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Now that e lectron mic roscopy  has provided much wider opportunities for  the s t ruc tura l  analysis of 
functional changes in organs,  it is interest ing to use this method to study the u l t ras t ruc tu re  of the myoea rd -  
ium when it is working in different cond i t ions -dur ing  increased functional activity,  fatigue, and res t .  The 
resul ts  of such a study could be useful, f i r s t ,  to provide a deeper insight into the pathogenesis and mechan-  
i sms of hear t  fai lure,  and second, to develop ways of preventing this condition. They could also have a 
bear ing on athletic medicine. No investigations of this nature could be found in the l i terature .  

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

Albino rats  (20 animals) were  divided into four  groups:  5 animals swam in warm water  (32-35 ~ for  
a single s t re tch  of 4 h (group 1 - p h y s i c a l  exertion once); 5 animals ca r r i ed  out this procedure  for  2 h twice 
a week for  6-10 months (group 2 - t r a i n i n g  for  physical  exertion); another 5 animals swam for  6 h daily for  
1-2 months (group 3 - c h r o n i c  overloading); and finally, 5 animals were  controls  (group 4). The animals 
were  decapitated immediately  after  a routine exerc ise .  P ieces  of bra in  were  fixed in Carnoy ' s  fluid and 
embedded in paraffin wax. Sections cut to a thickness of 5 # were  stained by Niss l ' s  method. Neurons of 
the eu taneo-motor  a rea  of the ce reb ra l  cortex,  Area  PA m, layer  5,were studied. The c r o s s - s e c t i o n  of 
the neurons and of their  nuclei in this zone was determined.  This was done by obtaining the product of two 
mutually perpendicular  d iameters  (major and minor) of the neuron and of its nucleus.  In the cu taneo-motor  
a rea  of each experimental  animal, an average of 100 neurons and nuclei was measured  (about 500 m e a s u r e -  
ments to a group). The s ta t is t ical  analysis was ca r r i ed  out with the aid of a WUral-2" computer .  Pieces  
of myocard ium were  fixed in 1% OsO4 solution and embedded in a mixture of butyl-  and methylmethacryla tes .  
Sections were  cut on a type LKB 4801A ul t ra tome and investigated with a type ~VI-7 electron microscope .  

EXPERIMENTAL RESULTS 

In the animals subjected to physical exertion once, moderate changes in the ultrastructure of the 
myoeardium were observed. They took the form of swelling of the mitoehondria, the formation of granules 
in them and a punetate translucency of their matrix, disorganization of the cristae to a certain degree, and 
clearing of the sareoplasm. In the same cell, along with mitoehondria showing these changes, many others 
had a normal structure (Fig. I). When the animals were overfatigued as a result ofprolongeddaily exer- 
tion, these changes were much more marked. Most of the mitoehondria were greatly swollen, their matrix 
was translucent, and the cristae were partly or completely destroyed. The sareoplasm was translucent. 
The tubules of the sarcoplasmic retieulum were greatly dilated, and empty areas were seen between the 
myofibrils (Fig. 2). These changes were particularly well defined in a rat dying after carrying out these 
exerc i ses  for  a month. In animals subjected to systemat ic  moderate  exerc ises  (group 2), the u l t r a s t ruc -  
ture  of the muscle  cells was only slightly different f rom that observed in the control  (Fig. 3). In some s e c -  
tions f rom these rats  par t icular ly  large groups of mitochondria were found, on the basis  of which it could 
be assumed that their  number  had increased.  

