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A B S TRAC T Substances known to alter cyclic nucleotide levels in cells were 
applied to the isolated toad retina and effects on rod electrical and adaptive 
behavior were studied. The retina was continually superfused in control Ringer's 
or Ringer's containing one or a combination of drugs, and rod activity was 
recorded intracellularly. Superfusion with cGMP, BuzcGMP, isobutylmethylxan- 
thine (IBMX; a phosphodiesterase inhibitor), or PGF2~ (a prostaglandin) caused 
effects in rods that closely match those observed when extracellular Ca ~+ levels 
were lowered. For example, short exposures (up to 6 min) of the retina to these 
substances caused depolarization of the membrane potential, increase in response 
amplitudes, and some changes in waveform; but  under  dark-adapted or partially 
light-adapted conditions receptor sensitivity was virtually unaffected. That  is, the 
position of the V-log I curve on the intensity axis was determined by the pre- 
vailing light level, not by drug  level. These drugs, like lowered extraceUular Ca 2+, 
also decreased the period of receptor saturation after a bright-adapting flash, 
resulting in an acceleration of the onset of membrane  and sensitivity recovery 
dur ing  dark adaptation. 

Long-term (6-15 rain) exposure of a dark-adapted retina to 5 mM IBMX or a 
combination of IBMX and cGMP caused a loss of response amplitude and a 
desensitization of the rods that was similar to that observed in rods after a long- 
term low Ca 2+ (10 -s M) treatment.  Application of high (3.2 mM) Ca 2+ to the retina 
blocked the effects of applied Bu2cGMP. PGEI superfusion mimicked the effects 
of increasing extracellular Ca 2+. The results show that increased cGMP and 
lowered Ca 2+ produce similar alterations in the electrical activity of rods. These 
findings suggest that Ca 2+ and cGMP are interrelated messengers. We speculate 
that low Ca 2+ may lead to increased intracellular cGMP, and/or  that applied cGMP 
may lower cytosol Ca 2+, perhaps by stimulating CaU+-ATPase pumps in the outer 
segment. 
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I N T R O D U C T I O N  

There  is increasing evidence that cyclic nuc|eotides and calcium ions serve as 
interrelated second messengers in cell activation and that they may regulate 
each other's intracellular levels (Rasmussen, 1970; Rasmussen et al., 1975; 
Berridge, 1975). This evidence has been obtained largely from the study of 
hormonally responsive cells (Sutherland, 1972). For example, Ca 2+ concentra- 
tion may influence cyclic nucleotide levels by stimulating or inhibiting cyclase 
or phosphodiesterase activity (Rasmussen and Goodman, 1975; Rasmussen et 
al., 1975). On the other hand, cyclic nucleotides may regulate intracellular Ca 2+ 
levels by enhancing or depressing Ca z+ pumps (Malaisse, 1973; Sulakhe et al., 
1973; Shlatz and Marinetti, 1972; McCollum et al., 1972; Borle, 1974; Lehninger,  
1970a; Howell and Montague, 1975). The exact manner in which cyclic nucleo- 
tides and Ca 2+ interact appears to vary from tissue to tissue, and a number of 
systems have been described (Rasmussen and Goodman, 1975; Berridge, 1975). 

The  widespread occurrence of cyclic nucleotides and of calcium ions suggests 
that they may be interrelated in other systems. For example, in the retinal rod 
there is evidence that calcium serves as an intracellular messenger (see preceding 
paper). In addition, a number of experiments suggest a role for cyclic nucleo- 
tides in outer segment function (Bitensky et al., 1971). For instance, there are 
high concentrations of  cyclic nucleotides and their anabo|ic (cyclase) and 
catabolic (phosphodiesterase) enzymes in rod outer segments (representative 
references include Bitensky et al., 1972; Pannbacker, 1973; Miki et al., 1973; 
Goridis et al., 1974; Manthorpe and McConnell, 1974). Of  particular interest 
was the observation that phosphodiesterase (PhDE) activity is greatly enhanced 
by light, resulting in a fall in cyclic nucleotide levels in stimulated outer 
segments (Miki et al., 1973; Chader et al., 1973, 1974a, b; Goridis et al., 1974; 
Pannbacker, 1974). 

The  rod PhDE has been localized to the disk membrane (Robb, 1974), and its 
activation spectrum matches the absorption spectrum of  rhodopsin (Keirns et 
al., 1975). The enzyme has a greater affinity for guanosine 3' ,5 '-monophosphate 
(cGMP) than for adenosine 3' ,5 '-monophosphate (cAMP). Consistent with this 
observation is the fact that light activation of  rod outer segments causes a much 
greater decrease in cGMP than in cAMP content (Goridis et al., 1974, 1976; 
Pannbacker, 1974). Conversely, application of PhDE inhibitors causes a much 
greater rise in cGMP than cAMP in rod outer segments (Miki et al., 1973; 
Lipton, Rasmussen, and Liebman, unpublished observations). These data 
indicate that the cyclic nucleotide of  importance for rod outer segment function 
is cGMP. 

The only report  on the effects of cyclic nucleotides themselves on the 
electrical activity of photoreceptors is that by Hood and Ebrey (1974) who 
applied adenosine 3',5'-cyclic monophosphate (cAMP) to a frog retina while 
recording the receptor potential extracellularly. They found no effects of the 
drug on either the receptor potential itself or on the time course of  dark 
adaptation of the receptor potential. On the other hand, they observed earlier 
(Ebrey and Hood, 1973) that inhibitors of  the phosphodiesterase enzyme that 
degrades cyclic nucleotides in rods generally decreased extracellularly recorded 
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r e c e p t o r  p o t e n t i a l  a m p l i t u d e s .  I n  c o n t r a s t ,  Z a r e t  (1972) f o u n d  t ha t  t he  a s p a r t a t e -  
i so l a t ed  P I I I  o f  t he  f r o g  i n c r e a s e d  in a m p l i t u d e  a n d  b r o a d e n e d  in s h a p e  with  
t he  a d d i t i o n  o f  c a f f e i n e  o r  a m i n o p h y l l i n e  ( P h D E  inh ib i to r s )  to t h e  r e t i n a .  

T h e  p r e s e n t  e x p e r i m e n t s  we re  u n d e r t a k e n  in an e f f o r t  to d e f i n e  the  r e l a t i o n -  
sh ip ,  i f  any ,  b e t w e e n  c G M P  a n d  ca lc ium in v e r t e b r a t e  p h o t o r e c e p t o r  f u n c t i o n .  
By i n t r a c e l l u l a r  r e c o r d i n g s  in t he  p e r f u s e d  t o a d  r e t i na ,  we have  e x a m i n e d  the  
ef fec ts  o f  a va r i e ty  o f  subs t ances  on  r e c e p t o r  a d a p t i v e  a n d  r e s p o n s e  p r o p e r t i e s .  
T h e  resu l t s  s h o w e d  tha t  a p p l i c a t i o n  o f  e x o g e n o u s  c G M P  c a u s e d  e f fec t s  s imi la r  
to  t ha t  p r o d u c e d  by  l o w e r i n g  e x t e r n a l  ca l c ium a n d  tha t  s eve ra l  subs t ances  
k n o w n  to e n h a n c e  c G M P  c o n c e n t r a t i o n s  e x h i b i t e d  s imi la r  ac t ions .  Mode l s  to 
e x p l a i n  t he  i n t e r r e l a t i o n s h i p  o f  c G M P  a n d  Ca 2+ a r e  d i s cus sed .  

M A T E R I A L S  A N D  M E T H O D S  

The techniques involved in superfusing,  recording,  and stimulating the rods of  the toad 
Bufo marinus were described in the previous paper .  The  same type of  protocol was 
followed. Responses to br ief  flashes in the da rk-adap ted  retina and dur ing  light and 
dark adaptat ion were elicited and evaluated as described previously. Two periods of  
d rug  superfusion were commonly used: short- term additions lasting 10 s to 5 rain; and 
long-term additions,  of  6-15 rain. For most drugs,  less than millimolar concentrations 
added  for less than 2 min were needed to see an effect; i.e. about  1 /xmol of  d rug  on the 
retina caused effects. For some test agents long-term addit ions generated a series of  
effects different  from the short- term applications. Although responses to br ief  flashes 
were moni tored continuously, results are generally repor ted  in the figures at 2 rain after 
addit ion of  agent when some effect was seen, at 4 min when effects were often maximal,  
and at 10-15 rain when the effects were reversed or  long-term effects were evident.  

