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A n t i m i t o t i c  A g e n t s  and M a c r o n u c l e a r  D i v i s i o n  of Ci l iates .  III.  T h e  Effect of Co lch ic ine  on  S y n c h r o n i z e d  
Tetrahymena pyriformis G L  

The  a lka lo id  colchicine is k n o w n  to exe r t  a n  i n h i b i t o r y  
effect  on  eumi to t i c  cells b y  a r r e s t ing  mi tos is  a t  m e t a -  
phase .  Accord ing  to  SttXLANSI~I a n d  TAYLOR 1 a n d  
BORISY a n d  TAYLOR 2'~, colchicine seems to  ac t  d i rec t ly  
on  t h e  p r o t e i n - s u b u n i t s  of mic ro tubu les ,  i nc lud ing  those  
of t h e  spindle.  

Recent ly ,  t he  occur rence  of m i c r o t u b n l a r  s t r u c t u r e s  in  
macronuc le i  ha s  been  r e p o r t e d  for a g r ea t  m a n y  ci l iates 4-s, 
a m o n g  t h e m  t h e  Tetrahymena pyri[ormis am i c r onuc l ea t e  
s t r a i n  G L  ~-1~. Such  m i c r o t u b u l e s  seem to  be  found  pre-  
d o m i n a n t l y  in  d iv id ing  macronuc le i  9, ~ a n d  a p p e a r  to  be  
connec ted  w i t h  t h e  i nne r  m e m b r a n e  of t h e  nuc lea r  en- 
velope as well  as w i t h  t h e  c h r o m a t i n  m a t e r i a l  9. 

The  d iv i s ion  Of mac ronuc l e i  is genera l ly  refer red  to  as 
' a m i t o t i c '  w h i c h  is t h o u g h t  of as a s imple  p i n c h i n g  in to  
2 d a u g h t e r  nucle i  w i t h o u t  a n y  ordered  d i s t r i b u t i o n  of t h e  
c h r o m a t i n .  Since colchicine m a r k e d l y  affects  t h e  macro -  
nuc lea r  d iv i s ion  in T. pyri[ormis G L  13,1~, i t  appea r s  to  be  
a r easonab le  a s s u m p t i o n  t h a t  such  m i c r o t u b u l a r  s t ruc-  
t u r e s  w i t h i n  t h e  m a c r o n u c l e u s  could be  func t iona l ly  
e q u i v a l e n t  to  t h e  sp indle  m i c r o t u b u l e s  in  eumi to t i c  ceils. 

Materials and methods. L o g a r i t h m i c  cu l tu res  of T. 
pyri[ormis amic ronuc l ea t e  s t r a i n  G L  were  s ynch r on i zed  
b y  emp loy ing  t h e  h e a t - s h o c k  m e t h o d  of SCHERBAI~M a n d  
ZEUTHEIq ~5, as p rev ious ly  descr ibed  xs. 

Colchicine x~ ( S E R V A ,  Heide lberg ,  G e r m a n y )  in a dose 
of 5 m g / m l  was  app l ied  a t  d i f fe ren t  t imes  a f t e r  t he  end  
of h e a t - s h o c k  t r e a t m e n t  (EHT) .  Th i s  c o n c e n t r a t i o n  of t he  
a lka lo id  is k n o w n  to  p r e v e n t  d iv is ion  in a n  exponen t i a l l y  
growing cu l tu re  of Tetrahymena for  a b o u t  5 h ~. T he  d rug  
was c o n t i n u o u s l y  p r e s e n t  t h r o u g h o u t  t h e  whole  exper i -  
men t .  Whi l e  t h e  resu l t s  descr ibed  be low could be  re- 
p roduced  3 t imes  for  t he  d rug  c o n c e n t r a t i o n  of 5 mg/ml ,  
e x p e r i m e n t s  emp loy ing  lower  concen t r a t i on ,  e.g. 1.5 mg /  
ml,  d id  n o t  y ie ld  such  r ep roduc ib le  da ta .  

Results. Using  t h e  h e a t - s h o c k  m e t h o d ,  t h e  cell cycle of 
T. pyri[ormis G L  can  be  b r o u g h t  in to  h igh  d iv i s ion  
s y n c h r o n y  ~.  The  f i rs t  d iv i s ion  m a x i m u m  occurs  w i t h  a 
yield of 80 4- 5% s y n c h r o n i z a t i o n  (i.e. a d iv i s ion  i ndex  of 
0.8) a t  75 ~ 5 m i n  a f t e r  E H T  in our  sys tem.  A second and  
t h i r d  d iv i s ion  p e a k  of a lower degree  of s y n c h r o n y  can  be  
obse rved  a t  175 :k 10 ra in  a n d  290 :k 10 rain,  respect ive ly ,  
a f t e r  E H T  (Figure la) .  

