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Interval after single resection at which cells are removed for culture 
8 h 24 h 36 h 48 h 

a) Single 68% resection NG NG NG 546 ~ ~- 24 
b) Single 30% resection NG NG NG 1.68 4- 32 

Interval after second resection at which cells are removed for culture 
8 h 24 h 36 h 48 h 

c) 38% resection followed in 24 h by 30+ % resection 363 �9 :l= 37 243 q_ 23 396 ~= 30 413 ~ 33 
d) 385/0 resection followed in 40 h by 3 0 + %  resection 67 ~ 14 153 • 27 212 ~ 32 214 • 40 
e) 38% resection followed in 72 h by 3 0 + %  resection 101 =k 5 140 ~ 6 210 ~ 6 755 ~ 21 

~Number of cells/plate • 10 a (mean =z S.D.). NG = no growth. - Cell pools were formed from trypsin-dispersed regenerating liver tissue 
removed from 5 rats. The inocululn in each plate was 1.8 • 106 of these ceils. The figure for each tinle interval (above) represents the mean 
• S. D. in 20 plates with the same inoculum cultured for 16 days (see text.). 

of  cel ls  r e m o v e d  a t  al l  3 i n t e r v a l s ,  8, 24, a n d  36 h fo l l owing  
t h e  s e c o n d  r e s e c t i o n .  A s  in  p r e v i o u s  s t u d i e s ~ ,  2, t i s s u e  
r e m o v e d  48 h fo l l ow i ng  a n y  size of  r e s e c t i o n  (or r e s ec t i ons )  
g r e w  in  v i t r o  a n d  m a x i m u m  g r o w t h  w a s  a l w a y s  o b t a i n e d  
in  t i s s u e  r e m o v e d  a t  t h i s  i n t e r v a l  p o s t  r e s e c t i o n  ( tab le) .  
F o l l o w i n g  t h e  40 h a n d  72 h (2nd)  r e s e c t i o n s ,  cell  s u r v i v a l  
w a s  i n c r e a s e d  w i t h  e a c h  l e n g t h e n i n g  of  i n t e r v a l  p o s t  
r e s e c t i o n ,  i .e . ,  8 h p o s t  r e s e c t i o n  to  48 h p o s t  r e s e c t i o n .  

T h e  r e l a t i v e  f a i l u re  of  cel ls  f r o m  l ive r  to  f o r m  a m o n o -  
l a y e r  w h e n  t h e y  a r e  r e m o v e d  d u r i n g  t h e  i n i t i a l  i n t e r v a l  
( <  46 h) :fol lowing 6 8 %  h e p a t i c  r e s e c t i o n ,  e m p l o y i n g  t h i s  
c u l t u r e  t e c h n i q u e  is of  i n t e r e s t ,  a s  i t  is d u r i n g  t h i s  p r ec i s e  
p e r i o d  t h a t  al l  of  t h e  p r i n c i p a l  i n d i c e s  of  t h e  in  v i v o  re-  
p l i c a t i o n  of  cel ls  in t h e  r e m n a n t  l i ve r  d u r i n g  t h e  r e g e n e r -  
a t i v e  r e s p o n s e  r e a c h  a p e a k  a n d  d e c l i n e a - L  Cel ls  f r o m  
r e g e n e r a t i n g  l ive r  t i s s u e  c u l t u r e d  in  so f t  a g a r  a lso  h a v e  
m i n i m a l  c o l o n y  f o r m i n g  c a p a c i t y  w h e n  t h e y  a r e  r e m o v e d  
d u r i n g  t h i s  i n i t i a l  p e r i o d  fo l l owi ng  h e p a t i c  r e s e c t i o n ,  a n d  
a c t i v e l y  f o r m  co lon ie s  w h e n  t h e y  a re  r e m o v e d  l a t e r  
in  t h e  r e g e n e r a t i v e  r e sponseS ,  9. T h i s  ' g r o w t h  i n h i b i t i o n '  
i n t e r v a l  a p p e a r s  to  be  l o n g e r  in  t h e  m o u s e  t h a n  in  r a t s  s, 9, 
a s  is t h e  g e n e r a l  r e g e n e r a t i v e  r e s p o n s e .  

