
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 .  
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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 

Labora to ry  of Connective T i s sue  Pathology,  Depar tment  of Pa thomorphology and Morphomet ry ,  Inst i tute 
of Clinical and Exper imenta l  Medicine, Siber ian Branch,  Academy of Medical Sciences of the USSR, 
Novosibirsk .  Labo ra to ry  of H i s toehemis t ry  and Autoradiography,  Depar tment  of Pathological  Anatomy, A. V. 
Vishnevskii  Insti tute of Surgery,  Academy of Medical Sciences of the USSR, Moscow. (Presented  by Acad emi -  
cian of the Academy of Medical Sciences of the USSR D. S. Sarkisov.)  T rans l a t ed  f rom Byul le ten '  l~ksper i -  
menta l 'no i  Biologii i Meditsiny, Vol. 97, No. 6, pp. 743-748, June, 1984. Original  a r t i c l e  submit ted  August 26, 
1983. 

0007-4888/84/9706-  0825 $ 08.50 �9 1984 Plenum Publishing Corpora t ion  825 



T A B L E  1. R e s u l t s  of S t e r e o l o g i c  I n v e s t i g a t i o n  of M y o c a r d i a l  T i s s u e  Compone n t s  in W i s t a r  Ra t s  
a f t e r  H y p o k i n e s i a  (M * m) 

Parameter Control 

Relative volume mk (Vv i ), ramS/era3: 
parenchyma 
cytoplasm of cardiomyocytes 
nuclei of cardiomyoeytes 
stroma 
capillaries 
en~otheliocytes 
cmnective-tissue ceils 
fibers and ground substance 

[smk~ mZ/cm3: Relative surface area \ v~ t, 
cardiomvocytes 
nuclei o[ cardiomyoeytes 
capillaries 
connective-tissue cells 

Surface to volume ratio (Sv/Vvi), 
rr~/cm 3, of 

c-ardiomyocytes 
nuclei ot cgrdiomyocytes 
capillaries 
connective-tissue ceils 

Ratio of bulk density (Vv./V~A number,of 
�9 z z ] ~  

nuclm to cytoplasm of cafdiomyocytes 
stroma to parenchxma 
capillaries to car diomyocytes 
connective-tissue cells to cardio- 

my o cy t es 
fibers and ground substance to 

cardiomyocytes 
Ratio of surface density of capillaries: ~ . 

to bulk density of cardiomyoeytes, m~/cm ~ 
to surface density of cardiomyocytes. 
number 

868,1-+3,5 
856,1-+2,9 

12,0-+1,2 
131,9-+3,6 
51,4_____2,9 
11,5-+ 1,3 
5,0-+0,3 

64,0__+4,3 

O, 1135• 
0,0066-+0,0005 
0,0314-+0, 0008 
0,0035-+0,0001 

O, 131 -+0,004 
0,572-+0,101 
0,614-+0,021 
0,717-+0,039 

0,0140-+0,0014 
0,152_____0,004 
0,059+__0,003 

0,0058+_0,0004 

0,0737-+0,0086 

Duration of hypokinesia, days 
5 15 [ 

I 

30 

843,9-+ 1 4 , 8  872,4-+7,1 
830,4-+15,3 859,9-+6,6 

13,5-+0,6 12,5-+1,0 
156,1• 127,6-+7,1 
68,8___4,9* 49,4-+2,9 
10,6-+0 6 11,2-+0,6 
5,4-+1,9 4,9-+0,9 

71,3-+ [ 1,4 62,1-+10,3 

0,1189___0,0041 0,1206_+0,0033 
0,0073-+0,0002 0,0074-+0,0005 
0,0385-+0,0014" 0,0348+0,0024 
0,0040-+0,0004 0,0035+-+0,0001 

0,141 ~0,003 
0,545+__0,024 
0,571-+0,056 
0,79O4-O,O89 

0,0163-+0,0009 
O, 185-+0,021 
0,082-+0,007 

0,0064+__0,0011 

0,0845_+0,0152 

0,0360-+0,0009 0,0454-+0,0017" 