Drug Strategy 

Both cGMP and cAMP can be directly appl ied to cells and effects noted. However,  
cAMP and cGMP do not readily cross lipid membranes  because of  their  hydrophilic 
characteristics. Therefore ,  the more permeable  dibutyryl  derivatives (Bu2cAMP and 
Bu,cGMP) are more effective when used in exogenous applications. Micromolar  concen- 
trations of  these agents within the cell bring about cell activation (Sutherland,  1972), but 
when these drugs are appl ied extracellularly, millimolar concentrations are generally 
necessary (Sutherland,  1972). 

The  2',3'-cyclic monophosphates  occur naturally in vivo but  are not metabolized by 
the PhDE and are inactive as second messengers (Lehninger,  1970b). The  2',3'-cyclic 
monophosphates  were used as control  test substances for the 3',5'-cyclic monophosphate  
studies. Also, PhDE inhibitors can be used to prevent  destruction of  cyclic nucleotides, 
thereby increasing the intracellular  concentrat ion of cyclic nucleotides (Miki et al., 
1973). In this regard ,  isobutylmethylxanthine (IBMX) is of  special value because it 
ra ther  selectively enhances cGMP levels in rods. IBMX can be added  alone or in 
conjunction with cGMP to increase greatly the intracellular level of  this cyclic nucleotide. 
For example,  a 3-min incubation of  toad outer  segments in 5 mM ]BMX increased the 
cGMP concentration (by radioimmunoassay) about  2.5-fold over the control  dark-  
adapted  value (Lipton, Rasmussen, and Liebman,  unpublished observations). Such an 
increase in cGMP levels is probably substantially greater  than an exogenous application 
of  cGMP or Bu2cGMP could produce.  It should be noted that some PhDE inhibitors also 
directly decrease intracellular Ca *+ concentrations in other  tissues (Fr iedman et al., 
1974). No repor t  has yet appea red  concerning IBMX effects on Ca *+ levels in cells. 
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Other experiments examined the effects of the prostaglandins PGE~ and PGF2~ on 
the electrical activity of rods. The intracellular levels of cyclic nucleotides may be 
affected by the exposure of cells to certain prostaglandins which have been shown to 
stimulate specific cyclase enzymes in many tissue types. Addition of PGE1, for example, 
is associated with an increase in cAMP concentration in many cells, whereas PGFm is 
generally associated with an increase in cGMP levels in cells, but these correlations may 
vary because of dose or tissue type. Prostaglandins may also have a direct influence on 
intracellular Ca 2+ levels by some other mechanism (Clegg et al., 1966; Berti et al., 1967; 
Strong and Bohr, 1967; Ramwell and Shaw, 1970, 1971; Shaw et al., 1971; Ramwell, 
1973; Samuelsson et al., 1975). Prostaglandins have not yet been reported in the retina, 
but their precursors (arachidonic and linoleic acids) exist in extremely high concentra- 
tions in the pigment epithelium compared to other tissues (E. R. Berman, personal 
communication). 

Finally, another set of experiments was performed to study possible interrelationships 
between Ca 2+ and cGMP in rods. To answer this question, combinations of test agents 
(calcium, Bu2cGMP, and/or Bu2cAMP) were added to the retina. 

cAMP and cGMP were obtained from Sigma Chemical Co. (St. Louis, Mo.). Bu2cAMP 
and Bu~cGMP were purchased from Boehringer/Mannheim (New York). PGEI and 
PGFm (THAM) were gifts from Dr. John Pike, Upjohn Co. (Kalamazoo, Mich.) and 
Prof. E. J. Corey, Chemistry Department, Harvard University (Cambridge, Mass.), 
respectively. PGEI was solubilized in toad Ringer's by sonication. IBMX was obtained 
from Aldrich Chemical Co. (Milwaukee, Wis.) and was solubilized in Ringer's by gentle 
heating. 

R E S U L T S  

The  substances tested segregated into two groups:  agents which elicited effects 
similar to a reduct ion in extracellular Ca 2÷ concentrat ion and those which pro- 
duced effects similar to a rise in extracellular Ca 2+. These  two groups  of  sub- 
stances will be discussed separately. 

Drug Effects on Rod Electrical Activity 

Fig. 1 shows effects typical of  three test agents that p roduced  actions similar to 
reducing extracellular Ca 2+ concentrations.  Two of  these agents, Bu2cGMP and 
IBMX, are known to increase intracellular levels o f  cGMP in rods. In  Fig. 1 A 
the rods were exposed to the test agents for short  periods of  time (10-45 s), and 
records f rom the same cell are illustrated dur ing  superfusion in control  Ringer's 
and after addition o f  the agent.  Al though the magni tude o f  the effects varied 
between test agents, all showed the same basic changes. About  2 min after 
exposure  to the drugs,  the rods began to depolarize and the response ampli- 
tudes to increase. These  changes were maximal at about  4 min (Fig. 1 A), but 
by 10-15 min the responses had re tu rned  to control levels. In this set of  
experiments  IBMX caused the greatest degree o f  depolarization, and with 
this depolarization there was a loss o f  the initial transient o f  the response at 
about 4 min. Note that after 10-15 min the waveform of  the response had also 
re tu rned  to normal.  We also found that 1 mM cGMP added alone for 2 min 
exerted a small but statistically significant effect (in eight o f  eight recordings).  
On the other  hand,  the application of  guanosine 2',3'-cyclic monophospha te  to 
the retina produced  no effects. Thus ,  it appears that the changes we observed 
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FIGURE 1. Effects of test agents that mimic a decrease in extracellular Ca 2+ 
concentration on responses of dark-adapted toad rods to diffuse 200-ms flashes of 
500-nm light. Each horizontal row represents responses from the same cell. The  
horizontal lines superimposed on each response indicate the original resting 
potential and plateau potential. The responses illustrated were elicited from each 
rod with a constant flash intensity, but the flash intensity varied between rods 
(3,000-30,000 photons absorbed per rod flash at 500 nm). Concentration of agent 
in reservoir is indicated in the drug column along with the length of addition. In 
A, the concentration and length of addition were approximately the min imum 
values necessary to give consistent effects. In  both A and B, qualitatively similar 
effects were observed at 2 min. That  is, all the cells had depolarized and their 
response amplitudes had increased. At 4 min the effect exerted by Bu2cGMP and 
PGFm were greater but qualitatively similar to the 2-min effects. However, IBMX 
alone or in combination with cGMP led to changes in waveform; e.g., the initial 
transient disappeared. By 10-15 min the effects of short-term additions of 
Bu,cGMP, PGFm, and IBMX had all reversed (A). On the other hand,  continuous 
addition of 5 mM IBMX or IBMX plus cGMP led to a loss of all light-evoked 
activity by 10-15 min (B). See text and Table I for further details. 
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with cGMP or Bu'-cGMP can be a t t r ibuted specifically to the 3' ,5'-cyclic mono-  
phospha te .  

In  Fig. 1 B are shown the effects o f  cont inuous  exposure  of  rods  to 5 mM 
IBMX and to a combina t ion  o f  5 mM IBMX plus a short  exposure  to 1 mM 
cGMP. T h e  effects seen at 2 and 4 rain are qualitatively similar but o f  
considerably grea te r  magn i tude  than  those seen in Fig. 1 A. Af ter  2 min of  
d rug  exposure ,  both  receptors  were significantly depolar ized,  and  the responses 
to the test flashes were cor responding ly  larger .  By 4 rain, fu r the r  depolar izat ion 
o f  the m e m b r a n e  was seen,  l ight-evoked responses  were still larger ,  and  the 
initial t ransient  had d i sappeared .  Super fus ion  of  IBMX closely mimicked the 
effects o f  low Ca '-+ Ringer 's  described in the previous paper ,  but  the PhDE 
inhibitor  t ended  to p roduce  slightly more  prolongat ion  in response  t ime course 
for comparab le  increases in ampl i tude .  Between 4 min and  10 min the cells 
depolar ized  somewhat  fu r the r ,  but  they also lost responsiveness  in a m a n n e r  
very similar to that  observed  a f te r  long exposu re  to low (10 -~ M) Ca '-+ Ringers 
(preceding paper ,  Fig. 9). T h a t  is, the cell lost sensitivity since the ampl i tude  of  
the l ight-evoked responses  gradual ly  became smaller  and,  at the same time, the 
intensity of  light necessary to evoke a ha l f -max imum response  (tr) increased 
significantly. By 10-15 min no l ight-evoked activity whatsoever  could be elicited 
f rom these rods.  No recovery  in such cells was observed even af ter  re tu rn  of  
the ret ina to control  Ringer 's .  As was the case for  retinas exposed  to low (10 -9 
M) Ca '-+ Ringers for  long per iods ,  o ther  rods in the same ret ina were responsive 
when impaled af ter  a 15-rain control  Ringer 's  washout.  Thus ,  in combinat ion 
with a 15-rain cont inuous  super fus ion  of  certain drugs ,  impa l emen t  of  the rods 
a p p e a r e d  to cause some p e r m a n e n t  al terat ion in cells. 

