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T i m i n g  of mi to s i s  in P h y s a r u m  p o l y c e p h a l u m  : Effects of agents  affecting cycl ic  A M P  

Concentrat ions  
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Summary. Cultures of Physarum polycephalum incuba ted  wi th  caffeine or theophyl l ine  for over  100 min  prior  to  mi-  
tosis exh ib i ted  mi to t ic  de lay  propor t iona l  to  the  t ime  of t r e a t m e n t  before 100 rain. S t a rved  cul tures exh ib i ted  mi to t ic  
delay at  t imes  of s t a rva t ion  longer t h a n  180 rain and s l ight  s t imula t ion  f rom 100-180 min.  D ibu ty ry l  cAMP appeared  
to  accelerate recons t ruc t ion  of the  nucleus following mitosis.  

A large n u m b e r  of s tudies  have  indica ted  t h a t  cyclic 
A M P  has  a funct ion in the  regula t ion of the  process of 
mitosis2-L All of these  s tudies  are cons is ten t  w i th  t he  
view t h a t  mitosis  is inh ib i ted  by  h igh  concen t ra t ions  of 
cyclic AMP. In  addi t ion,  i t  seems likely t h a t  a 'spike '  of 
cAMP occurs before mitosis  can  be ini t ia ted.  The phos-  
phodies terase  inhib i tors  caffeine and theophyl l ine  are 
known  to  cause increases in intracel lular  cyclic A M P  
levels and r e t a rda t ion  of mitosis  7-~0. One of the  organisms 
bes t  sui ted for s tudies  of physiological  aspects  of mitosis  
is t he  m y x o m y c e t e  Physarum polycephalum. W h e n  grown 
under  def ined condi t ions  near ly  all nuclei of one single, 
macroscopic  p l a smod ium undergo  synchronous  mi to-  
sis 11-13. 
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Fig. i. Effect of caffeine, theophylline or starvation on timing of 
mitosis in Physarum. Treatments : - - � 9  caffeine (3 raM) ; - -  • - - ,  
theophylline (3 raM) ; -- -- � 9  --, starvation. 
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Fig. 2. Apparent stimulation of reconstruction in Physarum by di- 
butyryl cyclic AMP and caffeine. Cultures were placed on medium 
containing dibutyryl cyclic AMP or caffeine (10 raM) {or 46 min 
prior to mitosis and observed at 20 min following mitosis in the 
control cultures. The point for caffeine (10 raM) is plotted for com- 
parison: - - - - 0 - - - - .  

E x p e r i m e n t s  were done pr ior  to  the  second synchronous  
mitosis ,  using Physarum polycephalum grown on N + C  - - P  
med i u m 1~. W h e n  cul tures  ob ta ined  b y  p l a t i n g  up  to  
0.9 ml  of microplasmodia l  suspension as a r ing on a fi l ter  
paper  were cu t  into 10 pieces and  these  pieces replaced 
on the  old medium,  all pieces of cul ture wen t  t h r o u g h  
mitosis  a t  an ident ical  t ime,  wi th in  5 rain of each other .  

Whole  cul tures or segments  of cul tures  were a lways 
t rans fe r red  to  new media  while still on the i r  original  
f i l ter  paper  suppor ts .  At  every  t ransfer ,  t he  cul ture was 

f i r s t  b lo t t ed  on a pape r  towel,  then  immersed  in new 
medium,  b lo t t ed  again and  f inal ly placed on a larger 
fi l ter pape r  suppor t ed  by  a stainless s teel  grid over  the  
new medium.  In  s t a rva t ion  exper iments ,  a s eg men t  of 
the  cul ture was t r ans fe r red  as a cont ro l  to  new N + C  
medium,  while the  res t  of t he  cul ture  was twice sub- 
merged  in, and  t h e n  kep t  on, salts  medium.  This  is a 
N + C  g rowth  med i u m lacking sugar, c i t rate ,  phospha te ,  
t r y p t o n e  and  yeas t  ex t rac t .  To faci l i tate  t ak ing  of sam- 
ples, the  t r ea t ed  cul ture  was  somet imes  cut  into smal l  
segments  which  were t h e n  p laced  far a p a r t  on fil ter paper  
to p r e v e n t  fusion. 

Mitosis was de t e rmined  microscopically,  using f ixed 
smears.  The stages of recons t ruc t ion  were de te rmined  
wi th  reference to  a s t an d a rd  set  of slides. This p e r m i t t e d  
de t e rmina t ion  of the  t ime  of mitosis  w i th  a ce r ta in ty  of 
app rox ima te ly  5-10 min.  

