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The effect  of the cardiac  glycoside ouabain in a concentrat ion of 10 -:l M on the e lect r ical  
proper t ies  of the Retzius cells in a segmental  ganglion of the central  nervous sys tem of 
Hirudo medicinalis was studied by a microelec t rode  technique. The f i rs t  phase of the r e -  
sponse is depolarization of the cell membrane by 4-11 mV and an increase  in the frequency 
of spontaneous activity with no change in the e lec t r ica l  res i s tance ,  both of which develop 
after  about 1 min. The second phase,  taking 2-10 min to complete,  is charac ter ized  by 
the cessat ion of spike activity and by a decrease  in the res is tance of the membrane ,  and 
also by the total disappearance of e lec t r ica l  t ransmiss ion  such as is normally observed 
between the two cells of the ganglion~ The response is revers ib le  by prolonged rinsing 
to remove the ouabaino 
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t ransmiss  ion. 

Active ionic t ranspor t  in nerve and other  excitable t issues may be  closely connected with their  
specific function [4, 5, 9, 11, 12, 14, 16, 18, 20]. In the investigation described below the effect  of inhibi- 
tion of the active t ranspor t  through the membrane of the Retzius cells in the segmental  ganglion of Hirudo 
medicinalis on the intracel lular  potentials,  the e lect r ical  conductivity of the membrane ,  and the e lect r ical  
t ransmiss ion  coupling the two ceils of Retzius in each ganglion was investigated [8, 1510 

Many physiological and biochemical  proper t ies  of these cells have been well investigated [1 -3 ,8 ,  
10, 13, 15], but the relationship between active t ranspor t  and the bioelectr ical  proper t ies  of their  m e m -  
branes  has not been studied. The cardiac glycoside ouabain, in a concentrat ion of 10 -4 M, was used as the 
agent to inhibit the enzymic mechanism of active ionic t ranspor t  [6, 7, 14]. 

E X P E R I M E N T A L  M E T H O D  

Two glass microelec t rodes  were inserted into one of two Retzius cel ls .  Pulses  of d i rec t  hyperpolar -  
izing current  (Id), up to 20 nA in strength and about 1 sec in duration were  passed through one electrode 
and the intracel lular  potential was recorded through the other .  In most  experiments  a recording e lec -  
trode a/so was inserted into the second cell.  The res t ing potentials (RPs) and their  increments  (U 1 and 
U 2, in the polarized and nonpolarized cel ls ,  respectively) ar is ing during passage of the cur ren t  were  r e -  
corded on the tape of an automatic recording potent iometer .  Fast  p rocesses  were photographed f rom the 
s c r een  of a ca thode- ray  osci l loscope.  The input impedance of the cell membrane was calculated by the 
formula  Rin = UlId and the coefficient of in tercel lular  e lec t r ica l  t ransmiss ion  by the equation Kt = U2/UI~ 
The prepara t ion was bathed continuously in a solution f rom a pipe sys tem permit t ing the solutions to be 
changed in a few seconds.  The formula of the normal  Ringer ' s  solution and the details of the experimental  
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F i g .  1. E f f ec t  of  ouaba in  10 -'~ M) on 
r e s t i n g  po t en t i a l  E and i ts  i n c r e m e n t  
a t  t i m e s  of  p a s s a g e  of  p u l s e s  of  p o -  
l a r i z i n g  c u r r e n t  wi th  a s t r e n g t h  of 5 
nA and a d u r a t i o n  of  abou t  1 s ec  
th rough  the m e m b r a n e  of the R e t z i u s  
c e l l .  E a c h  pu l se  of  c u r r e n t  induces  
a h y p e r p o l a r i z a t i o n  i n c r e m e n t  of  i n -  
t r a c e i l u l a r  po t en t i a l  U1, r e c o r d e d  as  
a v e r t i c a l  s t r a i g h t  l ine  about  the l ine  
Eo The h o r i z o n t a l  l ine  deno te s  the 
t i m e  d u r i n g  wh ich  the supp ly  s y s t e m  
was  sWitched to the so lu t ion  wi th  o u a -  
ba in .  

p r o c e d u r e  w e r e  taken  f r o m  H a g i w a r a  and M o r i t a  [8]. Ouabain  

was  d i s s o l v e d  d i r e c t l y  in the R i n g e r ' s  so lu t i on  to a c o n c e n t r a t i o n  
of 10 -1 M and the e x p e r i m e n t s  w e r e  c a r r i e d  out  a t  18-20~ 

