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The effect  of a single per iod of phys ica l  exer t ion on cer ta in  enzymes  of ene rgy  m e t a b o l i s m  
in the r a t  hea r t  was studied. Quali tat ive and quantitat ive h is tochemiea l  methods showed that  
a f te r  the r a t s  had been swimming  for  3 h at 28-30~ the act ivi ty  of glycogen phosphory lase  
A and B and of g iucose-6-phospha te ,  cy top lasmic  ~ -g lyce rophospha te ,  lac ta te ,  succinate ,  
and NAD o H 2 dehydrogenases  was lowered  while the act ivi ty of mi tochondr ia l  ~ - g l y c e r o p h o s -  
phate  dehydrogenase  was ra i sed .  An inc rease  in glycogen phosphory lase  act ivi ty  and g lucose -  
6-phosphate  and cy top lasmic  a -g lyce rophospha t e  dehydrogenase  act ivi ty  was observed  3 h 
af ter  swimming.  NAD �9 H 2 and lac ta te  dehydrogenase  act ivi ty  r emained  unchanged, while 
mi tochondr ia l  ~ -g lyce rophospha te  and succinate  dehydrogenase  act ivi ty continued to fall .  
The poss ib le  m e c h a n i s m s  of these  changes a r e  d iscussed .  

The s tudy of m e t a b o l i s m  in the hea r t  musc l e  under  different  functional s ta tes  is an impor tan t  p r o b l e m  
in cur ren t  cardiology,  for  many  d i s ea se s  a r e  accompanied  by changes in the load on the myoca rd ium.  

It is now genera l ly  accepted  that  the leading e n e r g y - f o r m i n g  p r o c e s s  in the m y o c a r d i u m  of m a m m a l s  
under normal  conditions is the Krebs  cycle,  the s u b s t r a t e s  f o r  which a re  provided chiefly by  fl -oxidat ion of 
fat ty  acids and anaerobic  breakdown of c a rbo hyd ra t e s  [2, 10, 12, 18]. Compet i t ive  re la t ionsh ips  constant ly  
ex is t  between these  p r o c e s s e s ,  and they a re  de te rmined  by  the s ta te  of the body i tself ,  the act ivi ty  and a c c e s -  
s ibi l i ty  of the s u b s t r a t e s  and enzymes  of these  metabol ic  pathways,  and var ious  ex te rna l  f ac to r s .  It is gen-  
e r a l l y  cons idered  that  s u b s t r a t e s  f rom the s y s t e m  of f l -oxidat ion of fat ty acids account  for  60% of the total ,  
while those of g iycolys is  and glycogenolysis  account for  up to 30% of the total  s u b s t r a t e s  fo r  the Krebs  cycle  
[12, 18]. However,  according to da ta  in the l i t e r a tu re ,  in some  pathological  s ta tes  ~ypoxia ,  m y o c a r d i a l  
les ions ,  physica l  exert ion,  and so on) this ra t io  changes in favor  of act ivat ion of g lycolys is  and glycogenol-  
ys i s  [12, 18]. 

The object  of the p r e s en t  invest igat ion was the h i s tochemica l  study of ce r ta in  enzymes  of g lycolys is  
and giycogenolys is  and of the Krebs  cycle  in the m a m m a l i a n  myoca rd ium af ter  acute fatigue. The following 
enzymes  were  studied:  glycogen A and B phosphory lase  - the enzyme respons ib le  for  the initial  s t ages  of 
g lycogenolys is ;  g lucose -6 -phospha te  dehydrogenase  (G6PDH), pa r t i c ipa t ing  in the f i r s t  phase  of the pen tose  
cycle ;  c~-glycerophosphate dehydrogenase  (~GPDH) - mi tochondr ia l  and cy top lasmic  - an indicator  of phos -  
phate  oxidation in the mi tochondr ia  and in the cy top lasm;  lac ta te  dehydrogenase  (LDH), cha rac t e r i z ing  the 
convers ion  of l ac ta te  into pyruva te ;  succinate  dehydrogenase  (SDH), an indicator  of the Krebs  cycle ;  and 
reduced a l c o t i n a m i d e -  adenine dinucleotide dehydrogenase  (NAD �9 H2DH ) - an indicator  of t e rmina l  oxidation. 

