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In r ecen t  y e a r s  var ious  types  of e l ec t r i ca l  s t imula t ion  of r e p a r a t i v e  os teogenes i s  have been used in-  
c r eas ing ly  often in an a t t empt  to ac t iva te  r e p a r a t i v e  r egenera t ion  of bone t i s sue .  Theore t i ca l  and p rac t i ca l  
p r o b l e m s  as soc ia t ed  with the s t imula t ing  act ion of this fac tor  a r e  being intensively  studied [1-7, 10]. How- 
eve r ,  the question of the effect  of  a weak e lec t r i c  cu r r en t  on os teogenes i s  and on the cel ls  of r egenera t ing  
bone t i s sue  has not yet  been studied.  

The object  of this invest igat ion was to study changes in the s ta te  of the ce l l s  of r egenera t ing  bone t i s sue  
under  the influence of a weak pulsed e lec t r i c  cu r r en t ,  with pa r t i cu l a r  r e f e r e n c e  to cell  differentiat ion,  changes 
in the s ta te  of  the in t r ace l lu l a r  o rgane l l e s ,  and changes in the ground subs tance  of regenera t ing  bone at the 
submic roscop ic  level .  

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

Resec t ion  of a f r agmen t  m e a s u r i n g  0.5 cm f rom the middle  th i rd  of the rad ia l  diaphysis  of rabbi t s  was 
used as the model  of t r a u m a .  The opera t ion  was p e r f o r m e d  under  local  anes thes ia  (20 ml  of  0.5% proca ine  
solution). Holes were  dr i l led in each of the f r agmen t s  and a plat inum e lec t rode  was inse r ted  into each of 
them at r ight  angles to the long axis of the bone. The end of one e lec t rode  was placed in the gap between the 
f r agmen t s .  The o ther  ends of the e lec t rodes  were  ex t e r i o r i zed  and r egene ra t ion  of bone was s t imula ted  by 
pass ing a pulsed e lec t r ic  c u r r e n t  through them.  The total  per iod of observa t ion  was 3 weeks.  Details  of the 
e l ec t r i ca l  s t imula t ion  technique were  descr ibed  p rev ious ly  [2, 3]. To study changes taking place in the r e -  
genera t ing  bone t i s sue  an e l e c t r o n - m i c r o s c o p i c  invest igat ion was made  of different  f r agments  of r egenera t ing  
bone. To moni to r  the p r o c e s s  of r e p a r a t i v e  os teogenes i s ,  his tological  p repa ra t ions  s ta ined with hematoxylin 
and eosin and by Van Gieson ' s  method were  studied. Mate r ia l  for  e l e c t r o n - m i c r o s c o p i c  invest igat ion was 
fixed in a 2.5% solution of g lu tara ldehyde in cacodylate  buffer,  pH 7.4, and postf ixed in o smic  acid as desc r ibed  
in [8]. Ultrathin sect ions  were  cut on the LKB-4800 Ul t ra tome and studied in the JEM-7A e lec t ron  m i c r o s c o p e .  

EXPERIMENTAL RESULTS 

Histological investigation on the 7th day after trauma revealed an organizing hematoma in the gap be- 
tween the fragments in both control and experimental animals, with the development of fibrocellular and, in 
some places, osteogenie tissue. On electron-microscopic investigation the region of the gap in the control 
preparations was filled chiefly by large groups of erythroeytes and fibrin threads, against the background of 
which single collagen fibrils could be seen. In some parts of the defect a few fibroblastic cells in various 
stages of differentiation were arranged among the fibrin masses and collagen fibrils. After electrical stimu- 
lation the region of the defect between the fragments was filled with osteogenic tissue, consisting of fibro- 
blastic and osteoblastic cells lying in the developed fibrillary matrix. Some of them were undifferentiated 
fibroblasts, in the cytoplasm of which there were a few flattened tubules of the rough endoplasmic reticulum. 
Others were mature, differentiated fibroblastic cells with a developed system of tubules of the endoplasmic 
reticulum and a lamellar complex. The mitochondria were of different shapes with a translucent matrix and 
with internal cristae. The nucleus was oval in shape, with an invaginated nuclear membrane. The nucleoli 
were large and normal in structure. 
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Fig. 1 Fig. 2 

Fig. I. Regenerating bone on 14th day after operation and stimulation by pulsed electric current. 
Hematoxylin and eosin, 8 • 

Fig. 2. Osmoblasts on newly formed bony trabecula on 14th day after operation and stimulation 
by pulsed electric current. N) Nucleus; M) mitochondria; ER) endoplasmie retieulum; CF) 
collagen fibrils; CC) calcium crystals; 7500 • 

Intensive development  of s t r u c t u r e s  of  the e r g a s t o p l a s m  and l ame l l a r  complex also was obse rved  in 
the pe r inne l ea r  zone of os teoblas t ic  ce l l s .  Hyper t rophy  and hyperp las ia  obse rved  in the cell  o rgane l les  could 
be connected with the fact  that  at this  per iod of r egenera t ion  the cel ls  a re  involved in p r o c e s s e s  a imed at the 
fo rmat ion  of ground substance .  