E X P E R I M E N T A L  R E S U L T S  

A t y p i c a l  e x a m p l e  of  the r e s p o n s e  of  a Re t z iu s  ce l l  to the 
f i r s t  a p p l i c a t i o n  of ouaba in  is  shown in F i g .  1o The r e s p o n s e  b e -  
gan with  r a p i d  d e p o l a r i z a t i o n ,  tha t  deve loped  p r a c t i c a l l y  i m m e -  
d i a t e l y  a f t e r  the oua ba in  r e a c h e d  the p r e p a r a t i o n ~  In 17 c e l l s  
s tud i ed  the magn i tude  of  this  p r i m a r y  d e p o l a r i z a t i o n  was  4-11 
mV and the m e a n  d u r a t i o n  of  the i n t e r m e d i a t e  p r o c e s s  was  about  
1 m i n .  At  th is  s t a g e  Rin  was  v i r t u a l l y  unchangedo The p r i m a r y  
d e p o l a r i z a t i o n  could t h e r e f o r e  be due e i t h e r  to a change  in the 
ionic  c o n c e n t r a t i o n  g r a d i e n t s  th rough  the c e l l  m e m b r a n e ,  which  
is u n l i k e l y  for  a p r o c e s s  a t  such  a r a t e ,  o r  to r e m o v a l  of  the 
c o m p o n e n t  of the RP  tha t  can  be e r e a t e d  by the s o d i u m  pump 
[5-7,  17, 19]. S i m u l t a n e o u s l y  wi th  d e p o l a r i z a t i o n  a m a r k e d  i n -  
c r e a s e  in the f r e q u e n c y  of  the  s p o n t a n e o u s  s p i k e  a c t i v i t y  c h a r a c -  
t e r i s t i c  of  R e t z i u s  c e i l s  u n d e r  e l e c t r o p h y s i o l o g i c a l  e x p e r i m e n t a l  
cond i t ions  was  o b s e r v e d  [3, 8, 10]. This  i n c r e a s e  in f i r i n g  r a t e  
can  be s e e n  on the r e c o r d s  i l l u s t r a t e d  in F ig .  2A, B, C, ob ta ined  
in an e x p e r i m e n t  wi th  the s i m u l t a n e o u s  r e c o r d i n g  of  i n t r a c e l l u -  
l a r  p o t e n t i a l s  f r o m  the two c e l l s .  R e c o r d  A is  e v i d e n c e  tha t  a 
c o m p a r a t i v e l y  s low spon taneous  s p i k e  a c t i v i t y  was  p r e s e n t  b e -  
f o r e  the ouaba in  s t a r t e d  to ac t .  R e c o r d s  B and C w e r e  ob ta ined  
a p p r o x i m a t e l y  3 rain a f t e r  the beg inn ing  of the r e s p o n s e .  At  this  
p e r i o d ,  b e s i d e s  an i n c r e a s e  in f r e q u e n c y ,  a d e c r e a s e  in a m p l i -  

rude of  the ac t ion  p o t e n t i a l  (AP) a l so  was  o b s e r v e d ;  th is  e v i d e n t l y  is  the u s u a l  m a n i f e s t a t i o n  of ca thod ic  
d e p r e s s i o n  d u r i n g  d e p o l a r i z a t i o n .  In m o s t  e x p e r i m e n t s  a f t e r  the c o m p l e t i o n  of the r ap id  p r i m a r y  d e p o l a r i -  
z a t i o n  Rin  did not  change  s i g n i f i c a n t l y  fo r  s o m e  t i m e  (up to 2-3 min) l o n g e r ,  and f o r  tha t  r e a s o n  this  s t a t e  
w a s  inc luded  in the f i r s t  p h a s e  of  the r e s p o n s e .  