In  Fig. 2, the degree  of  depolar izat ion induced  by various drugs  and  by low 
Ca 2+ Ringer 's  is c o m p a r e d  with the increase in response  ampl i tude .  These  data 
were taken at 2 and  4 min af ter  addit ion of  the test solutions. At these early 
times af ter  d r u g  add i t ion  the increase in response  ampl i tude  (AV) was, within 
exper imenta l  e r ro r ,  equal  in absolute magni tude  to the depolar iza t ion  of  the 
plasma m e m b r a n e .  At later  times (-->6-7 min) with cont inuous  superfus ions  of  5 
mM IBMX or 10 -° M Ca '-+, the extent  o f  depolar izat ion was of ten grea te r  than 
the increase in response  ampl i tude .  Note in Fig. 2 that  the greatest  extent  o f  
depolar izat ion and increase o f  light response  ampl i tude  was induced  by the 
combined  addit ion o f  cGMP and IBMX,  and  this was a constant  f inding.  In  the 
e x p e r i m e n t  shown in Fig. 1 B in which these drugs  were combined ,  one 
response  recorded  at about  4 min af ter  d r u g  addit ion was 42 mV in ampl i tude.  
This  is larger  than any receptor  response  we have ever  r eco rded  in the 
ver tebra te  retina.  A s u m m a r y  of  the effects o f  various test solutions on the 
response  ampl i tudes  of  toad  rods is p resen ted  in Table  I. 

In  Fig. 3 are shown the effects on  a rod  of  a short  exposu re  to PGE1. T h e  
effects observed were similar to those seen with super fus ion  in high (3.2 mM) 
Ca '-+ or  no rma l  (1.6 mM) Ca '-+ plus the i onophore  A23187 (see Fig. 4, p reced ing  
paper) .  Within 2 min af ter  exposure  of  the ret ina to these substances,  the rods 
began  to hyperpolar ize  and  the response  ampl i tudes  to decrease.  At 4 rain, 
these effects were maximal  (see Table  I ) ,  but  by 10-!5 min,  the t~ods had 
r e tu rned  almost  to control  levels. When ei ther  cAMP or Bu'-cAMP Was added  
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A compar i son  o f  the  ex ten t  o f  depolar iza t ion and  the increase o f  
peak response  ampl i tude  induced  in toad rods  by var ious test agents .  T h e  increase 
in response  ampl i tude  (AV) was d e t e r m i n e d  by subtract ing response  ampl i tudes  
evoked  by b r i e f  flashes in cont ro l  Ringer ' s  f rom response  ampl i tudes  evoked  2 
min  and 4 rain a f te r  test agen t  addi t ions .  Similarly,  the plasma m e m b r a n e  
depolar iza t ion  was d e t e r m i n e d  by m e a s u r i n g  the d i f fe rence  be tween  the  res t ing 
m e m b r a n e  potent ia l  be fo re  and  at 2 min and  4 min af ter  add i t ion  o f  the test 
agents.  T h e  test agen t  concen t ra t ion  and  lengths  o f  addi t ion  are  the same as in 
Tab le  I. T h e  straight  line plots the  values expec ted  if  the absolute  magn i tudes  o f  
AV equal  the depolar iza t ion  o f  the plasma m e m b r a n e  potent ial .  

T A B L E  I 

E F F E C T S  O F  T E S T  S O L U T I O N S  ON ROD RESPONSE A M P L I T U D E S  

Drug Mean ratio of amplitude Range No. of recordings 

1 mM cGMP (2 min) 1.4 1.2-2.5 8/8 
0.5 mM BuscGMP (20 s) 1.6 1.2-2.7 14/15 
50 p.g/ml P G ~  (45 s) 1.6 1.4-1.7 8/9 
5 mM IBMX (10 s) 1.5 1.3-2.5 17/18 
5 mM IBMX (continuous) 1.6 1.3-2.6 9/9 
10 -° M Ca ~+ (3.5 min) 1.6 1.2-2.3 12/13 
10 -g M Ca s+ (continuous) 2.4 1.3-7.5 15/15 

1 mM cGMP (2 rain) 4.7 3.1-10.9 8/8 
5 mM IBMX (continuous) 
50 g.g/ml PGEt (30 s) 0.6 0.4-0.7 8/10 
3.2 mM Ca z+ (3 min) 0.6 0.5-0.8 9/9 
10 -6 M A23187 (1 min) 0.6 0.5-0.7 7/8 

Analysis of the elects of test solutions on the response amplitude of  rods recorded 4 min after the 
start of test solution superfusion. The first column indicates the concentration of the drug along 
with the length of  superfusion. Column 2 represents the ratio of  responses during drug addition 
normalized to the control. The range of amplitude change is shown in columns 2 and 3. The 
number of recordings in which a significant change took place (at P < 0.01) is indicated in the last 
column along with the total number of  experiments carried out with each test solution. 
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to the retina for a short  per iod,  effects similar to those seen in Fig. 3 were 
usually observed.  However ,  these effects were only occasionally reversible. 
Tha t  is, the cells usually remained  hyperpolar ized  and response amplitudes 
were decreased long af ter  the drugs had been washed out  o f  the chamber .  Why 
this  is so is not clear, but  one  might speculate that direct cAMP effects are very 
long lasting because the PhDE in rods is much more  effective in degrading  
cGMP as compared  with cAMP (Miki et al., 1973). In any case, since the 
concentra t ion o f  cAMP in vivo is so much  smaller than cGMP, cAMP may be 
physiologically less impor tan t  (Goridis et al., 1976; Miki et  al., 1973). 

When Bu2cAMP or  high Ca 2+ was added  to a ret ina that  was also exposed to 
BuzcGMP, the effects usually observed af ter  t rea tment  with this agent  were 
ei ther  much reduced  or absent.  In the exper iment  illustrated in Fig. 4, for 

T I M E  A F T E R  A O D I T I O N  5 mv[,_ 
I sec 

~ Cont¢0, RincJer| ; 2 . i n  ~ 4 . I n  ~ 10-15 min 

( 30  sec ) 

FIGURE 3. Effects of PGEI on responses of dark-adapted toad rods to diffuse 
200-ms flashes of 500-nm light. The arrangement of the figure is the same as Fig. 
1. The addition of PGEx resulted in effects similar to those observed with high (3.2 
mM) Ca ~+ and A23187 (see Fig. 4, preceding paper); i.e., the cell hypefpolarized, 
the response amplitudes decreased, and the time to peak increased. These effects 
reversed by 10-15 min after drug addition. See Table I and text. 

example ,  a rod  was exposed  to 0.5 mM Bu~cGMP for 30 s while being 
continuously bathed in Ringer 's containing 3.2 mM Ca z+. T h e  depolarizat ion 
and increase o f  response ampli tude usually seen at ~ arid 4 min af ter  Bt~zcGMP 
exposure  was not dbserved.  Rather ,  at these times the cell was slightly hyperpo-  
larizled and its response ampli tude correspondingly  decreased,  effects agsociated 
with the increase of  Ca ~+. By 10-15 min, af ter  the effects o f  Bu~cGMP had 
worn off ,  the full extent  o f  the membrane  hyperpolt/r ization and decrease of  
response ampli tude induced  by the continuously sup6rfused high Ca 2+ Ringer's 
was evident.  How these antagonistic effects are beiflg mediated is not Clear; 
they may or  may not  involve the s~ime locus. 

