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Summary 

86Rb and 42K loss from non-illuminated crayfish retinas is described by a sum 
of two exponential  functions with rate constants ~1 ~ 0.12 min -1 and ~2 ~ 
0.006 min -1. 86Rb and 42K movements distinguish mainly by the k2 rate con- 
stants, k Rb/~K2 / 2 = 0.7. 

Ouabain causes a delayed increase in the rate of isotope loss from non-illu- 
minated retinas (~ ~ 0.009 min -1 after 40 min). Light stimuli evoke a temporary 
increase in the rate of both 86Rb and 42K loss by the same factor (2.7 under 
these conditions}. In the presence of ouabain the light-induced isotope loss is 
abolished after 40 min if the retina is periodically illuminated but not  if the 
retina is kept in the dark. 

Introduction 

The membrane potential of invertebrate photoreceptors depends on ionic 
concentration gradients across the cell membrane (especially sodium and potas- 
sium) and on different conductances for these ion species. In the dark, the 
membrane potential of most invertebrate photoreceptor cells depends mainly 
on the external potassium concentration [1--4], and the light induced modifi- 
cation of the membrane potential (the receptor potential) is due primarily to 
an increase in the sodium conductance of the membrane [1--9], but see also 
[10]. To a minor extent  other ion species such as calcium may contribute to 
the generation of the receptor potential [3,6,11]. These ideas, obtained from 
electrophysiological experiments predict an increase in sodium influx and in 
potassium efflux caused by illumination. Potassium efflux may be associated 
with an increase of potassium conductance but this is not  a necessary prere- 
quisite because a depolarization of  the membrane potential, i.e. a change in the 
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electrochemical potential  alone, may cause an increase in cation loss from the 
cell [12].  

Hagins and Adams [13] studied the efflux of 42K from the squid retina and 
reported that the efflux is slightly affected by light. De Pont et al. [14] and 
Holt  and Brown [15] observed that illumination of  both  the cuttlefish retina 
(Sepia officinalis) and the ventral photoreceptor  of Limulus leads to a consider- 
able increment of  potassium efflux. In a previous paper, Stieve et al. [16] 
reported that light increases the uptake of  22Na and the loss of  S6Rb by the 
isolated crayfish retina. This paper continues the study of  potassium movement  
in the crayfish retina by means of  radioactive isotopes (S6Rb, 42K). 

Material and Methods 

Dissection of  the retina 
The retina of  the crayfish Astacus leptodactylus Eschscholz was isolated 

in red light following a procedure described elsewhere [17,18].  In addition to 
photoreceptor  cells, the crayfish retina contains small foot  cells and tapetum 
cells which account  for approximately 3070 of the retinal volume (refs 19 and 
20 and Krebs, W., personal communication).  The ommtidia are not  covered by 
glial cells [ 19]. The isolated retina contains parts of  disrupted crystalline cones 
and a small amount  of  nerve fibres (approx. 1070 of  the total volume). 

Solutions 
Saline. Van Harreveld's solution [21] was used as a physiological saline (Na ÷, 

207.3 mM/l; K ÷, 5 mM/1, Ca 2+, 14 mM/1; Mg 2÷, 3 mM/1; Cl-, 244.3 mM/1; HCO~, 
2.3 mM/1). A modified van Harreveld's solution, used in the electrophysiologi- 
cal experiments, was K+-free but  contained 5 mM Rb÷/1. 

Radioactive solutions. S6Rb and 42K were obtained as RbC1 and KC1 in aque- 
ous solution (The Radiochemical Centre Ltd. Amersham). The specific activity 
of  8~Rb was between 3--6 mCi/mg Rb, that of 42K was 17 #Ci/mg K. Isotope 
was added to van Harreveld's solution to give final activities between 1--7/~Ci/ 
ml. 

Procedure of  wash-out experiments 
The excised retina was placed on a ring (Fig. 1) which was sealed by a grid on 

one side. The retina remained on this ring throughout  the wash-out procedure. 
For the uptake of isotope, the ring with the retina in place was incubated in 
radioactive van Harreveld's solution through which air was bubbled. The load- 
ing procedure was carried out  at 13-  14°C in the dark. During the manipula- 
tions a dim red light was used, otherwise the retina was kept in the dark. After 
the loading period the ring with the retina was washed 3 times for periods of  1 
min with inactive van Harreveld's solution to remove adhering radioactive solu- 
tion. The ring was then transferred to a plexiglas vessel (Fig. 1) which was per- 
fused continously with inactive van Harreveld's solution. The flow rate of  the 
solution was about  2 ml/min. The void volume of the vessel was 0.2 ml. The 
temperature of  the streaming solution and of the vessel was regulated at 15°C 
(largest deviation + 1 ° C). After  passage through the vessel the solution was col- 
lected with a fraction collector, the collecting period was 1 or 2 min per sample 
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Fig. 1. D i a g r a m  of the  plexiglas  vessel used  fo r  the  wash -ou t  e x p e r i m e n t s .  The  ring d on  which  t h e  r e t i n a  
is p laced  du r ing  t h e  e x p e r i m e n t  fits in to  the  l owe r  p a r t  of  t h e  i n n e r  c h a m e r  c, on  the  l o wer  side the  ring d 
is c losed b y  a gr id  (pe r lon ;  m e s h  w id th  8 0 - - 1 0 0  pro).  The  l ight  s o u r c e  w a s  s i tua ted  above  the  u p p e r  p a r t  
a of  t h e  v e s s e l ,  b: l o w e r  pa r t  of  the  vessel,  c: i nne r  c h a m b e r ,  v o l u m e  approx .  0 .2 c m  3, d: r e t ina - suppor t ing  
ring, e: O-ring, f: inlet,  g: out le t .  