I t  m i g h t  be  a s s u m e d  t h a t  t h i s  r e l a t i v e  g r o w t h  i n h i b i -  
t i o n  w a s  r e l a t e d  to  t h e  e f f ec t  of  t h e  t r a u m a  of  t h e  l i ve r  
e x c i s i o n  p e r  se o n  r e m n a n t  cells,  p o s s i b l y  p r o d u c i n g  a n  
i n c r e a s e d  s u s c e p t i b i l i t y  to  t h e  a c t i o n  of  t r y p s i n ,  o r  in  
s o m e  o t h e r  w a y  d i r e c t l y  i n h i b i t i n g  c a p a c i t y ,  for  in  v i t r o  
g r o w t h .  F r o m  t h e s e  s t u d i e s  h o w e v e r ,  i t  a p p e a r s  t h a t  t h i s  
is n o t  t h e  case .  T h e  initial h e p a t i c  r e s e c t i o n  a p p e a r e d  to  
be  t h e  g o v e r n i n g  f a c t o r  in  e s t a b l i s h i n g  t h e  g r o w t h  p o t e n -  
t i a l  of  t h e  r e g e n e r a t i n g  l i ve r  cel ls  in  v i t r o .  A s e c o n d  re-  
s e c t i o n  w a s  n o t  f o l l o w e d  b y  a p e r i o d  of  g r o w t h  i n h i b i t i o n ,  
a p h e n o m e n o n  a l w a y s  s e e n  f o l l o w i n g  a s i ng l e  r e s e c t i o n .  
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A c c e l e r a t i o n  o f  m u s c l e  r e g e n e r a t i o n  b y  b o n e  m a r r o w  c e l l s  1 

R .  Y a r o m  a n d  Y.  H a v i v i  

Department o/Pathology, Hebrew University, Hadassah Medical School, P. O. B. 1172, Jerusalem (Israel), 21 July 1976 

Summary. M y o g e n e s i s  w a s  a c c e l e r a t e d  b y  a d d i t i o n  of b o n e  m a r r o w  cel ls  to  m u s c l e  m i n c e s  c u l t u r e d  in d i f f u s i o n  c h a m -  
bers .  T h i s  e f f e c t  w a s  i n h i b i t e d  b y  u s i n g  go l d  s u p p r e s s e d  b o n e  M a r r o w  cells .  

I t  is g e n e r a l l y  a g r e e d  t h a t  m u s c l e  r e g e n e r a t i o n  a f t e r  in -  
j u r y  is b r o u g h t  a b o u t  b y  a c t i v a t e d  s a t e l l i t e  cel ls  a n d  
c l e a v e d  m o n o n u c l e i  ( s u r r o u n d e d  b y  a s a r c o p l a s m i c  r im) ,  
w h i c h  p r o l i f e r a t e ,  f u s e  a n d  s y n t h e s i z e  m y o f i l a m e n t s  2,a. 
H o w e v e r ,  d i s t a l l y  a r i s i n g  cel ls  h a v e  n o t  b e e n  e x c l u d e d  as  
m y o b l a s t  p r e c u r s o r s ,  a n d  t h e  p r e s e n t  w o r k  w a s  u n d e r -  
t a k e n  t o  t e s t  s u c h  a p o s s i b i l i t y .  
T h e  e x p e r i m e n t s  we re  d o n e  o n  m u s c l e  m i n c e s  c u l t u r e d  in  
d i f f u s i o n  c h a m b e r s  e i t h e r  a l o n e  o r  m i x e d  w i t h  b o n e  
m a r r o w  cel ls .  T h e  m e t h o d  is n e a r e r  to  in  v i v o  c o n d i t i o n s  
a n d  is tess  t e c h n i c a l l y  d e m a n d i n g  t h a n  c o n v e n t i o n a l  
t i s s u e  c u l t u r i n g  4-~. T h e  c h a m b e r s  ( c a p a c i t y  of  0 .13 ml)  
we re  m a d e  o f  Mi l l ipo re  f i l t e r s  (0.22 ~xm a n d  0.45 v m  p o r e  