Cultures were t r ea t ed  wi th  a concen t ra t ion  of caffeine 
(3 mM) found in p re l iminary  exper imen t s  to inh ib i t  the  
t iming  of mitosis  b u t  no t  to  have  a s t rong inh ib i to ry  
effect  on g rowth  of t he  cul tures  ove r  a 21-hour period.  
This  concen t ra t ion  of caffeine did no t  have  any  effect  
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in i n h i b i t i n g  mitos is  w h e n  added  to cu l tu res  w i t h i n  a 
per iod  of a p p r o x i m a t e l y  100 m i n  pr io r  to  mi tos is  (Fig- 
ure  1). Before  th i s  t ime,  i n c u b a t i o n  on  caffe ine for in-  
creas ing t i m e  appea red  to  resu l t  in a de lay  of mi tos is  
wh ich  was a p p r o x i m a t e l y  a l inear  f unc t i on  of t ime.  
Cul tures  s imi la r ly  i n c u b a t e d  w i t h  t heophy l l i ne  a t  t he  
same c o n c e n t r a t i o n  (3 m M )  showed an  a lmos t  iden t ica l  
p a t t e r n  of de lay  of mi tos is  (Figure 1). 

W h e n  cu l tu res  were s t a r v e d  for a long t ime,  some 
a s y n c h r o n y  appea red  to develop.  Usua l ly  i t  was  p o s s i b l e  
to  eva lua t e  t he  t i m e  of mi tos i s  if t he  s m e a r  was t a k e n  
f rom t h e  growing edge of a n  a d v a n c i n g  lobe 1~. Cul tures  
s t a r v e d  for a per iod  of t i m e  longer  t h a n  180 rain  showed  
a de lay  of mi tos is  wh ich  increased  for longer  per iods  of 
s t a r v a t i o n  (Figure 1). B e t w e e n  a b o u t  100 m i n  pr io r  to  
mi tos is  a n d  180 min,  a smal l  b u t  cons i s t en t  acce le ra t ion  
of mi tos i s  b y  s t a r v a t i o n  occurred.  

P r e l i m i n a r y  e x p e r i m e n t s  h a v e  shown a m a r k e d  in- 
crease in cyclic A M P  levels in cu l tu res  s t a r v e d  for 6.5 h 
pr ior  to  t he  expec ted  t i m e  of mitosis ,  wh ich  is accom- 
pan ied  b y  m a r k e d  delays  in mitosis .  O t h e r  cu l tu res  a t  
sho r t e r  t imes  of s t a rva t ion ,  in which  mi tos i s  is n o t  in- 
h ib i ted ,  showed a smal l  spike of c A M P  (only double  
n o r m a l  levels a t  i ts  m a x i m u m )  a t  a p p r o x i m a t e l y  75 m i n  
pr ior  to  mitosis .  These  d a t a  are cons i s t en t  w i t h  a model  
in wh ich  t he  peak  in c A M P  is a d e t e r m i n i n g  s tep  in 
mitosis.  

Cul tures  which  were d ipped  in sa l t s  m e d i u m  appea red  
to gain w a t e r  a n d  w h e n  sc raped  o f f  t he  pape r s  appea red  
more  s l imy  t h a n  con t ro l  cul tures .  W h e n  such  cu l tu res  
were c o m p a r e d  to those  of con t ro l s  n o t  exposed to  sa l ts  
med ium,  in 5 d i f fe ren t  e x p e r i m e n t s  t he  we igh t  of t he  
f rozen s t a rved  p l a smod ia  was 86.1 m g / m g  pro te in ,  while  
t h a t  of cont ro l s  was  67.9 m g / m g  pro te in ,  a 27% increase  
in we t  we igh t  as a resu l t  of t he  s t a r v a t i o n  t r e a t m e n t .  T h e  
effect  was  no t i ceab le  a l r eady  a f t e r  15 min.  

No cons i s t en t  de lay  of mi tos is  was  obse rved  in severa l  
p r e l i m i n a r y  e x p e r i m e n t s  us ing  d i b u t y r y l  cyclic A M P  in 
t he  med ium.  I t  is possible  t h a t  endogenous  levels of t he  
cyclic nuc leo t ide  phosphod ie s t e r a se  are h igh  enough  in 
G2 to p r e v e n t  s ign i f ican t  a c c u m u l a t i o n  of cyclic A M P  
u n d e r  these  condi t ions .  I t  was observed ,  however ,  t h a t  
d i b u t y r y l  cyclic A M P  a t  h igh  levels, w h e n  added  to  
cu l tu res  n e a r  mitosis ,  appea red  to  speed up  the  overa l l  
process  of mitos is  a n d  r e c o n s t r u c t i o n  (Figure 2). The  
s t i m u l a t i o n  of t he  overa l l  process  appea r s  to  be  a l inear  
f unc t i on  of t he  log of the  c o n c e n t r a t i o n  of c A M P  (Fig- 
ure  2). I n  caffeine (10 mM) ,  an  even  grea te r  acce le ra t ion  
of r econs t ruc t i on  a f t e r  mi tos is  was  found  t h a n  t h a t  shown  
b y  db-cAMP.  
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Summary. I n  n o r m a l  f reshly  m ou l t ed  insects  Spe r mo tozoa  are p re sen t  and  pass  in to  t he  vas  deferens  a f t e r  24 h. T h e y  
show morpholog ica l  changes  when  inside t he  female  gen i ta l  t r ac t .  S te r i l i ty  caused b y  Acorus  ca l amus  oil v a p o u r s  is due  
to agg lu ta t ion ,  m a l f o r m a t i o n  and  i m m o b i l i t y  of sperms,  w h i c h  m a k e s  t he  spe rms  u n a b l e  to  undergo  morpholog ica l  
d i f f e ren t i a t ion  in t h e  female  t rac t .  