(see Results). The wash-out procedure was carried out under a dim red light 
(<1 lux) except when light stimuli originating from a tungsten lamp were 
applied to the retina (see Results). 

After  the end of the wash-out procedure the retina was removed from the 
vessel for determination of its radioactivity. The radioactivity of all samples 
was determined in a liquid scintillation counter (Tri-Carb 3320, Packard Instru- 
ment  Comp.). Insta-Gel (Packard) was used as a scintillator. The isotope con- 
tent  of the retina at a given time, A(t), is then calculated from the radioactivity 
remaining in the retina after the end of the wash-out procedure plus the sum of 
radioactivity in the preceding samples. 

Evaluation of  double labelling experiments 
The method used to determine the radioactivity when two isotopes were 

present in one sample is based on the different half-life of the isotope species 
(86Rb, 18.7 days; 42K, 12.4 h). 

Measurement of  the receptor potential 
Extracellular measurement of the 

described elsewhere [ 18]. 
receptor potential was performed as 

Results 

Kinetics o f  4~K and 86Rb-loss in the dark; dependence on the incubation time 
Three sets of experiments were carried out to determine the kinetics of  42K 

and 86Rb-loss from non-illuminated retinas and the dependence of the kinetics 
on the previous incubation time. In all experiments, the retina was dark-adapt- 
ed for 1 h in inactive van Harreveld's solution. It was then incubated in radioac- 
tive solution for 10 min (8°Rb, 5 experiments}, for 3 h (S6Rb, 6 experiments) or 
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for 2 h (42K and a6Rb, 5 experiments). The wash-out procedure lasted for 78 
min (39 collecting periods, each 2 min long). For the first 70 min, the experi- 
ment  was carried out  under a dim red light (<1 lux). Then the retina was illu- 
minated for 2 min (1500 lux). Preparations which did not  show an increase of  
isotope loss during illumination (see below) were not  evaluated (less than 10% 
of all experiments).  

Fig. 2 shows the loss of  42K and 86Rb from the retina in the dark. Graphical 
analysis of  the experimental data [22] reveals that  the wash-out kinetics of  
both isotopes may be depicted by a sum of  two exponential functions: A ( t )  = 
C1 + C2 = C~o e -~lt + C2o e -x2t. A ( t )  is the relative amount  of  radioactivity in the 
retina as a function of time. C~0, C20 and X~, X2 are the coefficients and rate 
constants of  the exponential  functions C~ and C~, t indicates the time in min- 
utes from the beginning of the wash-out procedure. The coefficients and the 
rate constants for each set of  experiments are given in Table I. The rate con- 

~k Rb obtained by double labelling expeiments do not  agree very well with stants 
that  obtained by single labelling experiments (3-h incubation). This may be due 
partially to an enlarged K ÷ content  in the incubation medium of double label- 
ling experiments (approx. 10 mM K+/1). This complication, however, should be 
avoided by direct comparison of  the data for 42K and S6Rb from each of  the 
double labelled retinas. The ratio of  the rate constants i s : ~ b / ~  = 1.0 + 0.2 
(mean -+ S.D., n = 5, n, no. of  experiments),  ~Rbj~K2 / 2 = 0.7 - + 0.09 (mean -+ S.D., 
n = 5). There is also a slight but  significant difference (P = 0.01) in the magni- 
tude of  the coefficients C10 and C20 for 42K and S6Rb (Table I). Reduct ion of  
the incubation period from 3 h to 10 min does not change the general shape of  
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Fig. 2. Loss  o f  8 6 R b  (o)  and  4 2 K  (A) f r o m  the  i so la ted  crayf i sh  retina.  The  ret ina wa s  i n c u b a t e d  for  2 h 
in a so lu t ion  c o n t a i n i n g  4 2 K  a nd  86Rb .  The a m o u n t  o f  i s o t o p e  is p l o t t e d  on  a log. scale as p e r c e n t a g e  o f  
i ts  init ial  value  versus  w a s h - o u t  t ime .  The inset  d isplays  on  a log. scale  the  d i f f erence  b e t w e e n  the  initial 
phase  o f  w a s h - o u t  k ine t i c s  and the  e x t r a p o l a t e d  e x p o n e n t i a l  f u n c t i o n  describing the  data  for  t ~ 25 min .  
The  ret ina w as  i l l u m i n a t e d  f r o m  t = 7 0  t o  t = 72  rain ($) .  



638 

T A B L E  I 

Rate cons tants  h.1, k 2 and coef f ic ients  C I 0  , C 2 0  o f  the exponent ia l  funct ion  A ( t )  = C 1 0  e - k l  t + C 2 0  
e-~'2 t describing the k i n e t i c s  o f  8 6 R b  a n d  4 2 K  l o s s  f r o m  the crayfish retina in the dark (for details  see 
t e x t ) .  M e a n  +- S . D . ,  n = 5 - - 6  

E x p e r i m e n t  C I 0  (%)  C20 (%)  k 1 ( r a i n  - 1 )  k 2 • 104  ( r a i n  - 1 )  

8 6 R b  1 0  r a i n  i n c u b a t i o n  6 -+ 2 9 4  + 2 0 . 1 0  + 0 . 0 2  4 5  +- 2 
3 h i n c u b a t i o n  5 +- 4 9 5  +- 4 0 . 1 2  + 0 . 0 3  58  +- 8 

8 6 R b  ~ double  labelling 5 -+ 1 9 5  +- 1 0 . 1 1  + 0 . 0 2  4 0  +- 10  
42 K L 2 h i n c u b a t i o n  8 + 1 9 2  +- 1 0 . 1 0  -+ 0 . 0 3  58  +- 16  

the wash out kinetics. It affects mainly the rate constant ~2 (Table I), but it 
cannot be excluded that  this difference may only be incidental, considering the 
large scattering of results and the small number of experiments. 