The  s econd  p h a s e  of  the r e s p o n s e  was  c h a r a c t e r i z e d  by a s t e a d y  d e c r e a s e  in Rin  f r o m  i ts  i n i t i a l  
v a l u e  of  about  9.2 M~2 (within the r a n g e  f r o m  5.5 to 13 lVI~) to a new s t a b l e  va lue  a v e r a g i n g  about  2.2 Mr2. 
In the v a r i o u s  e x p e r i m e n t s  the new f inal  va lue  of  Rin  was  be tw e e n  20 and 32% of  the i n i t i a l  v a l u e .  The d e -  
c r e a s e  in Rin  could be judged f r o m  the d e c r e a s e  in U l when the s t r e n g t h  of the p o l a r i z i n g  c u r r e n t  was  u n -  
c h a n g e d ,  as  w i l l  be  c l e a r  f r o m  F ig .  1. P a r a l l e l  wi th  the fa l l  in Rin t h e r e  was  a m o r e  m a r k e d  fa l l  in  Kt .  
Th is  can  be s e e n  in the r e c o r d s  shown in F ig .  2. R e c o r d  D was  ob ta ined  abou t  45 sec  a f t e r  r e c o r d  C,  a t  
the v e r y  b e g i n n i n g  of  the d e c r e a s e  in Rin .  C l e a r l y  Kt  had f a l l en  by this  t i m e  by  m o r e  than ha l f  c o m p a r e d  
wi th  i t s  i n i t i a l  va lue  ( r e c o r d  A),  a l though  Rin  s t i l l  had i t s  i n i t i a l  va lue .  R e c o r d  E was  ob ta ined  a t  the end 
of  the i n t e r m e d i a t e  p r o c e s s  of  the d e c r e a s e  in Rin  and i t  i s  ev idence  of  the v i r t u a l l y  to ta l  a b s e n c e  of  e l e c -  
t r i c a l  t r a n s m i s s i o n .  The i n i t i a l  va lue  o f  Kt  could be as  high a s  0 .5 -0 .6  o r  m o r e ,  but  a t  the end of  the r e -  
s p o n s e  i t  could  not  be m e a s u r e d  a c c u r a t e l y ,  fo r  U 2 was  a t  the a r t e f a c t  l e v e l  even  when the s t r o n g e s t  p o l a r -  
i z ing  c u r r e n t s  w e r e  app l i ed  (see  F ig .  2E,  H). The d u r a t i o n  of  the second  p h a s e  was  2-10 ra in .  L a t e r ,  a f t e r  
the  a p p l i c a t i o n  of  o u a b a i n ,  the va lue  of  Rin  showed l i t t l e  change  fo r  s e v e r a l  tens  of  m i n u t e s .  The e x c i t a -  
b i l i t y  of  the R e t z i u s  c e i l s  d i s a p p e a r e d  c o m p l e t e l y  a t  th is  p h a s e  of  the r e s p o n s e .  The spon taneous  A P s  w e r e  
the  f i r s t  to d i s a p p e a r :  on ly  two A P s ,  evoked  by  s t o p p i n g  the h y p e r p o i a r i z a t i o n ,  can  be s e e n  on r e c o r d  D, 
w h e r e a s  on  r e c o r d  E s t o p p i n g  an even  s t r o n g e r  h y p e r p o l a r i z i n g  c u r r e n t  no l o n g e r  evoked  an  anodal  o f f -  
r e s p o n s e .  D e p o l a r i z a t i o n  of  the ce l l  b y  a c u r r e n t  of  any  s t r e n g t h  l i k e w i s e  cou ld  not  evoke  AP g e n e r a t i o n  

a f t e r  the fa l l  in R in .  

At  th i s  s econd  s t a g e  o f  the r e s p o n s e  the b e h a v i o r  of  RP  is c o m p l e x .  In the e x p e r i m e n t  i l l u s t r a t e d  
in  F ig .  1 the g e n e r a l  t e n d e n c y  toward  d e p o l a r i z a t i o n  caused  by  e q u i l i z a t i o n  of  the c o n c e n t r a t i o n  g r a d i e n t s  
was  r e l a t i v e l y  c l e a r .  In m a n y  o t h e r  e x p e r i m e n t s ,  h o w e v e r ,  th is  s e c o n d a r y  d e p o l a r i z a t i o n  deve loped  much 
m o r e  s l o w l y ,  so tha t  t oward  the end of  the p r o c e s s  of  the d e c r e a s e  in  Rin  RP was  a t  about  the l e v e l  r e a c h e d  
a f t e r  p r i m a r y  d e p o l a r i z a t i o n .  As a ru l e  p r i m a r y  d e p o l a r i z a t i o n  was  fol lowed by  one o r  two d e p o l a r i z a t i o n  
w a v e s  s u p e r p o s e d ,  d u r i n g  the d e c r e a s e  in  R in ,  on the m o r e  o r  l e s s  w e l l  m a r k e d  s e c o n d a r y  d e p o l a r i z a t i o n .  
Th is  c o m p l e x  b e h a v i o r  of the R P  was  p r o b a b l y  a t t r i b u t a b l e  to a c o m b i n a t i o n  of  i n t e r c o n n e c t e d  changes  in 
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Fig. 2. Records  taken at different stages of the response of the 
two Retzius cells to the action of ouabain (10 -4 M). Int racel lu lar  
potential of polarized cell is recorded by the top beam,  potential 
of nonpolarized cell by the bottom beam. Each record  shows in- 
c rement  of potentials of the two cells during passage of the pulse 
of polar izing cur ren t :  A) initial state; B, C) about 3 min; D) about 
4 min; E) about 8 min after  beginning of response;  F, G) af ter  
r ins ing for 62 and 75 rain, respectively;  H) ar tefac t  recorded du r -  
ing passage of the cur ren t  when the microelec t rodes  were in the 
surrounding solution. Strengths of polarizing solution 10 nA in 
A-D, F, and G, 20 nA in E and H. Calibration 2 sec,  50 mV ex- 
cept for bottom beams in E and H, where it is 5 mV. 

