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One l imb (crus} o r  all  four  l imbs  in r a t s  w e r e  i r r ad ia t ed  with x - r a y s  in a dose  of 1500 R, 
sufficient  to inact ivate  bone m a r r o w ,  and 3, 24h, o r  6 days  l a t e r  the r e s t  of  the body was i r -  
r ad ia ted  in doses  of  800 o r  900 R, the  p rev ious ly  i r r ad ia ted  reg ion  being sc reened .  The  p e r -  
cen tage  of  r a t s  which surv ived  was  the s ame  as  when the un i r rad ia ted  l imbs  w e r e  sc reened .  
I t  was  suggested that  s t e m  ce l l s  m i g r a t e  f r o m  the un i r rad ia ted  bone m a r r o w  into i ts  i r r ad ia ted  
p a r t  (the crus) ,  in which they surv ive  and a r e  able to m i g r a t e  again  ( re immigra te}  in the ca se  
of  subsequent  i r r ad ia t ion  of  the  r a t s  in a lethal  dose  with sc reen ing  of the  l imb.  Ra ts  differ  
f r o m  m i c e  in the  g r e a t e r  s eve r i ty  of  the i r  intest inal  syndrome,  which depends only to a smal l  
extent  on mig ra t i on  of  s t em ce l l s .  I t  is  t h e r e f o r e  bes t  to judge the e f fec t iveness  of s t e m  cell  
migra t ion  chief ly  on the bas i s  of  survival  of the an ima l s  during the per iod  of bone m a r r o w  
death.  I t  can be concluded f r o m  ana lys i s  of  the m o r t a l i t y  of  the r a t s  in th is  per iod  that  the i r  
survival ,  based  on r e i m m i g r a t i o n  a f t e r  sc reen ing  of one l imb,  with a t h r e e - h o u r  interval  be -  
tween i r rad ia t ions ,  is  only half  that  of  m ice .  Re immigra t i on  of s t em ce l l s  thus t akes  p lace  in 
the  r a t s  just  as  in mice ,  but it p lays  a s ignif icant  ro l e  in r a t s  only if the volume of p rev ious ly  
i r r ad i a t ed  and subsequent ly  s c r e e n e d  bone m a r r o w  is g r e a t e r  o r  if the  t i m e  in terva l  between 
i r r ad ia t ions  is longer .  
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I t  has  been shown in m i c e  that  bone m a r r o w  s tem cel ls ,  if they m i g r a t e  into an i r rad ia ted  reg ion  of 
m a r r o w ,  can  m i g r a t e  a second t i m e  ( r e immigra t e )  and repopula te  the hematopoie t ic  o rgans  in the r e s t  of the 
body, if the an imal  is  subsequent ly  i r r ad ia t ed  With the  pa r t  o r ig ina l ly  i r r ad ia t ed  now sc reened  [1]. By varying 
the  volume of the i r rad ia ted  and sc r eened  p a r t s  and the t ime  interval  between i r rad ia t ions ,  the surv iva l  r a t e  
of  the m i c e  and o ther  indices  can  be used  to a s s e s s  the intensi ty of migra t ion  of s t em cel l s  and i ts  impor tance  
in the development  of  r e p a i r  p r o c e s s e s .  

Data on r e i m m i g r a t i o n  of bone m a r r o w  s t em ce l l s  in r a t s  a r e  given in th is  paper .  Compara t i ve  ana lys i s  
of  r e i m m i g r a t i o n  of s t em ce l l s  in an i m a l s  of  d i f ferent  spec ies  is  in te res t ing  in connection with the fact  that  
the p r inc ip le s  of  migra t ion  of  s t em ce l l s  in the ca se  of nonuniform i r r ad ia t ion  vary  cons iderably  [3]. In p a r -  
t i cu la r ,  t he re  i s  evidence  tha~ in m i c e  mig ra t ion  of  s t e m  ce l l s  in r e s p o n s e  to the  local  i r rad ia t ion  is m o r e  
m a r k e d  than in r a t s  [5]. 