Hagins and Adams [13] investigated the loss of 42K from the squid retina. 
They described it as precisely exponential.  Duncan et al. [23] report that  the 
efflux of 86Rb from the retina of Sepia is described by the sum of two expo- 
nentials whose rate constants are 0.46 min -~ and 0.02 min -~. Holt and Brown 
[15] identified 3 exponential  components  in the efflux kinetics of 42K from the 
Limulus ventral photoreceptor;  a fast component  (>1 min- ' ;  (estimated from 
(ref. 15, Fig. 5) and two slower ones with rate constants of about 0.03 min -~ 
and 0.006 min -1. 

The effect o f  light on 42K and 86Rb loss 
From the double-labelling experiments where a test light stimulus (see 

above) was applied to the retina (Fig. 2), it can be seen that  light stimuli 
increase the average rate of S6Rb-loss by the same factor as that  of 42K, 2.7 -+ 
0.2 and 2.6 + 0.2, respectively, i.e. the ratio of the average rate of isotope loss 
(86Rb/42K) during illumination is 0.71 + 0.08 (mean -+ S.D., n = 6). 

The effect o f  repeated illumination on the 86Rb-efflux. In four experiments 
the effect of light on the loss of S6Rb was tested. The isolated retina was incu- 
bated for 4 h in radioactive van Harreveld's solution. During the wash-out 
procedure, it was illuminated for 10 s every 10 min (white light, 17000 lux). 

The rate of 86Rb-loss transiently increased each time that  the retina was illu- 
minated. The effect of the first light stimulus was usually stronger than that  of 
the following ones. The increment of 86Rb-loss elicited by light seems to be 
constant from the second stimulus onwards (Fig. 3, Table II). In one experi- 
ment,  light stimuli of equal intensity but of 2- and 10-s duration were applied 
to the retina, the average rate of isotope loss increased to 0.74 -+ 0.04% min -1 
and 0.84 + 0.02% min -~, respectively (Table II). It  should be noted that  the 
rate of 86Rb-loss is calculated for a whole collecting period which is much 
longer than the illumination period. Thus the true increase in the rate of 86Rb- 
loss during illumination may be considerably larger (cf. Discussion). 

De Pont et al. [14] reported that  the 86Rb-loss from the retina of Sepia 
increases up to 5-fold depending on the light intensity of  the stimulus. These 
authors also observed that  the effect of the first light stimulus on the Rb-efflux 
is more pronounced than that  of a second one. Holt and Brown [15] investi- 
gated the effect of light on the 42K efflux from Limulus ventral photoreceptor.  
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Fig. 3. E f fec t  of  l ight on  the  ra te  of  8 6 R b  loss f r o m  the  re t ina .  The  col lec t ing per iod  was 2 rain f rom the  
1st to  2Sth  m i n  and  1 min  f r o m  the  29 th  to 83rd  min  of  wash-out .  Th e  re t ina  was i l lumina ted  for  10 s 
eve ry  10 rain ($)  (17  000  lux,  wh i t e  l ight)  beginning  a t  t = 29 min .  

The  42K-loss increases up to  20-fold wi thin  3 s a f te r  the  onset  o f  i l luminat ion  
and decreases  again even if the light is still on. 

Influence o f  the loading time on the light evoked increase o f  S6Rb-loss. As 
m e n t i o n e d  above,  in each e x p e r i m e n t  where  theS6Rb-efflux in the dark  was 
s tudied,  a tes t  light s t imulus (1500  lux, 1 min)  was appl ied to the re t ina  at the 
end o f  an expe r imen t .  When the ret inas were incuba ted  in i so tope  solut ion for  
10 min, the average rate  o f  8~Rb-loss was 0.43 + 0.03% min -~ in the  dark  and 
0.8 + 0 .19% min -l dur ing i l luminat ion.  When the ret inas were incuba ted  in iso- 
t ope  so lu t ion  for  3 h, the average rate of  ~6Rb-loss was 0.58 -+ 0 .08% min -~ in 
the  dark  and 1.1 + 0.2% min -1 dur ing i l luminat ion.  The light induced  factorial  
increase in 86Rb-loss was 1.8 + 0.4 and 1.9 -+ 0.3, respect ively,  and thus  appar- 
en t ly  i n d e p e n d e n t  o f  the length o f  the  incuba t ion  per iod in the  investigated 
range. The  same resul t  was ob ta ined  by  Hol t  and Brown [15]  on  the ventral  
p h o t o r e c e p t o r  of  Limulus.  

T A B L E  II  

E F F E C T  OF L I G H T  ON T H E  A V E R A G E  R A T E  OF 8 6 R b  LOSS 

Each  re t ina  was i l l umina ted  7 t imes  for  10 s every  I 0  rain. The  s t imulus  was de l ivered  at  the beginning  of  
a col lec t ing pe r iod  ( i  ra in)  o f  e f f luent .  The  relat ive ra te  of  8 6 R b  l o s s  i s  n o r m a l i z e d  wi th  respec t  to the  last 
co l lec t ing  pe r iod  b e f o r e  i l lumina t ion .  The  da t a  in b r a c k e t s  were ob t a ined  f rom an e x p e r i m e n t  where  l ight 
s t imul i  of  10-s ( s t imulus  No.  1 ,2 ,4 ,6)  and 2-s d u r a t i o n  ( s t imulus  No. 3 ,5 ,7)  bu t  equal  in tens i ty  were  
appl ied  to  the  re t ina .  Mean -+ S,D., n = 4. 