size) c e m e n t e d  t o  b o t h  s ides  of  a l u c i t e  r i n g  (13 m m  in  
d i a m e t e r ) ,  w i t h  a n  a c c e s s  ho l e  o n  t h e  s ide .  2 c h a m b e r s  
w e r e  i m p l a n t e d  i n t o  e a c h  p e r i t o n e a l  c a v i t y  of  y o u n g  
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mice .  T h e  m u s c l e  w a s  t a k e n  f r o m  t o n g u e s  of  a l b i n o  r a t s  
w e i g h i n g  1 0 0 - 1 2 0  g. T h i s  s o u r c e  w a s  c h o s e n  b e c a u s e  Of 
t h e  u n i f o r m i t y  o f  m y o f i b e r  t y p e  a n d  i t s  k n o w n  r a p i d  in  
s i t u  r e g e n e r a t i v e  a b i l i t y  s. T h e  t o n g u e  w a s  c l e a r e d  o f  i t s  
m u c o s a  a n d  c h o p p e d  i n t o  p i ece s  1/2 m m  a o r  s m a l l e r  in  
size,  e a c h  t o n g u e  s u p p l y i n g  a b o u t  25 c h a m b e r s  w i t h  4 - 1 2  
m u s c l e  f r a g m e n t s  in  e a c h .  F e m o r a l  b o n e  m a r r o w  t a k e n  
f r o m  t h e  s a m e  a n i m a l ,  w a s  m i x e d  w i t h  t h e  m u s c l e  in  h a l f  
t h e  c h a m b e r s  ( a b o u t  1/2 m i l l i o n  ce l l s  s u s p e n d e d  in  0.03 m l  
o f  T C  199 m e d i u m 4 ) .  

Myogenic activity in diffusion chambers 

Duration of No. of Muscle and Muscle and 
incubation chambers with bone marrow myocrisin treated 

muscle alone bone marrow 

Total number  
of chambers 18 19 9 

2 days 3* 3* 1" 
4 days 3* 3 (2**) 1" 
6 days 7 (2**) 8 (6***) 4* 

12 days 3 (2**) 2 (1"*) 2 (1"*) 
18 days 2 (2***) 1 (1"**) 1 (1"*) 

I n  a n  a d d i t i o n a l  s e t  of  e x p e r i m e n t s ,  s u p p r e s s i o n  of  p h a g o -  
c y t i c  p r o p e r t i e s  o f  a d m i x e d  cel ls  w a s  c a r r i e d  o u t  b y  a d -  
m i n i s t e r i n g  5 m g  of  a go ld  s o l u t i o n  (Myocr i s in )  t o  a h o m o l -  
o g o u s  r a t ,  24 h b e f o r e  t a k i n g  i t s  b o n e  m a r r o w  7,9. T h e  
c h a m b e r s  w e r e  h a r v e s t e d  a f t e r  2, 4, 6, 12 a n d  18 d a y s  o f  
c u l t u r e ,  c h a n g i n g  m i c e  e v e r y  6 d a y s  to  a v o i d  f i l t e r  
b l o c k a g e  a n d  a n t i b o d y  i n f l u e n c e s .  
T h e  r e t r i e v e d  c h a m b e r s  c o n t a i n e d  a v a r i a b l e  a m o u n t  of  
c o l o u r l e s s  o r  s t r a w - c o l o u r e d  g e l a t i n o u s  m a t e r i a l ,  w h i c h  
w a s  p r o c e s s e d  fo r  l i g h t  a n d  e l e c t r o n  m i c r o s c o p y .  T h e  
f i l t e r s  t o o  w e r e  s t a i n e d  a n d  e x a m i n e d  w i t h  a l i g h t  m i c r o -  
s c o p e  ( f igure  l a ,  b).  O u t  of  66 i m p l a n t s  46 w e r e  s u i t a b l e  
for  f i na l  a n a l y s i s  ( tab le) .  S e v e r a l  m i c e  d i ed  ( t h e y  p r o v e d  
v e r y  s e n s i t i v e  to  co ld)  a n d  a n u m b e r  o f  c u l t u r e s  were  d i s -  
c a r d e d  b e c a u s e  of  c o n t a m i n a t i o n .  
M u s c l e  g r o w n  a l o n e  l o o k e d  wel l  p r e s e r v e d  a n d  r a t h e r  
' i n e r t '  in  t h e  f i r s t  6 d a y s .  M y o f i b r e s ,  b l o o d  ve s se l s ,  n e r v e s  
a n d  c o n n e c t i v e  t i s s u e s  we re  s e e n  s u r r o u n d e d  b y  a n  e x -  
t e n s i v e  n e t w o r k  o f  f i b r i n  a n d  l a t e r  y o u n g  c o l l a g e n  
( f igure  2). O n l y  a f t e r  12 o r  18 d a y s  we re  m y o b l a s t s  a n d  
m y o t u b e s  f o r m e d ,  e i t h e r  i n s i d e  o ld  b a s e m e n t  m e m b r a n e s  
o r  ' de  n o v o ' .  
W h e r e  t h e  m u s c l e  w a s  m i x e d  w i t h  b o n e  m a r r o w ,  m o s t  of  
t h e  ' f r ee '  cel ls ,  e v e n  in  t h e  2 - d a y - c u l t u r e s ,  l o o k e d  l ike  
m a c r o p h a g e s  a l t h o u g h  v a r i a b l e  n u m b e r s  of  e r y t h r o c y t e s ,  