W h e n  colchicine was  appl ied  a t  E H T ,  t he  f i rs t  d iv is ion  
b u r s t  is de layed  a b o u t  70 =k 10 m i n  (Figure lb ) .  Also, t h e  
n u m b e r  of d iv id ing  cells is r educed  to  a b o u t  65%.  The  
second p e a k  t h e n  coincides w i t h  t he  t h i r d  p e a k  of t h e  
u n t r e a t e d  con t ro l  cul ture .  App l i ca t i on  of colchicine 
35 ra in  a f t e r  E H T  causes  a m a r k e d  de lay  of t he  f i rs t  
s y n c h r o n i z a t i o n  b u r s t  wh ich  occurs  a b o u t  190 • 15 ra in  
a f t e r  E H T  (D.I.,-~0.55), fol lowed 135 =k 15 n i in  l a t e r  b y  
a n o t h e r  less p r o n o u n c e d  d iv i s ion  p e a k  (Figure lc).  B u t  
in  1 of 3 e x p e r i m e n t s  a s l igh t  increase  in t h e  r a t e  of 
d iv id ing  cells (D.I.  <_0.1) 80 m i n  a f t e r  E H T  can  be  
obse rved  (Figure  lc) .  W h e n  cells were exposed to col- 
chic ine  45 ra in  a f te r  E H T ,  t h e  f i rs t  d iv is ion  w i t h  a 
s y n c h r o n y  of a b o u t  55% is de layed  on ly  15 • 5 ra in  
(Figure  ld) .  A second p e a k  can  be  de t ec t ed  130 :k 15 m i n  
la ter .  Colchicine a d d e d  to  t h e  cu l tu re  m e d i u m  55 ra in  
a f te r  E H T  has  no  r e m a r k a b l e  effect  on  t h e  f i rs t  d iv i s ion  
b u r s t  (Figure  1@ Only  t h e  r i g h t  shou lde r  of th i s  peak  
reveals  a s l igh te r  decrease  w h e n  c o m p a r e d  w i t h  t he  
co r re spond ing  m a x i m u m  of t h e  control .  T he  second 
d iv is ion  p e a k  can  be  obse rved  a t  260 • 15 m i n  a f te r  E H T ,  
i.e. w i t h  a de lay  of 85 4- 15 rain.  

, A p p a r e n t l y ,  t h e r e  exis ts  a ' t r a n s i t i o n  p o i n t '  50-55 m i n  
fol lowing E H T  where  t h e  p r e p a r a t i o n  of cell even t s  lead-  
ing to  d iv i s ion  ha s  m a t u r e d  so far  t h a t  colchicine added  
f rom th i s  m o m e n t  c a n n o t  f u r t h e r  b r ing  a b o u t  a ' se t  back '  
(Figure  2). 

Discussion. Cell d iv i s ion  of Tetrahymena can  be  
b locked  b y  colchicine a n d  colcemid ~S,~, i.e. a lkaloids  
wide ly  emp loyed  for  a r r e s t ing  m e t a p h a s e  in eumi to t i c  
cells. 

Surpr is ingly ,  T. pyriformis G L  was  found  to  ove rcome  
the  i n h i b i t o r y  effect  of such  a n t i m i t o t i c  d rugs  ~3,14 a f t e r  
a per iod  d e p e n d e n t  on  t h e  c o n c e n t r a t i o n  used, a pheno-  
m e n o n  t h a t  h a d  so fa r  on ly  b e e n  m e n t i o n e d  in t h e  
l i t e r a t u r e  as occur r ing  occas ional ly  in  r egene ra t i ng  l iver  x8 
as well  as in  c u l t i v a t e d  Chinese h a m s t e r  cells ~9. Th i s  
' endogenous  r ecove ry  '~* resu l t s  in  a r e m a r k a b l y  syn-  
chron ized  d iv is ion  p e a k  ~. As a n  e x p l a n a t i o n  for this ,  we 
h a v e  t e n t a t i v e l y  d iscussed in a p rev ious  ar t ic le  t h e  
poss ib i l i ty  t h a t  Tetrahymena possesses a n  e n z y m e  
s y s t e m  capab le  of decompos ing  colchicine a n d  colchicine-  
r e l a t ed  compounds ,  as th i s  is k n o w n  for some micro-  
o rgan i sms  20. 