No. of  l ight  Ra te  of  86Rb loss Rela t ive  rate  of  86Rb loss 
s t imulus  (% rain -1)  (per  c e n t  of  da rk  level) 

, r,7  339+_.. r3701 
2 I . I  +- 0 .11  [ | 0 . 8 2  195 +- 35  [ 1 6 0 [  
3 1.0+-0.07 /0.76l 200+-33 ]160[  
4 1 . 0 + - 0 . 1 2  [ 0 . 8 5 [  2 0 9 + - 4 1  [ 1 9 0 [  
5 1 . 0 + - 0 . 0 9  [ 0 . 7 1 [  2 1 9 + - 3 8  | 1 6 0 [  
6 1.0 -+ 0 .05  | 0 . 8 4 [  2 1 7 + - 3 9  [ 2 0 0 |  
7 1 . 0 + - 0 . 0 7  [_0 .75]  2 1 9 + - 5 0  L 1 8 0 J  
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Kinetics o f  86Rb-loss after a light stimulus. Following a light stimulus, the 
rate of isotope loss was transiently increased and returned to the dark level 
within 2--3 min (Fig. 3). A semilogarithmic plot of radioactivity in the retina 
and graphical analysis (Fig. 4) reveal that  the loss of isotope after a short illu- 
mination may be described by a sum of two exponential functions with the 
rate constants X~ and X3. X~ is similar in magnitude to X2, the rate of isotope 
loss before illumination, X3 is in the order of 1.2 + 0.4 min- '  (mean + S.D., 
n = 24; n, no. of measurements). 

The effect  o f  ouabain on the rate o f  86Rb-loss 
Ef fect  o f  ouabain on the S6Rb-loss from non-illuminated retinas. In five 

experiments, the effect of ouabain on the 86Rb-loss from non-illuminated reti- 
nas was tested. Besides the application of ouabain to the retina, the experimen- 
tal procedure was the same as already described; 28 min after the beginning of 
the wash-out procedure, the vessel was perfused with a saline containing 10 -3 
mol ouabain/1. 

Ouabain evokes a time delayed increase in the rate of 86Rb-loss which seems 
to saturate after approx. 40 min at approx. 150% of the control level (Fig. 5, 
cf. Fig. 6). The test light stimulus {1500 lux, 2 min) increased the average rate 
of  86Rb-loss to about 190 + 18% (mean + S.D., n = 5) compared to the rate just 
before the light stimulus. In unpoisoned retinas, the rate of 86Rb-loss increased 
to 180 +- 40% in response to a light stimulus of the same intensity. 

Duncan et al. [23] reported that  the rate constant  of the slow component  of 
86Rb-efflux from the retina of Sepia was doubled if the loading and the wash- 
out  procedure are carried out in the presence of ouabain. However, the fast 
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Fig .  4. K i n e t i c s  o f  8 6 R b  lo s s  a f t e r  a 10-s  l ight  s t imulus  (f irst  i l luminat ion  o f  the  e x p e r i m e n t  descr ibed  in 
Fig .  3).  R a d i o a c t i v i t y  i n  r e t i n a  is  p l o t t e d  o n  a log .  scale  versus  t ime .  Rad ioac t iv i ty  is  n o r m a l i z e d  t o  t = 16 
ra in .  T i m e  is r e f e r r e d  t o  the  beg inning  o f  the  w a s h - o u t  procedure .  Be fore  i l luminat ion  the  i s o t o p e  loss  is  

descr ibed  by  a s ing le  e x p o n e n t i a l  f u n c t i o n  w i t h  a rate c o n s t a n t ,  ~-2 = 0 . 0 0 6 2  m i n  -1 .  F o l l o w i n g  the l ight 
s t i m u l u s  t h i s  e x p o n e n t i a l  f u n c t i o n  is  o v e r l a i d  w i t h  a n o t h e r  o n e  (C 3, see inset )  w i t h  a rate c o n s t a n t  h 3 = 

1 .26  r a i n  -1 . 
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Fig. 5. E f f e c t  o f  o u a b a i n  (10 -3 tool]l) o n  t h e  ra te  o f  8 6 R b  l o s s  ( c f .  l e g e n d  Fig. 3). D u r i n g  t h e  f i r s t  2 8  r a i n  
o f  t h e  w a s h - o u t  p r o c e d u r e  v a n  H a r r e v e l d ' s  s o l u t i o n  w a s  u s e d  ( P S ) ,  t h e n  a s o l u t i o n  c o n t a i n i n g  o u a b a i n  w a s  
a p p l i e d  t o  t h e  r e t i n a  ( O u a ) .  T h e  r e t i n a  w a s  k e p t  i n  t h e  d a r k  f o r  t h e  f i r s t  2 0  ra in  o f  w a s h - o u t ,  t h e n  i t  w a s  
i l l u m i n a t e d  ( ~ )  f o r  2 m i n  ( 1 5 0 0  l u x ) .  T h e  c o l l e c t i n g  p e r i o d  o f  w a s h - o u t  s o l u t i o n  w a s  2 ra in .  

Fig. 6. E f f e c t  o f  o u a b a i n  o n  t h e  l i g h t  i n d u c e d  i n c r e a s e  o f  8 6 R b  lo s s .  F o r  t h e  f i r s t  1 8  r a i n  t h e  r e t i n a  w a s  

w a s h e d  w i t h  v a n  H a r r e v e l d ' s  s o l u t i o n  ( P S ) ,  t h e n  a s o l u t i o n  c o n t a i n i n g  10 -3 tool o u a b a i n / 1  w a s  u s e d .  W i t h  

e x c e p t i o n  o f  l i g h t  s t i m u l i  (10 s, 17 000 l u x ) ,  i n d i c a t e d  b y  an  a r r o w  ( ~ ) ,  t h e  r e t i n a  w a s  k e p t  in  t h e  d a r k .  
T h e  c o l l e c t i n g  p e r i o d  o f  w a s h - o u t  s o l u t i o n  w a s  2 ra in  f r o m  t h e  1 s t  t o  t h e  2 8 t h  ra in  a n d  1 m i n  f r o m  t h e  
29th  t o  t h e  8 3 r d  ra in .  

component  was unaffected. Extended incubation in an ouabain solution (2--3 
h) reduced the ability of  the cuttlefish retina (even if kept in the dark) to 
respond to a light stimulus with a change in the rate of S6Rb-loss [14] .  