0,277• 0,325• 

0,138_+0,005 
0,593• 
0,703-+0,015" 
0,775-+0,105 

0,0145-+0,0012 
O, 146-+0,009 
0,057-+0,003 

0,0056~0,0011 

0,0712~0,0125 
i 

0,0396-+0,0026 

0,290+0,024 

798,8-+5,6"** 
789,1-+5,9"** 

9,7-+0,4 
20[,2-+5,6"** 

78,1-+1,3"* 
9,7• 
6,2-+0,9 

107,2-+7,4"* 

O, 1440-+0,0067" 
0,0060-+0,00004 
0,0430• *' 
0,0052-+0,0009 

O, 180~+0,007"* 
0,624+_0,023 
0,550--+0,011" 
0,832-+0,052 

0,0123_____0,0005 
0,252__+0,008"** 
0,098• 

0,0078• 

O, 1342-4-0,0101" 

0,0536-+0,0018"* 

0,293~0,009 

L e g e n d .  *P < 0.05, * * P  < 0.01, ** *P  < 0.001 c o m p a r e d  wi th  c o n t r o l .  

weight  of  e a c h  h e a r t  and the  l e f t  v e n t r i c l e  was  d e t e r m i n e d .  S a m p l e s  f r o m  the  l e f t  p a p i l l a r y  m u s c l e  w e r e  f ixed  
in  a 4% s o l u t i o n  of  p a r a f o r m a l d e h y d e ,  p o s t f i x e d  in  a 1% so lu t i on  of  o s m i u m  t e t r o x i d e  and,  a f t e r  d e h y d r a t i o n  in 
a l c o h o l s  and p r o p y l e n e  ox ide ,  they  w e r e  e m b e d d e d  in Epon  and A r a l d i t e .  S e m i t h i n  (1 p) s e c t i o n s  w e r e  cut  on 
the  LKB III U l t r a t o m e ,  s t a i n e d  with a z u r e  II, and e x a m i n e d  in the  "Doeuva l "  u n i v e r s a l  b i o l o g i c a l  l i gh t  m i c r o -  

s c o p e  (Car l  Z e i s s ,  W e s t  G e r m a n y ) .  

The  m o r p h o m e t r i c  a n a l y s i s  was  c a r r i e d  out on s e m i t h i n  s e c t i o n s ,  t r a n s v e r s e  and long i tud ina l ,  t h rough  
m u s c l e  f i b e r s ;  the  d i a m e t e r  of  the  c a r d i o m y o c y t e s  was  m e a s u r e d  with  a M O V - I - 1 5 x  o c u l a r  m i c r o m e t e r .  S t e -  
r e o l o g i c  a n a l y s i s  of the  t i s s u e  o r g a n i z a t i o n  of  the  m y o c a r d i u m  was  u n d e r t a k e n  on l ong i t ud ina l  s e m i t h i n  s e c -  
t i ons  of  s h o r t  s e g m e n t s  of m u s c l e  f i b e r s  by m e a n s  of an o c u l a r  t e s t  g r i d  (n = 36, P = 72), wi th  o b j e c t i v e  100 
and o c u l a r  10. The  bu lk  and s u r f a c e  d e n s i t y  of  the  m u s c l e  f i b e r s  and t h e i r  nuc le i ,  c a p i l l a r i e s ,  and c o n n e c t i v e -  
t i s s u e  c e l l s  and the  r e l a t i v e  vo lume  of the  f i b e r s  and g round  s u b s t a n c e  of the  i n t e r s t i t i a l  connec t ive  t i s s u e  t o -  
g e t h e r  w e r e  e s t i m a t e d .  S e c o n d a r y  n u m e r i c a l  p a r a m e t e r s  w e r e  c a l c u l a t e d :  s u r f a c e / v o l u m e  r a t i o  of  the  c a r d i o -  
m y o c y t e s  and t h e i r  nuc le i ,  c a p i l l a r i e s ,  and c o n n e c t i v e - t i s s u e  c e l l s  and  the  r a t i o  of the  bu lk  d e n s i t y  of the  s t r o -  
rea l  c o m p o n e n t s  of  t he  m y o c a r d i u m  to the  r e l a t i v e  vo lume  of  the  c a r d i o m y o c y t e s .  The t e chn ique  of  m o r p h o -  
m e t r i c  and s t e r e o l o g i c  a n a l y s i s  was  d e s c r i b e d  fu l ly  by  the  w r i t e r s  p r e v i o u s l y  [4, 6, 8]. The  s i g n i f i c a n c e  of d i f -  
f e r e n c e s  b e t w e e n  t h e s e  was  d e t e r m i n e d  by S t u d e n t ' s  t e s t ,  at  a P < 0.05 l e v e l  of  s i g n i f i c a n c e .  The  coe f f i c i en t  of 
c o r r e l a t i o n  was c a l c u l a t e d  b e t w e e n  the  weight  of  the  h e a r t  and the  d i a m e t e r  of  the  c a r d i o m y o c y t e s .  P a r a m -  
e t e r s  of  e n t r o p y ,  r e l a t i v e  e n t r o p y ,  and e x c e s s  of  s t r u c t u r e s  of  the  m y o c a r d i a l  p a r e n c h y m a  and s t r o m a  w e r e  
d e t e r m i n e d  by i n f o r m a t i o n a l  a n a l y s i s .  