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

T h e  scheme  of the expe r imen t s  was the  s a m e  a s  in the work  on m i c e  ci ted above.  To begin with, one 
or  all  four  l imbs  of r a t s  we re  i r r ad i a t ed  in a dose  of 1500 R, inactivating the m a r r o w .  At va r ious  t i m e  in t e r -  
va l s  (3 and 24 h, 6 days) the r e s t  of the  body was i r r ad ia t ed  in a dose  of 800 or  900 R (the f i r s t  dose incom-  
pletely,  the second dose comple te ly  lethal),  the p rev ious ly  i r rad ia ted  reg ions  being s c r eened  with lead.  I t  
was a s sumed  that  in the  in terval  between the  f i r s t  and second i r rad ia t ions  s t em ce l l s  would m i g r a t e  into the 
i r r ad ia t ed  l imb,  surv ive  there ,  and a f t e r  the second i r rad ia t ion  they would r e i m m i g r a t e  into the i r rad ia ted  
p a r t  of the  bodys where  they would rcpopula te  the damaged bone m a r r o w  and o ther  hematopoiet ic  o rgans .  I r -  
radia t ion was c a r r i e d  out on the RUM-17 appara tus ,  with a voltage of 20 ku  c u r r e n t  15 mA, f i l t e r s  0.5 m m  
Cu+  1 m m  A1, skin-focus  dis tance 60 cm,  and dose  r a t e  72 R / r a i n .  The an ima l s  we re  t ied to a f l a m e  for  i r -  
rad ia t ion .  
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Fig .  1. Survival  r a t e  of mice  i r rad ia ted  
in a dose of 900 R af ter  sc reening  of  one 
l imb  i r rad ia ted  at var ious  t i m e s  p r e v i -  
ous ly  in a dose  of 1500 R.  1) Whole-body 
i r rad ia t ion  (47 ra t s ) ;  2) screening  of one 
p rev ious ly  i r r ad i a t ed  l imb,  interval  be -  
tween i r r ad ia t ions  3 h (20 ra ts ) ;  3) the 
same ,  interval  between i r rad ia t ions  24 h 
(18 ra t s ) ;  4) the s ame ,  in terval  between 
i r rad ia t ions  6 days  (20 ra t s ) .  Absc i s sa ,  
t i m e  a f t e r  i r r ad ia t ion  (in days);  ordinate ,  
surv iva l  r a t e  (in percent ) .  

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

T h e  fact  that  r e i m m i g r a t i o n  t akes  place in r a t s  and that  it is impor tant  for  the i r  survival  a f t e r  lethal  
dose s  of  rad ia t ion  was conf i rmed  by compar ing  the  surv iva l  r a t e  of r a t s  a f t e r  total  i r rad ia t ion  with the i r  
survival  r a t e  when the l imb was f i r s t  i r rad ia ted  and then screened,  while the r e s t  of the body was l a t e r  i r -  
r ad ia ted .  

When one l imb  (the crus)  was i r r ad ia ted  in an inactivating dose of  1500 R and then sc reened  l a t e r  while 
the r e s t  of the body was i r r ad ia ted  in a min imal  comple te ly  le thal  dose (900 R) approx imate ly  the s a m e  p e r -  
c entage of an ims ! s  was p ro tec ted  agains t  death as  when the un i r r ad ia t ed  l imb  was sc reened  during subtotal 
i r rad ia t ion  in the s a m e  dose [2]. Six days  p roved  to be long enough for  the r e s t o r a t i o n  of hematopo ies i s  in 
the p rev ious ly  i r r ad i a t ed  l imb.  During this  per iod  the  i r r ad ia t ed  l imb,  when screened,  l a t e r  acqui red  the 
abil i ty to exe r t  about the s a m e  p ro tec t ive  ac t ion  a s  the sc reened  un i r rad ia ted  l imb .  

I f  the t ime  between i r rad ia t ions  was shor tened the p ro tec t ive  effect  of the prev ious ly  i r rad ia ted  and 
sc reened  l imb  was reduced,  and when the in terval  was  3 h the effect  was  a lmos t  absent  (Fig. 1). 

A n i nc rea se  in the  volume of p rev ious ly  i r rad ia ted  bone m a r r o w  had a g rea t  effect  on the surv iva l  r a t e  
of  the an ima l s  i r r ad ia ted  with th is  region sc reened .  In the co r respond ing  e x p e r i m e n t s  (Fig. 2), with p r e -  
l i m i n a r y  i r rad ia t ion  of all four  l imbs ,  i .e. ,  with an approx ima te ly  threefo ld  inc rease  in the quantity of m a r r o w  
subjected to radia t ion,  when the r e s t  of  the body was i r r ad ia ted  3 h a f te r  i r rad ia t ion  of the l imb, the survival  
r a t e  of the r a t s  was max imal  (about 50%). A higher  pe rcen tage  of surv iva l  of  the r a t s  could not be  obtained 
through screening  of pa r t  of the m a r r o w ,  even that  not subjected to p r e l i m i n a r y  i r r ad i a t i on ,  if a comple te ly  
le thal  dose of radia t ion  ac ted  on the  r e s t  of the r a t ' s  body [2]. Under these  conditions survival  of  the r a t s  
was  l imi ted  to the i r  death on the 4th-7th day due to the development  of  an intestinal  syndrome.  

