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D i v i s i o n  S t a g e s  of the Mi tochondr ia  in N o r m a l  and A c t i n o m y c i n - T r e a t e d  P l a s m o d i a  of Physarum 
polycephalum I 

M u l t i p l i c a t i o n  of  m i t o c h o n d r i a  b y  d i v i s i o n  h a s  b e e n  
p o s t u l a t e d  for  m a n y  y e a r s  2 a n d  h a s  b e e n  e x p e r i m e n t a l l y  
d e m o n s t r a t e d  m o r e  r e c e n t l y  a,4. As  m i t o c h o n d r i a  of  a 
l a rge  v a r i e t y  o f  o r g a n i s m s  h a v e  b e e n  s h o w n ,  b y  e l e c t r o n  
m i c r o s c o p y  s a n d  b y  a u t o r a d i o g r a p h y  6 s, to  c o n t a i n  D N A ,  
t h e i r  n a t u r e  as  s e l f - r e p l i c a t i n g  u n i t s  s e e m s  n o w  e s t a b l i s h e d .  
M o r p h o l o g i c a l  v a r i a b i l i t y  of  m i t o c h o n d r i a ,  s u g g e s t i v e  o f  
d i v i s i o n  s t a g e s ,  h a s  b e e n  r e p o r t e d  for  v a r i o u s  o r g a n i s m s  0-15, 
a n d  in  s o m e  of  t h e s e  r e p o r t s  t h e  o c c u r r e n c e  o f  ' d i v i s i o n '  
s t a g e s  h a s  b e e n  c o r r e l a t e d  to  spec i f i c  s t a g e s  o f  cel l  g r o w t h  14 
a n d  m u l t i p l i c a t i o n  9,10,15. T h e  m i t o c h o n d r i a  of  Physarum 
polycephalum c o n t a i n  a ' n u c l e o i d '  12 a n d  t h e y  a r e  r e m a r k -  
a b l y  r i c h  in  D N A  le,17. T h e  f o l l o w i n g  r e p o r t  p r o v i d e s  
a d d i t i o n a l  e v i d e n c e  t h a t  t h e  m i t o c h o n d r i a  o f  P.  poly- 
cephalum h a v e  a r e g u l a r  d i v i s i o n  cyc l e  in  w h i c h  d i v i s i o n  
of  t h e  m i t o c h o n d r i o n  is p r e c e d e d  b y  t h a t  o f  t h e  n u c l e o i d .  
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Fig. 1. Mitochondria, fixed with Champy's  mixture and stained with 
acid fuehsin. • 1550. (A) Plasmodium untreated. N, nucleus. 
(B) Plasmodium treated with aetinomycin. N, nucleus with abnormal 
spindle. Arrow: initochondrion with narrow constriction. Fig. 2. Two mitochondria from untreated plasmodium. • 15,800. 
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The  o rgan i sm was g rown accord ing  to  DANIEL a n d  
BALDWIN lS. Mi tochond r i a  of n o r m a l  p l a s m o d i a  were com- 
p a r e d  w i t h  those  of p l a s m o d i a  t r e a t e d  w i t h  ac t ino-  
m y c i n  C 19. F o r  microscopic  obse rva t ion ,  p l a s m o d i a l  pieces 
were f ixed w i t h  C h a m p y ' s  mix tu re ,  a n d  sec t ions  (5 ix) 
were s t a ined  w i t h  acid fuchsin .  Fo r  e lec t ron  microscopy,  
pieces were f ixed w i t h  g l u t a r a l d e h y d e  fol lowed b y  osmic 
acid a n d  e m b e d d e d  in E p o n  812 as descr ibed  p rev ious ly  2~ 
Sect ions  were s t a ined  w i t h  lead c i t r a t e  accord ing  to  
REYNOLDS 21. 

