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Summary. The  Ca2+-gat ing m e c h a n i s m  t h a t  is t he  key  c o m p o n e n t  of m e m b r a n e  e x c i t a b i l i t y  in P a r a m e c i u m  has  re- 
c e n t l y  b e e n  local ized on t h e  cilia of th i s  an imal .  Such  a f ind ing  shows h o w  the  change  in Ca ~+ p e r m e a b i l i t y  (which is 
t h e  p r o b a b l e  consequence  of t he  pho t o i s om er i za t i on  of rhodops in )  of t he  discs of t h e  o u t e r  s e g m e n t s  of t h e  r e t i na l  rods  
could  h a v e  evolved.  

R e c e n t  s tud ies  On t he  con t ro l  of t he  c i l ia ry  b e a t  in  
P a r a m e c i u m  revea l  h o w  t h e  t r a n s d u c e r  m e c h a n i s m  of 
sense  organs ,  in  p a r t i c u l a r  t h e  v e r t e b r a t e  r e t i na l  rods,  
m i g h t  well  h a v e  evolved.  A m e c h a n i c a l  s t imu lus  a t  t he  
a n t e r i o r  end  of P a r a m e c i u m  causes  a n  increase  in ca lc ium 
pe rmeab i l i t y ,  w i t h  a c o n s e q u e n t  depo la r i za t ion  w h i c h  
f u r t h e r  a c t i v a t e s  t h e  Ca~+-channels  in  t h e  m e m b r a n e .  
Depo la r i za t ion ,  therefore ,  deve lops  r e g e n e r a t i v e l y  to-  
wa rds  t h e  equ i l i b r i um  p o t e n t i a l  for Ca 2+. T he  r e s u l t a n t  
r ise in  [Ca ~+] ~ causes  a r eve r sa l  of t he  c i l iary  b e a t  t o g e t h e r  
w i t h  a n  increase  in f r equency  1, z. Depo la r i za t ion  p roduced  
b y  ra i s ing  ex t r ace l l u l a r  N a  + or  K+ also causes  c i l ia ry  
reversal ,  a n d  r e c e n t  m e a s u r e m e n t s  w i t h  4sCa2+ h a v e  
con f i rmed  a n  assoc ia ted  r ise in  Ca2+-influx 3. A s t imu lus  
a t  t h e  pos t e r io r  end  of P a r a m e c i u m ,  however ,  a c t i v a t e s  
K+-channe l s  in  t h e  m e m b r a n e ,  caus ing  h y p e r p o l a r i z a t i o n  
and ,  again,  an  increase  in t h e  f r equency  of c i l iary  b e a t  1, 2. 
M u t a n t s  of P. aure l i a  w i t h  modi f ied  locomoto r  b e h a v i o u r  
( n a m e d  ' P a w n ' )  h a v e  been  i so la ted  4 a n d  these  a n i m a l s  
fa i l  to  reverse  t h e i r  c i l iary  b e a t  w h e n  depolar ized .  Such  
m u t a n t s  show no r egene r a t i ve  Ca 2+ response  s a n d  no 
s t i m u l a t e d  45Ca~+-influx, a n d  i t  is e v i d e n t  t h a t  t h e  Ca 2+- 
g a t i n g  m e c h a n i s m  is a m a j o r  c o m p o n e n t  of m e m b r a n e  
e x c i t a b i l i t y  in  P a r a m e c i u m  8. 
W h e n  P a r a m e c i u m  is dec i l ia ted  b y  t r e a t m e n t  w i t h  
ch lora l  h y d r a t e ,  t h e  a n i m a l s  r e t a i n  t h e i r  hype r po l a r i z i ng  
response  to pos t e r io r  s t i m u l a t i o n  and  t he  n o r m a l  r e s t ing  
m e m b r a n e  p o t e n t i a l  is unaf fec ted .  However ,  dec i l i a ted  
P a r a m e c i u m  do n o t  show a depo la r iz ing  response  to 
a n t e r i o r  s t i m u l a t i o n  a n d  a s t ronge r  s t imu lus  now  causes  
h y p e r p o l a r i z a t i o n ,  even  if appl ied  a t  t h e  a n t e r i o r  end.  
T h e  cil ia r e g e n e r a t e  in  t h e  absence  of ch lora l  h y d r a t e  in  
6 -8  h a n d  t h e  rec i l i a ted  P a r a m e c i u m  once more  r e spond  
w i t h  depo l a r i za t i on  to  a n t e r i o r  s t i m u l a t i o n  s . These  
e x p e r i m e n t s  con f i rm  s tud ies  b y  D u n l a p  a n d  Ecker tT,  s 
t h a t  dec i l i a t ion  e l imina t e s  t he  ' ca l c ium response '  to  
depo la r iz ing  c u r r e n t  whi l s t  r e g r o w t h  res tores  t h e  n o r m a l  
response.  Such  f ind ings  s t r o n g l y  sugges t  t h a t  t h e  Ca 2+- 
c h a n n e l s  are  local ized on  t h e  c i l iary  m e m b r a n e ,  whereas  
t h e  K+-channe l s  are  n o t  s. 