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

L i m i t a t i o n  of  m o t o r  a c t i v i t y  f o r  30 days  l e d  to a c o n s i d e r a b l e  d e c r e a s e  in the  body weight  of  the  r a t s  
(Table  1). The  a b s o l u t e  weight  of the  h e a r t  and l e f t  v e n t r i c a l e  a l so  was  r e d u c e d  in the  c o u r s e  of the  e x p e r i -  
ment  by 20 and 19.1% r e s p e c t i v e l y  (P < 0.05).  The  r e l a t i v e  weight  of  the  h e a r t  and l e f t  v e n t r i c l e  i n c r e a s e d  d u r -  
ing h y p o k i n e s i a ,  due to the  m o r e  r a p i d  r e g r e s s i o n  of body weight  t han  of weight  of  the  h e a r t .  The  d i a m e t e r  of 
the  c a r d i o m y o c y t e  d e c r e a s e d  f r o m  16.10 • 0.15# in  t h e  c on t ro l  to  13.50 �9 0.10/~ a f t e r  30 d a y s  o f  h y p o k i n e s i a  
(P < 0.001).  A d e c r e a s e  in the  weight  of  the  h e a r t  and  d i a m e t e r  of the  c a r d i o m y o c y t e s  in  e x p e r i m e n t a l  a n i m a l s  
d u r i n g  p r o l o n g e d  r e s t r i c t i o n  of  m o t o r  a c t i v i t y  has  been  o b s e r v e d  in  o t h e r  i n v e s t i g a t i o n s  [2, 3, 12]. 
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Fig. 1. Morphological  changes in m y o c a r d i u m  of r a t s  a f ter  hypokinesia  for  30 days (1250 x) .  
a) D e c r e a s e  in th ickness  of musc le  f ibers ;  con t r ac tu re s  of myof ib r i l s  of I degree :  in tens i f i -  
cation of anisot ropy of A disks;  b) con t rac tu res  of myof ibr i l s  of II degree:  shor tening of i s o -  
t rop ic  disks;  c) con t rac t~res  of myof ib r i l s  of III degree :  fo rmat ion  of an iso t rop ic  conglom- 
e ra te ,  d i sappearance  of i so t rop ic  disks;  d) collagen f ibers  in pe r i cap i l l a ry  and in te rce l lu la r  
region;  e) p e r i v a s c u l a r  col lagenizat ion of s t r oma ,  a, b, c) Pa ra f f in  sect ions ,  s tained with 
hematoxyl in  and eosin, photographed in po la r ized  light; d, e) semi th in  sect ions ,  s tained with 
azure  II. 

Cor re la t ion  analys is  showed s t rong  posi t ive cor re la t ion  between the change in weight of the hear t  and the 
d i ame te r  of the ca rd iomyocy tes  during myocard ia l  a t rophy induced by hypokinesia  (r = 0.621). This  can s e rve  
as d i rec t  evidence that  the dec r ea se  in weight of the hear t  takes  place on account of a dec rease  in s ize  and not 
number  of the musc le  cel ls .  However ,  quali tat ive morphologica l  invest igat ion of pho tomicrographs  and e lec -  
t r o n - m i c r o g r a p h s  of the m y o c a r d i u m  of an imals  in the late  s tages  of the exper iment  r evea led  ca rd iomyocy tes  
with signs of s t ruc tu ra l  damage of con t rac ture  type (Fig. 1a-c)  and signs of an insuff ic iency of s t ruc tu ra l  m a -  
t e r i a l s  [9]. Consequently the possibi l i ty  of a reduct ion in the number  of hear t  musc le  cells in the p roces s  of 
a t rophy cannot be complete ly  ruled out. 