Examination of layer  5 of Area  PA m of the cortex of the control animals showed that hypochromic cells 
with signs of chromatolys is  of per ipheral  type were  present  among the nerve  cells of normoehromic  type .  
The nuclei of the neurons,  like the neurons themselves ,  were of average s ize  (mean c ross  sect ional  a rea  
of neuron 94 g2, of nucleus 45 p2) and r ich  in chromatin.  The nucleoli were large,  regular  and c i r cu la r  in 
shape, and located central ly .  The cutaneoamotor  a rea  of the cor tex of the animals fatigued by swimming 
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Fig. 1. Swelling of mitochondria  (M), t rans lucency  
of matr ix,  and disorganizat ion of their  internal  septa 
in myocard ium of a ra t  af ter  physical  exertion once. 
30,000 • 

Fig. 2. Changes i n t h e m i t o c h o n d r i a ( M ) i n  the 
m y o c a r d i u m o f  a ra t  subjected to daily and prolonged 
physical  exert ion.  These changes are  more  marked  
than those in Fig.  1. 30,000 • 

contained large,  c lea r ,  hypochromic cei ls .  The 
Nissll substance of these cells was in a s tate  of 
per iphera l  chromato lys i s ,  the nucleus was l ighter ,  
and the nucleoli were  in var ious  states (ectopia, 
hyper t rophy,  disintegration,  and atrophy). The 
mean c ross  sect ional  a rea  of the neuron was 118 
#2, and of the nucleus 59 p2. Investigation of the 
ce reb ra l  cor tex  of the animals rece iv ing  s y s t e m a -  
tic, moderate  exerc i ses  revealed definite p r e -  
servat ion of the cytoarchi techtonic  picture.  
Layer  5 of the cor tex  contained neurons of n o r -  
mochromic  type. The nerve  cells were  r ich  in 
Nissl  substance and somet imes  p e r i p h e r a l c h r o -  
matolysis  was present .  The nuclei were  regu la r  
and c i r cu la r  in shape,  with a cent ra l ly  si tuated 
nucleolus and a well marked  granular  s t r uc tu r e* .  

The resul ts  of s ta t i s t ica l  analysis  of the 
measurements  of the neurons and their  nuclei in 
Area  PA m of the cor tex  thus demonst ra ted  that 
their  values were  ra i sed  in the animals exe r -  
c ised once only. Meanwhile,the amount of Nissl  
substance in the cy top lasm was reduced.  In the 
animals receiving training exerc i ses  of modera te  
seve r i ty  these changes were  much less marked 
and the neurons of these animals were pract ica l ly  
indistinguishable f r o m  the cor responding  cells  
of the control  ra t s .  

The facts  descr ibed above may be under-  
stood on the basis of modern concepts of the 
principles governing in t racel lu lar  regenera t ive  
p roces ses .  Data repor ted  in the l i tera ture ,  to-  
gether with the resul ts  of the au thors '  exper i -  
menta l  investigations, indicate that under the 
influence of various pathogenic stimuli the ultra- 
structures of cells suffer damage; but if the 
stimulation stops in good time, the fine structure 
of the cells is gradually restored and the injured 
organoids are repaired or renewed. It has also 
been discovered that intensive functional activity 
of cells is made possible and also accompanied 
by an increase in the number of their ultrastruc- 
tures. The chief importance of these observa- 
tions, made by means of the electron microscope, 
is the discovery of the regenerative and hyper- 
plastic p rocesses  taking place continuously with- 
in the cell .  The t e r m  ~intracellular  ~ can be 
suggested for  this f o r m  of regenera t ive  react ion 
and it has been identified as the mos t  universal  
type of such reac t ion~- found  in all organs with-  
out exception. Finally,  taking into account the 
data descr ibed above, cor rec t ions  have been 
introduced into modern views of the principles 

governing regenera t ion in mammals  and man [2, 3, 4, 5]. Similar  s ta tements  have been made recent ly  
by other authors [7]. 

* The consultant for  this par t  of the investigation was G. N. Krivi tskaya,  senior  r e s e a r c h  worker  at the 
Institute of the Brain,  Academy of Medical Sciences of the USSR. 
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Fig. 3. Slight changes in mitochondria 0Yl) in the 
myocard ium of a ra t  subjected to physical  exertion 
af ter  p re l iminary  training. 30,000 • 
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Fig. 4. Scheme represent ing  relat ionship between 
f requency of exposure to fatigue and int racel lu lar  
regenera t ive  react ion.  Black circles) unchanged 
mitochondria;  unshaded c i r c l e s ) c h a n g e d  mi to -  
ehondria;  ~) moment  of action of fatigue. 

