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The adaptive react ion of the adult heart  to high altitude conditions in the mountains is accompanied by 
hypertrophy of the myocardium,  which is based on hyperplasia  of muscle cell a l t r as t ruc tu res  [2]. Since the 
most  specific of the la t ter  are myofibr i ls ,  it was decided to study relat ions between the change in weight of the 
heart  and its myof ibr i l l a ry  apparatus during exposure to the high altitude hypoxia combined with physical ex- 
er t ion in the growing myocardium,  i .e . ,  during the period of i ts  development when hyperplasia  and differentia- 
t-ion of s t ruc tures  are  par t icular ly  well marked [4-6], and the investigation descr ibed below was car r ied  out 
for this purpose.  

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

Exper iments  were ca r r i ed  out on 108 young ra ts  of two age groups:  newborn (1-3 days) and 15 days; the 
animals were moved f rom the foothills (760 m above sea level) to a high altitude in the mountains (3200 m above 
sea level). Some of the animals at the age of 15 days were exposed to physical exert ion f rom the first  days of 
their  stay in the mountains,  by swimming for 15 min during the f irst  week and for 30 min during the subsequent 
period of the experiment.  The control consisted of 40 newborn rats  kept in the foothills. The hearts  of the con- 
trol  and experimental  animals were tested on the 1st, 3rd, 7th, 15th, 30th, and 45th days. The body weight and 
weight of the heart ,  and cardiac  index (CI) (the rat io of the weight of the heart  to body weight) were studied. 
The heart  was fixed in neutral  formalin and embedded in paraffin wax. Histotopographic sections cut t r a n s -  
verse ly  through the hear t  were stained with Heidenhain's i ron hematoxylin. Quantitative analysis  of the myo-  
f ibr i l la ry  apparatus was undertaken in 100 muscle  cells followed by stat is t ical  analysis of the data by Student's 
method. 

The degree of change of the absolute and relat ive indices of weight of the heart  was compared with changes 
in the number  of distribution of myofibr i ls  in the muscle cells, taking the age norm into consideration. 

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

Normally during postnatal ontogeny, with growth of the rats  the absolute weight of the heart increased 
but CI decreased  (Table 1). In the newborn ra ts  aged 1-3 days the myofibri ls  were thin and were distributed 
around the per iphery  of the muscle  cell in the form of a s ingle- layered ring, staining palely (Fig. la).  By the 
5th day after bir th of the ra t s  the myofibr i ls  were distributed as before in a s ingle- layered  r ing in the cell, but 
more compactly,  and more  deeply stained. By the 15th day after  birth of the ra ts  single myofibri ls  containing 
a f ragment  of a second layer  began to appear in some cells (Fig. lb). By the age of 1-1.5 months, myofibri ls  
were distr ibuted in severa l  r ings and occupied the whole c ros s - sec t ion  of the muscle cells,  and were deeply 
stained (Fig. lc) .  Under high altitude conditions there was a smal le r  increase  in body weight of the young ra ts  
than in the control,  s tar t ing f rom the 3rd and until the 30th day of the animals '  stay in the mountains. By the 
45th day the body weight of ra ts  kept in the mountains did not differ significantly f rom the control.  The abso-  
lute weight of the heart  in the f i rs t  week of stay of the newborn rats  in the mountains also was reduced:  on the 
3rd day of the experiment  by 6.7 %, on the 7th day by 4.6% of the age norm.  Values of CI under these c i r cum-  
stances were increased  by 10.4 and 12.5% respect ive ly  (Table 1). 
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TABLE 1. Relat ionship of Weight of Heart  and Number of Myofibri ls  in Muscle  Cel ls  of Rats 
Aged 1-3 Days in Control (A) and under High Altitude Conditions (B) 

Time of 
experi - 
ment, 
days 

1 

3 

7 

15 

30 

45 

Group of 
animals 

Body weight 

percent 
g ofcontroi 

6,34-0,12 
6,1• 96,8 
6,8• 
6,1_+0,12 89,7 

12,64-0,33 
11,24-0,11 88,8 
23,44-0,63 
20,1 • 85,2 
41,0-4-0,80 
37,2• 90,7 
90,0• 
88,1 • 97,8 

Weight of heart 

percent 
mg ofcontrol 

40,8• 
40,7• 99,7 
43,84-0,79 
40,9_+0,60* 93,3 
63,64-0,58 
6074-0,53" 95,4 

119,34-1,63 
130,54-3,30" 109,4 
199,8• 
247,2• 123,7 
390,5• 
475,64-14,4" 121,8 

absolute 

0,0064 
0,0066 
0,0064 
0,0067 
0,0048 
0,0054* 
0,0051 
0,0064* 
0,0047 
0,0064* 
0,0043 
0,0054* 

Number of myofibrils 
CI ~ln cell 

)ercent of 
:ontrol 

103,1 

110,4 

112,5 

125,5 

136,1 

125,6 

percent of 
absolute control 

5,24-0,16 
5,3• 100 
5,34-0,13 
5,14-0,17 96,2 
8,l• 
7,2• 88,8 

13,64-0,32 
13,1+_0,31 96,3 
24,6• 
30,4• 123,6 
31,4_+0,91 
37,3+_1,11 t t8,8 

*Here and in Table 2, P < 0.05. 