Effect of ouabain on the light stimulated g6Rb-loss. In another series of five 
experiments, the retina was illuminated several times in the presence of  
ouabain. The experimental procedure was the same as described above (cf. Fig. 
3). A saline containing 10 -3 mol ouabain/1 was applied to the retina 18 min 
after the beginning of the wash-out procedure. 

In the presence of ouabain the effect of light stimuli on the rate of  86Rb-loss 
decreases by time and is finally no longer detectable (Fig. 6, Table III). In a 
similar experiment, ouabain was applied to the retina for 42 min and was then 
washed out again. The rate of isotope loss in the dark was 0.55% min-' before 
the application of ouabain. 40 min later it had increased to 0.8% min -' .  When 
ouabain was washed out the rate of  isotope loss decreased and reached its previ- 
ous level within 50 min. Light stimuli, however, did not evoke an increase in 
S6Rb-loss. 

The difference in 22Na-uptake between non-illuminated and illuminated cray- 
fish retinas is no longer detectable after sufficient treatment with ouabain. 
22Na-uptake is increased in both illuminated and non-illuminated retinas [16] .  
Stieve et al. [24] reported that the amplitude of  the receptor potential is 
reversibly decreased by ouabain to 30% within 27--65 min, dependent on the 
stimulus pattern and the light intensity. Intracellular measurements on the 
Limulus lateral eye have shown that, in the presence of  ouabain, the receptor 
potential and the light induced conductance change disappear faster than the 
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T A B L E  I I I  

E F F E C T  O F  O U A B A I N  ON T H E  R A T E  O F  8 6 R b  L O S S  F R O M  I L L U M I N A T E D  A N D  N O N - I L L U M I -  

N A T E D  R E T I N A S  

t is  t h e  t i m e  a f t e r  b e g i n n i n g  o f  t h e  a p p l i c a t i o n  o f  o u a b a i n  ( 1 0  -3  mol /1 ) .  C o l u m n s  (a),  (b )  i n d i c a t e  t he  ra te  

o f  i s o t o p e  l o s s  i n  t he  d a r k  n o r m a l i z e d  t o  t h e  r a t e  j u s t  b e f o r e  a p p l i c a t i o n  o f  o u a b a i n .  T h e  r e t i n a s  were  

e i t h e r  k e p t  i n  t he  d a r k  al l  t h e  t i m e  (a),  o r  i l l u m i n a t e d  e v e r y  10  va in  fo r  10  s (b) ,  see F igs .  5 a n d  6. C o l u m n  

c d e s c r i b e s  t he  e f f e c t  o f  l i g h t  o n  t h e  ra te  o f  8 6 R b  loss  f r o m  o u a b a i n  p o i s o n e d  r e t i na s ,  t he  r a t e  o f  i s o t o p e  

l o s s  is  n o r m a l i z e d  t o  t h a t  j u s t  b e f o r e  i l l u m i n a t i o n .  D a t a  f r o m  c o l u m n s  (b )  a n d  (c) are f r o m  the  s ame  

e x p e r i m e n t s  (cf. F ig .  6) .  M e a n  ± S .D. ,  n = 5. 

t R e l a t i v e  ra te  o f  8 6 R b  loss  (%) 
( m i n )  . . . . . .  

a b c 

2 

8 9 8  + 6 9 8  + 7 
12 

14  102  + 9 110-+ 9 

18 103  + 11 121  + 15  
2 2  

24  1 2 0  + 18 1 4 0  + 31 

28  1 2 0  + 2 0  1 4 9  + 26 
32  

3 4  1 4 0  + 2 5  1 5 0  + 13 

38 1 4 5  + 2 4  166  +- 21 
42  

2 6 0  + 3 0  

1 3 0  + 2 0  

1 2 0  -+ 1 0  

1 1 0  + 1 0  

1 1 0  +- 10  

dark potential [25]. Baumann and Mauro [26] showed that the dark potential, 
the receptor potential, and the light induced conductance change are abolished 
by light stimulation in O2-deficient photoreceptor cells of Limulus and the 
honeybee drone. Moreover, they demonstrated that the recovery of the dark 

mV 

~ 660m~ 
Fig .  7. E l e c t r i c a l  r e s p o n s e s  o f  a n  i s o l a t e d  c r a y f i s h  r e t i n a  t o  l i g h t  f l a shes  o f  1 0  m s  d u r a t i o n .  R e c e p t o r  

p o t e n t i a l s  we re  r e c o r d e d  e x t r a c e l l u l a r l y  (see refs .  6 a n d  26) .  T h e  r e t i n a  was  i l l u m i n a t e d  e v e r y  10  ra in .  

A f t e r  a p e r i o d  o f  6 0  m i n  d u r i n g  w h i c h  t h e  r e t i n a  was  p e r f u s e d  w i t h  n o r m a l  sa l ine  t h e  p r e p a r a t i o n  was  

e x p o s e d  f o r  1 8 0  r a in  t o  a K+-free sa l ine  c o n t a i n i n g  5 m M  Rb+/1. T h e  e x p e r i m e n t  e n d e d  w i t h  a n o t h e r  6 0  

m i n  p e r f u s i o n  w i t h  n o r m a l  sa l ine .  R e c o r d i n g s  a, b, c were  t a k e n  a t  t = 5 0  vain,  t = 2 3 0  va in  and  t = 2 9 0  

r a i n ;  a a n d  e are r e c e p t o r  p o t e n t i a l s  b e f o r e  a n d  a f t e r  a p p l i c a t i o n  o f  t e s t  s o l u t i o n .  
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potential has a different time course than that  of  the light induced conductance 
change. 

