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Hypertrophy of the myocard ium was induced in rats  and mice by training in a p re s su re  cham- 
ber or  ligatton of the apex of the heart .  Two weeks later  the formation of t r ansve r se ly  or ient-  
ed myofibri ls  was observed beneath the s a r co l emma  in some of the ventr icular  myocard iocytes .  
It is suggested that this phenomenon depends on the development of t r ansve r se  mechanical  forces 
beneath the s a r c o l e m m a  as a resul t  of an increase  in volume of the cells.  
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The problem of the causes of the regular  a r rangement  of s t ruc tures  in ceils has received little study. 
When investigating the myocard ium of mice and rats  during the development of experimental  hypertrophy of 
the hear t  the wr i te r s  found that t r ansve r se ly  oriented myofibri ls  are formed beneath the s a r co l emma  of many 
of the muscle  cells of both the right and the left ventr icle .  

EXPERIMENTAL METHOD 

Male Wlstar rats weighing 200 ~20 g were exposed for 6 h daily in a pressure chamber for 5 days each 

week in accordance with the following program: During the first days the ~altltude" was increased by I000 m 

daily up to 7000 m, after which further exposures were at the same 'r altitude." Five rats were killed 2 weeks 

after the beginning of training and 17 rats after 4 weeks. A group of five rats was subjected to a more inten- 

sive training program, namely exposure for 8 h dally to an ~altitude" of 8000 m, and they were killed 2 weeks 

later. The hearts of five adult mice in which the apex of the heart had been ligated by SelyeYs method [2], and 

which were killed 2 weeks (two mice) and 4 weeks (three mice) after the operation, also were investigated. 

Five animals undergoing a mock operation served as the control. The hearts were examined in the electron 

microscope. 

EXPERIMENTAL R E S U L T S  

In ra ts  exposed for 2 weeks in a p re s su re  chamber  the mass  of the hear t  was increased compared with 
the control: 126 �9 7% for the right ventr ic le  and 114 • for the left. After exposure for 4 weeks the increase 
in mass  of the hear t  was vir tual ly the same (127a:6 and 115 ~3%, respect ively) .  A grea te r  increase  in the 
mass  of the hear t  was observed after 2 weeks in ra ts  subjected to more  intensive training (188 • 8 and 157~ 
4%). The ligated apex of the hear t  developed necros i s ,  as a resul t  of which up to one third of the mass  of the 
ventr ic les  was lost, but the remainder  r e s to red  the original  mass  by hypert rophy in the course of I month. 

Signs of intensification of both lytic and plastic p rocesses  were observed electron microscopica l ly  in 
the myocard iocytes  of the experimental  animals [1]. Par t icu lar ly  intensive formation of new myofibri ls  was 
observ'ed in the region below the sa rco lemma;  in some muscle  ceils the newly formed myofibri ls  were or ient-  
ed, not parallel  to the long axis of the myocard iocytes  as usual, but t r ansverse ly ,  perpendicular ly to the r e -  
maining myofibr i ls ,  forming an annular layer  girdling the cell. P ic tures  of this sor t  were more  frequently 
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Fig. 1. Regions beneath s a r c o l e m m a  of myoca rd iocy te s  of ven t r ic les  of r a t s  exposed 
for  2 weeks in p r e s s u r e  chamber  (high-alti tude hypoxia). Elec t ron mic rog raphs  stained 
with uranyl  and lead. a) Accumulat ion of mi tochondr ia  and po lysomes  beneath s a r c o -  
l e m m a  (28,000 • b) appearance  of f i r s t  f ibr i l s  connected with po lysomes  (28,000 • 
c) fu r ther  fo rmat ion  of t r a n s v e r s e l y  or iented myof i l aments  (28,000 • d) t r a n s v e r s e l y  
or iented  myof[br i l s  fo rmed  beneath s a r c o l e m m a  (15,000 • e) t r a n s v e r s e  section through 
myoca rd iocy te s  with m a t u r e  myof ib r i l s  s i tuated beneath s a r c o l e m m a ;  connection between 
Z bands of t r a n s v e r s e l y  and longitudinally or iented myof ib r i l s  can be seen below 
(28,000 • f) s ame  pic ture  in longitudinal sect ion through myocard iocy te  (28,000 • 

found in the myoca rd ium of the r a t  a f te r  exposure  for 2 weeks in the p r e s s u r e  chamber ,  espec ia l ly  af ter  in- 
tens ive  t ra ining.  After t ra in ing for 4 weeks,  t r a n s v e r s e  myof ib r i l s  were  much less  frequently observed .  

