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P o l y m o r p h i s m  and m o s a i c i s m  of s t r u c t u r a l  changes in ca rd iomyocy tes  a re  obse rved  in e l e c t r o n - m i c r o -  
scopic s tudies  [9, 13]. The d i scovery  of the essen t ia l  na ture  of typical  reac t ions  of ca rd iomyocy tes  under  ex -  
posure  to e x t r e m a l  conditions is pa r t i cu l a r ly  in te res t ing  f rom this point of view, and the invest igat ion desc r ibed  
below was devoted to its study. 

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

Expe r imen t s  we re  c a r r i e d  out on 78 noninbred albino ra t s  of both sexes  weighing 150-220 g. Hemodynamic  
overloading of the hea r t  was c rea ted  by graded  cons t r ic t ion  of the abdominal  aor ta .  The ra t s  were  decapi ta ted 
10 rain, 1, 2, and 24 h, 2 and 30 days,  and 3 and 9 months a f t e r  the operat ion.  The myoca rd ium of four  an imals  
killed 30 min and 2 h a f t e r  a mock  operat ion s e r v e d  as the control .  Mater ia l  fo r  e lec t ron  mic roscopy  was 
p r o c e s s e d  by the usual methods and embedded in a mix ture  of Epon and Araldi te  or  of butyl and methyl  m e t h -  
a c r y l a t e s .  Activity of succinate  (SDH) and lacta te  (LDH) dehydrogenases  was de te rmined  by the method of 
K e r p e l - F r o n i u s  and Hajos.  A mixture  of Epons was used as embedding media .  Ultrathin sec t ions  were  s ta ined 
in solutions of uranyl  ace ta te  and lead c i t ra te  and examined  in the U~MV-100B e lec t ron  m i c r o s c o p e .  Some 
sect ions  intended for  u l t rah i s toehemica l  invest igat ion w e r e  s tudiedin  the unstained s ta te .  

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

The study of ca rd iomyocy te s  at dif ferent  s tages  of the expe r imen t  showed that  the morphologica l  and m e t a -  
bolic he te rogene i ty  of the cel ls  was apparen t  a f t e r  the f i r s t  day of the exper iment .  Depending on the s ta te  of 
the organoids s e v e r a l  pr incipal  types  of cel ls ,  responding differently to overloading,  were  dist inguished.  

Cel ls  of type I,  with swelling of the mi tochondr ia  and dilatation of the tubules of the s a r c o p l a s m i c  r e t i c -  
ulum. Swelling of the mi tochondr ia  was c h a r a c t e r i z e d  by ra re fac t ion  of the ma t r i x  and focal  or  diffuse lys is  
of the c r i s t ae  (Fig. la ) .  Higher  SDH act ivi ty was obse rved  in such mi tochondr ia  (Fig. lb) .  LDH act ivi ty in the 
m e m b r a n e s  of the s a r c o p l a s m i c  re t i cu lum also was inc reased  (Fig. l c ) .  The s t r u c t u r e  of the myof ibr i l s  and 
o ther  cell  organoids was la rge ly  p r e s e r v e d ,  but the glycogen content  was depressed .  In the exist ing view swel l -  
ing of the mi tochondr ia  a s soc ia t ed  with the i r  over loading,  excitat ion,  and change into the "energ ized  s ta te"  
[1, 12, 15], is  evidence of o v e r s t r a i n  of the cell  and mobil izat ion of its energy  r e s e r v e s  under  conditions of hy-  
perfanct ion [6, 8, 9]. 

Type II  - cel ls  with changes mainly  in the myof ib r i l s ,  e x p r e s s e d  as con t rac tu res  and lysis  of myof ib r i l s .  
The mos t  f requent  f o r m  of des t ruct ion of the myof ib r i l s  was lys i s ,  and in mos t  cases  it was unaccompanied by 
changes in the s t ruc tu re  and typical  local izat ion of other  organoids .  Two var ian t s  of myof ibr i l lo lys i s  were  
distinguished: par t i a l  lys i s ,  connected with se lec t ive  lys i s  of I disks (Fig. 2a), and total  lys i s  of myof ib r i l s  
with s imul taneous  des t ruc t ion  of all  pa r t s  of the s a r c o m e r e  (Fig. 2b). I r r e s p e c t i v e  of the or iginal  local izat ion,  
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Fig.  1. Swelling of mi tochondr ia  and dilatation of tubules of s a r c o p l a s m i c  re t iculum.  
a) Genera l  view, 20,000• b) SDtt act ivi ty in mitochondria l  m e m b r a n e s .  Kerpe l - -  
Fronius  and Hajos reac t ion ,  22,000• c) LDH act ivi ty in m e m b r a n e s  of s a r c o p l a s m i c  
re t icu lum.  Ke rpe l - -F ron ius  and Hajos reac t ion ,  unstained p repara t ion ,  18,000• 