I t  h a s  b e e n  e m p h a s i z e d  p rev ious ly  h o w  m a n y  sensory  
t r a n s d u c e r s  are  based  s t r u c t u r a l l y  on  cilia ~,1~ as for 
examp le  r e t i na l  rods,  o l f ac to ry  cells and  t he  k inoci l ia  of 
t h e  o rgan  of Corti .  T h e  v e r t e b r a t e  r e t i na l  rod  is of pa r t i c -  
u l a r  i m p o r t a n c e  in t h i s  r e spec t ;  t h e  mod i f i ca t i on  of i t s  
o u t e r  s e g m e n t  f rom a c i l ium has  been  t r a c e d  d u r i n g  
m o r p h o g e n e s i s  a n d  t he  r e m n a n t s  of t he  m i c r o t u b u l a r  
s t ruc tu re ,  t o g e t h e r  w i t h  t h e  centr ioles ,  pe r s i s t  in  t h e  s t a l k  
of t h e  m a t u r e  cell. T h e  r e t i na l  discs of t h e  ou t e r  s e g m e n t  
f o r m  b y  in fo ld ing  of t h e  p l a s m a  m e m b r a n e  of t h e  c i l ium 11. 
P h o t o i s o m e r i z a t i o n  of t h e  r h o d o p s i n  molecule  in i t i a t e s  
t h e  sequence  of e v e n t s  t h a t  c u l m i n a t e  in  t h e  h y p e r -  
po l a r i z a t i on  of t h e  cell w h i c h  is p r o d u c e d  b y  a r e d u c t i o n  
in  N a + - p e r m e a b i l i t y  1~. I t  h a s  been  sugges ted  t h a t  a 
mo lecu l a r  r e o r i e n t a t i o n  of t h e  v i sua l  p i g m e n t  causes  a 
c h a n g e  in t h e  Ca2+-permeabiHty  of t he  discs, so a l lowing 
t h e  release of Ca 2+ s to red  t h e r e i n  w h i c h  ac t s  as a n  i n t r a -  
ce l lu lar  messenger ,  a m p l i f y i n g  a n d  coup l ing  t h e  p h o t o -  

chemica l  s igna l  f rom the  disc to  t h e  b o u n d i n g  p l a s m a  
m e m b r a n e  la, 14. Th i s  h y p o t h e s i s  ha s  received s u p p o r t  f rom 
e x p e r i m e n t s  in  wh ich  a) Ca ~+ h a s  been  s h o w n  to be  
c o n c e n t r a t e d  in d a r k - a d a p t e d  discs xs; b) Ca 2+ release h a s  
been  d e m o n s t r a t e d  on  b teach ing lS- lg ;  c) a Ca2+-ATPase,  
p r e s u m a b l y  assoc ia ted  w i t h  t h e  r e u p t a k e  of Ca z+, ha s  
been  local ized in r ecep to r  cell ou t e r  segments20;  d) 
m e a s u r e m e n t s  w i t h  aequo r in  showed  t h a t  [Ca2+]i r ises 
in  L imu lus  p h o t o r e c e p t o r s  d u r i n g  i l l u m i n a t i o n  21 ; e) t r e a t -  
m e n t  of rod  ou t e r  s egmen t s  w i t h  Ca z+ causes  t h e i r  h y p e r -  
po l a r i z a t i on  2~. 
Thus ,  t h e  Ca~+-gating m e c h a n i s m  of t h e  t r a n s d u c t i o n  
process  of t h e  m e c h a n o s e n s o r y  response  of P a r a m e c i u m  
cilia p rov ides  c i r c u m s t a n t i a l  ev idence  for t h e  exis tence  
of Ca2+-permeabi l i ty  changes  in t he  response  of vertebrate 
p h o t o r e c e p t o r s  t h a t  are  deve loped  f rom modi f ied  cilia. 
More i m p o r t a n t ,  t h e  s tud ies  on t h e  sensory  response  in 
P a r a m e c i u m  revea l  how the  t r a n s d u c e r  m e c h a n i s m  of 
r e t i n a l r o d s  could h a v e  evolved.  E a r l y  p h o t o r e c e p t o r s  could  
h a v e  deve loped  b y  l ink ing  t he  CaZ+-gates on  cilia to  a 
p h o t o p i g m e n t  whose  pho to i somer i za t i on  caused  a modi -  
f i ca t ion  of CaZ+-permeabil i ty .  The  s u b s e q u e n t  f o r m a t i o n  
of t h e  cha rac t e r i s t i c  discs b y  t he  info ld ing  of t h e  p l a s m a  
m e m b r a n e  m e a n s  t h a t  these  were equ ipped  w i t h  t he  
a p p r o p r i a t e  Ca2+-gating m e c h a n i s m  t o g e t h e r  w i t h  t h e  
vec to r i a l ly  organized  CaZ+-t ranspor t  A T P a s e  w h i c h  t r a n s -  
loca tes  Ca "~+ in to  these  s torage  s i tes  r a t h e r  t h a n  to t he  
e x t e r n a l  m e d i u m .  
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