The physiological prototype of intraeel lular  
repara t ive  regenerat ion taking place af ter  injury 
to organs is the continuous process  of cyclic r e -  
newal of in t racel lu lar  s t ruc tu res .  It has been 
shown, for  example, that the mean life span of 
the l iver mitochondria  is 10-12 days [6], of the 
myofibri ls  30 days [8], and so on. 

The fact  that functional loads, if applied to 
animals periodical ly at sufficiently long in te r -  
vals (2nd group of experiments) do not give r i s e  
to p rogress ive  changes in the u l t ras t ruc tures  of 
the myocard ium can be explained in the light of 
the foregoing account by assuming that in the 
interval  between the action of these fo rces  the 
archi tectonics  of the cells  in fully res to red .  In 
other words,  the rhythm of action of the d is turb-  
ing forces  coincides with the cycle  of physio-  
logical renewal of the s t ruc tu res .  I n  cont ras t  to 
this state of affairs ,  in animals exposed more  
frequently (daily) to intense fatigue (3rd group of 
experiments) ,  complete res tora t ion  of the u l t ra -  
s t ruc tu res  had not yet taken place before  each 
new exposure to fatigue and the mater ia l  r e -  
sources  of the cells gradually became exhausted. 
This is Shown schemat ica l ly  in Fig. 4, f r o m  
which it will be seen that the fas te r  the rhythm of 
action of fatigue on the cell,  the less the cell  was 
able to r epa i r  the damage to its u l t ras t ruc tures  
before  the next exposure to fatigue (Fig. 4, b, c). 
If complete  r ecove ry  took place, however,  expos- 
ure  to fatigue could be repeated indefinitely with- 
out any after  effects (Fig. 4, a). 

The ra te  of renewal of the u l t ras t ruc tures  
at which the regenera t ive  cycle  was able to reach  
completion in the intervals  between exposures 
to fatigue can render  the cel l  prac t ica l ly  invulner-  
able. Hence, it follows that sys temat ic  and 
modera te  functional loads can activate the ra te  
of the int racel lular  repa i r  p rocess  and maintain 
it continuously at a high level, while if these 
training exerc ises  continue for  a long t ime they 
lead to moderate  hypert rophy of the cel ls ,  i. e., 
to an increase  in the number  of their  u l t r a s t rue -  
tural  components.  This c rea tes  a r e s e r v e  of 

s t ruc tu ra l  and functional cel l  units and ensures a high degree  of renewal;  as we have seen,  this may mini-  
mize  the extent of injury to the organ caused by the action of a s t rong st imulus.  One of the more  important  
consequences of sys temat ic  functional loads on organs is thus what might be called the "training s of the 
in t race l lu lar  physiological regenera t ive  p rocess .  In cont ras t  to this, absence of sys temat ic  exerc ises  or  
a lowering of functional demands on an organ and on the cells  composing it, may re ta rd  this p rocess ,  
leading to inhibition of regenerat ion of the u l t ras t ruc tures  and then to a decrease  in their  number.  This 
is c lear ly  seen in e lec t ron-microscop ic  investigations of the organs of animals subjected to s tarvat ion or  
to atrophy as a resul t  of lowered function [1, 9]. With a sudden increase  in the functional load, such cells 
will natural ly be injured quickly. This may perhaps account for  the grea ter  sensi t ivi ty of the aging organ-  
i sm to functional loads: the rhythm of renewal of the cell  u l t ras t ruc tures  is s lower and prot rac ted  in 
these c i r cums tances ,  and the total number of u l t ras t ruc tures  is fewer,  so that the t ime interval between 
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success ive  actions of the disturbing fo rces ,  although adequate for  regenera t ion  of the organoids of a young 
organism,  is not long enough in the old. 