Fig.  2. Var iants  of les ions  of ca rd iomyocy te s ,  a) Select ive lys is  of I disks of 
myof ibr i l s  (22,000 • b) s imul taneous  des t ruc t ion  of all pa r t s  of the s a r c o m e r e  
(18,000 • c) d is integrat ion of u l t r a s t r u c t u r e s  on account of edema (12,000 • 

the s t ruc tu ra l  changes were  focal  o r  diffuse in c h a r a c t e r  and could end with d isappearance  of the contract i le  
s t r u c t u r e s  in individual a r ea s  or  throughout the t e r r i t o r y  of the ca rd iomyocyte .  Cont rac tura l  les ions of the 
myof ibr i l s  we re  mani fes ted  as var ious  degrees  of shortening of the s a r c o m e r e s  and thickening of the c o r r e -  
spending Z l ines ,  and in some  cases  by dis turbance of continuity of the myof ib r i l s .  Relaxation of the s a r c o m e r e s  
was combined quite f requent ly  with lys is  of the I d isks .  All f o r m s  of lesions of the myof ibr i l s  could be in t e r -  
p re ted  as evidence of depress ion ,  or  in some  cases  complete  cessa t ion,  of the speci f ic  contract i le  function of the 
ca rd iomyocy tes .  

Type I I I -  cel ls  with widespread  dis integrat ion of u l t r a s t r u c t u r e s  on account of edema.  Cells  os this type 
were  cha rac t e r i zed  by genera l  r a re fac t ion  of the cytoplasm,  separa t ion  of the organoids ,  and a reduct ion in the 
glycogen content.  As the pathological  p r o c e s s  p r o g r e s s e d ,  these  f ea tu re s  were  joined by s t ruc tu ra l  d i s t u r -  
bances in the organoids (Fig. 2c). The changes noted above could be evidence of weakening of the contract i le  
function of the ca rd iomyocyte .  
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Fig.  3. Hyper t rophy  and hype rp l a s i a  of u l t r a s t r uc tu r e s  of ca rd iomyocyte ,  a) Spl i t -  
ting of myof ibr i l s  (20,000 x); b) SDH act ivi ty in mitochondria l  m e m b r a n e s .  K e r p e l -  
F ron ius  and Hajos reac t ion  (18,000 x); e) LDH act ivi ty  in m e m b r a n e s  of s a r c o -  
p l a smic  re t icu lum.  K e r p e l - F r o n i u s  and Hajos reac t ion .  Unstained p repa ra t ion  
(22,000 • 

Type IV - cel ls  with re la t ive ly  unchanged orgaaoids  with evidence of act ivi ty of the nucleus and r ed i s t r i bu -  
tion of the u l t r a s t r u c t u r e s ,  with d i sp lacement  of mi tochondr ia  and cytogranules  toward  the pe r iphe ry  beneath  
bulging regions  of the s a r c o l e m m a .  The unequal densi ty  of the m a t r i x ,  d i f fe rences  in the packing density,  and 
varying c la r i ty  of outlines of the mi tochondr ia l  c r i s t ae ,  as well as t he i r  unequal SDH act ivi ty  will all be noted. 
These  findings sugges t  t ha t t he se  cel ls  were  not intact  but evidently const i tuted a functional r e s e r v e  of the m y o -  
ca rd ium,  ac t iva ted  during its development .  