E X P E R I M E N T A L  M E T  H O D  

Exper imen t s  we re  c a r r i e d  out on noninbred ma le  albino r a t s  weighing 180-200  g. Fat igue was produced 
by  swimming  in a bath for  3 h at 28-30~ The animals  were  decapi ta ted immedia t e ly  a f te r  swimming  and 
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Fig. 1. Total glycogen phosphorylase in the left ventricle of the rat  hear t :  a) intact rat; b) im- 
mediately after swimming for 3 h; c) 3 h af ter  swimming for 3 h. Takeuchi 's  method, 200• 

TABLE 1. Dehydrogenase Activity in Rat Myocardium (in pg 
f o r m a z a n / p g  protein per  section per  minute), M • m 

E~yme 

G6PDH ................. 
Total a GPDH ............ 
Mitochondrial c~ GPDH ...... 
Cytoplasmic ~ GPDH ........ 

LDH .................. 
SDH , ................. 
NAD" H2DH .............. 

Immed- 
iately 

Normal after [ 
swim - 
~n~ng for 

43-+0,7 35--0,9 
67'-- + 2 56-+ 1,1 
39-+2,5 48-+1,l 
28-+0,5 8-+0,009 

135--+1,6 117-+3,2 
i48-----4 127-+ 1,9 
130--+3,6 98-+ 1,3 

3 h after 
swim - 

Pl-2 ruing for 
3h 

<0 OOl 
<0,001 
<o,ool 
<0,001 
<0,001 
<o,ool 
<o,ool 

P2--3 

44- + 1,9 <o,ool 
55-+3 >0,001 

<o,ool 36-+2,5 <o,ool 19-+0,6 
117-+-2,9 
112---3,1 <0,001 
104-+3,9 o,05<p<o, 1 

3 h la ter .  At each t ime nine animals were sacr if iced.  The hear t s  of nine intact animals were used as the 
c o n t r o l  Sections were cut in a cryosta t  to a thickness of 7 p for the detection of phosphorylase  and 20 # 
for  quantitative h is tochemis t ry .  Total phosphorylase  was determined by Takeuchi ' s  method [19]. By exclu- 
ding AMP f rom the incubation medium, phosphorylase  A was detected. The difference between these two 
react ions  gave the content of phosphorylase B. Quantitative his tochemical  investigation of the dehydrogen- 
ases  was ca r r i ed  out by the method of Nar ts i ssov  and co-workers  using the media  of Hess, Scarpelli ,  P e a r s e  
(G6PDH, total o~GPDH, and LDH) and of Quaglino and Hayhoe (mitochondrial o~GPDH, SDH, and NAD �9 H2DH). 

The mtmerical  resul ts  were subjected to stat ist ical  analysis by the usual methods. 

E X P E R I M E N T A L  RESULTS 

According to data in the literature [15, 21] glycogen phosphorylase in the mammalian heart exists in 
two forms: active phosphorylase A and inactive B, which is activated in the presence of AMP and converted 
into A. Although glycogen phosphorylase can participate in glycogen breakdown and synthesis, in the mam- 
malian heart this enzyme is considered to be responsible for glycogen breakdown, whereas glycogen synthe- 
sis takes place by means of uridine nucleotides without the participation of phosphorylase [15, 21]. In micro- 
scopic sections phosphorylase  activity was revealed as glycogen granules of different s izes ,  a r ranged  dif- 
fusely in the myocytes  or repeating the c ros s - s t r i a t i on  of the myofibri ls .  Differences in the activity of the 
enzyme in individual myocytes  in the different chambers  of the hear t  and layers  of the myocard ium was ob- 
served,  creat ing a picture of mosa ic i sm in its topography. 

Alongside myocytes  almost  devoid of activity there  were f ibers  with large numbers  of glycogen gran-  
ules (Fig. la). 