Effect  o f  R b ÷ on the extracellular measured receptor potential  
In two experiments the effect of  Rb ÷ on the electroretinogram of the iso- 

lated retina was tested. A K÷-free saline containing 5 mM Rb÷/1 was applied to 
the retina up to 3 h. As Fig. 7 shows the electroretinogram was not  significant- 
ly changed by t reatment  with Rb ÷. 

Discussion 

The goal of the present and future studies is to obtain information about the 
distribution of K ÷ in extracellular and intracellular spaces (photoreceptor cells 
and other cells) and to depict the K ÷ exchange in these compartments  if possi- 
ble in terms of membrane fluxes. The double labelling experiments with 42K 
and S6Rb were performed for two reasons. The first is a more practical one. It is 
desirable to test if 86Rb can be used as a tracer for K ÷ flux since S6Rb has a rela- 
tively long half-life of  decay compared with 42K. The second reason is that  
these experiments may give some information about the ion-selectivity of  the 
photoreceptor  membrane for Rb ÷ and K ÷. In addition, the effect of light on the 
exchange rate of 86Rb and 4~K was studied because only little is known about 
changes of  K ÷ currents and possibly related changes in K ÷ permeability during 
the process of  visual excitation [1,3,9,22]. 

Analysis o f  wash-out kinetics 
The wash-out kinetics describe the overall loss of isotope (42K and 8~Rb) 

from the retina to the surrounding medium and in principle, contain the infor- 
mation about the initial isotope distribution between different compartments  
and about the exchange rates of these compartments.  But as Fig. 8b indicates 
the different compartments  in the retina are not  independent and thus the rate 
constant and the coefficient of  one exponential function probably contain 
terms from more than one compartment  (see e.g. ref. 35). Another  problem is 
that  the number of possible compartments  is larger than that  of exponentials 
detected in the wash-out kinetics (Fig. 8). 

It seems quite unlikely that  there are exponential functions with rate con- 
stants smaller than ~2, because the rate of isotope loss is very stable for approx. 
30--76 min (approx. 30--210 min in one experiment) after the beginning of  the 
wash-out procedure. Although no exponential functions with rate constants 
larger than ~, were detected in the wash-out kinetics from retinas in the dark, 
the possibility exists that  such exponential functions may contribute to the 
observed wash-out kinetics of 86Rb or 42K but are obscured by the time lag of 
approximately 5 min between the end of the incubation period and the begin- 
ning of the wash-out procedure. One exponential function (C3) with a rate con- 
stant larger than ~1 was detected by the analysis of isotope loss after an illumi- 
nation. However, it is possible that  this component  was generated or at least 
influenced by changes of  the systems properties induced by illumination. A 
possible mechanism might be that  illumination causes accumulation of  K ÷ in 
the extracellular space and subsequently a strong increase of the rate of  active 
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Fig. 8. (a) S c h e m a t i c  r e p r e s e n t a t i o n  o f  the  s t r uc tu r e  of  the  c rayf i sh  re t ina  ( accord ing  to Eguch i  [46]  and  
Krebs  [ 1 9 ] ) .  On  the  lef t  a p a r t  o f  a long i tud ina l  sec t ion  of  the  re t ina  is shown.  Th e  basic un i t  of  the  re t ina  
is the  o m m a t i d i u n ~  e a c h  consis t ing of  7 p h o t o r e c e p t o r  cells and  the  d iop t r lc  a p p a r a t u s  n o t  sh o wn  here ,  
These  p h o t o r e c e p t o r  ceils are a ~ a n g e d  as ind ica ted  b y  the  cross-sect ion on the  r ight .  Th e  p l a s m a  m e m -  
b r ane  of  the  p h o t o r e c e p t o r  cel~s f o rms  ex tens ions  (microviBi)  wh ich  are d i r ec t ed  t o w a r d s  the  c e n t e r  of  
the  o m m a t i d i u m .  The  to t a l  of  microvi l l i  of  one  p h o t o r e c e p t o r  cen  fo rms  the  r h a b d o m e r e .  T h e  mlcroviUi  
are as ranged  in layers .  In  each  layer  the  mlcrovi l l i  or ig ina te  in oppos i t e  p h o t o r e c e p t o r  cells, the  long axis 
o f  the  microvi l l i  in one  l aye r  is p e r p e n d i c u l a r  to  t h a t  in ad jacen t  layers.  (b) C o m p a r t m e n t a l  s c h e m e  of  the  
re t ina  as de r ived  f r o m  the  m o r p h o l o g i c a l  o rgan iza t ion .  Th e  a r rows  ind ica te  p a t h w a y s  of  ion  t r ans fe r  
b e t w e e n  c o m p a r t m e n t s .  B roken  a r rows  ind ica te  p a t h w a y s  w h i c h  are e x p e c t e d  to  be  of  m i n o r  s ignif icance 
fo r  the  w a s h - o u t  k ine t ics  of  i so tope .  B, b a t h  so lu t ion ;  E R,  ex t raca l lu la r  space in the  r h a b d o m e r i c  region;  
El ,  i n t e r o m m a t i d i a l  ex t race l lu la r  space;  F, foo t  cell; M, microvKlus;  N, nuc leus  of  p h o t o r e c e p t o r  cell; T, 

t a p e t u m  cells. 
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K ÷ uptake into cells. Increase of  the extracellular K ÷ concentrat ion during 
excitation has been demonstrated for different nervous tissues [28--30] and its 
decline seems to depend not  only on diffusion but  also on metabolism [30,31] .  