The  f ind ings  of b lockage  a n d  de lay  of m a c r o n u c l e a r  
d iv is ion  in Tetrahymena b y  colchicine as well  as t he  
occur rence  of m i c r o t u b u l e s  in t h e  mac ronuc l e i  of 
ci l iates 4-s,s- l~ shed  some new l igh t  on  t h e  hypo-  
thes is  s, 9 t h a t  these  i n t r a n u c l e a r  m i c r o t u b u l e s  p l ay  a role 
in  t h e  ci l ia te  m a c r o n u c l e a r  di-eision. Th i s  is all  t h e  more  
r easonab le  since i t  is h a r d  to  imag ine  a d i s t r i b u t i o n  of 
gene t ic  m a t e r i a l  n o t  i nvo lv ing  d i s t r i b u t i n g  a p p a r a t u s  
c o m p a r a b l e  to  t h e  mi to t i c  spindle.  Thus ,  accord ing  to  t he  
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hypo thes i s  by  t?ALK et al, 9, t he  ' ami tos is '  of the  ciliate 
would  r ep resen t  r a t h e r  a special  case of in t ranuc lea r  
mitosis.  

This  observa t ion  also is suppor t ed  b y  the  resul ts  of 
MAZlA and  ZEUTI~E~ ~ who observed  a blockage and  a 
de lay  of cell division in hea t - shock  synchron ized  Tetra- 
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h y m e n s  by  mercap toe thano l ,  an agen t  known  to  des t roy  
spindle  microtubules .  

KENNEDY 22 s ta tes  t h a t  he is unable  to  iden t i fy  micro- 
tubules  in the  macronuc leus  as well as in the  developing 
oral ' anlage '  a f te r  appl ica t ion  of colchicine. These 
f indings are in ag reemen t  wi th  our  observa t ions  ~* t h a t  
a f ter  t r e a t m e n t  wi th  colchicine no i n t ac t  micro tubules  
can be de tec ted  wi th in  t he  macronucleus .  Microtubules,  
however ,  could normal ly  be seen in the  oral  field, t hus  
ind ica t ing  a selective sens i t iv i ty  of the  d i f fe rent  t ypes  of 
microtubules .  

The exis tence of a ' t r ans i t ion  po in t '  a t  50-55 rain af ter  
E H T  i l lus t ra tes  a m o m e n t  in the  cell cycle in which  the  
p repa ra t ion  and  s tabi l iza t ion of t he  compounds  and  
s t ruc tures  required for divis ion has  p roceeded  so far t h a t  
an a t t ack  b y  colchicine can n o t  fu r the r  inh ib i t  macro-  
nuclear  and  cell division. This  could be due  e i ther  to  a 
change  in the  pe rmeab i l i t y  of the  drug  to  t he  s t ruc tu res  
in ques t ion  or to a change  in t he  s tab i l i ty  of the  micro- 
tubules  concerned.  The l a t t e r  case t h e n  would  represen t  a 
r emarkab le  difference to  eumitos is  in which  colchicine is 
ac t ive  in inh ib i t ing  ch roma t in  d i s t r ibu t ion  up to  meta -  
phase  and  even to  telophase24. 
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Fig. 2. The colchicine induced delay of the first division peak of beat 
synchronized T. pyriJormis GL as dependent on the time of applica- 
tion of 5 mg/ml eolehicine after EHT. Beyond a 'transition point' 
at 50-55 rain after EHT eolchieine does not further induce a 'set back' 
of the first division peak. 

Fig. 1. Heat synchronized cultures of T. pyriJorn*is GL were ex- 
posed to 5 mg]ml colchieine at different times after tgItT. T h e  

division index of Tetrahymena is plotted against tile time after EHT 
(EHT = zero time). (a) Untreated control culture. In (b), (e), (d) and 
(e) colehieine was applied at EHT, 35, 45 and 55 min after EHT, 
respectively. The vertical dotted line represents the average syn- 
chronized division peak of the untreated control culture. 