The r e s u l t s  of  e x p e r i m e n t s  to study surviva l  of  ra t s ,  when the interval  between i r radia t ion of all four  
l imbs  and of the r e s t  of the body was 3 h, a r e  shown in Fig. 2. Data showing the surv iva l  of r a t s  
with p r e l i m i n a r y  i r rad ia t ion  of one l imb and the t imes  of death of the r a t s  a f t e r  whole-body i r rad ia t ion  
a r e  given for  compar i son .  Such a compar i son  shows that  p r e l i m i n a r y  i r rad ia t ion  of one l imb, by con-  
t r a s t  with p r e l i m i n a r y  i r rad ia t ion  of all four  l imbs ,  led to hardly  any inc rease  in the surv iva l  r a t e  
if the in terva l  between i r r ad ia t ions  was 3 h. Meanwhile,  an i nc r ea se  in the t ime  in terva l  between i r r a d i a -  
t ions,  following p r e l i m i n a r y  i r rad ia t ion  of one l imb (Fig.  1), r e su l t ed  in m a x i m a l  surv iva l  of the ra t s ,  jus t  
as in the case  of p r e l i m i n a r y  i r rad ia t ion  of all  four  l imbs  with an in te rva l  of 3 h between i r r ad ia t ions .  

The  expe r imen t s  showed that  a f t e r  p r e l i m i n a r y  i r rad ia t ion  of one l imb,  in o r d e r  to obtain a max imal  
effect  a much longer  per iod  was r equ i r ed  between inact ivat ion of the  bone m a r r o w  in the l imb and i r rad ia t ion  
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Fig.  2. Survival  r a t e  of  r a t s  i r r ad ia ted  
in dose of  900 R a f te r  sc reen ing  of  one 
o r  all four  l imbs ,  i r r ad ia ted  3 h p r e v i -  
ously  in a dose  of 1500 R.  1) Screening  
of  four  l i m b s  i r r ad ia ted  prev ious ly  (14 
ra ts ) ;  2) sc reen ing  of  one l imb i r r ad ia t ed  
p rev ious ly  (20 ra t s ) ;  3) whole-body i r -  
rad ia t ion  (18 r a t s ) ,  Absc i s sa ,  t ime  a f t e r  
i r r ad ia t ion  (in days);  ordinate ,  surv iva l  
r a t e  (in percent ) .  

q0 
I00 
90 
80 
70 
60 
50 
r 
30 
20 
lO 
0 

�9 3 

] 2 3 ~ 5 6 7 8 9 10 12 t'~ lfi ]8 23 22 2~ 23 28 30 

d a y s  

Fig .  3. Survival  r a t e  of r a t s  i r r ad ia t ed  
in a dose  of 800 R a f te r  sc reen ing  of one 
o r  all four  l i m b s  subjected 3 h p rev ious ly  
to loca l  i r r ad ia t ion  in a dose  of  1500 R.  
1) Screening  of four  p rev ious ly  i r r ad ia ted  
l i m b s  (18 ra ts ) ;  2) sc reening  of  one  p r e -  
v ious ly  i r r ad ia ted  l imb (30 ra ts ) ;  3) whole-  
body i r rad ia t ion  (24 ra t s ) .  Absc i s sa ,  
t ime  a f t e r  i r r ad i a t i on  (in days);  ordinate ,  
surv iva l  r a t e  (in percen t ) .  

of  the r e s t  of the body than a f t e r  p r e l i m i n a r y  i r rad ia t ion  of  all  four  l imbs .  Within the shor t  t ime  of 3 h, in the 
l a t t e r  case ,  a sufficient number  of s t em ce l l s  could evidently m i g r a t e  into the sc reened  bone m a r r o w  in o r d e r  
to ensure  effect ive r e i m m i g r a t i o n .  

The fact  that  the development  of  an intest inal  syndrome  l imi ted  the poss ibi l i ty  of  surv iva l  a f t e r  s c r e e n -  
ing of the prev ious ly  i r r ad ia t ed  p a r t s  of the bone m a r r o w  was conf i rmed  in a s e r i e s  of  expe r imen t s  in which 
a sma l l e r  dose was used  (800 R) than in the prev ious  s e r i e s .  Under these  conditions, among  the control  i r -  
radia ted  r a t s  25% survived,  w h e r e a s  about 30% died f r o m  gas t ro in tes t ina l  involvement .  When all four  p r e -  
viously i r rad ia ted  l i m b s  of  the  r a t s  we re  s c r e e n e d  and the r e s t  of  the body i r r ad ia t ed  3 h l a t e r  about 70% 
survived,  20% m o r e  than in the expe r imen t s  with a min imal  le thal  dose  of rad ia t ion  (Fig. 3). 