Inspire of  these unresolved problems, some general conclusions can be drawn 
from the present experiments.  (a) A substantial amount  of  42K and S6Rb is ini- 
tially stored in cellular compar tments  especially in photoreceptor  cells. (b) The 
exchange rate of cellular compar tments  (photoreceptor  cells) with the extra- 
cellular space is probably  not  much larger than 2 × ~.2 (approx. 0.012 min-1). 

Evidence supporting conclusion (a) comes from the effect  of  membrane 
specific agents like ouabain and light stimuli on the rate of  isotope loss and 
from the difference of  86Rb and 42K wash-out kinetics. It is known (see below) 
that cell membranes discriminate between K ÷ and Rb ÷, although the diffusion 
coefficients for Rb ÷ and K ÷ are nearly equal in free solution [32].  Therefore, it 
seems plausible that  if there is an effect  of  light on the rate of  86Rb or 42K loss, 
some isotope should be stored in photoreceptor  cells. Evidence for conclusion 
(b) also comes from the ouabain experiments.  Fig. 8b suggests that most  of  the 
cellular compartments  do not  exchange directly with the bath solution but  that 
there is an intervening extracellular space, a rough calculation indicates that  
probably less than 1% of the total  photoreceptor  cell membrane is in direct 
contact  with the bath solution. This arrangement may result in that  some of 
the isotope, released from cellular compartments ,  being taken up again by cells 
before reaching the bath solution. The overall rate of  isotope loss from the 
retina may thus be reduced. In the presence of  ouabain this uptake mechanism 
should be blocked and consequent ly  the rate of  isotope loss increased. Figs. 5 
and 6 and Table III indicate that,  in fact, this effect  is observed and that the 
rate of  isotope loss in the presence of  ouabain approaches a value approximate- 
ly twice as large as the rate before application of  ouabain. Assuming that the 
exchange of  extracellular space with the bath solution is faster than the 
exchange of  cellular compartments  with the extracellular space, we may cau- 
tiously conclude that the rate of  isotope loss from cellular compar tments  is not  
much larger than 2 × h2 (approx. 0.012 min-l). 

The magnitude of  the unidirectional K÷-efflux from dark adapted photore- 
ceptor  cells is calculated to be in the range of  1--5 X 10 -12 mol • cm -2 • s -1, 
given the following assumptions. (a) The exchange constant  of  photoreceptor  
cells is in the range, h2--2 × ~2 (see above). (b) The initial amount  of  isotope in 
photoreceptor  cells is in the range between 0.5 × C20 to C20. This seems to be a 
reasonable assumption with respect to the volume of  photoreceptor  cells and 
the assumed K ÷ concentrat ion gradient between extra- and intracellular spaces. 
(c) The initial specific activity, cpm/mol  K ÷, in photoreceptor  cells is between 
0.5--1.0-times the specific activity of  the incubation medium. This assumption 
is based on the kinetics of  86Rb-loss and the duration of  the incubation in 
radioactive solution (3 h). (d) The total surface area, microvillar and somatic 
membrane,  of  the photoreceptor  cells is approximately 13 cm 2 (calculated 
from data by  Bernhards [33] and Krebs [20]).  

The value of  K÷-efflux is used to calculate the potassium conductance (gK) of  
the membrane by means of  a formula given by Hodgkin [34].  

F 2 
gK = ~--~- X ¢ [,~-1 . c m - : ]  
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F, R, T: Faraday, gas constant  and temperature ,  respectively, (P: unidirectional 
K ÷ efflux [mol cm -2 • s-l]. gg is between 4 • 10 -6 and 2 • 10 -s ~2 -1 • cm -2. This is 
quite similar to the electrically measured average conductance of  the dark- 
adapted ventral pho torecep tor  of  Limulus (1 • 10 -s to 2 • 10 -s ~2 -1 • cm -2 [2]) 
and agrees well with the idea that,  in the dark adapted invertebrate photorecep-  
tor  cell K ÷ is the ion with the largest permeabil i ty [1--4].  There are no data on 
the conductance of ion channels in the crayfish pho torecep to r  membrane.  
Recent  data obtained from the squid axon and frog nerve fibre indicate that  
the conductance of  K+ channels in the nerve fibre membrane is between 2--40 • 
10-12 y~-i [35--38] .  If the ion channels carrying the K ÷ current  in the dark 
adapted state have a similar K+-conductance like the K ÷ channels in the mem- 
brane of  the nerve fibre, than the density of  these channels, open in the dark, 
should be in the range 10-3--10 -1 pm -2 (102--104 per pho torecep tor  cell). 

Effect of ouabain on the 86Rb-loss from non-illuminated and light stimulated 
retinas 

In the presence of ouabain, the rate of  S6Rb-loss from retinas in the dark 
increases (Fig. 5). Two different  explanations, not  mutual ly  exclusive, seem 
possible (see also ref. 14): (a) In unpoisoned retinas, the 86Rb-loss is affected 
by the active K÷-uptake mechanism (Fig. 8b), which prevents all of  the isotope 
released from cells to the extracellular space from being exchanged with the 
bath solution. However, in poisoned retinas, the rate of  S6Rb-loss f rom the 
retina increases because the active uptake mechanism for K + is blocked. (b) 
Blocking of the t ransport  (Na ÷ + K ÷)-ATPases by ouabain is followed by a slow 
breakdown of the ionic concentra t ion gradients which maintain the membrane 
potential.  Depolarization of  the membrane may cause an increase of  K*-efflux. 

A decision between these two explanations is presently impossible. There are 
also some indications that  ouabaln in small concentra t ion lowers the resistance 
of  the cell membrane and increases the light response [24,25].  