A ~ B 

D ~ E F ~ 

Fig. 3. Records obtained in an experiment with increased concen- 

trations of K + ions: A) initial state; ]3) intermediate process dur- 
ing replacement of normal Ringer's solution by solution containing 
30 mM K+; C) state established by the action of 30 mM K+; D, E) 
state established by the consecutive action of 40 and 20 mM K+; 
F) a few minutes after reterning the preparation to normalRinger's 
solution. Strength of polarizing current in A and B 5 nA, in C and 
D 20 hA, in E and F 10 hA. The cell whose potential is recorded 
by the bottom beam is polar ized.  Calibration 2 sec,  40 mV, except 
for  the top beams in C and D, for which it is 4 mV. 

the ionic balance of the cell and in the ionic permeabilities of the various parts of the cell membrane,with 
its complex morphological structure and its functional heterogeneity. The possibility cannot be ruled out 
that a change in the ionic composition of the intraeellular medium leads to changes in the potential of the 
mieroelectrode tip, which also are superposed on the R1 ~ recorded. The most likely cause of the decrease 
in Rin is considered to be an increase in the concentration of K + ions in the narrow intercellular spaces 
resulting from their liberation from the glial and nerve cells of the ganglion. An increase in the concen- 
tration of K + ions in the Ringer's solution to 30-40 mM led te the same decrease in Rin as was caused by 
the action of ouabaln (Fig. 3). 

The cause of the inhibition of electrical transmission during the action of ouabain is a particularly 
interesting problem (Fig. 2). Clearly when Rin falls Kt must also fall on account of an increase in the 
electrical leaks through the somatic membranes and the membranes of the processes through which elec- 
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t r ical  t ransmiss ion  takes place in this case .  However,  on the assumption that the change in e lectr ical  
t ransmiss ion  is due ent irely to changes in the passive e lect r ical  charac te r i s t i cs  of the cable s t ructure  of 
the cel ls ,  a g rea te r  or  l e s se r  degree of cor re la t ion  between Kt and Rin would have been expected if the ini- 
tial value of Kt were  that recorded between the somata of the Retzius cells,  but not the inhibition of t rans -  
mission as occurred  under the influence of ouabain (Fig. 2)o 

To assess  to what extent the passive changes in conductance of the membrane during the action of 
ouabain themselves affect e lec t r ica l  t ransmiss ion  a ser ies  of experiments was carr ied  out in which in- 
creased concentrat ions of K + ions were added to the solution bathing the preparat ions in o rde r  to reduce 
Rin to the value observed during the action of ouabain. One such experiment  is illustrated in Fig. 3. In 
this case fair ly good corre la t ion  is observed between Kt and Rin. Comparison of the records  in Figs.  2E 
and 3D shows that equal st imuli  in the polarized cell in the f i rs t  case were virtually not t ransmitted to the 
second cell,  whereas in the second case the mechanism of e lect r ical  t ransmiss ion  itself can be taken to be 
unchanged, for the fall in K t here could be completely explained by a corresponding drop in res is tance of 
the somatic  membranes .  But since this drop was the same in both cases and since it was probably due to 
the same causes ,  it can be concluded that ouabain has a specific action on the mechanism of e lec t r ica l  
t ransmiss ion .  This in turn means that e lec t r ica l  interaction between the Retzius cells takes place with 
the d i rec t  part icipat ion of a membrane enzyme react ion of the sodium pump type. 

It will be c l ea r  f rom Figs ~ 1 and 2 that the action of ouabain on the Retzius cells is a lmost  c o m -  
pletely revers ib le .  The RP,  the spontaneous spike activity,  and Rin were res tored to their original levels 
by r insing the prepara t ion with Ringer ' s  solution for 30-70 rain, and Rin actually rose  a little higher than 
its initial value (see Figs~ 1 and 2). However,  under these conditions Kt as a rule did not reach its initial 
level, and this can be regarded as fur ther  confirmation of the h~pothesis of the specific action of ouabain 
on the mechanism of e lec t r ica l  t ransmiss ion .  
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