Star t ing with the 10th-14th day of bhe exper iment ,  bes ides  the types of cel ls  desc r ibed  above, c a r d i o m y o -  
cytes  with p redominance  of synthet ic  p r o c e s s e s  leading to hyper t rophy  and hype rp l a s i a  of the u l t r a s t r u c t u r e s ,  
mainly  mi tochondr ia  and myof ib r i l s ,  a lso  were  found. Hyperp la s i a  of the contract i le  s t r u c t u r e s  took place 
through spli t t ing of the hyper t roph ied  myof ibr i l s  (Fig. 3a) or  by the i r  fo rmat ion  de novo. The fo rmat ion  of 
mi techondr ia  was connected with p r o c e s s e s  of divis ion and budding, and also with t r ans fo rma t ion  of smal l  
v e s i c u l a r  fo rmat ions .  Hype rp l a s i a  of the organoids  was accompanied  by act ivat ion of aerobic  oxidation, with 
an i nc r ea se  in SDH act ivi ty  in the mi tochondr ia  (Fig. 3b) and lowering of the LDH level  in m e m b r a n e s  of the 
s a r c o p l a s m i c  re t i cu lum (Fig. 3c). The changes desc r ibed  above, which can be r ega rded  as a manifes ta t ion  of 
the i n t r a c e l h l a r  f o r m  of r egenera t ion  [7], a re  the morphologica l  equivalent of l o n g - t e r m  hyperfunct ion and they 
l ie  at the bas is  of s table  compensa t ion  of ca rd iac  act ivi ty .  

Cells  with combined changes in mi tochondr ia  and myof ibr i l s  were  dist inguished by a broad s p e c t r u m  of 
d is turbances  of t he i r  organoids.  Injury to the myof ib r i l s  was re f lec ted  mos t  f requent ly  by lys is ,  whereas  
changes in tim mi tochondr ia  were  po lymorphic  in c h a r a c t e r ,  and were  exhibited as swell ing,  detachment  of the 
outer  m e m b r a n e ,  bead- l ike  expansion,  homogenizat ion,  and a r e t i cu l a r  or  dendroid a r r a n g e m e n t  of the c r i s t ae .  
Changes of this kind in the organoid~ were  found m o s t  often against  the background of hyper t rophy  mud h y p e r -  
p la s i a  of the u l t r a s t r u e t u r e s ,  a s soc ia ted  with a chronic  course  of the pathological  p r o c e s s .  

The m y o c a r d i u m  of the an imals  a f t e r  a mock  opera t ion was c h a r a c t e r i z e d  by absence  of ca rd iomyocy tes  
with injury main ly  of the myof ib r i l s ,  and a lso  by weak exp re s s ion  of the p r o c e s s  in the ce l l s ,  with swell ing of 
the mi techondr ia  and dilatation of tubules of the s a r c o p l a s m i c  re t icu lum.  

In the light of modern  views dif ferent  types  of s t r uc tu r a l  changes in ca rd iomyocy te s  a re  r ega rded  as a 
ref lec t ion  of s t ruc tu ra l  and functional he terogenei ty ,  c h a r a c t e r i s t i c  of the normal  m y o c a r d i u m  [3, 4]. This  is 
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cons idered  to be based  on d i sc re te  and asynchronous  functioning of the cel ls  [2, 5], the subdivis ion of the i r  
vi ta l  act ivi ty into s tages  [11] connected with renewal  cycles  of i a t r a ce l l u l a r  s t r u c t u r e s  [10], and a lso  population 
d i f ferences  in ca rd iomyocytes ,  conf i rmed in expe r imen t s  with ra t  myocard ia l  cel ls  in cul ture  [14]. It  is these  
fac to r s  which de te rmine  the var iab i l i ty  in the functional s ta te  of the cel ls  at a t i m e  of s t imulat ion,  leading to 
d i f ferences  in sens i t iv i ty  and in the c h a r a c t e r  of t he i r  r e sponse .  

The ability of ca rd iomyocy tes  to respond different ly to the s ame  s t imulus  fac i l i ta tes  the development  of 
changes of a compensa to ry  and adaptive c h a r a c t e r  in the myoca rd ium s imul taneous ly  with des t ruc t ive  changes .  
The p re sence  of s o - c a l l e d  r e s e r v e  cel ls  in the myoca rd ium,  with re la t ive ly  unchanged organoids ,  and of cel ls  
with s t ruc tu ra l  changes of a compensa to ry  and adaptive c h a r a c t e r  p r o m o t e s  equalizat ion and the es tab l i shment  
of the functional s ta te  of the hea r t  musc le  at the n e c e s s a r y  level  fo r  the w o r k  of the h e a r t  under  concre te  ex -  
t r ema l  conditions.  The facts  desc r ibed  above sugges t  that s t ruc tu ra l  and functional he te rogenei ty  of the c a r -  
d iomyocytes  is one of the mos t  impor tant  adaptive reac t ions  on wMch adaptation i n t h e  broad  sense  of the t e r m  
is based.  
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