P l a s m o d i a  f rom rap id ly  growing  cu l tu res  (Figure  1A) 
c o n t a i n  a large v a r i e t y  of morpho log ica l ly  d i f fe ren t  mi to -  
chondr ia .  A b o u t  32% of all m i t o c h o n d r i a  are  rod-shaped ,  
some of t h e m  s l igh t ly  cons t r i c t ed  in t he  middle .  T h e y  are  
a p p r o x i m a t e l y  4.5 tz long. Less t h a n  0.2% of t he  mi to -  
c h o n d r i a  are d u m b b e l l - s h a p e d  w i t h  a n a r r o w  cons t r i c t ion  
in t he  midd le  as one would expec t  f rom a d iv i s ion  s tage  
j u s t  p r io r  to  t he  s e p a r a t i o n  in to  2 ha lves .  The  large  
m a j o r i t y  of m i t o c h o n d r i a  are globular ,  w i t h  g r adua l  t r a n -  
s i t ions  to  a n  el l ipt ic  fo rm wh ich  app roaches  t h a t  of t h e  
rod - shaped  mi tochondr i a .  Since t he  l e n g t h  of t h e  rod- 
shaped  m i t o c h o n d r i a  does n o t  exceed t he  th i ckness  of 
t he  sect ions  (5 ix) i t  is no t  l ikely t h a t  t he  presences  of all, 
or even  most ,  of t he  m i t o c h o n d r i a l  globules  in  sect ions  is 
due  to  f r a g m e n t a t i o n  b y  sec t ion ing  of rod - shaped  mi to-  
c h o n d r i a  in to  smal le r  pieces. Af te r  t r e a t m e n t  of t h e  
p l a s m o d i a  for 18 h w i t h  a c t i n o m y c i n  C a t  a c o n c e n t r a t i o n  
of 30 ~tg/ml, t he  n u m b e r  of m i t o c h o n d r i a  h a v i n g  a n a r r o w  
cons t r i c t ion  in t he  midd le  increased  to  a p p r o x i m a t e l y  
1.4%. This  increase  m i g h t  be  due  to  an  ex tens ion  of t h e  
t i m e  requi red  for m i t o c h o n d r i a l  d iv is ion  since t r e a t m e n t  
of P h y s a r u m  w i t h  a c t i n o m y c i n  is k n o w n  to p ro long  
nuc lea r  d iv is ion  for severa l  hou r s  22. Af te r  t r e a t m e n t  w i th  
a c t i n o m y c i n  for 36 h a lmos t  all  m i t o c h o n d r i a  were globu-  

lar  an d  larger  t h a n  t h e  g lobu la r  m i t o c h o n d r i a  in  u n t r e a t e d  
p lasmodia .  

T h e  a b o v e  i n t e r p r e t a t i o n  of t h e  d i f fe rent  morpho log ica l  
types  of m i t o c h o n d r i a  found  b o t h  in n o r m a l  a n d  ac t ino-  
m y c i n - t r e a t e d  p l a s m o d i a  as d iv i s ion  s tages  is s u p p o r t e d  
b y  e lec t ron  mi c ro g rap h s  (Figures 2-4). F igu re  2 shows 
2 m i t o c h o n d r i a  f rom an  u n t r e a t e d  p l a s m o d i u m .  One  of 
t h e m  ap p ea r s  g lobu la r  a n d  h a s  a large cen t r a l  nucleoid,  
while  t h e  o t h e r  is ovoid  an d  con ta ins  2 nucleoids .  The  
m i t o c h o n d r i o n  in F igure  3 is a b o u t  to  d iv ide  in to  2 pieces 
of s imi la r  size a n d  each  ha l f  receives 1 nucleoid.  