Acours  ca l amus  oil vapou r s  h a v e  been  found  to steri l ize 
male  house  flies 1 (Musca domes t i ca  L.) ;  females  of 
T h e r m o b i a  domes t i ca  (Packard)2;  Dysdercus  koenigii ,  F3; 
and  females  of five s tored  p r o d u c t  beet les  4. Un l ike  clas- 
sical chemos te r i l an t s ,  Tepa  a n d  re l a t ed  c o m p o u n d s  w h i c h  
h a v e  h igh  m a m m a l i a n - t o x i c i t y  and  p h y t o t o x i c i t y  ~, . the 
oil is a non- tox ic  compound .  The  inves t iga t ions  in to  t he  
mode  of ma le  s ter i l iza t ion  h a v e  been  m a d e  b y  t a k i n g  
D. koenigi i  as the  t e s t  insect .  
Material and methods. "/'he bugs  were reared  as descr ibed 
earl ier  e. Male and  female  a d u l t  insects  were s epa ra t ed  
i m m e d i a t e l y  a f te r  m o u l t i n g  in to  sepa ra te  ja r s  a n d  pro-  
v ided  w i t h  food an d  water .  0 -4-hold  males  were exposed  
to  oil v a p o u r s  for 4 days  b y  the  m e t h o d  a l r eady  des- 
cr ibed 3. R a n d o m  samples  con ta in ing  10 insects  were 
t a k e n  f rom the  con t ro l  a n d  t he  th r i ce  rep l i ca ted  experi-  
m e n t s  each  day.  F o r  va r ious  studies,  Aceto  orcein s t a ined  
squashes  of testes,  vas  deferens  and  ov i duc t  were pre-  
pared.  
Results. I n  n o r m a l  insects,  t he  spermatogenes i s  was  
m a x i m u m  in f reshly  m o u l t e d  a d u l t  insects,  where  t h e  
meiot ic  f igures were qu i te  appa ren t .  T he  n u m b e r  of 
sperms  va r i ed  in d i f fe ren t  tes tes ;  b u t  no i nd iv idua l  lacked  
such  s t ruc tures .  No spe rm was found  in t he  vas  deferens  
in  such  individuals .  In  24-48-h-old  insects,  t he  bund le s  
of spe rms  were seen in the  tes tes  and  t he  vas  deferens.  

N u m e r o u s  sperms were seen s e p a r a t i n g  f rom cacti o t h e r  
(figure 1), w i th  t he i r  bodies  in comple te  swir l ing waves  
(figure 2). The  spe rms  en te red  t he  vas  deferens  on ly  24 h 
a f t e r  m o u l t i n g  and  the i r  m a x i m u m  n u m b e r  was found  in 
72-h-old adul ts .  Copula t ions  were obse rved  24 h a f t e r  
moul t ing .  The  m a x i m u m  n u m b e r  of spe rms  t r aced  in t he  
female  t r a c t  was  found  24 h a f t e r  copula t ion .  I n  t he  
female  t rac t ,  t he  sperms  showed def in i te  morpho log ica l  
changes ,  p a r t i c u l a r l y  in t he  head  or nuc lea r  region. This  
end  becomes  b road  a n d  f l a t t e n e d  (figure 3) where  t he  
b o d y  shows n o r m a l  swir l ing waves.  
In  t r e a t e d  insects,  a f t e r  24 h of t he  t r e a t m e n t ,  t he  meiot ic  
d ivis ions  were n o r m a l  b u t  t he  spe rms  a p p e a r e d  to  be 
u n a b l e  to  move.  I n  48-h-old t r e a t e d  insects,  t he  spe rms  
in the  tes tes  and  vas  deferens  were v e r y  e longa ted  s t ruc-  
tu res  (figure 4). Most  of t h e m  were adhe red  to  each  o ther .  
The  head  was e i t he r  h i g h l y  e longa ted  (figure 5) or  corn- 
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