
C H A N G E S  IN T H E  U L T R A S T R U C T U R E  

" I N T A C T "  Z O N E  O F  H E A R T  M U S C L E  

A C T I V I T Y  O F  T H E  H E A R T  I N  A C U T E  

I S C H E M I A  

V.  S. P a u k o v ,  V .  A.  F r o l o v ,  
a n d  T .  M.  Y u d a k o v a  

O F  T H E  

A N D  C O N T R A C T I L E  

M Y O C A R D I A L  

UDC 616.127-005.4-091.8-076.4 

Acute myocard ia l  i schemia  of the left ventr ic le  was produced in 20 chinchil la rabbi ts .  The 
contract i le  act ivi ty of the left vent r ic le  was de te rmined  a f t e r  5, 20, and 40 min and 3 days,  
and the ene rgy  deficit and potential  working capaci ty  of the card iac  muscle  were  calculated.  
Quantitat ive analysis  of the ECGs was c a r r i e d  out and the coefficient  of ene rgy  eff ic iency 
of the mi tochondr ia  calculated.  Signs of hyperfunct ion of the u l t r a s t r u c t u r e s  of the musc le  
cei ls  appeared  5 rain a f te r  occlusion of the co rona ry  v e s s e l  in the unaffected a r ea s  of the 
myocard ium;  dest ruct ion and format ion  of the u l t r a s t r u c t u r e s  followed in the course  of 40 
min of energy  deficit  of the hear t  musc le .  O n t h e 3 r d d a y t h e  changes i n t h e u l t r a s t r u c t u r e s  
gave evidence of the development of compensa to ry  and adaptive p r o c e s s e s  leading to in- 
c r e a s e d  production of energy  and enabling the hear t  to p e r f o r m  its rea l  function. 

Most work e r s  who have studied the u l t r a s t ruc tu re  of the myoca rd ium in infarct ion have descr ibed  
only the les ions in the zone of nec ros i s  of the hear t  musc le .  The so -ca l l ed  intact zone, i .e.,  myocard ium 
not within the zone of the occluded co rona ry  a r t e ry ,  has rece ived  fa r  less  study. 

The object  of this investigation was to study the state of the intact zone of hea r t  muscle  in the ea r ly  
s tages  of myoca rd i a l  infarct ion and to es tab l i sh  the connection between the morphologica l  changes and the 
contract i le  act ivi ty of the hear t .  

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

Twenty chinchil la rabbi ts  were  used. In acute expe r imen t s  under  hexobarb[ ta l  anes thes ia  and with 
a r t i f i c ia l  venti lat ion,  the background ECGs were  r eco rded  a f t e r  which the descending branch of the left 
co rona ry  a r t e r y  was ligated. P a r a m e t e r s  of contract i le  act ivi ty  of the hear t  were than de te rmined  5, 20, 
and 40 min and 3 days la ter :  the t rue sys to l ic  p r e s s u r e  in the left vent r ic le  (VP r) and the max ima l  in t r a -  
ven t r i cu la r  p r e s s u r e  (VPm); the duration of mechanica l  diastole was calculated f rom the r eco rds  of i n t r a -  
ven t r i cu l a r  p r e s s u r e  and the p r e s s u r e  in the carot id  a r t e ry ,  and by means  of spec ia l  equations [7, 8] a 
coefficient  cha rac te r i z ing  the potential  working capaci ty  of the myoca rd ium (rT) and the ene rgy  deficit  (ED) 
of the hear t  muscle  was  calcula ted.  

At each stage of the exper iment  p ieces  of t i s sue  were  exc ised  f rom the intact myoca rd ium (pos te r io r  
wall  of the left ventr ic le)  of 5 rabbi ts  for  e l e c t r o n - m i c r o s c o p i c  study. The m a t e r i a l  was fixed in a 1% 
buffered solution of OsO 4 and embedded in Araldi te .  The sect ions were  examined in the U]~MV 100K 
e lec t ron  mic roscope .  Thi r ty  e lec t ron  mic rog raphs  for  each stage of the exper iment  were  subjected to 
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TABLE 1. P a r a m e t e r s  of Mechan ica l  Act iv i ty  of Left V e n t r i c l e  
and U l t r a s t r u c t u r e  of Intact  Zone in Acute Foca l  M y o c a r d i a l I s c h e m i a  
(M 4- m) 