It must  be considered that these r emarks  apply not only to physical  loads, but also to the action of 
other  fac tors  on the organism.  Under the influence of cer ta in  chemica l  substances ,  fo r  example, changes 
take place in the u l t ras t ruc tu re  of the cel ls ,  which is fully r e s t o r e d  before  the next exposure to the st imulus 
if the ra te  of application is not too rapid; but, these changes p rogres s  and te rminate  in necros i s  when the 
interval  between exposures to the chemica l  fac tor  is too shor t  fo r  complete regenerat ion.  The possibil i ty 
is not therefore  ruled out that this interrelat ionship between in t race l lu lar  regenera t ive  p rocesses  and 
various fac tors  acting on the cell  is a general  biological  principle.  

The morphological  resul ts  descr ibed  above showed that during exposure to physical  loads,definite 
changes in in t racel lu lar  s t ruc tures  take place not only in the working organ (heart muscle) ,  but also in the 
cent ra l  nervous sys t em and, in par t icular ,  in the cells of the cu taneo-motor  a rea  of the ce reb ra l  cor tex.  
Uncontrollable and gradually increas ing loads may lead to considerable  s t ruc tu ra l  changes in the cells of 
the myocard ium and centra l  nervous sys tem.  Conversely ,  loads al ternating with periods of r e s t  adequate 
to allow completion of the repa i r  p rocess  gradually begin to be accompanied by p rogress ive ly  less marked 
changes in the cells  of the cent ra l  nervous sys tem.  

By regulat ing the work of the internal  organs ,  in the course  of this regulation, the cent ra l  nervous 
sy s t em itself undergoes changes analogous to those taking place in the cells of the working t issues .  The 
more  intensive the functional activi ty of an organ, the more  c l ea r ly  defined the in t racel lu lar  changes,  not 
only in the organ itself,  but also in the cent ra l  nervous sys tem.  Hence it follows that the r e c o v e r y  period 
is not limited to in t racel lu lar  r epara t ive  p rocesses  in the working organ,  but it is occupied by such p ro -  
ce s ses  in the cor respond ingpar t s  of the nerve  t issues as well. An important  condition of complete  r e -  
s tora t ion of the working capaci ty  of the o rgan ism is synchrony of the repa i r  p rocesses  in the two s y s t e m s -  
per iphera l  (working) and centra l  (regulatory).  Disturbance of this synchrony of these r epa i r  p rocesses  
may be a cause  of the onset of pathological s ta tes .  In fact ,  complete res tora t ion  of the u l t r a s t ruc tu re  of 
the hear t  muscle  cells af ter  physical  loading is not in itself evidence of adequacy of r e s t  and a s ta te  of 
preparedness  for  work,  without knowledge that the fine s t ruc tu re  of the cells  in nervous centers  responsible  
for  the control  of the work of the hear t  and changing in the course  of its work has likewise been r e s to red  
complete ly  to normal .  If this has not happened-even  ff the normal  s t ruc tu re  of the muscle  cells has been 
fully r e s t o r e d - t h e i r  activity will be imperfect .  In such cases  it remains  unexplained, as a rule,  why the 
apparent ly normal  myocard ium has failed. 

The cyc le  of physiological  regenera t ion  of in t racel lu lar  s t ruc tu res  is not stable.  It is constant ly 
changing, ensuring adaptation of the cel l  to differences in the working conditions of the organ.  This r e -  
gulation of the intensity of in t racel lu lar  physiological  regenera t ion and this continuous adaptation of its 
cou r se  to the requi rements  of the o rgan ism may be among the s t ruc tu ra l  bases  of the trophic function of 
the nervous sys tem.  Accelera t ion of the process  of renewal of the u l t ras t ruc tures  and an inc rease  in 
their  number,  accompanied by hyper t rophy of the cel ls ,  a re  responsible  for  adaptation of an organ to 
external  influences, i.e., for its s tate  of training. 
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