Drug Effects on Sensitivity of DdCA- and Light-Adapted Rods 

Figs. 5-7 show voltage-intensity curates r eco rded  f rom dark-adapted  rods after  
a shor t - term addition o f  three  d i f ferent  test agefits. Two  of  the agents, 
Bu~cGMP and IBMX, increase cGMP activity in the cells, while PGEt may 
increase cAMP leve|~ Or affect  Ca ~+ movements  in s~me other  way. As can be 
seen f rom the figut'6s, in all three  exper iments  significant changes in response 
ampli tudes occur red  at all flash intensities as a result  o f  d rug  addition; 
Bu~cGMP and IBMX increased response ampli tudes while PGEt decreased 
response ampli tudes.  In no case, however ,  was the position o f  the voltage- 
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FIGURE 4. Effects of combinations of test agents on responses of dark-adapted 
toad rods to diffuse 200-ms flashes of 500-nm light. The  arrangement  of the 
figure is the same as Figs. 1 and 3.30 s of 0.5 mM Bu2cGMP was added, followed 
immediately by continuous superfusion in high (3.2 mM) Ca ~+. No effects of the 
Bu~cGMP were observed. Rather, at 2 rain and 4 rain the cell was slightly 
hyperpolarized, and its response amplitude had decreased. By 10-15 min the full 
effects of the continuously superfused high Ca ~+ Ringer's were evident. Similar 
results were observed in eight of eight experiments.  
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FIGURE 5. Effects of Bu~cGMP on the intensity-response relationship of a dark- 
adapted toad rod. The durat ion of each flash was 200 ms, and its intensity is 
expressed in photons absorbed per rod-flash. The lower curve was compiled 
dur ing  superfusion in control Ringer's and the upper  curve 4 rain after a 20-s 
addition of 0.5 mM Bu~cGMP. Note that Bu~cGMP affected the amplitude of 
response compared to control, but it virtually did not shift the curve along the 
intensity axis. Thus,  there was no significant change in cr (indicated by arrows) in  
14 of 15 intracellular recordings. The error bar represents +-SE of the mean 
response amplitude. 
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intensity curve on the intensity axis significantly altered. In  these da rk -adap ted  
rods,  the intensity needed  to elicit a half  m a x i m u m  response  (or) was approxi-  
mately 30 photons  absorbed  per  rod-f lash,  and  this value virtually did not vary 
regardless  o f  the appl ied drug .  T h e r e f o r e ,  the sensitivity or gain (Vma~/or) o f  
these rods  varied only slightly with these test agents.  It  should  be noted,  
however ,  that  d a r k - a d a p t e d  rods  which were less sensitive, e .g. ,  or = 100-200 
photons  absorbed per  rod-f lash,  were of ten affected somewhat  different ly  by 

z5  

20  

15 > 
E 

> 

Io 

0 

IBMX 
• (5 rain) 7 - "  

W 

Ringer control ~] " . f ~ )  - - ' '  IBMX(12rnin) 
/° 

I I I I 
0 3  30 3000 300,000 
photons obsorbed / rod flosh ot 5 0 0  nm 

FIGURE 6. Voltage-intensity relationships before (filled circles), during (filled 
triangles), and after (open circles) a 10-s application of 5 mM IBMX to a dark- 
adapted rod. After IBMX addition the amplitude of responses increased at all 
stimulus intensities, hut the curve did not significantly shift laterally on the 
intensity scale; ¢r (indicated by arrow) remained virtually the same in 17 of 18 
experiments. Response amplitudes had returned to control levels by 12 min after 
drug addition (open circles). 

Bu ,cGMP,  PGF~,  or  10 -9 M Ca *+. T h a t  is, in addit ion to an increase in Vmax, or 
would shift back toward 30 photons  absorbed  per  rod-f lash af ter  applicat ion of  
test agent  and  thus sensitivity would increase. 

In  Fig. 6, the t ransient  na tu re  o f  the d r u g  effects af ter  shor t  t e rm applications 
is also illustrated. For example ,  the V-log I curve  recorded  12 rain a f te r  d r u g  
(IBMX) addit ion and  washout  perfect ly matched  the control  curve.  T h e  
maximal  effect  in this e x p e r i m e n t  was no ted  at 5-6 rain, at which t ime the 
l ight-evoked responses  were about  twice those o f  control  levels. 

Fig. 8 shows V-log I curves obta ined  u n d e r  both  dark-  and  l ight -adapted  
condit ions f rom a single rod  ba thed  in control  Ringer 's  and  in Ringer 's  
containing 5 mM IBMX for up  to 6 min.  As shown previously in Fig. 6, IBMX 
added  u n d e r  d a r k - a d a p t e d  conditions increased the ampl i tude  of  responses ,  
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but  it did not  s ignif icandy affect  the position o f  the V-log I curve  on the 
intensity scale. U n d e r  the l igh t -adapted  condit ions tested (IB = 2,500 photons  
absorbed  per  rod-second  at 500 nm) ,  I B M X  also increased the response  
ampl i tudes  relative to those r eco rded  f r o m  the rod  in control  Ringer 's ,  but  
again it virtually did not  shift the curve  on the intensity axis. T h a t  is, tr was 
nearly identical in the partially l ight -adapted  rod  (3,000 pho tons  absorbed  per  
rod-f lash at 500 nm) whe the r  the  rod  was in control  Ringer 's  or  in Ringer 's  
conta ining 5 mM IBMX.  

, ,  - ,  oA 

/ 
0 ~ 0 . . . . - - -  0 DA + PGE ! 

_ , o  ,~ olO/ 

5 

0 

I t II i I i I 
0.3 30 3000 300,000 

photons absorbed / rod - f l ash  at 5 0 0 n r n  

FIGURE 7. Effect of  PGE1 on the V-log I curve of a dark-adapted toad rod. The 
experiment was exactly the same as in Fig. 5 except that 50 btg/ml PGE1 instead of 
Bu~cGMP was applied for 45 s. Note that PGEt decreased response amplitudes 
compared to control levels, but there was no significant lateral shift of the curve; 
i.e., o- remained virtually constant (indicated by arrows) in 8 of 10 recordings. 
Difficulty in solubilizing PGEt Ringer's may account for the two failures (see 
Materials and Methods). 

Similar results were ob ta ined  with addit ions o f  cGMP, Bu=GMP, and  PGF~.  
T h a t  is, all o f  these d rugs  affected both m e m b r a n e  potent ial  and  response  
ampl i tude  but  not  the major  d e t e r m i n a n t  o f  recep tor  sensitivity (or) whe ther  
the re t ina  was dark  or light adap ted .  These  results are very similar to those 
observed when Ca =+ levels were  a l tered extracel lularly a r o u n d  toad  photorecep-  
tars  for  shor t  per iods  (< 6 rain). O n  the o the r  hand ,  p ro longed  exposu re  (>6--7 
min) of  the re t ina  to 5 mM IBMX or a combinat ion  of  IBMX and  cGMP caused 
effects similar to those observed  when  the ret ina was exposed  to 10 -9 M Ca 2+ 
Ringer 's  for  m o r e  than  6-7 min.  U n d e r  these conditions,  r esponse  ampl i tudes  
gradual ly  declined,  and  o" increased t remendous ly ;  i.e. r ecep to r  sensitivity 
decreased  jus t  as in light adapta t ion .  

Fig. 9 demons t ra tes  the effect  o f  IBMX on the intracellular response  o f  a rod  
to an adap t ing  b a c k g r o u n d  field. 3 min a f te r  the start  o f  a cont inuous  IBMX 
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infusion,  the da rk  rest ing potential  had  depolar ized ,  the response  to the onset  
o f  the adap t ing  light was fractionally larger  than  that  observed  when  the rod  
was in control  Ringer 's ,  and  the hyperpolar iza t ion  main ta ined  for  the dura t ion  
o f  the adap t ing  light was also slightly larger.  T h e  incrementa l  r esponse  elicited 
approx ima te ly  1 rain af ter  the background  light was t u r n e d  on was, however ,  
significantly larger  than the incrementa l  response  elicited u n d e r  identical 

25 [ ~ , ~ - - . - - - A .  , 4k DA + IBMX 

. /  2O 
/ 

P5 [- / DA 

o[ > =, 

5 _ 0 LA 

0.3 30 3000 300,000 
photons absorbed / rod- flash at 5OO nm 

FIGUR[ 8. Voltage-intensity curves elicited from a single rod under both dark- 
~adapted (DA) and light-adal~ed (LA) conditions during superfusion in control 
]Ringer's or 5 mM IBMX. Th,e intensity of the background illumination was 2,500 
photons absorbed per rod-second at 500 nm. Data shown in this figure were 
collected first in control Ringer's and then 4-6 rain after a 10-s addition of 5 mM 
IBMX. Under these conditions, IBMX affected response amplitudes in both the 
light- and dark-adapted states. However, ~r (dashed lines) was virtually unaffected 
by drug addition jn 17 of 18 recordings in th# DA state and eight of eight rods in 
the LA state, The position of ~ on the intensity axis was always determined by 
light level, n~l by drug level, for IBMX additions that lasted up to 6 min. See text. 

