o u s ly .  C ru ic k sh a n k  

and K o s t e r l i t z  (11) i n  many e x p e r im e n ts  on dog h e a r t s  in  ■which 

t h e y  m easu red  th e  t o t a l  I n i t i a l  and f i n a l  phospho  l i p i d s ,  f a t t y
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a c i d s ,  and  c h o l e s t e r o l ;  fo u n d  when t h e r e  was low c a r d i a c  

g ly c o g e n  to  f a v o r  f a t  o x i d a t i o n ,  th e y  were a b le  to  demon­

s t r a t e  t h a t  th e  h e a r t  co u ld  and  d id  u t i l i z e  s t o r e d  f a t t y  

a c i d s  p e r  se  f o r  i t s  m e ta b o l i c  n e e d s .  T h is  c o n f i rm s  th e  o l d ­

e r  o b s e r v a t i o n s  o f  V i s s c h e r  (76) who, on th e  b a s i s  o f  oxygen 

and  c a r b o h y d r a t e  b a la n c e  s t u d i e s ,  had  made the  same c o n c l u ­

s io n *

E v id e n c e  a c c u m u la te d  by  B a r t l e t t (4) on R.Q,. s t u d i e s  w i th  

r a t s  and m ice w ould  s u p p o r t  th e  c o n t e n t i o n  o f  th e  a u th o r  from  

e v id e n c e  i n  t h i s  p r e s e n t  i n v e s t i g a t i o n  t h a t  o x i d a t i o n  of a c ­

c u m u la te d  k e to n e  b o d i e s  r e p r e s e n t e d  th e  a l a c t a c i d  0^ d e b t .

T h is  was s u g g e s t e d  t o  B a r t l e t t  by th e  a u th o r  as an  e x p l a n a t i o n  

f o r  h i s  f i n d i n g s  o f  low R.Q. v a lu e s  c h a r a c t e r i z i n g  th e  f i r s t  

t im e  p e r i o d  o f  r e c o v e r y  f o r  r a t s  and  mice i n  oxygen d e b t ,  s in c e  

i t  i n d i c a t e d  th e  o x i d a t i o n  of f a t s .



SUMMARY AND CONCLUSIONS

(1) An a p p a r a t u s  was d e s ig n e d  f o r  ru n n in g  an im als  to  

e x h a u s t i o n  and m e a su r in g  t h e i r  oxygen c o n su m p tio n  and oxygen 

d e b t ,

(2 )  t e s t i n g  oxygen con su m p tio n  as  w e l l  as oxygen deb t 

w ere  d e te r m in e d  on a l l  a n im a ls  b e fo r e  t r a i n i n g  was s t a r t e d ,

(3) B lo od  a n a l y s e s  were made, b o th ,  u n d e r  the  r e s t i n g  con­

d i t i o n  and a f t e r  e x h a u s t i o n ,  to  d e te rm in e  the  e f f e c t  o f e x e r ­

c i s e  and t r a i n i n g  on th e  a l k a l i n e  r e s e r v e ,  l a c t i c  a c i d ,  and 

k e to n e  body c o n t e n t ,

(4 ) T is s u e  a n a ly s e s  were made t o  d e te rm in e  th e  e f f e c t  o f  

t r a i n i n g  on th e  p h o s p h o c r e a t in e ,  g ly c o g e n ,  l a c t i c  a c i d ,  and 

k e to n e  b o d y  c o n te n t  o f  r a t  m u s c le ,

(5) As a r e s u l t  of t r a i n i n g ,  fu n d a m e n ta l  d i f f e r e n c e s  b e ­

tw een  t r a i n e d  a n im a ls  and u n t r a i n e d  a n im a ls  was d e m o n s t r a te d .  

The r e s t i n g  oxygen c o n su m p tio n  o f  t r a i n e d  an im a ls  was low er  

t h a n  th e  u n t r a i n e d ,  i n d i c a t i n g  t h a t  l o n g e r  and p ro b a b ly  more 

s t r e n u o u s  t r a i n i n g  b r o u g h t  a b o u t  a f a l l  i n  b a s a l  m e ta b o l ism .