Morphomet r i c  and s te reo log ic  inves t iga t ions  (Table 1) showed that  the dec r ea se  in weight of the hear t  
was accompanied  by a dec r ea se  in the re la t ive  volume of musc le  t i s sue  (Fig. 2) f r o m  868.1 • 3.5 m m 3 / c m  3 in 
the control  to 798.8 �9 5.6 m m 3 / c m  3 af ter  30 days of hypokines ia  (P < 0.001). The su r face  density and sur face  
to volume ra t io  of the ca rd iomyocytes  (Fig. 3) inc reased  under these  c i r cums t ances  by 26.9 and 37.4% r e s p e c -  
t ively.  The i nc r ea se  in su r face  to volume ra t io ,  whereas  the d i ame te r  of the musc le  cell decreased ,  can be 
in t e rp re t ed  as a s h o r t - t e r m  adaptive reac t ion ,  for  the metabo l ic  pathway and e o n d u c t i o n o f e l e c t r i e a l i m p u l s e s  
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Fig. 2. Resul ts  of m e a s u r e m e n t s  of p r i m a r y  s t e reo log ic  p a r a m e t e r s  of myocard ia l  t i s sue  
organizat ion of r a t s  a f ter  hypokinesia .  Absc i s sa ,  durat ion of hypoMnesia  (in days); ordinate:  
left  - bulk density,  r ight  - su r face  densi ty.  1, 8) Card iomyocytes ,  2, 9) ca rd iomyocyte  nuclei,  
3, 10) cap i l l a r i e s ,  4) endothelial  cel ls ,  5, 11) connec t ive- t i s sue  cel ls ,  6) f ibe rs  and ground sub-  
s tance of connective t i s sue ,  7) s t r o m a l  component of t i s sue .  

Fig. 3. Resul ts  of calculat ions of secondary  s t e reo log ic  p a r a m e t e r s  of myocard ia l  t i s sue  
organizat ion of r a t s  a f ter  hypokinesia .  Absc i s sa ,  durat ion of hypokinesia  (in days);  ordinate:  
left  - sur face  to volume ra t io  of pr incipal  t i s sue  components ,  r ight  - ra t io  of bulk density of 
pr incipal  t i s sue  components  to bulk densi ty of ca rd iomyocy tes .  1) Card iomyocytes ,  2) ca rd io-  
myocyte  nuclei,  3) cap i l l a r i es ,  4) connec t ive - t i s sue  cel ls ,  5) nuc le i /cy toplasm of ca rd iomyo-  
cytes,  6) s t r o m a / p a r e n c h y m a ,  7) cap i l l a r i e s / ca rd iomyocy te s ,  8) connec t ive - t i s sue  ce l l s / ca rd io -  
myocy tes ,  9) f ibe rs  and ground substance  of connective t i s sue / ca rd iomyocy te s .  

TABLE 2. P a r a m e t e r s  of Informat ion  Analysis  
for  Stereologic  Invest igat ion of Myocard ium of 
Wistar  Rats  a f te r  30 Days of Hypokinesia  

Duration of 
hypokinesia, 
days 

Control 

5 

15 

30 

Test object 

Parenchyma and 
stroma 

Stroma 
Parenchyma and 

stroma 
Stroma 
)arenchyma and 

st~oma 
Stxoma 
Parenchyma an, 

stroma 
8troma 

Entropy, [Relativ~ Excess, 
binary units lentr~ % 

0,855 0,331 66,9 
1,522 0,761 23,9 

0,954 0,369 63,1 
1,470 0,735 26,5 

0,840 0,325 67,5 
1,523 0,762 23,8 

1,078 0,417 58,3 
1,380 0,690 31,0 
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Fig. 4. Ratio of bulk density of components 
of inters t i t ia l  connective t issue to relat ive 
volume of myocardia l  s t roma  of rats  after 
hypokinesia, Abscissa ,  duration of hypo- 
kinesia (in days); ordinate,  volume rat io.  
Unshaded part  of column denotes f ibers and 
ground substance of connective t i s sue / s t r oma ;  
part  shaded black denotes connect ive- t issue 
ce l l s / s t roma ;  obliquely shaded part ,  endothe- 
lial c e l l s / s t roma ;  c i rc les  denote capi l lar ies /  
s t roma.  

f rom the surface to the center  of the fiber were considerably shortened.  The surface to volume cha rac te r i s -  
tics of the cardiomyocyte  nuclei and also the n u c l e o - c y t o p l a s m i c  volume rat io did not change significantly in 
the course of the experiment;  only a tendency was observed for these pa ramete r s  to decrease  after 30 days o f  
r e s t r i c t ed  movement .  

