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Wistar ra t s  weighing 200 g were adapted to high-altitude hypoxia in a p ressure  chamber for 
8 h daily at an naltitude" o f  8000 m. On the 40th day of the experiment the weight of  the left 
ventricle was 41.5% grea ter  than the control.  The volume and surface densities of the s t ruc-  
tural  components of the myocardium were determined stereologically at the light and electron- 
microscopic levels and the absolute total volumes and their  surface areas  were calculated for 
the ventricle as a whole. The total vo lumeof  myofibrils was shown to r i se  steadily during 
hypertrophy, whereas the total volume of mitochondria remained constant, although the total 
surface area  of the mitochondira increased parallel  to the volume of the muscular  component. 
It is suggested that the controlling parameters  during hypertrophy of the hear t  a re  the weight 
of the myofibrils and the surface area  of the mitochondria. 
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There  have been many stereological studies of the myocardium during hypertrophy of the heart  in recent  
years  [3-5, 8-15]. However, the workers  concerned as a rule have limited thei r  attention to the study of 
relat ive indices of the volume and mtrface densities of the structures,  calculated per unit volume of t issue.  
However, to understand the nature of the changes taking place during hypertrophy it is also interesting to 
examine changes in the absolute total volumes and surface area of the t issue and cell components calculated 
for  the organ as a whole. The aim of the present investigation was to analyze such indices. 

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

Experiments were car r ied  out on 17 male Wistar ra t s  weighing initially 200 g, five of which served as 
the control; the r e s t  were adapted for 8 h daily in a p ressure  chamber in accordance with the following pro- 
gram: f rom the 1st through the 8th days the naltitude" was increased daily by 1O00 m, and after the 8th day 
the animals were kept at an "altitude" of 8000 M. Three  ra ts  were killed on the 9th day of the experiment, 
five on the 15th day, and four on the 40th day. Control animals were killed at the end of the experiment. The 
hear t  was stopped by cold [7] and fixed by perfusion through the aorta with a 4% solution of paraformaldehyde 
in 0.1M phosphate buffer, pH 7.4, under a p ressure  of 50 cm water. The right and left (with the ventricular  
septum) ventricles were weighed separately, af ter  which ten pieces were excised from each ventricle, post- 
fixed with 1% osmium tetroxide, embedded, and used for obtaining semithin and ultrathin sections. 

The total weight of the fixed myocardium was determined by weighing a piece of t issue tied by a hair  to 
the pan of torsion scales, in a i r  and after  immersion in water.  The volume of the myocardial t issue of the 
ventricles (Vv) was calculated by dividing their  weight by their  specific gravity, which was the same in the 
experimental and control ser ies  (1.06 • 0.006 g/cm3). Using a stencil of dots and lines [1, 2], the bulk density 
(Bd) o~ the muscle f ibers (Bdf) and of the interstitial t issue, including small blood vessels,  mainly capil laries 
(Bdc) and of the connective t issue with all other s tructures (Bdct) was determined in percentages in semithin 
sections under the light microscope.  Using dots, the bulk density (Bdif) of the mitochondria (Bd~c), myofibrils 

(Bd~ff~)mr and of other s t ructures  (Bd'-ff-~,v~- and using intersections of the lines, the surface density of the outer  
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Fig.  1. Typical  a r e a s  of  m y o c a r d i u m  of lef t  vent r ic le  of control  (a) and exper imenta l  
(b) an ima l s  (on 40th day). Expe r imen ta l  sect ion shows thickening of myof ibr i l s ,  widen- 
ing of Z-bands ,  and s m a l l e r  and m o r e  elongated mitochondr ia .  16,000 x .  

m e m b r a n e  of the mi tochondr ia  (Sdimfc), inside the musc le  f i be r s  we re  de te rmined  in m m  -I  on ul t ra th in  sect ions  
in the e lec t ron  m i c r o s c o p e .  The  bulk and su r face  densi ty  of the in t raceUular  s t r u c t u r e s  r e la t ive  to the total  
myoca rd i a l  t i s s u e  were  next ca lcu la ted  by the equations:  

Bd i f .  Bdf Sdimfc �9 Bdf 
Bd - 100 and Sdmc 100 

The  absolute  tx~tal value of each  component  in the myocard ia l  t i s sue  of the left  ven t r ic le  was ca lcula ted  by the 
equation: 

v - V v  "Bd 
I00 

and the  absoluf~ tota l  su r face  a r e a  of  the mi tochondr ia  by the equation: 

Smc = S d "Vv. 

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

In both the exper imenta l  and control  s e r i e s  different  myocy tes  in the  s ame  sect ion could d i f fer  s ignif i -  
cant ly  f r o m  one another  in the  number  and s ize  of the  mi tochondr ia ,  the  th ickness  of the myof ibr i l s ,  and o ther  
f ea tu res ,  but thickened myof ib r i l s  with widened Z-bands  and smal l  mi tochondr ia  in inc reased  number s  were  
m o r e  c h a r a c t e r i s t i c  o f  the exper imen ta l  an imals  (Fig. 1). The volume of t i s sue  o f  the lef t  vent r ic le ,  which 
was 543 �9 24 m m  ~ in the control ,  was  somewhat  g r e a t e r  on the 9th day of the exper iment ,  namely  567 �9 20 m m  3, 
and it i nc reased  significantly toward  the 15th (753 �9 25 m m  3) and 40th (769~ 54 rmn 3) days.  It  will be c l e a r  
f r o m  Fig. 2 that  both the r e l a t i ve  and, m o r e  especia l ly ,  the absolute  vo lumes  of in te rs t i t ia l  t i s sue  w e r e  con-  
s iderably  inc reased  in the exper imen ta l  an imals .  In the e a r l i e r  per iod (9-15 days) th is  was due chiefly to 
edema  of  the  connect ive  t i ssue ,  but l a t e r  the edema  subsided and the volume of the s y s t e m  of smal l  v e s s e l s  
inc reased  at  the s a m e  t ime.  