F igure  4 shows m i t o c h o n d r i a  a f te r  t r e a t m e n t  w i t h  
a c t i n o m y c i n  C (30 ~xg/ml for 18 h). T h e  m i t o c h o n d r i a  
ex h i b i t  a coarser  t u b u l a r  s t r u c t u r e  t h a n  those  in u n t r e a t e d  
con t ro l  p lasmodia .  Whi l e  m a n y  m i t o c h o n d r i a  are s imi la r  
in shape  to  those  f rom u n t r e a t e d  p lasmodia ,  t h e r e  is a 
large n u m b e r ,  whose  a p p e a r a n c e  is d i f fe ren t  in  a way  
wh ich  is be s t  exp la ined  b y  t h e  a s s u m p t i o n  t h a t ,  in  t h e  
presence  of ac t i nomyc in ,  t h e  d iv is ion  t i m e  of t h e  mi to -  
c h o n d r i a  a n d  t h a t  of t h e  nucleoid  is p ro longed .  One  
c o m m o n l y  found  t y p e  (Figure  4A) is e longated ,  w i t h  a 
s l ight  cons t r i c t ion  in t h e  midd le  a n d  a n  i n co mp l e t e ly  
d iv ided  nucleoid.  O the r s  (Figure  4B) h a v e  a m u c h  
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Fig. 3. Mitoehondrion from untreated plasmodium. • 45,000. 
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na r rower  cons t r i c t ion  in t h e  middle .  T h e y  m a y  be s imi la r  
to  t h e  t y p e  s h o w n  in F igure  lB .  I n  these  m i t o c h o n d r i a  
also, d iv is ion  of t h e  nucleoid  appea r s  to  be  inh ib i ted .  In-  
comple te  d iv i s ion  of t h e  nucleoid  in m i t o c h o n d r i a  t h a t  
h a d  a n a r r o w  cons t r i c t ion  in t h e  midd le  was n o t  found  
in u n t r e a t e d  p lasmodia .  

The  f ind ing  t h a t  the  m i t o c h o n d r i a  of P. polycephalum 
are r ich  in D N A  ~6,17 a n d  t h a t  t h e y  a p p e a r  to  h a v e  a 
regu la r  d iv i s ion  cycle i nvo lv ing  d iv is ion  of a nucleoid  
would sugges t  t h e  poss ib i l i ty  t h a t ,  du r ing  evolut ion ,  t h e y  
m i g h t  h a v e  r e t a i n e d  a c o m p a r a t i v e l y  h igh  level  of 
a u t o n o m y .  

The  above -desc r ibed  d iv is ion  s tages  were no t  cor re la ted  
w i th  a specific s tage  of t h e  mi to t i c  cycle of the  p lasmodia .  

Zusammen/assung. Die F o r m  der  Mi tochondr i en  und  
das  V e r h a l t e n  des Mi tochondr i en -Nuk leo ids  im Schleim- 
pilz Physarum polycephalum werden  d u r c h  B e h a n d l u n g  
m i t  A c t i n o m y c i n  C in e iner  Weise  modif iz ier t ,  die d a r a u f  
schl iessen lgsst,  dass  die Mi tochondr i en  e inen regelm~ts- 
sigen Te i lungszyk lus  durch laufen ,  der  m i t  der  Te i lung  des 
Nukleo ids  kor re l i e r t  ist. 

Fig. 4. Mitochondria from plasmodium treated with actinomycin. 
(A) Elongated mitochondrion showing delayed division of nucleoid. 
• 13,000. (B) Mitoehondrion with narrow constriction, probably 
similar to that in Figure lB. Nucl.eoid understained. • 17,400. 
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Inactivation of Tissue-Specific Inhibitors by a Carcinogen (Diethylnitrosamine) 