The r e s u l t s  obtained in e x p e r i m e n t s  on r a t s  can  be c o m p a r e d  with the r e s u l t s  of  s i m i l a r  p rev ious  ob-  
se rva t ions  on the r e i m m i g r a t i o n  of  bone m a r r o w  s t e m  ce l l s  in m i c e .  However ,  t he r e  a r e  cons iderab le  dif-  
f e r ences  between m i c e  and r a t s  as  r e g a r d s  the development  of  an intest inal  syndrome .  In mice ,  a f t e r  lethal  
doses  of  i r rad ia t ion  death t akes  place  predominant ly  because  of damage  to hematopo ies i s .  In r a t s ,  death 
under  such conditions is  l a r g e l y ' d u e  to an intest inal  syndrome,  which depends only to a smal l  extent on m i -  
gra t ion  of s t em ce l l s  f r o m  the s c r eened  reg ion  of bone m a r r o w  o r  a f t e r  bone m a r r o w  t ransplanta t ion ,  leading 
to r e s to ra t i on  of hematopo ies i s  [2, 4]~ The  e f f ec t i venes s  of  s t em cel l  migra t ion  can  t h e r e f o r e  bes t  be judged 
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f rom survival of the animals  until the t ime of the i r  death f rom bone mar row damage (from the seventh day 
a f te r  i r radiat ion) .  It can be concluded f rom analysis  of  mor ta l i ty  of  the r a t s  in this period that the i r  survival ,  
as  a resu l t  of r e immigra t ion  following screening of one limb and an interval  of 3 h between i r radiat ions,  is 
only half of that found in mice:  The percentage  of surviving r a t s  did not exceed 20, whereas  the percentage  
of  surviving mice  under  s imi la r  conditions was considerably  grea te r ,  namely 46%. Approximately  the same 
survival  r a t e  (36%) as  a r e su l t  of screening of the previously  i r rad ia ted  l imb was achieved in r a t s  when this  
was done, not 3 h beforehand, as  in mice,  but 24 h beforehand.  In r a t s ,  just  as  in mice,  r e immigra t ion  of 
s tem cel ls  thus takes  place,  but it plays a significant ro l e  only if a l a rg e r  volume of mar row is previously  
i r rad ia ted  and l a t e r  screened,  o r  if the t ime  interval  between previous i r radia t ions  of the region of bone m a r -  
row and subsequent i r radia t ions  of the r e s t  of the body is considerably longer .  The l imited importance of 
migra t ion  of bone mar row  stem cel ls  in r a t s  compared  with mice  is in agreement  with observat ions  obtained 
ea r l i e r  by other  methods [3, 5]. The  compar i son  of r e immigra t ion  of bone mar row stem ce l l s  in r a t s  and 
mice  made in this  paper  conf i rms  previous  observat ions  and ch a rac t e r i z e s  migrat ion of bone m ar ro w  stem 
ce l l s  f rom a new aspect .  
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Changes in the content of cycl ic  nucleot ides (cyclic AMP and cycl ic  GMP) in wound t i s sues  
(muscle and granulation t issue) were  investigated in r a t s .  The experimental  model was a 
wound with a skin defect  in the dorsal  region with pulping of the underlying muscle .  The cyclic 
AMP level in musc le  t i ssue  was shown to r i s e  to two peaks: on the f i r s t  day and more  es -  
pecial ly  on the 7th day. The cycl ic  GMP content r o se  a l i t t le  on the l s t -4 th  days, fell on the 
7th day, and ro se  again until the 14th day. The cycl ic  AMP concentra t ion in granulation t i s sue  
followed a s imi la r  cou r se  to that in the musc le  t i ssue:  a r i s e  on the 7th day and a fall on the 
14th day. On the o ther  hand, the curve  of the cycl ic  GMP content in the granulation was m o re  
uniform.  Only a small  inc rease  toward the 7th day was observed .  

KEY WORDS: cycl ic  nucleotides;  regenera t ion;  cell;  wound. 

In the modern  view, cycl ic  nucleot ides play the leading ro le  in the regulat ion of many different  p roce s se s  
in the cell ,  including those p r o c e s s e s  of cel l  division and different iat ion that a re  d i rec t ly  re la ted  to wound 
healing [1, 2, 3, 6, 7, 9-13]. Meanwhile, investigations of cycl ic  nucleot ides during regenera t ion  have been 
undertaken chiefly on t i s sue  cul tures  [8]. It was t h e r e f o r e  decided to study the dynamics of the cycl ic  nucleo-  
t ide content in wound t i s sue  at  different  stages of healing~ for  the information so obtained, it was considered,  
could shed some light on the basic pr inc ip les  of healing, and so could lead to the formulat ion of r ecommenda -  
t ions aimed at promoting o r  acce le ra t ing  healing. 
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