The p r o c e s s  takes  takes  place asynchronously  in different  cel ls  and by compar ing  the p ic tures  o b s e r v e d  
within the s ame  sect ion and also in different  animals ,  it can be r ep re sen t ed  as follows. In cel ls  exposed to 
rapidly, developing hyper t rophy  accumulat ion of mi tochondr ia  is obse rved  in the region below the s a r c o l e m m a ,  
and between the mi tochondr ia  numerous  r i b o s o m e s  appear ,  some of them lying f ree ly  and aggregated into 
po lysomes ,  o thers  lining the tubules of the endoplasmic  re t i eu lum (Fig. la) .  Thin f ibr i l s ,  evidently newly 
formed myof i laments  (Fig. lb ,  c) a re  in c lose  contact  with the r i b o s o m e s .  In the next s tages  myof ibr i l s  are  
a l ready formed;  init ially they are  thin and loosely  a r ranged  (Fig. ld),  but l a te r  they attain the th ickness  of 
no rma l  m a t u r e  myof ib r i l s  and a re  in no way dis t inguishable f rom them in s t ruc tu re ,  but they are  or iented  
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t r a n s v e r s e l y  (Fig. l e ,  f). A s t r ik ing fea ture  [s that the format ion  of Z bands in the t r a n s v e r s e  myof ibr [ Is  is 
connected with the s ame  T s y s t e m s  as the analogous bands in the deep, longitudinally or iented  myof ibr i l s ,  as 
a r e su l t  of which the subs tance  of the Z bands of the perpendicu la r ly  a r ranged  myof ib r i l s  is interconnected 
(Fig. l e ,  f). 

In the mice  in which hyper t rophy  of the m y o c a r d i u m  was produced by ligation of the apex of the hear t  
the fo rmat ion  of numerous  t r a n s v e r s e l y  or iented  myof ib r i l s  was obse rved  2 weeks af ter  the operat ion,  but 4 
weeks af ter  the opera t ion there  were  substant ia l ly  fewer of them.  This indicates that during the p roce s s  of  
renewal  of s t r u c t u r e s  constant ly  taking place in the cel ls ,  the or iented  myof ibr i l s  a re  subsequently replaced  
by myof ibr i l s  or iented  normal ly ,  in the longitudinal direct ion.  

The format ion  of t r a n s v e r s e l y  or iented myof ibr i l s  in these exper iments  thus took place in the re la t ive ly  
ea r ly  s tage of hyper t rophy,  when the volume of the cells was r i s ing  rapidly .  The cause of the t r a n s v e r s e  o r i -  
entation of  the newly formed myof ibr i l s ,  in the w r i t e r ' s  opinion, is that under these  conditions t r a n s v e r s e  
fo rces  a r i s e  in the region below the s a r c o l e m m a  as a r e su l t  of s t re tching,  whereas  in n o r m a l  f ibr i ls  the lon- 
g i tud ina lor ien ta t ion i s  due to longitudinally d i rec ted  fo rces .  Th i s  hypothesis  is supported by observa t ions  on 
embryonic  card iogenes i s  [4] and on myoca rd iocy tes  in organ culture [6], where  the absence of s t r i c t  o r i en ta -  
tion of the myof ib r i l s  throughout the m a s s  of  cel ls  has been descr ibed .  Some worke r s  [3, 5, 7] descr ibed  
longitudinally and obliquely or iented  myof ib r i l s  in hyper t rophied  myoca rd iocy tes  in man, a finding in terpre ted  
as the development  of mechan ica l  fo rces  in unusual  d i rec t ions  under  pathological  conditions [5]. The pre~ent  
expe r imen t  also conf i rmed the view that mechan ica l  fo rces  are  a fac tor  de te rmin ing  the or ientat ion of m y o -  
f ibr i l s  in musc le  cel ls .  
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