TABLE 2. Relat ions  Between  Weight of the Heart and Number of Myofibri ls  in Musc le  Cells  
of Rats Aged 15 Days in Control  (A) and under High Mountain Conditions (B) and Exposed Addi-  

Time of 
experiment 
days 

tionaily to Physical Exertion (C) 

,Group of Body weight 

animals 

15 

C 
A 
B 
C 
A 
B 
C 
A 
B 
C 

A 

C 
A 
B 
C 

30 

45 

20,1• 
20,6• 
19,8• 
23,44-0,63 
23,8• 
22,54-0,41 
25,84-0,71 
24,34-0,63 
21,9• 
41,04-0,80 
37,7• 
33,8• 
90,04-0,87 
86,44-0,73* 
76,7• 

110,7• 
106,2• 
94,8~0,86" 

percent 
of control 

102,5 
98,5 

101,7 
96,1 

94,2 
84,8 

91,9 
82,4 

96,0 
85,2 

95,9 
85,6 

| 
Weight of heart / 

percent o 
mg control 

104,54-1,21 
105,54-1,16 
107,64-1,31 
121,6_+1,63 
120,6• 1,89 
127,34-2,34" 
126,44-2,46 
131,84-2,12 
143,24-2,67" 
194,84-3,18 
216,94-7,11" 
246,24-7,80* 
390,54-7,90 
466,7• 
572,4• 
442,64-11,7 
540,2• 12,8" 
603,6_.+__ 13,4" 

100,9 
102,9 

99,1 
104,7 

104,3 
113,3 

111,3 
126,4 

I19,5 
146,6 

124,1 
136,4 

CI 

absolute 

0,0052 
0,0051 
0,0054 
0,0052 
0,0051 
0,0056* 
0,0049 
0,0054 
0,0065* 
0,0047 
0,0057* 
0,0072* 

0,0043 
0,0054* 
0,0074" 
0,0040 
0,005i* 
0,0063* 

percentot 
control 

98,1 
I03,8 

98,1 
107,9 

110,2 
132,6 

I21,3 
153,2 

125,6 
172,1 

127,5 
157,5 

Numb er of myofibrils in 
muscle cell 

absolute 

13,44-0,30 
13,84-0,33 
14,04-0,27 
13,64-0,32 
14,14-0,28 
16,14-0,59" 
19,64-0,45 
20.6• 
24,44-0,67* 
24,64-0,56 
27,74-0,60* 
34,24-0,76" 
31,44-0,62 
36,74-0,73* 
43,3___0,96* 
33,64-0,83 
41,14-0,91" 
49,64-1,23" 

percent 

l of control 

102,9 
104,5 

i03,7 
118,4 

105.1 
124,5 

112,6 
139,0 

1t6,9 
137,9 

122,3 
147,6 

The d i s t r i b u t i o n  of  m y o f i b r i l s  in the m u s c l e  ce l l s  in  the f i r s t  week  of  the e x p e r i m e n t  r e m a i n e d  b a s i c a l l y  

the s a m e  as in  the con t ro l :  The m y o f i b r i l s  w e r e  a r r a n g e d  in a s i ng l e  r o w  and s t a ined  pa l e ly .  T h e i r  m e a n  n u m -  

b e r  on the 3rd day of s t a y  of  the r a t s  in the m o u n t a i n s  did not d i f f e r  s i gn i f i can t ly  f r o m  the age n o r m ,  but on the 