Although the rate of isotope loss does not  increase significantly faster in illu- 
minated retinas compared to non-illuminated ones (Table III) the ability to 
respond to a light stimulus by means of an increase of S6Rb-loss is nearly abol- 
ished in illuminated retinas after some 30 min (Fig. 6, Table III) whereas a 
quite normal light response can be elicited even after 40 min application of  
ouabain if the retina is kept in the dark. Independent ly  of the two mecha- 
nisms proposed for the effect  of  ouabain on the rate of  isotope loss this result 
may support  the experiments  by Baumann and Mauro [26] and Stieve [22] on 
the O2-deficient honeybee  eye and the ouabain poisoned Limulus lateral eye 
which show that  the receptor  potential  and the light induced conductance 
changes are relatively independent  of  the membrane potential.  Whereas the 
loss of  the receptor  potential  might be explained by exhaustion of  the sodium 
concentra t ion gradients [25],  this is hardly sufficient to explain the effect  on 
the light-induced conductance change. Therefore  Baumann and Mauro [26] 
suggested that  depletion of  ATP resulting from hypoxia  may be the primary 
factor  in the impairment of the pho todonduc tance  mechanism. However, it 
seems difficult  to apply this concept  to pho torecep to r  cells poisoned by 
ouabain since ouabain is not  expected to cause depletion of  ATP. 
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Selectivity o f  the photoreceptor  cell membrane for K + and Rb ÷ 
The double labelling experiments indicate that  the wash-out kinetics from 

dark-adapted retinas and the effect of light on the rate of isotope loss are very 
similar for S6Rb and 42K. If it is assumed that  the differences in wash-out 
kinetics are due mainly to the passive properties of the cell membrane, 
whereas all other parameters determining the kinetics of isotope loss are 
equal for ~6Rb and 42K, the ratio, ~ R b l ~ K  ,,2 ~,,2 = 0.7, should be proportional to the 
ratio of K ÷ and Rb*-efflux and thus to the ratio of permeability coefficients, 
PRb/Pz. The diffusion coefficients of Rb ÷ and K ÷ in free solution differ by not  
more than 3% [32] and it is assumed that  the relation is similar in the extracel- 
lular space. It is also not  expected that  the different rate constants of Rb ÷ and 
K ÷ depend on the different affinities of the active K*-uptake mechanisms because 
Rb ÷ and K ÷ are nearly equal in affecting the (Na ÷ + K*)-ATPase of crab nerve and 

~ R b / ' ~ K  = 0.7 agrees with the Rb+/K ÷ selectivity squid retina [40,41]. The ratio ,,2 /,,2 
of various excitable membranes [42--45]. 

The ef fect  o f  light on the potassium loss 
Generally, the results already described confirm the findings of DePont et al. 

[14], Holt and Brown [17] and Stieve et al. [16] that  light stimuli evoke an 
increase in 42K or 86Rb-loss from invertebrate photoreceptors.  The average rate 
of  isotope loss is considerably increased by illumination and it is probably 
larger than reported here (Table II) because the collecting period of  effluent 
was considerably larger than the illumination period and because the experi- 
ment  where the effect of two different illumination periods was compared sug- 
gests that  the rate of  isotope loss during illumination is time dependent  with a 
maximum shortly after the beginning of  illumination (Table II) as it could be 
shown for the ventral photoreceptor  of Limulus [15]. 

Although it seems quite plausible that  the light evoked increase in isotope 
loss indicates a change in potassium efflux from photoreceptor cells there are 
difficulties in establishing a quantitative relationship between the light stimu- 
lated changes of the isotope loss from the retina and the increase of K÷-efflux 
from photoreceptor  cells. As indicated in Fig. 8b, it is assumed that  most of the 
isotope loss from the retina occurs via the extracellular space. Hence changes of  
the rate of  isotope loss from the retina reflect changes of  the specific activity in 
the extracellular space. To determine the relationship between the rate of iso- 
tope loss from the retina and the K÷-efflux from photoreceptor cells, informa- 
tion about the size of the extracellular space and the time course of the specific 
activity of  the extra- and intracellular spaces is necessary. 

It can be seen from Fig. 3 and Table II that  the effect of the first light stimu- 
lus on the rate of isotope loss is much stronger than that  of the following ones. 

' This may re fec t  a decrease in sensitivity to light of photoreceptor cells which 
were in the dark for 3 h before the first illumination but it could also indicate 
that  the first light stimulus increases the active K*-uptake mechanism thus 
reducing the "apparen t"  effect of following light stimuli on the rate of  isotope 
loss. 

Conclusive remarks 
The half-time of K÷-turnover in the crayfish photoreceptor  cell is probably in 
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the range of 60--120 min. This is a fairly high turnover compared with the 
squid axon and is probably due to the large surface area whose effect is only 
partially compensated by a low specific conductivity. The high rate of K÷-turn - 
over may at least partially explain the sensitivity of photoreceptor cells to 
agents which block metabolism or active transport of ions. It would be tempt- 
ing to speculate about a light induced changes of K*-permeability because the 
increase of isotope loss can be impressive, but as long as the relation between 
changes of overall isotope loss from the retina and from photoreceptor cells is 
not  established calculations which are based on the overall rate of isotope loss 
may lead to an overestimation of light induced flux changes. From the double 
labelling experiments with 86Rb and 42K which demonstrate that  the ratio of 
the rate of isotope loss is the same in the dark and during illumination it may 
be concluded that  if there are additional ion channels (K÷-channels) opened 
during illumination these channels posses probably similar discrimination prop- 
erties as that  opened in the dark. 

Because the main difficulties which prevent a meaningful analysis of the 
wash-out kinetics in terms of membrane fluxes are due to the complexity of 
the retina and the interrelations of its constituents it will be at tempted to 
separate the retina in subsystems which can be investigated independently.  Two 
methods which may help are the isolation of cells and the study of the kinetics 
of substances which do not penetrate cellular compartments 
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