His to logical  examinat ion 2 weeks a f t e r  t r a u m a  showed that  the bone defect  in the exper imenta l  group was 
ha l f - f i l l ed  (Fig. 1) with spongy bone t i s sue ,  located nea r  one of the f r agmen t s .  The o ther  half was filled 
main ly  with hyaline car t i l age ,  on the bas i s  of  which bone t i s sue  fo rmat ion  could be obse rved .  In the control  
s e r i e s  a zone of newly fo rmed  bone t i s sue ,  s i m i l a r  in c h a r a c t e r  and ma tu r i t y  to the newly fo rmed  bone in 
the p repa ra t ions  of the exper imenta l  group,  could be detected near  one of the f r agmen t s .  Areas  ofendochondral  
bone format ion  also were  p resen t .  Newly fo rmed  bone t i s sue  filled one- th i rd  of the gap between the f r agment s .  
The r e s t  of the gap was filled chiefly with f ibrous and ca r t i l age  t i s sue ,  whereas  nea r  the newly fo rmed  bone 
it  was fil led with f fbroce l lu la r  osteogenic  t i s sue .  

E l e c t r o n - m i c r o s c o p i c  invest igat ion showed an i nc rea se  in s ize  of cel l  m a s s e s  of os teoblas t tc  type in 
the regenera t ing  t i s sue  of animals  subjected to e l ec t r i ca l  s t imulat ion.  The  os teob las t s  were  l a rge  polygonal 
cel ls  sur rounded by wide l aye r s  of collagen f ibr i ls  {Fig. 2). The i r  nucleus was si tuated eccen t r i ca l ly .  The i r  
cy top la smic  m e m b r a n e  gave off p r o c e s s e s .  Hyper t rophy  and hyperp las ia  of s t r uc tu r e s  of the e r g a s t o p l a s m  
and l a m e l l a r  complex  were  obse rved .  Somet imes  smal l  l y sosome- l l ke  bodies were  found in the region of the 
l a m e l l a r  complex.  Mitochondria were  f a i r ly  numerous .  They were  sma l l  in s ize ,  with a modera t e ly  dense 
matrix. Mitochondria in osteoblasts, which were distributed on the surface of the bony trabeculae and showed 
a tendency to be immured in the ground substance, were large and had a transparent matrix. Small groups of 
hydroxyapatite crystals were observed along the fibrils, which they masked. The osteoblasts gradually began 
to be immured in the calcified osteoid. 

The other half of the regenerating tissue consisted of hyaline cartilage. Chondroblasts were located in 
the uncalcified cartilage among the collagen fibrils. In the zone of calcified cartilage hypertrophied chondro- 
cytes were seen. In their external appearance they resembled vesicular cartilage cells. This morphological 
appearance can be explained by the presence of widely dilated vacuoles of the hypertrophied lamellar complex. 
These vacuoles were filled with a substance of moderate electron density, evidently mucoprotein in nature. 
The vacuoles opened on the surface of the cytoplasmic membrane. 

In the control animals at this time most of the defect was filled with fibrocellular tissue, consisting of 
fibroblastic and osteoblastic cells (Fig. 3). In small areas of cartilage tissue chondroblasts and chondrocytes 
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Fig. 3. Fibroblast and osteoblast on 14th day in regenerating 
bone tissue of animals of control group. RNP) Ribonucleopro- 
reins; LC) lamellar complex; FC) fibroblastic cell; OC) osteo- 
blastic cell. Remainder of legend as to Fig. 2; 30,000 • 

were  p re sen t .  The  s t ruc tu re  of  the a r e a s  of  newly fo rmed  bone t i s sue  was identical  with that  in the e x p e r i -  
menta l  series. 

The bone defect  in the expe r imen ta l  an imals  3 weeks a f t e r  t r a u m a  was fil led ma in ly  with spongy bone 
t i s sue ,  ma in ly  f ibrous and l a m e l l a r .  In s o m e  places  newly fo rmed  osteons could be identified. 

In the control  group the bone defect  was only half  filled with newly formed bone t i ssue ,  which was ident i -  
ca l  in c h a r a c t e r  and ma tu r i t y  with the bone t i s sue  of the cal lus  in the exper imen ta l  group of rabb i t s .  It  was 
located  nea r  the f r agmen t s .  A r e a s  of  ca r t i l age  were  identified n e a r e r  the cen te r  of  the defect.  Signs of 
endochondral  oss i f ica t ion were  obse rved .  In the cen t ra l  pa r t  of the bone defect  extens ive  loci of p ro l i fe ra t ion  of 
f ibrous t i s sue  were  seen.  