Parameters Normal 5 rain 20 mtn 40 rain a days 

VP r (in mm Hg) 
VP m (in mm Hg) 
,~ (in%) 
ED (in- a]c) 
No. of mitochondria 

per electron 
micro~raph 

No. of Cristae per 
mitochondrion 

Mean area of 1 . 
mitochondrion 
(in II 2) 

CEEM (in %) 

109• 
147• 

100" 
0 

13• 

5• 

0,44• 
100 

109• 
130• 

78 
40 

!1• 

3• 

0,53• 
58* 

112• 
126___+4 

73""t 
41 

9• 

3• 
{ 

0,73• 
58* 

92• 
126• 

73"t 
25 

i0• 

3+0,1 

3,74___0 ;05 
73 

90• t" 
138+__3" 

89* 
11 

9,4• 

5+-0,2 

0,54+--0,8* 
60* 

Legend.  The s igns  *,  ~ in  the  ho r i zon t a l  rows denote  m e a n  va lues  
be tween which the d i f fe rence  is not s ign i f i can t .  

F ig .  1. In tac t  zone,  5 m i n  a f t e r  oc c l u s i on  of c o r o n a r y  a r t e r y :  
s e v e r e  swel l ing  and d e s t r u c t i o n  of m i t o c h o n d r i a  (M), focal  
d e s t r u c t i o n  of m y o f i b r i l s  (MF), d i l a t a t ion  of t ubu le s  of s a r c o -  
p l a s m i c  r e t i c u l u m  (SR), d i s a p p e a r a n c e  of ce l l  g r a n u l e s  (21,000• 

quan t i t a t ive  a n a l y s i s  and the coef f ic ien t  of e n e r g y  e f f i c i ency  of the m i t o c h o n d r i a  (CEEM) ca lcu la t ed  by the 
a u t h o r s '  own method  [5]. S ta t i s t i ca l  a n a l y s i s  of the n u m e r i c a l  data  was c a r r i e d  out by S tudent ' s  method.  
The l eve l  of s ign i f i cance  of d i f f e r ences  be tween the m e a n s  was P - 0 . 0 5 .  

E X P E R I M E N T A L  R E S U L T S  

Marked  i n t r a c e l l u l a r  and i n t e r c e l l u l a r  e d e m a  and a r e a s  of s e p a r a t i o n  of the f ibe r s  with h o m o g e n i z a -  
t ion  and lys i s  of the m y o f i b r i l s  were  o b s e r v e d  in the ce l l s  of the in tac t  m y o c a r d i u m  of the left v e n t r i c l e  
5 m in  a f t e r  l iga t ion  of the c o r o n a r y  a r t e r y .  The n u m b e r  of m i t o c h o n d r i a  was much  l e s s  than  n o r m a l ,  they 
were  c o n s i d e r a b l y  swol len ,  the m a t r i x  of the o r g a n e l l e s  showed spots  o f  r educed  dens i ty ,  the c r i s t a e  were  
f r a g m e n t e d ,  and t h e i r  n u m b e r  was sha rp ly  reduced  (Fig. 1). F r e q u e n t l y  homogen ized  m i t o e h o n d r i a  
comple t e ly  without c r i s t a e  were  seen .  The ou te r  m e m b r a n e  of m a n y  m i t o e h o n d r i a  no l onge r  appea red  
double.  The n u m b e r  of g r a n u l e s  in the s a r c o p l a s m  was s h a r p l y  reduced .  Al l  these  changes  were  m o r e  
m a r k e d  a f t e r  20 min  of the e x p e r i m e n t .  Many s m a l l  l ip id  i n c l u s i o n s  in contac t  with the m i t o c h o n d r i a  ap -  
pea r ed .  The tubu les  of the s a r c o p l a s m i c  r e t i c u l u m  were  d i la ted .  The nuc le i  had s h a r p l y  indented  ou t l ines  
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Fig. 2. Intact zone, 3 days af ter  occlusion of coronary  ar te ry :  
focal hyperplasia  of mitochondria (M), increased number  of 
cr is tae ,  res torat ion of normal  s t ructure  of myofibri ls  (MF), 
sharp increase in number  of granules of glycogen (G) and lipids 
(L) (21,000• 

and an increased chromatin content. Edema of the cells was reduced 40 min after  ligation of the coronary  
ar te ry ,  the number of mitochondria was slightly increased,  union of the fragments  of their  cr is tae  was 
observed and the heterogeneity of the myocardia l  cells was increased.  After 3 days focal hyperplasia  of 
the mitochondria was found in the intact zone, they were less swollen, and the cr is tae  were more numerous.  
They were i r regular ly  ar ranged and severe ly  fragmented, curved in shape, and with multiple anastomoses  
between the fragments .  The cell edema had disappeared and the glycogen content was sharply increased 
(Fig. 2). Many lipid inclusions were present .  The normal  s t ructure  of the myofibri ls  was res tored.  The 
outlines of the nuclei were still indented. 