condit ions in control  Ringer 's .  By 5 min o f  IBMX infusion,  the da rk  rest ing 
potential  had  fu r the r  depolar ized ,  the response  to b a c k g r o u n d  light was 
c_oosiderably larger ,  and  the initial t ransient  o f  the response  had  d isappeared .  
In  addi t ion,  the plateau hyperpolar iza t ion  o f  the cell was not  main ta ined  with 
time. Within 1 rain a f te r  the  onset  o f  the background  light, the m e m b r a n e  
potential  had r e t u rned  to dark  m e m b r a n e  potential  levels (note m e m b r a n e  
potential  before  a o d  af ter  the b reak  in the re:cord). T h e  incrementa l  response  
elicited af ter  the m e m b r a n e  potential  had  r e tu rned  to the d a r k - a d a p t e d  level 
was large in ampl i tude ,  and  it displayed a p r o m i n e n t  initial t ransient .  T h e  
same intensity-flash without  s u p e r i m p o s e d  i l lumination would have elicited a 
response  with no t ransient  (shown in Fig. 1). Hence ,  with the addi t ion of  the 
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background  light, the transient  r eappeared ;  i.e. the background  illumination 
opposed  the effect  o f  the drug.  Background  illumination also antagonized the 
increased dura t ion  and response ampli tudes seen after  IBMX application. T h e  
behavior  o f  the rod  to background  illumination when in the presence o f  IBMX 
for 5 min matched exactly that seen when the toad ret ina was ba thed  in low 
Ca z+ Ringer's for  the same length o f  t ime (see Fig. 8, preceding paper) .  

C o n t r o l  
Rinqer 

( 5  r a i n )  - - - - -  - 

IBMX 
( 5  r a i n )  

I0 mV[ 
2 ~c 

/ Y  I 
FIGURE 9. Effects of 5 mM IBMX upon intracellular responses of toad rods to 
background illumination and superimposed flashes. Lowest trace represents the 
light stimuli: long step is background (la = 2,500 photons absorbed per rod-flash 
at 500 nm) and shorter pulse is superimposed 200 ms flash (I = 3,000 photons 
absorbed per rod-flash). Hatch marks represent a break in the record of 34 s. A, 
The electrkal response during superfusion in control Ringer's (1.6 mM Ca~+). 
Note the plateau potential was maintained throughout the background illumina- 
tion. B, Response after $ min of superfusion with 5 mM IBMX. The resting 
membrane potential had depolarized to a new level. Amplitude of responses to 
background and superimposed flashes were increased over control. Plateau poten- 
tial to background was still maintained. C, Response after 5 min of superfusion 
with 5 mM IBMX. The resting membrane potential had further depolarized, and 
the amplitude of responses to background and superimposed flashes was fulFther 
increased relative to the control. However, the plateau potential was no longer 
maintained throughout background illumination. Similar effects were obtained in 
nine of nine recordings. See text for further details. 

Drug Effects on Dark Adaptation 

In the previous paper  it was shown that toad rods were saturated (i.e. 
unresponsive  to any intensity o f  light flash) af ter  a bright  ~adapting flash that 
bleached a negligible a m o u n t  o f  p igment  (-<3%). T h e  dura t ion  of  this saturation 
per iod (17-100 s) matched  closely the length o f  the plateau phase o f  the 
response,  T h e r e a f t e r  the membrane  potential  r e tu rned  relatively quickly to 
da rk ,adap ted  levels (5-20 s) dur ing  which time the rod  rapidly inc!'eased in 
sensitivity. Al though the length o f  the plateau componen t  o f  the electrical 
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response and thus the period of  saturation after a bright flash appeared to vary 
somewhat between rods, it was generally constant for any one rod from flash to 
flash when the retina was bathed in control Ringer's (see preceding paper). In 
the experiments to be described here,  various drugs were applied to the retina, 
and the duration of  the plateau phase after the adapting flash was measured. 
In all experiments, receptor sensitivity was also monitored and a close corre- 
spondence between plateau length and the onset of  rapid sensitivity recovery 
was found. 

Fig. 10A-C shows the effects of  test substances acting similarly to reduced 
extracellular Ca 2+. Plateau length of the response was clearly shortened by 
drug addition, whereas 10-15 min after the exposure to drug, this effect had 
reversed. Note in the case of  IBMX, this was a rod in which the plateau was 
spontaneously lengthening with time (see previous paper), yet the effect of  the 
drug is still clearly evident. Thus,  these substances, like low Ca 2+ Ringer's, 
accelerated the onset of  membrane and sensitivity recovery during dark adap- 
tation of single rods. Indeed,  recovery to the dark-adapted state was often 
complete after Bu2cGMP, PGF~, or IBMX treatment before recovery had even 
begun in the control. A summary of  the effects of test solutions that decreased 
plateau length is shown in Table II. 

Fig. 10D shows that PGEt induced effects opposite to those seen with the 
other agents. That  is with PGE1 there was an increase in the duration of the 
plateau, and dark adaptation was delayed. Recovery was essentially complete in 
control Ringer's before it had ever begun after PGEI treatment. 

D I S C U S S I O N  

The changes in response characteristics produced by altering extracellular Ca ~÷ 
levels have been closely mimicked by applying to the retina substances that are 
known to alter intracellular cyclic nucleotide concentrations. Substances that 
are known or thought to increase cGMP levels (IBMX and PGFm) mimicked 
the effects of  lowered extracellular Ca a+, whereas PGE1 mimicked the effects of  
increased extracellular calcium concentration. Short-term (~6 min) additions 
of  these drugs caused changes in membrane potential and light-evoked response 
amplitudes, but not changes in the major determinant of  rod sensitivity (or) in 
either the dark- or the partially light-adapted toad. The  position of  the V-log I 
curve on the intensity scale of  rods after short-term drug infusion was always 
determined by the prevailing light level and not by drug level. Thus,  we 
conclude that intracellular cyclic nucleotide concentrations, like Ca '̀ + levels, 
affect both membrane potential and response amplitudes, but they influence 
receptor sensitivity only to a very minor degree in either the dark- or the 
partially light-adapted retina. 

Most of  these drugs did, however, cause alterations in the duration of  
receptor saturation after a bright but nonbleaching light exposure; i.e. they 
affected the time required for both membrane potential and sensitivity to 
recovery during dark adaptation. Similar effects were also seen when extracel- 
lular Ca 2+ levels were altered. It is interesting to note that background 
illumination antagonized the effects of  both IBMX and low Ca ~+ on responses 
of  dark-adapted toad rods to brief flashes. Since light activates the PhDE in 
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ou te r  segments  and  IBMX inhibits  the  enzyme ,  one i n t e r p r e t a t i o n  o f  this 
an tagon i sm of  the a m p l i t u d e  and  waveform changes  is a compe t i t ion  between 
l ight and  IBMX on the activity o f  the PhDE. 

With p r o l o n g e d  (>-6-7 min) e x p o s u r e  o f  a d a r k - a d a p t e d  re t ina  to IBMX or 

A Before 
Bu 2 CGMP 

After 

8 Before 

PGF2a 

After 

C Before 

,..x,,,,.r 
D Before 

PSE, 
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I 
stimulus .J L IOmVi 
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FIGVRZ 10. Effects of test agents on intracellular responses and membrane 
recovery during dark adaptation of toad rods after a bright-adapting flash. The 
adapting procedure consisted of a 12-s "yellow" (Coming cutoff filter 3484) 
unattenuated light with a retinal irradiance of 1.1 mW/cm z which bleached ~3% 
of the pigment. Each group of three traces was from a single rod. Concentration 
and length of addition of test agent are the same as in Figs. 1 and 3 (only the 10-s 
addition of 5 mM IBMX is illustrated here). "Before" refers to control Ringer's 
response, and "After" refers to 10-15 rain after drug addition. Drug effects were 
monitored at 4 min after addition. Bu~cGMP, PGF~, and IBMX all accelerated 
and PGEI delayed the onset of membrane recovery after the adapting light step. 
See Table II and text for further details. In two rods the maximum effect of 
PGFh was observed later than 4 min (e.g., about 9 min). 