(6) T r a i n in g  d e f i n i t e l y  i n c r e a s e d  th e  a b i l i t y  o f  r a t s  to  

a c q u i r e  g r e a t e r  oxygen  d e b ts  t h e n  t h e i r  u n t r a i n e d  k i n d .  D a ta  

o f  th e  p r e s e n t  e x p e r im e n t  i n d i c a t e s  t h a t  th e  oxygen d e b t  o f  

r a t s  was I n c r e a s e d  o v e r  200 p e r  c e n t  above th e  l e v e l  o f  u n t r a i n  

ed  a n im a ls  a f t e r  p r o g r e s s i v e  t r a i n i n g  on an  e x e r c i s e  w h e e l .

(7) A n a ly s i s  o f  th e  b lo o d  o f  r a t s  a t  r e s t  c o n c l u s i v e l y  

showed t h a t  t r a i n i n g  i n c r e a s e d  th e  b o d y Ts su p p ly  of b u f f e r  a lk a

l i .  E x e r c i s e  i t  seem s , " c h e m ic a l ly  t r a i n e d "  th e  b lo o d  by i n ­

c r e a s i n g  i t s  c o n te n t  o f  a v a i l a b l e  b a se  f o r  th e  n e u t r a l i z a t i o n
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o f  a c i d s .

(8 ) L a c t i c  a c i d  c o n c e n t r a t i o n s  o f  th e  b lo o d  a t  r e s t  in  

t h e  t r a i n e d  a n im a l  w ere  s l i g h t l y  lo w e r  th e n  i n  th e  u n t r a i n e d .  

A f t e r  e x h a u s t i v e  e x e r c i s e  a co m p a r iso n  o f  the  b loo d  d a ta  shows 

t h a t  t h e  t r a i n e d  g ro u p  was c a p a b le  o f  p ro d u c in g  and w i t h s t a n d ­

in g  an  amount o f  l a c t i c  a c i d  2 5 .5  p e r  c e n t  g r e a t e r  t h a n  t h e  u n ­

t r a i n e d  g r o u p .

(9) T r a i n in g  i n c r e a s e d  th e  amount o f  s u g a r  n o rm a l ly  p r e ­

s e n t  i n  th e  b lo o d  an d , t h e r e f o r e ,  made i t  p o s s i b l e  f o r  t h e  a n i ­

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

m als  i n  t h e i r  e x h a u s te d  c o n d i t i o n  were fo u n d  to  have lo w er  

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

t y  o f  a  g r e a t e r  e f f i c i e n c y  i n  th e  use  o f  a v a i l a b l e  e n e rg y  

s o u r c e s .

(10) E x p e r im e n ta l  d a t a  shows t h a t  no k e to n e  b o d ie s  c o u ld  

be fo u n d  i n  t h e  m uscle  t i s s u e  o f  e i t h e r  th e  t r a i n e d  anim al o r  

u n t r a i n e d  a n im a l  a t  r e s t .

(11) The b lo o d  o f  t r a i n e d  a n im a ls  a t  r e s t  had an amount of 

k e to n e  b o d ie s  on th e  a v e ra g e  s l i g h t l y  h ig h e r  th a n  th e  u n t r a i n e d .  

A f t e r  e x h a u s t i v e  e x e r c i s e  th e  b lo o d  o f  th e  t r a i n e d  g ro up  c o n ­

t a i n e d  much g r e a t e r  c o n c e n t r a t i o n s  of k e to n e  b o d ie s  th e n  th e  u n ­

t r a i n e d .  The a v e ra g e  k e to n e  body c o n c e n t r a t i o n  b e in g  107 p e r  

c e n t  g r e a t e r .