21 D. MAZIA and E. ZEUTHE•, Compt. r. Tray. Lab. Carlsberg 35, 341 
(19o5). 

~2 j .  R. KENNEDY Jr., in The Cell Cycle (Acadenfie Press, New York  
and London 1969), p. 227 

22 F. WONI)ERLIC~ and V. SPETH, in preparation. 
24 j .  D. PICKETT-HEAPS, Devl. Biol. 15, 206 (1967). 
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The  resul t s  descr ibed  a b o v e  inc lude  a n o t h e r  i n t e re s t ing  
f inding.  The  endogenous  r ecovery  I rom t r e a t m e n t  w i t h  a n  
a n t i m i t o t i c  d rug  is essent ia l ly  s h o r t e n e d  in synch ron ized  
Tetrahymena cu l tu res  c o m p a r e d  w i t h  l oga r i t hmic  cells. 
Th i s  ' t r a i n i n g  effect '  seems to  be  m o s t  r e a s o n a b l y  ex- 
p la ined  b y  t he  a s s u m p t i o n  t h a t  b o t h  k inds  of t r e a t m e n t s ,  
i.e. hea t - shocks  a n d  colchicine,  in te r fe re  w i t h  t he  v e r y  
same c o m p o u n d s  in t he  cell so t h a t  t h e  h e a t - t r e a t m e n t  
b r ings  a b o u t  a n  ' a d a p t i v e  change '  (STuBBLEFIELD 1") 
which  helps  to  ove rcome  the  t r e a t m e n t  w i t h  t he  d rug  z5,2% 

Zusammen]c~ssung. D u r c h  T e m p e r a t u r s c h o c k s  synchro-  
n is ier te  K u l t u r e n  des Ci l ia ten  Tetrahymenc~ pyri[ormis 
( S t a m m  GL, kein Mikronucleus)  w u r d e n  m i t  Colchicin 
b e h a n d e l t .  I n  Abh~Lngigkeit v o m  Z e i t p u n k t  de r  Col- 
ch ic inzugabe  w u r d e n  Verz6ge rnngen  des e r s ten  synchro -  
n i s i e r t en  T e i l u n g s m a x i m u m s  festgestel l t .  Die  Ergebn i s se  

werden  als wei tere  Hinweise  auf  eine Be te i l igung  v o n  
M i k r o t n b u l i  bei  der  Makronuc leus -Te i lung  gedeute t .  

F. WUNDERLICH a n d  D. PEYK 
Department o/ Biology, 
Division o/Cell Biology, Schaenzlestrasse 9, 
D-78 Freiburg i. Br. (W. Germany), 73 August 7969. 

~5 For carefal technical assistance we are indebted to Miss M. 
WINTER as well as to Prof. Dr. P. SIT,E, Dr. H. FALK and Dr. 
W. W. FRANRE for helpful discussions. This work was supported, 
in part, by the Deutsche Forschnngsgemeinsehaft. 

2~ After the preparation of the manuscript the authors got know- 
ledge of a paper by TAMURA et el. [Expl. Cell Res. 55, 351 (1969)] 
in which a eolchieine-induced disappearance of maeronuclear 
microtubules was reported in Tetmhymena py~'i]ormis strain W. 