The bulk density of the s t roma  (overall relative volume of capi l lar ies ,  cells, f ibers ,  and ground substance 
at the interst i t ial  connective tissue) increased  significantly to 201.2 • 5.6 mm3/cm 3 on the 30th day of hypo- 
kinesia (131.9 -~ 3.6 mm3/cm 3 in the control; P < 0.001). This increase  was due mainly to an increase  in the 
relat ive volume of the microc i rcu la t ion  and in terce l lu lar  substance.  In the ear ly  stages of the experiment the 
inc rease  in relat ive volume and surface  density of the capil laries (by 33.9 and 22.6% respectively)  was a s soc i -  
ated with a marked s t r ess  react ion [14]. The surface to volume ratio of the mieroc i rcula t ion  was unchanged 
on the 5th day of the experiment .  After  15 days of res t r ic t ion  of motor  activity the bulk and surface  density of 
the capil lar ies  was indistinguishable f rom the control,  but the surface to volume ratio was increased  by 14.5% 
(P < 0.05). On the 30th day of hypokinesia, evidence of congestion in the myocard ium was well marked,  and 
under these c i rcumstances  the relat ive volume and relative surface a rea  of the mieroc i rcula t ion  were consid- 
erably increased  by 51.9 and 36.9% respect ively;  P < 0.01) and the surface to volume ratio decreased by 
10.4% compared with the control .  

The considerable inc rease  in the relat ive total volume of collagen f ibers and ground substance (to 107.2 • 
7.4 mm3/cm 3) toward the end of the experiment (64.0 • 4.3 mm3/cm ~ in the control) took place chiefly on account 
of an increase  in the content of collagen bundles (Fig. ld, e). Collagenization of the myocardia l  s t roma  during 
hypokinesia has been observed by a number of invest igators  [2, 11]. Incidentally, no significant changes were 
found in the relat ive proport ions of s t romal  components (Fig. 4), but a tendency was d iscovered for the relative 
percentage of ground substance in the myocardia l  s t r oma  of the ra t s  to increase  after 30 days of hypokinesia, 
together  with a dec rease  in the number of capi l lar ies ,  endothelial cells, and connect ive- t issue cells. 

As a resul t  of the s t ructura l  changes descr ibed above, relat ions between pa reachyma and s t roma  in the 
t issue organizat ion of the myocard ium were considerably al tered after 30 days of hypokinesia. The rat io of 
bulk density of the s t roma  to the relat ive volume of the parenchyma rose  by 65.8% after 30 days of hypokinesia 
(P < 0.001). An increase  was observed in the volume ratio both of capil laries to cardiomyocytes  (by 66.1%) and 
of f ibers and ground substance to cardiomyocytes  (by 82.1%). The ratio of bulk density of connect ive- t issue 
cells to the relat ive volume of the cardiomyocytes  did not change significantly during the experiment.  

829 



Information analysis revea led  an increase  in entropy and re la t ive  entropy and a dec rease  in excess  of 
the myocardia l  t issue in the course of i ts a t rophycausedbyhypok ines ia  for  30 days (Table 2). The highest 
value of entropy and the lowest value of excess ,  evidence of an inc rease  inthe indeterminancy of the sys tem 
(myocard ia l t i s sue)  were observed  in the final stage of the exper iment .  Intensification of sc l e ros i s  in the myo-  
cardium during prolonged r e s t r i c t i on  of motor  activity led under these c i rcumstances  to a reduction in entropy 
and re la t ive  entropy of the s t roma .  

This morphome t r i c  and s te reo log ic  invest igat ion of the t issue organization of the ra t  myocardium during 
hypokinesia for  30 days thus showed that the reduct ion in absolute weight of the hear t  was accompanied by a 
dec rease  in d iamete r  of the cardiomyocytes  and by considerable  changes in the re la t ions  between s t romal  and 
parenchymatous  components of the organ.  Among the most  important  of these  changes were  a significant in-  
c rease  in the re la t ive  volume of the s t roma,  collagenization of the in ters t i t ia l  connective t i ssue,  and a marked  
tendency toward a dec rease  in the surface  to volume rat io  of the capi l lar ies .  This is evidence of the unfavor-  
able s t ruc tura l  changes in the t issue mie ro reg ion  during prolonged hypokinesia.  
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