IBMX and  cGMP, the rods  lost responsiveness  in a fashion ident ical  to that  
observed  a f te r  l ong - t e rm e x p o s u r e  to low calcium Ringer ' s  (Ca *+ = 10 -9 M). 
Response  a m p l i t u d e  d i m i n i s h e d  and  sensitivity of  the  r o d  dec reased ,  mimick ing  
l ight adap ta t i on .  Thus  every effect  we obse rved  as a resul t  o f  a l t e r ing  extracel-  
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lu la r  Ca 2+ levels has also b e e n  seen by a p p l y i n g  to the  r e t i na  d r u g s  tha t  are  
k n o w n  to a l te r  cyclic nuc l eo t i de  levels. 

The Interrelationship of Ca 2+ and cGMP 

T h e  e x p e r i m e n t s  r e p o r t e d  in  this p a p e r  po i n t  toward  a close r e l a t ionsh ip  
be tween  Ca z+ a n d  c G M P  in the f u n c t i o n i n g  of  the ve r t eb ra t e  p h o t o r e c e p t o r  
cell. T o  u n r a v e l  the  possible i n t e r r e l a t i o n s h i p s  be t w e e n  Ca ~+ a n d  cGMP,  we 
have c o n s i d e r e d  a n u m b e r  o f  a l te rna t ives :  do  the s imi lar  electr ical  effects o f  
c G M P  a n d  low Ca :+ r e p r e s e n t  sepa ra te ,  "para l le l"  pa thways ,  o r  m i g h t  Ca ~+ a n d  

T A B L E  I I  

EFFECTS OF TEST SOLUTIONS ON RECOVERY TIME ONSET 

Mean ratio of recovery 
Drug times Range No. of recordings 

0.5 mM BuscGMP (20 s) 0.7 0.5-0.8 8/10 
50/~g/ml PGF k (45 s) 0.4 0.2-0.7 8/8 
5 mM IBMX (10 s) 0.7 0.5-0.7 9/11 
10 -9 M Ca s+ (4 min) 0.6 0.4-0.7 7/8 
50 #.g/ml PGEI (30 s) 1.5 1.2-1.7 8/10 

Analysis of the effects of test agents on the acceleration or delay of membrane potential recovery 
during dark adaptation after a bright-adapting flash. The ratio of the times of onset of membrane 
recovery in various test and control Ringer's provides a normalized value of the acceleration or 
delay of membrane recovery. The mean and range of this ratio are shown in columns 2 and 3. 
The number of recordings that showed a significant change (P < 0.01) is shown in the last 
column along with the total number of experiments tried. The mean ratio must be viewed only 
approximately since its value is dependent on the time of onset of membrane recovery in control 
Ringer's in each cell. For example, if a particular drug accelerated membrane recovery from a 
control of 60 s down to 30 s, the ratio of recovery would be 0.5 or 50% of the control value. 
However, if in another cell the same drug accelerated recovery from a control of 25 s down to 20 
s, the change would not be significant (ratio 0.8). Yet it must be emphasized that in 152 rods a 
membrane recovery of about 20 s was the fastest observed and appeared to be a limiting value. In 
fact, in several cases the apparent failure of drug action may be explained by a membrane 
recovery in control Ringer's which was already very fast and near the limiting value before drug 
addition (e.g., hence only 9 of 11 rods were significantly affected by IBMX). 

c G M P  m o d u l a t e  the  i n t r ace l l u l a r  c o n c e n t r a t i o n  o f  each o ther?  For  e x a m p l e ,  it 
is conce ivable  tha t  the  cyclic nuc l eo t ide  regu la tes  Ca 2+ levels (Schultz  et al., 
1973; Be r r idge ,  1975) which  in t u r n  p r o d u c e  the  a l t e ra t ions  in  the  electrical 
activity o f  the  rod .  I f  this is so, o u r  da ta  sugges t  tha t  i nc r ea s ing  c G M P  levels in  
the  rod  reduces  cytosol Ca z+ c o n c e n t r a t i o n .  O n e  way this cou ld  be accompl i shed  
is t h r o u g h  the  s t imu la t i on  o f  Ca2+-ATPase p u m p s  by cGMP.  It  has b e e n  
r e p o r t e d  that  Ca2+-ATPase p u m p s  are  located in bo th  the p l a sma  a n d  disk 
m e m b r a n e s  (Bownds  et al . ,  1971; Hag ins  a n d  Yoshikami ,  1974; Mason  et al . ,  
1974; Ostwald  a n d  Hel le r ,  1972); thus ,  w h e n  cGMP levels in  the  r od  o u t e r  
s e g m e n t  a re  i nc r ea sed ,  the  activity o f  the  Ca 2+ p u m p s  is e n h a n c e d  a n d  cytosol 
Ca z+ levels a re  l owered .  Wi th  lower  i n t r ace l l u l a r  Ca 2+ levels,  m o r e  N a  + c h a n n e l s  
are  o p e n e d  a n d  avai lable  for  b lockade ;  the  r ecep to r  depo la r i zes ,  a n d  r e s p o n s e  
a m p l i t u d e s  increase .  Also,  a f te r  a b r i g h t - a d a p t i n g  f lash,  cytosol Ca 2+ levels a re  
r e d u c e d  fas ter ,  r e s u l t i n g  in  a s h o r t e n e d  pe r iod  o f  r e c e p t o r  s a tu ra t i on ;  hence ,  
the  onse t  o f  m e m b r a n e  recovery  d u r i n g  d a r k  a d a p t a t i o n  is acce le ra ted .  
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T h e r e  is some tentative evidence in suppor t  o f  such a scheme (Lipton,  1977). 
For instance, it was possible to negate the effect  o f  a 30-s addit ion o f  0.5 m M  
Bu'.cGMP with a 15-s application o f  0.5 mM Bu'.cAMP, but  the same level o f  
Bu'.cAMP did not  block the actions o f  low (0.8 raM) Ca 2+. On  the o the r  hand,  
high (3.2 mM) Ca '.+ opposed  the effects o f  0.5 mM Bu'.cGMP. We would expect  
these results only if  cGMP led to lowered Ca '.+ levels which then  p roduced  the 
observed electrical effects.  I f  the pathway were the opposite ,  i.e. low Ca z+ 
leading to increased cGMP which in tu rn  b rough t  about  the effects, we would 
expect  Bu'.cAMP to be able to block not  only the effects o f  Bu'.cGMP but  also 
the effects o f  low Ca 2+. It  is possible, however,  that these prel iminary results 
were due  to for tui tous concentra t ion effects; f u r the r  exper iments  should settle 
this point.  

A related hypothesis that could also explain the data proposes  that  cGMP 
and Ca 2+ are dual,  sequential  messengers in rod  excitation. For example ,  it is 
known that light-activation o f  rhodops in  stimulates PhDE activity causing a 
precipitous fall in cGMP levels. W o o d r u f f  et al. (1977) have recently shown that  
photoactivation o f  one  rhodops in  molecule results in the hydrolysis of  1,000- 
2,000 molecules o f  cGMP within 100-300 ms. This  rapid decrease  in cGMP could 
p roduce  an inhibition o f  the Ca 2+ pumps ,  resulting in a rapid  rise of  cytosol 
Ca '.+. Since increased Ca ~+ levels appear  to decrease Na + conductance  of  outer  
segment  plasma membrane ,  the rod would hyperpolar ize .  This scheme is 
summar ized  below: 

hv ~ ~' PhDE---* ~ cGMP ~ ~' Ca'.+---~ ~ g~a. 

T h e  kinetics o f  cGMP decrease af ter  a light flash appear  fast enough  to be 
involved in visual excitation (Woodru f f  et al., 1977), but  a definitive study o f  
the time course o f  the whole set o f  reactions has not yet been carr ied out .  