The  d i f fe rences  between the r e l a t i ve  and absolute  indices we re  pa r t i cu la r ly  m a r k e d  when the mos t  
impor tan t  functional s t r u c t u r e s  of the myoca rd ium - the myof ib r i l s  and mi tochondr ia  - were  examined.  The  
r e l a t i ve  vo lume of the myof ib r i l s  in the exper imenta l  h e a r t s  showed a tendency to d e c r e a s e  a li t t le,  espec ia l ly  
if ca lcula ted  for  the myocard ia l  t i s sue  a s  a whole (Fig. 2b). However ,  this  d e c r e a s e  was a t t r ibutable  to an in-  
c r e a s e  in the quantity of  in te rs t i t ia l  t i s s u e  and of the cy top la smic  mat r ix ,  which was mos t  m a r k e d  on the  15th 
day of  the  exper iment .  The  absolu te  weight of the myof ib r i l s  in fact  inc reased  s teadi ly  (Fig. 2c). 
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Fig.  2. Relative and absolus ra t ios  of 
s t ruc tura l  components of myocardium 
f rom left  vent r ic le  of r a t s  in control  (C) 
and on 9th, 15th, and 40th days of  
adaptation to high-al t i tude hypoxia,  a) 
Relat ive volumes inside muscle  f ibers  
(Bdif); b) r e l a t ive  volumes in total  myo-  
cardia l  t i ssue  (Bd); c) absolute volumes 
(V) of structural components (in mm 3) 
and total  surface  a rea  (Sine) of mi to-  
chondria  (in mm 2" 10 s). 

Changes in the mitochondria  a r e  pa r t i cu la r ly  noteworthy, for  it has been suggested that these  organoids 
play a special  ro le  in adaptation of the myocard ium [4, 6]. The re la t ive  volume of the mitochondria ,  it is 
held, ought to increase ,  but the r e su l t s  obtained by different  workers  have proved cont rad ic tory  [3, 4, 8-15]. 
In the presen t  exper iments ,  just  as  in those of some other  workers ,  the re la t ive  volume of the mitochondria  
of the myocard iocytes  fell significantly (to 68% of the control) .  Calculat ion of the absolute values, however, 
showed that the total  volume of the mitochondria  in the myocard inm remained  unchanged within the l imi ts  of 
e r r o r .  At the same t ime the total surface  a rea  of the mitochondria  increased during hyper t rophy of the 
vent r ic le  paral le l  (coefficient of co r re la t ion  0.79) with the increase  in weight of the myocard ia l  muscle  f ibers  
(Fig. 2c). This  indicates that the mitochondria ,  while p rese rv ing  the same total  volume, inc rease  the i r  su r -  
facb a rea  e i ther  through an increase  in the i r  number  and a d e c r e a s e  in the s ize  of the individual mitochondrion, 
o r  through changes in shape in the direct ion away f rom spher ical .  Visual observat ions  show that the surface  
a rea  is in fact  increased  in both these  ways, but the f i r s t  predominates .  

Th is  phenomenon is evidently of deep biological significance in myocard ia l  adaptation, for  the increase  
in surface  a rea  leads  to increased  efficiency of  mitochondrial  function while the i r  total volume r ema ins  un- 
changed, with consequent economy in the r equ i remen t  of  s t ruc tura l  mate r ia l s  for  a rapid  inc rease  in weight~ 
of the myof ibr i l s .  The re  is r ea son  to suppose that this  state of affa i rs  is common to the development of  hy-  
pe r t rophy  f rom different  causes .  In a r ecen t ly  published paper  Anversa  et  al .  [8] give the detai led r e su l t s  of 
a s tereologic  investigation of  the ra t  myocard imn during hyper t rophy  caused by renal  hypertension,  and by 
using these  data we were  able to ca lcula te  the absolute total  indices.  Unlike in the p resen t  exper iments ,  these  
worke r s  used r a t s  weighing 90 g, i .e. ,  in the per iod  of intensive growth. Never the less ,  during an increase  in 
weight of the ven t r ic les  by 30% the weight of  the mitoehondria  increased  by only 12%, and the increase  in the 
weight of the myofibrJls  and in the surface  a r ea  of the mitochondria  cor responded  a lmost  e~actly to the in- 
c r e a s e  in weight of  the ven t r ic les .  

The r e su l t s  show that  the basic control l ing p a r a m e t e r s  in the myocytes  during the development of  myo-  
cardia l  hyper t rophy a re  evidently the weight of  the myofibr i l s  and the sur face  a rea  of  the mltochondrta ,  where -  
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as the weight of the mitochondria may increase much more slowly or, in adult animals, may even remain 
constant. 
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