The results  of the quantitative analysis of the e lectron micrographs  and the results  of physiological 
investigation of the heart  are given in Table 1. 

Clearly the u l t ras t ruc ture  and function of the heart ,  which were disturbed during the f i rs t  few minutes 
after  the onset of acute myocardia l  ischemia,  by the 3rd day were showing a tendency to return to normal .  

Comparison of the C E E M  with the cardiac  function and the value of ED (Fig. 3) suggests  that in the 
period from 5 to 40 rain the decrease  in CEEM was due to destructive p rocesses  in the cells,  giving a 
high ED and affecting the contracti le function of the heart .  On the third day, however, the decrease  in CEEM 
could be evidence that the changes developing in the cells were of a compensatory  and adaptive cha rac t e r  
(increased number  and length of the cr is tae  in the mitochondria,  anastomosis  between them, increased 
enzyme activity, and so on), enabling the u l t r as t ruc tu res  of the hear t  to maintain a state of hyperfunction 
sufficient to provide the necessa ry  energy.  This view is supported by the decrease  in ED and increase in 
the contracti le function of the heart .  

The results  of comparison of the e l ec t ron-mic roscop ic  data and the pa ramete r s  of mechanical  
activity of the heart  during acute focal myocardia l  ischemia indicate that the mitochondria of the intact 
zone of the myoeardium are in a state of hyperfunction [2, 4, 6, 9, 11]. This is because the previous load 
(for 20 min there was no decrease  in VP r) is maintained by fewer myocardia l  cells (because the zone of 
ischemia was asystolic),  so that they required an increased energy supply. Only when after  40 min the 
value of VP r fell and, consequently, the energy expenditure to maintain the real  funcLion of the heart  was 
reduced, was the value of ED lowered. This compensatory-adapt ive  reaction enables the myocardium to 
utilize energy not only to provide for its real  function, but also for the resynthesis  of its u l t ras t ruc tura l  
e lements .  As a result ,  on the 3rd day af ter  the development of myocardia l  infarction, focal hyperplasia  
of the mitochondria was observed in the intact zone, the number  of the i r  cr is tae  was increased,  the u l t r a -  
s t ructure  of the muscle ceils showed a marked tendency toward normalizat ion,  and the glycogen content 
was sharply increased.  

606 



% 
7OO 
90 
80 
?0 
50 
50 
40 
30 
20 
lO 

/ 
! 

8 d , , +0,rain? , Normal 5 rain 20min days 

Fig. 3. Dynamics of changes in 
coefficient of energy efficiency of 
mitochondria (1), energy  deficit (2), 
and potential working capacity of the 
myocardium (3). 

The corre la t ion  between the changes in ED calculated for 
the left ventricle as a whole and in CEEM, calculated for the 
intact zone only, means that the changes in contracti le activity 
of the ischemic heart ,  as least  in the f i rs t  40 min, can be linked 
p r imar i ly  with the changes taking place in the intact zone. 

Data in the l i terature [], 3, 10, 12] indicate that changes 
in the [schemic zone during the f i rs t  hour af ter  occlusion of 
the coronary  a r t e ry  develop much more slowly than those found 
in the intact zone. Consequently, acute overloading is more 
important for the state of the u l t ras t ruc tures  than interference 
with their  oxygenation. 

This investigation thus showed that 5 min after  occlusion 
of a coronary  a r t e ry  evidence of hyperfunction of the u l t ra -  
s t ruc tures  of the muscle cells appears in the unaffected area  of 

the myocardium, leading to their  destruction and to an increase in ED of the heart  muscle.  The changes 
in the u l t ras t ruc ture  of the muscle cells of the intact zone 3 days af ter  the onset of myocardia l  infarction 
are evidence of the development of compensatory and adaptive p rocesses ,  leading to an increase in energy 
production and enabling the heart  to per form its real  function. 

It can be concluded from a compar ison of the results  of the morphological  and pathophysiological 
investigations that changes in the contracti le activity of the heart  and in its energy balance in acute focal 
ischemia are basically connected with changes in the u l t ras t ruc tura l  elements  of the intact zone of the 
myocardium. 
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