T h e  alternative possibility to explain the interact ion between Ca '.+ and cGMP 
is that Ca 2+ affects the cGMP concent ra t ion  in the rod ,  and it is the cyclic 
nucleotide that produces  the electrophysiological effects. In fact, by analogy to 
o ther  tissues (Berr idge,  1975), it is very possible that low Ca '.+ produces  an 
increase in cGMP levels in rod  ou te r  segments and that high Ca 2+ produces  a 
decrease.  For  example ,  it has been shown that Ca '.+ affects guanylate  cyclase 
activity in smooth muscle, exocrine pancreas,  and o ther  cell types (Berr idge,  
1975). One  model  o f  excitation consistent with this scheme suggests that light- 
activation o f  rhodops in  leads to a rise in cytosol Ca ".+ which in tu rn  lowers 
cGMP levels. T h e  l ight- induced decrease in cyclic nucleotide might  depress 
protein kinase activity responsible for  phosphoryla t ion (Suther land,  1972) or ,  
more  rapidly,  interact  allosterically with a plasma m e m b r a n e  prote in  which 
normally maintains open  Na + channels  in the ou te r  segment  m e m b r a n e  in the 
dark.  Hence ,  in the light the Na + permeabili ty o f  the outer  segment  decreases, 
and the membrane  hyperpolar izes .  This  scheme may be summar ized  as follows: 

hv ~ 1' Ca ~+--, ~, cGMP---, ~ gNa- 

On the o ther  hand,  ra the r  than high Ca '.+ depressing cGMP levels which in 
tu rn  lead to hyperpolar izat ion o f  the rod,  the decrease in cGMP t r iggered by 
light and increased Ca '.+ could represen t  a positive feed-forward  step (similar 
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to endochondra l  bone,  [Rasmussen et al., 1972]). This fall in cGMP, with 
resulting relative inhibition of  the Ca 2+ pumps ,  would enhance  the rise of  
cytosol calcium, ensure  that it is not  too rapidly removed,  and result in the 
reaction cycle: 

hv ~ 1' Ca 2+ ----> 

In conclusion, our  results suggest that Ca *+ and cGMP are interrelated 
messengers in the rod cell and that their  effects are inversely related,  i.e. an 
increase in cGMP mimics low Ca ~+ and vice versa. We speculate that  Ca 2+ levels 
in the rod may be modula ted  by cGMP, perhaps  by stimulating CaZ+-activated 
ATPase  pumps  on ei ther  the disk or the plasma membranes .  However ,  there  
are testable alternatives, and it is difficult at present  to fit the available data into 
a unique  scheme that describes the relat ionship between these two intracellular 
control  substances. 

A P P E N D I X  

D r u g  Ef fec t s  on  t h e  R e s p o n s e  W a v e f o r m  

Duration of Light Responses 

When dark-adapted  rods were exposed to IBMX for more  than 3-4 min, the 
l ight-evoked responses increased significantly in durat ion (Fig. 1 A). These  
findings, by themselves,  suggested perhaps  that IBMX, and hence increased 
cGMP levels, were prolonging the presence o f  the internal  messenger  (e.g., 
Ca 2+) on the plasma membrane  by inhibiting ra ther  than stimulating a Ca 2+ 
pump.  Other  exper iments ,  however,  showed that this hypothesis could not  be 
correct:  (a) low extracellular Ca z+ (which in all probability decreased intracellu- 
lar Ca 2+) p roduced  similar effects to cGMP. Hence,  it did not appear  likely that 
cGMP was prolonging the presence o f  cytosol Ca 2+ by inhibiting a pump;  (b) 
af ter  a bright flash, cGMP or low Ca 2+ accelerated the onset  of  membrane  
recovery dur ing  dark  adaptat ion.  Tha t  is, we observed that the response 
dura t ion  after  a bright  step was shor tened  with IBMX or low Ca 2+ t rea tment  
(Fig. 10, and,  in the preceding paper ,  Fig. 11). Thus ,  there  is an apparen t  
paradox  because in the dark-adapted  ret ina IBMX (increasing cGMP) or 
lowering extracellular Ca 2+ pro longed  response dura t ion to br ief  flashes 
whereas af ter  a bright  step of  light the onset o f  membrane  recovery was 
accelerated by increased cGMP or low Ca ~+, i.e., dura t ion o f  the response to 
the adapt ing flash was shor tened.  

T h e  paradox can be explained in the following way. Suppose that the open  
Na + channels and the p u m p  sites compete  for  messenger  (e.g., Ca2+). After  a 
bright  step of  light, all the Na + channels in the rod outer  segment  are blocked. 
T h e  onset of  membrane  potential  recovery f rom the saturation level dur ing  
dark  adaptat ion will d e p e n d  on how fast the blocking particles are removed  
f rom the plasma membrane .  I f  Ca z+ is the blocking particle, and Ca 2+ levels 
in the cytosol are lowered by pumps  which can be stimulated by cGMP, then 
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increasing cGMP levels in the rod would accelerate the clearing o f  the cytosol 
o f  Ca z+. Thus ,  the period o f  saturation would be shor tened,  as would the dura-  
tion o f  the response.  

In  the dark-adapted  retina, on the o ther  hand,  IBMX increases cGMP levels 
which stimulate p u m p  activity and lower cytosol Ca 2+. This results in an 
increased number  o f  open  Na + channels.  Thus ,  the cell depolarizes and the 
ampli tude of  a response to a brief  flash is increased. But also, because so many 
more  Na + channels are available for blocking, the number  of  Na + channels 
statistically overwhelms the pumping  sites in competi t ion for released Ca z+. 
Thus  the durat ion o f  a response to a flash is prolonged,  i.e. released Ca 2+ is 
more  likely to encounter  an open  Na + channel  than a p u m p  site as compared  
to the control condition. I f  this notion is correct,  we would also expect that low 
Ca 2+ infusions (about 4 min) would increase response dura t ion since additional 
Na + channels are presumably opened  under  these conditions. This was observed'  
(see Fig. 2 A, preceding paper).  

Finally, the effects o f  cGMP and  low Ca z+ on the kinetics o f  the t ime-to-peak 
o f  the receptor  response are also consistent with the interpretat ion that cGMP 
is stimulating inactivation or  p u m p i n g  of  the blocking particles, and that the 
blocking particles (or internal transmitter) are Ca *+ (Lipton, 1977). 

We thank Patricia A. Sheppard for preparing the figures and Michael H. Zeldin for helpful 
discussions. 
This research was supported in part by a National Eye Institute Grant EY-00824. Stuart A. Lipton 
received support from a National Institutes of Health Medical Scientist Training Program grant to 
the University of Pennsylvania School of Medicine. Many of the experiments reported here were 
described in a thesis presented by Stuart A. Lipton to the Department of Biochemistry and 
Biophysics in partial fulfillment for the degree of Ph.D. 

Received for publication 17 March 1977. 

REFERENCES 

BERRIDGE, M.J. 1975. The interaction of cyclic nucleotides and calcium in the control of 
cellular activity. In Advances in Cyclic Nucleotide Research. P. Greengard and G. A. 
Robison, editors. Raven Press, New York. 6:1-98. 

BERTI, F., H. g.  NAIMZADA, R. LENTATI, M. M. USARDI, P. MANTEGAZZA, and R. 
PAOLETT1. 1967. Relations between some in vitro and in vivo effects of postaglandin Ex. 
Prog. Biochem. Pharmacol. 3:110-121. 

BITENSKY, M. W., R. E. GORMAN, and W. H. MILLER. 1971. Adenyl cyclase as a link 
between photon capture and changes in membrane permeability of frog photorecep- 
tors. Proc. Natl. Acad. Sci. U. S. A. 68:561-562. 

BITENSKY, M. W., R. E. GORMAN, and W. H. MILLER. 1972. Digitonin effects on 
photoreceptor adenylate cyclase. Science (Wash. D. C.). 175:1363-1364. 

BORLE, A. B. 1974. Cyclic AMP stimulation of calcium efflux from kidney, liver, and 
heart mitochondria. J. Merabr. Biol. 16:221-236. 

BOWNDS, D., A. GOal)ON-WALg~a, A. D. GAIDE-HuGuEt~tN, and W. E. ROBINSON. 1971. 
Characterization and analysis of frog photoreceptor membranes. J. Gen. Physiol. 
58:225-237. 

Cn^I)ER, G., R. BENSlNCE~, M. JOHNSON, and R. FLETCHER. 1973. Phosphodiesterase: 



790 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  " V O L U M E  7 0  • 1 9 7 7  

an impor tant  role in cyclic nucleotide regulat ion in the retina. Exp. Eye Res. 17:483-486. 
CHADER, G. J . ,  L. R. HERZ, and R. T. FLETCHER. 1974a. Light activation of  phosphodi-  

esterase activity in retinal rod outer  segments. Biochim. Biophys. Acta. 347:491-493. 
CHADER, G. J. ,  M. JoHNsoN, R. T.  FLETCHER, and R. BENSINGE~. 1974b. Cyclic 

nucleotide phosphodiesterase of  the bovine retina: activity, subcellular distribution 
and kinetic parameters .  J. Neurochem. 22:93-99. 