* absent, ** present, *** profuse. 8 R. Yarom, I. Heling and A. Dormann, Oral Path. 5, 217 (1976). 
9 R. Yarom, H. Stein, A. Dormann, P. D. Peters and T. A. Hall, 

J. Histoehem. Cytochem. 2d, 453 (1976). 

Fig. 1. Muscle fragments as seen on the Millipore filters after 2 days 
in chamber, a Muscle in chamber by itself. • 160. b Muscle mixed 
with bone marrow. The cells aggregate around myofibres. • 180. 

Fig. 2. Fragment  of muscle after 6 days Mone in chamber. The myo- 
fibres look 'inert '  with only occasional cells near the fibres. The 
darker dots are mitochondria. (1 ~m section. Epon embedded and 
toluidine blue stained. • 420.) 

Fig. 3, Muscle with bone marrow cells after 6 days ill chamber. 
a There are many  interstitial cells and much regenerative activity 
around the myofibres. • 420. b Electron microscopy shows de- 
generating inyofibre with dark initoehondria and sarcoplasmic sap 
(S). Around it are phagocytic and myogenic cells. • 3000. c ]En- 
largement of the rectangular area of b, showing thick and thin illa- 
ments. • 30,000. 
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lymphocytes ,  po lymorphonuc lea r  granulocytes  (in- 
c luding eosinophils) and f ibroblas t  were also seen. The 
cells aggregated  a round  muscle  f r agment s  (figures l b  
and 3a). 
E lec t ron  microscopy revealed t h a t  the  appa ren t l y  well 
preserved  myof ibres  were in rea l i ty  in var ious  s tages of 
degenera t ion .  However ,  where  muscle was alone, the  
degree of d i s rup t ion  was m u c h  less marked  t h a n  a t  the  
cor responding  per iod of mixed  cul ture.  In  the  mixed  6- 
day-cul tures ,  the  myof i l amen t s  and sarcotubules  were 
m a t t e d  toge the r  in to  f ibri l lary or amorphous  sarco- 
plasmic ' sap ' .  The mi tochondr i a  were enlarged,  dark,  
a r ranged in rows or c lumped  together .  Myonuelei,  where  
recognized, were small,  pale wi th  coarse ch roma t in  and  a 
'b l is tered '  envelope.  Wi th in  myof ibre  ba semen t  m e m -  
branes  as well as outs ide  them.  F r a n k  myob las t s  r ich in 
polyr ibosomes,  small  pale mi tochondr ia  and  recognizable 
th ick  and th in  myof i l amen t s  were also seen (figure 3b, c). 
In  m a n y  cells, phagocytos i s  and  myof i l amen t  syn thes i s  
occurred side by  side. 
In  chamber s  where gold t r e a t ed  bone mar row was mixed  
wi th  muscle f ragments ,  no myoblas t ic  ac t iv i ty  was seen 
at  6 days  of culture,  and  it was still s l ight  a t  12 and 18 
days.  The gold p rec ip i ta ted  in large macrophage- l ike  cells 
conta in ing  mul t ives icular  and he terogeneous  bodies 9,*~ 
These cells were a lways well separa ted  f rom the  myo-  
fibres. 
In  th is  s t u d y  we were no t  concerned  wi th  q u a n t i t a t i v e  
factors  known  to  inf luence prol i fera t ion and differen-  
t ia t ion ~, b u t  wi th  the  effect  of dis ta l ly  arising cells on 
ear ly  changes  in exp lan ted  myofibres.  No par t icu la r  a t -  
t en t ion  was paid to the  changes  in blood vessels or nerves.  
Our results  indicate  t h a t  a r emarkab le  accelerat ion of de- 
genera t ive  and regenera t ive  processes takes  place when  

bone  mar row cells are mixed  wi th  muscle  f r agmen t s  
(table). 
The  bone  mar ro w  der ived ceils ( including p o l y m o r p h s  
which  soon degenera te  and  mix  wi th  the  general  pool of 
debris) are p ro b ab l y  responsib le  for mos t  of t he  rap id  
myof ibre  degrada t ion ,  a l though  young  myoblas t s ,  t h e m -  
selves phagocy t i c  a2, m a y  con t r ibu te  to a 'mop  up '  opera-  
t ion.  The contrac t i le  p ro te in  decrease acts  as a powerful  
s t imulus  to  b iosynthes is  2 and  m y o b l a s t  fo rma t ion  in the  
genera l ly  accep ted  ways.  Af te r  gold t r e a t m e n t ,  the re  are 
no t  only  fewer bone  mar row ceils b u t  the i r  phagocy tos ing  
and  metabol ic  act ivi t ies  are m u c h  decreasedL Thus,  
w i t h o u t  rapid  degenera t ion  no accelera ted regenera t ion  
occurs, 