(12) K etone b o d ie s  a c c u m u la te d  i n  e x h a u s te d  m uscle  t o  th e  

e x t e n t  o f  1 .3 8 4  mgm. p e r  c e n t  i n  t h e  u n t r a i n e d  and 8 .6 5 7  mgm. 

p e r  c e n t  i n  th e  t r a i n e d ,  th e  mean d i f f e r e n c e  b e in g  525 p e r  c e n t .

(13) R e s u l t s  o b t a i n e d  i n  t h i s  e x p e r im e n t  w i th  th e  t r a i n e d
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g ro u p  o f  a n im a l s ,  makes i t  a p p e a r  t h a t  t r a i n i n g  made th e  

p a th w ay  f o r  f a t  m e ta b o l ism  more e f f i c i e n t  and more e a s i l y  a v a i l ­

a b le  t o  th e  a n im a l  f o r  th e  a c q u i s i t i o n  o f  n e c e s s a r y  e n e rg y .

(14 ) I n  c o n s i d e r a t i o n  of th e  low R.Q*s d e m o n s t ra te d  by 

o t h e r  i n v e s t i g a t o r s  i n  th e  f i r s t  tim e p e r i o d  o f  r e c o v e r y  o f  a n i ­

mals i n  oxygen d e b t ,  and  th e  f a c t  t h a t  k e to n e  b o d ie s  a c c u m u la te  

i n  m usc le  t i s s u e  of a n im a ls  i n  s t a t e s  o f  ex trem e e x h a u s t i o n ,  a s  

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

g e s t e d  t h a t  th e  a c c u m u la te d  k e to n e  b o d ie s  may r e p r e s e n t  th e  a -  

l a c t a c i d  p o r t i o n  of th e  oxygen d e b t .

(1 5 )  I t  was shown t h a t  t r a i n i n g  d e f i n i t e l y  i n c r e a s e d  th e  

g ly c o g e n  c o n te n t  of m u s c le ,  and a l s o ,  e n a b le d  th e  a n im a ls  to  

u t i l i z e  more g ly c o g e n .

(16 ) U nder th e  c o n d i t i o n s  o f  th e  e x p e r im e n t  th e  phosp ho ­

c r e a t i n e  c o n t e n t  o f  th e  m uscle  o f  th e  t r a i n e d  a n im a ls  was 74 

p e r  c e n t  g r e a t e r  th a n  i n  th e  u n t r a i n e d  a n im a l s .

(17) I t  may be c o n c lu d e d :

A. T h a t  t r a i n i n g  i n  e n a b l in g  th e  an im al t o  b u i l d  

up a  g r e a t e r  a l k a l i n e  r e s e r v e ,  g l u c o s e ,  g ly c o g e n ,  and pho spho­

c r e a t i n e  c o n t e n t ,  made i t  p o s s i b l e  f o r  th e  an im a l  to  a c q u i r e  a 

g r e a t e r  oxygen d e b t  i n  two w ays:

(a )  by p r o v i d in g  th e  c o n d i t i o n e d  an im al w i th  a 

g r e a t e r  s t o r e  o f  r e s e r v e  e n e rg y  t h a t  c an  be d e r iv e d  from  a n a e ro ­

b i c  p r o c e s s e s ,  and

(b) by  p r o v i d i n g  more base  from  the  h y d r o l y s i s

o f  a g r e a t e r  amount o f  a v a i l a b l e  p h o s p h o c r e a t in e  and th e  g r e a t e r  

a l k a l i  r e s e r v e  f o r  th e  b u f f e r i n g  o f  m e ta b o l i c  a c id s*
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B. T h a t  t r a i n i n g  i n c r e a s e s  th e  e a se  w i th  w hich  an 

a n im a l  may d e r iv e  e n e rg y  fro m  f a t  s o u r c e s ,  as i s  e v id e n c e d  by 

an  i n c r e a s e  i n  k e to n e  body c o n c e n t r a t i o n  i n  th e  b lo o d  and 

m usc le  o f  t r a i n e d  a n im a l s ,  b o th  a t  r e s t  and i n  e x h a u s t i o n .
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