CLEGG, P. C., W. J .  HALL, and V. R. P~CKLES. 1966. The  action of  ketonic prostaglandins 
on the guinea pig myomet r ium.J .  Physiol. (Lond.). 183:123-144. 

EBREY, T.  G., and D. C. HooD. 1973. The  effect of  cyclic nucleotide phosphodiesterase 
inhibitors on the frog rod  receptor  potential.  In Biochemistry and Physiology of  
Visual Pigments. H. Langer ,  editor.  Spr inger-Verlag New York Inc. ,  New York. 341- 
350. 

FreEDMAN, H. H.,  C. P. B~ANCH1, and S. J. WEiss. 1974. Structural aspects of  the effect 
of  ethylaminobenzoates on caffeine contrac ture .J .  Pharmacol. Exp. Ther. 189:423-433. 

GoRmlS, C., N. VmMAUX, H. L. CAILLa, and M. A. DELAAGE. 1974. Rapid,  light- 
induced changes of  retinal cyclic GMP levels. FEBS (Fed. Eur. Biochem. Soc.) Lett. 
49:167-169. 

Gosmls ,  C., N. VmMAUX, M. WELLES, and P. F. URBAN. 1976. Role of  cyclic nucleotides 
in photoreceptor  function. In Transmit ters  in the Visual Process. S. L. Bonting, 
editor.  Pergamon Press, Oxford .  27-~58. 

HAGINS, W., and S. YOSmKAML 1974. A role for Ca 2+ in excitation of  retinal rods and 
cones. Exp. Eye Res. 18:299-305. 

HOOD, D. C., and T. G. Emt~Y. 1974. On the possible role of  cAMP in receptor  dark 
adaptat ion.  Vision Res. 14:437-440. 

HOWELL, S. L., and W. MONTAGUE. 1975. Regulation by nucleotides of  calcium 45 
uptake in homogenates o f  rat islets of  Langerhans.  FEBS (Fed. Eur. Biochem. Soc.)Lett. 
52:48-52. 

KEIRNS, J. J . ,  N. MIKI, M. W. BITENSKY, and M. KEmNS. 1975. A link between 
rhodopsin  and disc membrane  cyclic nucleotide phosphodiesterase:  action spectrum 
and sensitivity to illumination. Biochemistry. 14:2760-2766. 

LEnNINCER, A. L. 1970a. Mitochondria and calcium ion transport .  Biochem. J. 119:129- 
138. 

L~nNINCER, A. L. 1970b. Biochemistry. Worth,  Inc. ,  New York. 
LIPTON, S. A. 1977. Electrical and adaptive propert ies  of  rod photoreceptors  in Bufo 

marinus: interrelated effects of  Ca 2+, cyclic nucleotides, and prostaglandins as intracel- 
lular messengers. Ph.D. Thesis.  University of  Pennsylvania School of Medicine, 
Philadelphia,  Pa. 

MALAlSSE, W . J .  1973. Insulin secretion: multifactored regulation for a single process of 
release. Diabetologica. 9:167-173. 

MANTHOnPE, M., and D. G. McCoNNELL. 1974. Adenylate  cyclase in vertebrate retina. 
J. Biol. Chem. 249:4608-4613. 

MASON, W. T. ,  R. S. FAGER, and E. W. ABRAHAMSON. 1974. Ion fluxes in disk 
membranes of  retinal rod outer  segments. Nature (Lond.). 247:562-563. 

McCoLLUM, W. B., H. R. BgSCH, M. L. ENTMAN, and A. SCHWAnTZ. 1972. Apparen t  
initial binding rate of  calcium by canine cardiac-relaxing system. Am. J. Physiol. 
223:608-619. 

MIKX, N.,  J .  J.  KEIRNS, F. R. MARCUS, J. FRErMAN, and M. W. BITENSKY. 1973. 
Regulation of  cyclic nucleotide concentrations in photoreceptors:  an ATP-dependen t  



LITTON, R^SMUSSEN, AND ]~OWL][NG Effects of Cyclic NucleOtides on Rod Activity 791 

stimulation of cyclic nucleotide phosphodiesterase by light. Proc. Natl. Acad. Sc~. U. S. 
A. 70:3820-3824. 

OSTWALD, T. J., and J. HELLER. 1972. Properties of magnesium: or calcium-dependent 
ade~osine triphosphatase from frog rt3fl photoreceptor outer Segment disks and its 
inhibition by illumination. Biochemist~: ii:4679-4686. 

PAi~NBACKER, R. G. 1973. Control of guanylate cyclase activity in the rod outer segment. 
Science (Wash. D. C.). 182:1138-1141. 

PANNBACKER, R. G. 1994. Cyclic nucleotide metab~slism in human photoreceptors. 
Invest. Ophthalmol. 15:535-538. 

RAMWZLL, P. W., editor, 1973. The Prostaglandins, Plenum Press; New York. 1. 
RAMwELL, P. W., and J. E. SHAW. i970. Biological significance Of dae prostaglandins. 

Recent Prog. Horm; Res. 26:139-187. 
RAMWELL, P. W., anti J. E. SHAW. 1971. The biological significance of the prostaglandins. 

Ann. N. Y. Acad. Sci. 180:10-13. 
RASMUSSEN, H. 1970. Cell communication, calcium ion, and cychc adenosine monophos- 

phate. Science (Wash. D. C.). 170:404-4i2. 
RASMUSSEN, H., and D. B. P. Goon/oiaN. 1975. Calcium and cAMP as interrelated 

intracellular messengers. Ann. N. Y. Act,d. Sci. 255:789-796. 
itaSMUSSZN, H., D. B. P. GOODMAN, and A. TENENHOUSE. 1972. The role of Cyclic AMP 

in cell activation. Crit. ReD. Biochem; i'95-148. 
R~SMUSSI~N, H., P. JENSEN, W. LAKE; N. FRIEDMAN, and D. B. P. GOODMAN. 1975; 

Cyclic nucleotides and cellular calcium metabolism~ In AdvanCes in Cyclic Nucle0tide 
Research. G. I. Drummond, P. Greengard, aiqd G. A. Robisort, editors. Raven Pi~es$; 
New York. 5:375=$94. 

Ro~B, R. M. 1974: Histochemical evidence of Cyclic nucleotide phosphodiesterase in 
photoreceptor ouier segments. Invest. OphthalmOl. 15:740-747, 

SAMUELSSON, B., E. GRaNSTR6M, K. GREEN, M. HAMBERG~ and S. HAMMARSTROM. 
1975. Prostaglandins; Annu, Rev. Biochem. 44:669-695. 

SCHULTZ, G., J. G. HARDMAN~ K. SCHULTZ, C. E. BAIRD, and E. W. SUTHERLANb. 1973. 
The importance of calcium ions for the regulation of guanosine ~' ,5'-cyclic monophos- 
phate levels. Proc. Natl. ACad, Sci. U. S. A, 70:3889-3893. 

SHAW, J. E., W. GmSON, S. jESVP, and P~ W. RAMWELL. 1971, The effect Of PGEi on 
cyclic AMP and ion movements in turkey' erythrocytes. Ann. N; Y. Acad. Sci, 180:]]41- 
260. 

SHt~TZ, L., and G. V. MAmNETTI. 1972. Calcium binding to the rat liver p|a~ma 
membrane. Biochim: Biophys. Acta. 290:70-83, 

STRONG, C. G., and D. F. BOHR. 1967. Effects of prostaglandins E~, E~, At and iz~ on 
isolated vascular smooth muscle. Am. J.  Physiol, 215:725-73~, 

Sta~KHE, P. V., G, I. DRUMMOND, and D. C. NG. 1973. Calcium binding by skeletal 
muscle sarcolemma. J. Biol. Chem. 248:4150-4157. 

SUTHEma~ND, E. W. 1972. -StUdies on the mechanism of hormone action. Science (Wash. 
D. C.). 177:401-408. 

WOODRUFF, M. L., P. BOWNDS, S. H. GREEN, J. L. MORRISEY, and A. 8HEDLOVSKY. 
1977. Guanosine 3',5'-cyclic monophosphate and the in vitro physiology of frog 
photoreceptor membranes. J. Gen, Physiol. 69:667-679. 

Z^RET, W. N. 1972. The effects of calcium, calcium-chelating drugs and methylxanthirles 
on the vertebrate photoreceptor potential, Ph.D, Thesis. New York Universityj New 
York. 