7th day i t  was r e d u c e d  by 11.2% be low the  n o r m .  On the 15th day of  the e x p e r i m e n t ,  aga in s t  the backg round  of 

a m a x i m a l  r e d u c t i o n  in the i n c r e a s e  in  body weight  (d i f fe rence  f r o m  the con t ro l  14.2%) the abso lu te  we igh t  of 

the h e a r t  i n c r e a s e d  by 9.4%, and the va lue  of CI by 25.5%. M y o f i b r i l s  in  m o s t  ce l l s ,  j u s t  as in the con t ro l ,  

w e r e  a r r a n g e d  in a s i n g l e - l a y e r e d  r i n g .  T h e i r  m e a n  n u m b e r  in  the  m u s c l e  cel l  did not d i f f e r  s i gn i f i c an t l y  f r o m  

n o r m a l  (Fig. ld) .  With an i n c r e a s e  in  the du ra t ion  of s t ay  of the n e w b o r n  r a t s  in the moun ta in s ,  d i f f e r e n t  r e -  

l a t i o n s h i p s  w e r e  e s t a b l i s h e d  be tween  the  weight  p a r a m e t e r s  of the h e a r t  and the  m y o f i b r i l l a r y  a p p a r a t u s .  On 

the 30th and 45th days  of  the  e x p e r i m e n t  the  i n c r e a s e  in va lue  of the  abso lu te  weight  of  the  h e a r t  and CI by 23.7 

and 36.1% and by 14.4 and 25.6% r e s p e c t i v e l y ,  was a c c o m p a n i e d  by an i n c r e a s e  in the n u m b e r  of m y o f i b r i l s  in  
the m u s c l e  ce l l  by 23.6 and 18.8% c o m p a r e d  with n o r m a l .  The m y o f i b r i l s  w e r e  a r r a n g e d  c o m p a c t l y  and hap-  
h a z a r d l y  in the  c r o s s - s e c t i o n  of the m u s c l e  ce l l .  

T h e s e  r e s u l t s  s u g g e s t  that  a c c e l e r a t i o n  of r e l a t i v e  g rowth  of  the  hea r t  in the f i r s t  week  and the  i n c r e a s e  
in abso lu t e  weight  by the  end of the 2nd week  of s t ay  of new born  r a t s  at high a l t i tudes  take  p l ace  m a i n l y  on a c -  

count of h y p e r p l a s i a  of the m u s c l e  ce l l .  Th i s  i s  in a g r e e m e n t  with o b s e r v a t i o n s  of o t h e r  w o r k e r s  [1, 7, 8] who 
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Fig. 1. Myofibrils in c ro s s - s ec t i on  through myocardia l  cells of ra ts  aged 3 days (a), 15 days 
(b), and 30 days (c) in the high mountains (d) and with additional exposure to physical exertion in 
the mountains (e, f). Stained by Heidenhain's iron hematoxylin. 450 x.  

consider that growth of the heart  during ear ly  postnatal ontogeny can take place as the resul t  of an increase  in 
the number of muscle  cells, and not only as a resul t  of their  hypertrophy.  

Moving the rats  at the age of 15 days to a high altitude in the mountains was not accompanied in the f i rs t  
week of the experiment by any considerable  changes in body weight or  weight of the heart  or  in the a r r a n g e -  
ment and number of myofibri ls  in the muscle  cell. After  a stay of 15 days by the animals in the mountains the 
increase  in absolute and relat ive pa rame te r s  of the weight of the heart  was accompanied by an increase  in the 
number of myofibri ls  in each cell compared with pa rame te r s  in the control (Table 2). The myofibri ls  were 
a r ranged in several  l aye r s  in the muscle  cell and stained deeply. Similar but less  c lear ly  defined relationships 
between the weight of the heart  and the number of myofibri ls  in the muscle cell were found in rats  aged 15 days, 
exposed to physical  exer t ion in the mountains (Table 2). On the 3rd day of the experiment the absolute weight 
of the heart  was increased  by 4.7% and CI by 7.9%. The mean number of myofibri ls  in the muscle cell was 
increased  by 18.4% compared  with the control .  Myofibrils were ar ranged compactly in the muscle cells in two 
or  more  l aye r s .  In some cells myofibri ls  occupied the whole c ross  sect ion (Fig. le) .  An increase  in the num- 
ber  and duration of physical exerc i ses  in the high mountains led to more  marked hypert rophy of the heart  and 
to a considerable increase  in the number of myofibr i ls  in the muscle cells.  By the 45th day of the experiment 
the increase  in absolute weight of the hear t  was 36.4%, the increase  in CI 57.5%, and the increase  iu the mean 
number  of myofibri ls  in the cell 47.6% of the age norm.  Myofibrils were ar ranged compactly and haphazardly 
in the muscle  cells and they occupied the whole of the c ros s - sec t ion  (Fig. lf). 