The submic roscop ic  c h a r a c t e r i s t i c s  of  the os teob las t s  during s t imulat ion were  the s a m e  as  in the bone 
defect  a f t e r  14 days.  However ,  the u l t r a s t r u c t u r e  of the mi tochondr ia  differed even in the s a m e  cell .  Some 
mi tochondr ia  had a d a r k e r  m a t r i x  with numerous  c r i s t ae ,  o thers  appeared  to be swollen.  At this s tage of 
r egene ra t i on  intensive mine ra l i za t ion  of the col lagen f ibr i l s  with the fo rmat ion  of bony t r abecu lae  was ob-  
s e rved .  The col lagen f ibr i l s  were  ma tu re ,  with c l ea r ly  defined c r o s s - s t r i a t i o n .  Many os teob las t s  located 
on t r abecu lae  were  sur rounded on all s ides by mine ra l i zed  ground substance ,  and were  conver ted  into os t eo -  
cytes. 

In the r egenera t ing  bone in the control  at this  per iod newly f o r m e d  bone t i s sue  identical in u l t r a s t ruc tu re  
with that  desc r ibed  above was obse rved .  At the s a m e  t ime  the re  were  la rge  a r e a s  of  hyaline ca r t i l age  and 
f ibrous  t i s sue  consis t ing of f ibroblas t [c  ce l l s  and collagen f ibr i l s .  

I t  can thus be seen  that  the undifferent ia ted m e s e n c h y m a l  ce l l s  of the r egenera t ing  bone underwent m o r e  
rap id  p r o c e s s e s  of  cel l  p ro l i f e ra t ion  and different iat ion under  the influence of e l ec t r i ca l  s t imulat ion.  The in-  
c r e a s e  in the intensi ty of cel l  p ro l i f e ra t ion  and of mi tos i s  in the zone of action of the e lec t r ic  field obse rved  
p rev ious ly  in t i s sue  cu l ture  expe rhnen t s  [9] was thus conf i rmed  to some  extent  by the r e su l t s  of the p resen t  
~nvestigation. In addition, c o m p a r e d  with the control ,  e a r l i e r  different iat ion of cel ls  cha r ac t e r i s t i c  of o s t e o -  
genes i s  was observed :  under  these  conditions it was e x p r e s s e d  as inc reased  hyper t rophy  and hyperp las ia  of 
the in t r ace l lu l a r  o rgane l les  and intensif icat ion of the s e c r e t o r y  ac t iv i ty  of  the cel ls ,  i .e . ,  the product ion of 
l a rge  quanti t ies of  pro te in  of  col lagen type.  As a r e su l t  of  all  the changes ment ioned above, the defect  between 
the f r agmen t s  was fil led m o r e  rap id ly  with newly fo rmed  bone t i s sue .  
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The plasma membranes of target  cells play an important role in the mechanism of the biological signal 
of the steroid hormones, for they are the pr imary systems for "recognition," binding, and incorporation of 
the molecules of these compounds. 

Interaction between members  of three groups of steroid hormones (corticosterone, estradiol, and testos-  
terone) with r a t  liver cells and their  plasma membranes was investigated. The choice of hormones (estradiol 
and testosterone,  with no affinity for the liver, cort icosterone with affinity for  the liver) and of test  objects 
was determined by the need to undertake a comparative (correlative) analysis of the response of the mem- 
branous structures of the liver to these steroids, for it is in these s tructures  that the "preference systems" 
are  found, at least for cort icosteroids [3]. 

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

Plasma membranes (PM) were isolated from the l iver of female albino rats by the method of Dorling 
and Le Page [6] with modifications. The yield of PM was 1-1.2 mg protein/g tissue. The degree of purifica- 
tion of PM was verified electron-microscopical ly and on the basis of the increase in specific activity of PM 
marker  enzymes compared with the homogenate (Table 1). 

Isolated hepatocytes were obtained by the method of Kanaeva et al. [2] with modifications. The yield 
of cells from 5-6 g l iver  was 30% of the total number of cells,  vtz. 300-500 million. The protein content was 
0.6-0.8 rag/million cells.  The viability of the hepatocytes was estimated by staining with trypan blue (the 
number of viable cells was 90-95%) and by polarographic monitoring of their  resp i ra tory  activity. Lipids for 
lysosome formation were isolated by Folch's method from egg yolk. A suspension of lipids for liposome 
formation was sonicated on an MSE {Sweden) ultrasonic disperser .  Liposomes contained cholesterol and 
phosphatidylcholine in the ratio of 1 : 1 by weight. 

Isolated hepatocytes, PM, and liposomes were incubated with labeled steroid hormones (eorticosterone, 
estradiol, or  testosterone,  from the Radiochemical Centre, Amersham, England) in concentrations of the lat ter  
of between 0.5 and 50 nM for 30 sec or  3, 10, or  30 rain. The incubation temperature was 37~ for cells and 
20~ for PM and liposomes. Incubation of the cells was interrupted by filtration of the suspension through a 
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