The  de le t ion  of t issue-specif ic  g rowth - r egu la t i ng  pro- 
t e ins  b y  carc inogens  has  been  p o s t u l a t e d  to be of p r i m a r y  
i m p o r t a n c e  d u r i n g  carc inogenesis  1. Carc inogens  become  
b o u n d  to specific p ro te ins  (h-proteins)  ~-5, wh ich  are 
e l i m i n a t e d  du r ing  carc inogenes is  a,6,6. A d i rec t  inac t i -  
v a t i o n  of g rowth - r egu l a t i ng  fac tors  could indeed  lead to 
neoplas t ic  growth ,  p rov ided  t h a t  t he  de le t ion  becomes  
h e r e d i t a r y ;  a mode l  to  exp la in  such  h e r e d i t a r y  changes  
ha s  been  proposedV. Pur i f ied  f rac t ions  of h -p ro te ins  were 
s h o w n  to i nh ib i t  r eve r s ib ly  cell g r o w t h  in t i s sue-cu l tu re  s; 
h o w e v e r  i t  was  found  t h a t  l iver  a rg inase  is respons ib le  
for  m o s t  of t he  i n h i b i t i o n  9. 

S t a r t i n g  f r0m the  s t u d y  of w o u n d  hea l ing  in mouse  
skin,  BULLOUGH deve loped  t he  concep t  of t issue-specif ic  
mi tos is  i nh ib i to r s  ( 'chalones ' )  ac t ing  t o g e t h e r  w i t h  hor-  
mones ,  wh ich  are l ack ing  or r educed  in t n m o u r s  1~ 

I n  t he  fol lowing e x p e r i m e n t s  we s tud ied  t he  effect  of 
l iver  s u p e r n a t a n t s  f rom a d u l t  r a t s  (1 :4  h o m o g e n a t e ;  
S a : 78,000 g; 2.5 h) c o n t a i n i n g  ca rc inogen -b ind ing  h-pro-  
t e ins  on  l iver  explan ts .  Desp i te  some d r a w b a c k s  ( t ime 
consumpt ion ,  n o n - u n i f o r m  size, d i f fus ion ra te ,  i n t e rna l  
necrosis)  these  exp l an t s  offer a b e t t e r  t e s t  s y s t e m  for 
p o t e n t i a l  l iver  specific subs t ances  t h a n  H e L a  or L-cellsS 
or  asci tes  cells n .  Some t i ssue  cu l tu re  cells a n d  k i d n e y  
e x p l a n t s  were used for compar i son .  D i e t h y l n i t r o s a m i n e  
(DENA)  was used as a fas t  r eac t ing  ca rc inogen  (10 m g / k g  
i.v.). S u p e r n a t a n t s  l i s ted  in e x p e r i m e n t s  1-3  in T a b l e  I I  
a n d  ill Tab le  I were pa r t i a l l y  pur i f ied  as sugges ted  b y  
BULLOUGH us ing  50--80% e t h a n o l  p rec ip i t a t e s  10. 

L ivers  f rom n e w - b o r n  r a t s  were cu t  in to  1 m m  pieces, 
i n c u b a t e d  as descr ibed  u n d e r  Tab le  I a n d  processed as 

descr ibed  e l sewhere lL  K i d n e y  exp l an t s  were s imi la r ly  
hand led .  Tissue  cu l tu re  cells were g rown as mono laye r s  
in  f lasks in  t h e i r  p roper  media ,  d i s t r i b u t e d  in to  rol ler  
t ubes  (2 .5 -3 .5 •  105 cel ls /ml a n d  tube)  a n d  i n c u b a t e d  
overn igh t .  T h e  m e d i u m  was  r e m o v e d  a n d  0.9 ml  TCM-199 
an d  0.1 ml  s u p e r n a t a n t  were added.  The  mono laye r s  were 
i n c u b a t e d  for 3 h, t h e n  1 b~C 3 H - t h y m i d i n e  was added.  
T h e  i n c o r p o r a t i o n  was s t o p p ed  a f t e r  1 or  2 h b y  cooling 
a n d  a d d i n g  0.1 m l  1 . 0 N N a O H .  Contro ls  w i t h o u t  cells 
were r u n  alongside.  T h e  mono laye r s  were b r o k e n  b y  
s t i r r ing  an d  u l t r a son ica t ing .  TCA-soluble  ma te r i a l  was  
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