Trigeminal Root and Eye Muscle Proprioception 

Prop r iocep t ive  impulses  f rom the  ex t e rna l  eye muscles  
en t e r  t he  b r a i n  s tern  t h r o u g h  t h e  o p h t h a l m i c  b r a n c h  a n d  
t h e  t r i g e m i n a l  roo t  in  t h e  l a m b  a n d  pig  ~,~. The  s t r e t c h  of 
i nd iv idua l  eye muscles  p r o v o k e d  responses  of u n i t s  
localized in t he  med ia l  do r so la te ra l  p a r t  of t h e  s e m i l u n a r  
gangl ion  and  in t h e  med ia l  p a r t  of t h e  t r i g e m i n a l  root .  
T h e  responses  were  of t h e  t y p e  i nduced  b y  m u s c l e  
sp indle  exc i t a t i on  ~,~. Sec t ion  of t h e  o p h t h a l m i c  b r a n c h  
abol i shed  t h e  gasser ian  responses  to  s t r e t c h  of ips i l a te ra l  
ex t r aocu l a r  muscles  2,s. However ,  no  degene ra t i on  of t h e  
eye muscle  spindles  occur red  a f t e r  sec t ion  of t h e  ipsi- 
l a t e ra l  ocu lomoto r  n e r v e  ~,3. The  un i t s  recorded  f rom t h e  
s e m i l u n a r  gangl ion  a n d  respons ive  to  s t r e t c h  of single 
ex t raocu lg r  muscles  were r ega rded  as cells fol lowing t h e  
c r i t e r ia  p roposed  b y  DARIAN-SMITH e t  al. 4. However ,  
some inves t iga to r s  h a v e  c l a imed  t h a t  t h e  p e r i k a r i a  of t h e  
a f fe ren t s  f rom the  eye muscles  are  p laced  in t h e  mesen-  
cephal ic  nuc leus  of t h e  t r i geminus  ~, as is t h e  case for  t h e  
m a s t i c a t o r y  muscles  s-z~ Thus ,  in  o rder  to  s t a t e  w h e t h e r  
our  p rev ious  records  ~,~ were t a k e n  f rom cells or f rom 
n e r v e  fibres,  e x p e r i m e n t s  were car r ied  ou t  in  l a m b s  sub-  
j ec ted  to  chronic  sec t ion  of  t h e  lef t  t r i g e m i n a l  root .  Such  
a n  ope ra t i on  s h o u l d  abo l i sh  t he  gasser ian  responses  to  
s t r e t c h  of single ex t r aocu l a r  muscles  if t he  cell bodies  of 
t h e  a f fe ren ts  f rom t h e  eye muscle  spindles  are p laced  in  t h e  
b r a i n  s tem,  while,  o n  t h e  o t h e r  h a n d ,  t h e  responses  
should  pers i s t  if t h e  pe r ika r i a  are loca ted  in t h e  s emi luna r  
gangl ion.  

I n  8 i a m b s  b o t h  t he  sensory  a n d  t h e  m o t o r  roo t  of t h e  
lef t  t r i g e m i n u s  were  cu t  u n d e r  N e m b u t a l  anaes thes ia .  
The  an ima l s  were k e p t  a l ive  7-13 days  i n  order  to  get  
comple t e  d e g e n e r a t i o n  of t h e  n e r v e  f ibres  a n d  dis- 
a p p e a r a n c e  of ne rvous  c o n d u c t i o n  in t h e  p e r i p h e r a l  
t r i g e m i n a l  b r a n c h e s  u.  6 l a m b s  were s u b m i t t e d  a t  t h e  
end  of su rv iva l  t i m e  to  a n  acu t e  e x p e r i m e n t  for  sea rch ing  
t h e  gasser ian  responses  to  s t r e t c h  of Jnd iv idua t  ex t ra -  
ocular  muscles  w i t h  t he  t e c h n i q u e  used in  our  p r e v i o u s  
i nves t iga t ions  7,3; t h e  o the r  2 an ima l s  were emp loyed  only  
for h is to logical  purposes .  

I n  all  t h e  6 l a m b s  wh ich  u n d e r w e n t  t h e  f ina l  acu te  
expe r imen t ,  un i t s  were  found  in  t he  lef t  s e m i l u n a r  
gangl ion  w h i c h  r e sponded  to  s t r e t c h  of single eye muscles  ; 
t h e  responses  were of t he  t y p e  induced  b y  muscle  sp indle  

exc i t a t i on  a n d  exhPoited t h e  same  fea tu res  as those  re- 
corded  f rom n o r m a l  l a m b s  (Figure).  However ,  no  
responses  of t h e  t y p e  induced  b y  muscle  sp indle  exc i t a t i on  
were found  in t h e  lef t  s emi luna r  g a n g l i o n  b y  s t r e t c h i n g  
t h e  ips i la te ra l  masse t e r  in  2 animals .  

T h e  his to logical  con t ro l  showed  n o r m a l  spindles  in  t he  
lef t  e x t r a o c u l a r  muscles,  whi le  t hose  of t h e  lef t  m a s s e t e r  
were degenera ted .  No degene ra t ed  f ibres  were seen in t h e  
lef t  o p h t h a l m i c  b r a n c h ;  however ,  m a n y  d e g e n e r a t e d  
f ibres  were p r e s en t  in  t h e  lef t  m a n d i b u l a r  b ranch .  

Effect of a stretch of the left superior rectus (lower beam) on the 
unitary discharge (upper beam) recorded from the medial dorso- 
lateral part of the left semilunar ganglion of lamb No. 77, 13 days 
after section of the ipsilateral trigeminal root. The units were un- 
affected by stretch of the other extraoeular muscles and by stimula- 
tion of other trigeminal receptors. Calibration: 100 msee. 
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