Moderate phosphorylase  B activity, slightly higher than phosphorylase A activity, was observed in the 
hear t  of the control animals,  and in the ventr ic les  the activity of both phosphorylases  was ra ther  higher than 
in the atria,  while in the right ventr icle  it was higher than in the left. The activity was maximal in the sub- 
endocardial  zones, especial ly  of the r ight  Ventricle, and in the ventr icular  septum neare r  to the base of the 
heart .  The local izat ion of phosphorylase  cor responded to the distribution of glycogen, in agreement  with 
data in the l i te ra ture  [6, 16]. Immediate ly  after swimming for 3 h there was a small  decrease  in the activity 
of both forms of phosphorylase  (Fig. lb), but phosphorylase B still continued to be slightly predominant, 
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although at the s a m e  t ime  the act ivi ty  of the enzyn~e was red is t r ibuted .  There  were  fewer  myocy tes  with 
high ac t iv i ty  of the enzyme but a sha rp  i nc rea se  in the phosphory lase  A and, in pa r t i cu la r ,  phosphory lase  B 
act ivi ty around the v e s s e l s .  In the subendocardia l  zones and, to a l e s s e r  degree ,  in the ven t r i cu la r  sep tum 
the act ivi ty  of both f o r m s  of phosphory lase  r ema ined  high, just  as in the normal  hea r t .  

The high act ivi ty  of both f o r m s  of the enzyme  in the:r ight  a t r ium and the i r  l ower  ac t iv i ty  around the 
v e s s e l s  than at the prev ious  t ime  will be noted. 

By  c o m p a r i s o n  of the se  r e su l t s  with the well-known fact  that the glycogen content in the ra t  h e a r t  
fal ls  af ter  a s ingle exposure  to physica l  exer t ion  (swimming) [3, 4, 7, 11, 13], i t  c a n b e  postula ted  that  a 
single per iod of phys ica l  exer t ion  leds to act ivat ion of glycogenolysis  and to a d e c r e a s e  in the quantity of 
glycogen. After  a r e s t  for  3 h the glycogen content and phosphory lase  act ivi ty  were  r e s t o r e d  to or  above 
the i r  initial level .  

No informat ion  on quanti ta t ive h i s tochemica l  invest igat ion of dehydrogenases  in the m a m m a l i a n  h e a r t  
a f te r  exer t ion  could be found in the l i t e r a tu re .  The exis t ing b iochemica l  and so l i t a ry  h is tochemica l  inves t i -  
gations [8, 9, 20] have yielded conflict ing r e su l t s  and deal mainly  with the study of the enzyme content a f t e r  
t ra ining [1, 14, 17]. 

It will be  c l ea r  f rom Table  1 that the mos t  active enzyme in the ra t  myoca rd ium is SDH. Next follow 
LDH, NAD �9 H2DH , mi toehondr ia l  o~GPDH, cy top lasmic  o~GPDH, and G6PDH. Consequently,  the p redominan t  
ene rgy-produc ing  p r o c e s s  in the r a t  hea r t  mus t  be  the Krebs  cycle,  in ag reement  with da ta  in the l i t e r a t u r e  
[10, 12, 18]. 

Immedia t e ly  a f te r  exer t ion the re  was a d e c r e a s e  in the act ivi ty  of G6PDH, cy top lasmic  aGPDH, LDH, 
SDH, and NAD �9 H2DH and an inc rease  in the act ivi ty  of mi tochondr ia l  ~GPDH. P r e s u m a b l y ,  t he re fo re ,  the 
inc reased  glycogenolysis  n e c e s s a r y  for the work of the myoca rd ium under  the e0ndit ionof an inc reased  
functional load led to exhaustion of the act ivi ty  of cer ta in  enzymes of glycogenolysis  and the Krebs  cycle .  
The increase  in mi tochondr ia l  (~GPDH a e t i v i t y m a y  indicate an inc rease  in the me tabo l i sm  of t r i o se  phos -  
phates ,  the source  of which could be  l ipids as well  as ca rbohydra tes .  The d e c r e a s e  in SDH and NAD * H2DH 
act ivi ty  could be  connected with changes in the s t ruc tu re  of the mi tochondr ia  [7]. The changes d e s c r i b e d  
a r e  pa r t l y  r e v e r s ~ l e ,  for 3 h a f te r  exer t ion  a tendency was obse rved  for  the act ivi ty  of G6PDH and cy to-  
p l a smic  ~GPDH to r i se ,  poss ib le  evidence of r e s to ra t i on  of normal  ca rbohydra te  me tabo l i sm.  A r e s t  of 3 h, 
however ,  was not long enough to allow r e c o v e r y  of the act ivi ty of the mi tochondr ia l  enzymes  and LDH. 
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