Anothe r  possible,  even  if far - fe tched,  i n t e r p r e t a t i o n  could 
be t h a t  cells or ig inat ing f rom bone mar row are themse lves  
induced  to t r ans fo rm into myoblas t s .  This  could be 
b r o u g h t  abou t  by  incorpora t ion  of mate r ia l  f rom the  
degenera t ing  muscle or by  fusion wi th  myogenic  cells. 
The pauc i ty  of degenera t ing  mononuc lea r  cells, the  scarce 
mi toses  and o the r  morphologica l  fea tures  suggest  t h a t  a 
t rans i t ion  f rom re la t ive ly  s imple  mobile  mononuc lea r  
cells into large complex  forms act ively  engaged in myo-  
genesis  m a y  indeed be t ak ing  place. Theoret ical ly ,  such 
an in t e rp re t a t i on  is feasible as macrophages  are known to 
engage in reut i l iza t ion of inges ted  p roduc t s  and t h e y  
a p p a r e n t l y  can t r ans fo rm into other ,  even unrela ted ,  
forms such as me l an o ma  cells in culturela.  

10 R. N. P. Cahill, Virehows Arch. Abt. B. Zellpath. 7, 174 (1971). 
1I R. \.V. Holley, Nature 258, 487 (1975). 
12 R. E. Garfield, S. Chacko and S. Blose, l.ab. Invest. 3,3, 418 

(1975). 
13 S. Gordon and Z. A. Cohn, Rev. Cytol. ,36, 171 (1973). 

Free r a d i c a l s  p r o d u c e d  in  a n i t r o s o f l u o r e n e - u n s a t u r a t e d  l ip id  r e a c t i o n  1 

Rober t  A. Floyd 

Biomembra~e Research Laboratory, Oklahoma Medical Research Fou~datior~, ~'25 Northeast 13th Street, 
Oklahoma City (Oklahoma 7370d, USA) ,  13 Ju ly  1976 

Summary.  We repor t  here the  first  demons t r a t i on  t h a t  the  carcinogen 2-ni trosofluorene reacts  d i rec t ly  wi th  lipid 
molecules conta in ing  ca rbon-ca rbon  double  bonds  to yield free radicals  which appear  to be the  n i t roxyl  free radical  
of the  carcinogen cova len t ly  bound  to the  lipid. 

2-Nitrosofluorene (NOF) is an ac t iva ted  form of the  car- 
cinogen 2-acetylaminof luorene (AAF) and produces  tu-  
mors in m a m m a r y  gland as well as a t  the  site of sub-  
cu taneous  in ject ion 2. N O F  can be formed e i ther  by  de- 
acyla t ion of N-hydroxy-N-ace ty l -2 -aminof luorene  (N- 
OH-AAF) ,  i tself an ac t iva ted  form of AAF,  and then  
subsequen t  non-enzymat i c  oxidat iona;  or by  the  peroxi-  
dase or free radical  route  of N - O H - A A F  ac t iva t ion  4 s. 
We repor t  here the  f i rs t  d e m o n s t r a t i o n  t h a t  N O F  when  
exposed to  lipid molecules con ta in ing  a ca rbon-ca rbon  
double  bond  reacts  readi ly  to form a free radical  which  
we pos tu la te  is the  n i t roxy l  free radical  of the  NOF-  
lipid addi t ion  product .  
N O F  was synthes ized  as descr ibed previously  7. The 
synthes ized  com pound  was pure  by  th in  layer  ch romatog-  
r a p h y  and had the  same mel t ing  po in t  and  UV spec t ru m 
as repor ted  by  Lot l ikar  e t  alY. Linoleic acid, oleic acid, 
octanoic  acid and squalene were purchased  in their  pure  
forms f rom Sigma Chemical  Co. These were di luted wi th  
deoxygena ted  m e thano l  to a concen t ra t ion  of 2~ and  

s tored under  n i t rogen at  -20~ Optical  survei l lance a t  
233 n m  indica ted  the  absence  oi hydroperox ides .  All 
reac t ions  were carr ied ou t  in 0.05 M p H  7.4 po tass ium 
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