The resul ts  of these investigations suggest  two mechanisms of development of hypertrophy of the heart  in 
growing rats  under high mountain conditions. In newbornra t s  aged 1-3 days, a s tay in the mountains st imulates 
the natural p rocess  of their  age, of an increase  in weight of the myoeardium on account of hyperplasia  of the 
muscle  cells, and under these c i rcumstances  it acce le ra tes  t he  switching of the cellular form of regenerat ion 
to the in t racel lu lar  form during postnatal growth of the heart  muscle .  In ra ts  aged 15 days a stay high in the 
mountains, especial ly  if combined with additional exposure to physical exertion, placing a considerable func- 
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tional load on the myocard ium,  the i nc rea se  in weight of the contract i le  subs tance  takes  place mainly  on ac -  
count of an i nc rea se  in the number  of myof ib r i l s  in each musc le  cell, i .e . ,  as a r e su l t  of in t r ace l lu la r  hype r -  
p las ia  [3]. 

When these  d i f ferences  in the m e c h a n i s m s  of myocard ia l  hyper t rophy  in ea r ly  postnatal  ontogeny of r a t s  
under high alt i tude conditions a r e  a s s e s s e d ,  guidance must  be taken not so much f r o m  the ana tomica l  m a n i -  
fes ta t ions  of this  p r o c e s s ,  as f r o m  the nature  of the r e g e n e r a t i v e - h y p e r p l a s t i c  p r o c e s s e s  which lie at i ts  
bas i s .  

1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 

L I T E R A T U R E  C I T E D  

I. K. Es ipova  and O. Ya. Kaufman, Pos tna ta l  Reorganiza t ion  of the Pu lmonary  Circula t ion and Ate lec -  
t a s i s  of the Newborn [in Russian],  Leningrad (1968). 
V. A. Kononova, Arkh.  Patol . ,  No. 2, 66 (1981). 
D. S. Sarkisov,  Outlines of the St ructura l  P r inc ip l e s  of Homeos tas i s  [in Russian],  Moscow (1977). 
S. P.  Bishop, Circulat ion,  ~ Suppl. 2, 111 (1974). 
J .  F. Neffgen and B. Koresky,  Ci rc .  Res . ,  ~ 104 (t972). 
M. Hollenberg,  Am. J .  Physiol . ,  231, 1445 (1976). 
R. Sasaki,  T. Morishi te ,  and S. Vamagata ,  Tohoku J .  Exp. Med., ~ 405 (1968). 
R. Zak, Ci rc .  Res . ,  35, No. 2, Suppl. 2, 11 {1974). 

TISSUE STEREOLOGIC ANALYSIS OF MYOCARDIAL 

ATROPHY DURING HYPOKINESIA 

G. I. Nepomnyashchikh, V. P. Tumanov, 
L. V. Kolesnikova, and L. M. Nepomnyashchikh 

UDC 612.766.2--08:616.127-907.23 

KEY WORDS: hypokinesia,  a t rophy of the hear t ,  myocard ia l  pa r enchyma  and s t r oma ,  m o r p h o m -  
e t ry  and s t e reo logy  

Prolonged l imi ta t ion  of movement  (hypokinesia) d is turbs  act ivi ty of the ca rd iovascu la r  s y s t e m  and con- 
s ide rab ly  reduces  the functional r e s e r v e s  of the hear t  [3, 10]. An excess ive  reduct ion of energy  expendi ture  
on act ive surmount ing  of body weight can be used as a model  with Which to study s t ruc tu ra l  manifes ta t ions  of 
adaptat ion and disadaptat ion p r o c e s s e s  [1]. For  a m o r e  complete  understanding of these  p r o c e s s e s ,  quanti ta-  
t ive s tudies  of in t r ace l lu l a r  and t i s sue  changes in the myoca rd ium during hypokinesia  are  n e c e s s a r y .  However,  
there  have been few invest igat ions  into this p rob lem,  and these  have been conducted mainly  at the u i t r a s t r u c -  
tura l  level  [5, 7, 13]. 

The a im of this invest igat ion was a quanti tat ive s t e reo log ic  study of the t i s sue  organiza t ion  of the ra t  
m y o c a r d i u m  in hypokiuesia  due to immobi l iza t ion  of the an imals .  

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

Exper imen t s  were  ca r r i ed  out on 48 male  Wis tar  r a t s  weighing 250-300 g. The motor  act ivi ty of the r a t s  
was r e s t r i c t e d  by confining them in specia l  r e s t r a in ing  cages,  the s ize of which cor responded  to that of the 
animal .  For  m o r p h o m e t r i c  and s te reo log ic  invest igat ion 18 r a t s  aged 6 months were  used (four r a t s  in each 
exper imenta l  group and six in the control) .  The an imals  were  decapi tated a f te r  5, 15, and 30 days of hypokine- 
sin.  The hear t  was r e m o v e d  f rom the thorax  and cooled in a cold chamber  until it s topped beating,  when.the 
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