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S u m m a r y .  The light-sensitive current in photoreceptors is con- 
ducted by a single class of ion channels gated by the binding of 
multiple molecules of cytoplasmic cGMP. Both Na and Ca ions 
enter the outer segment through this channel and Ca behaves 
as a blocking ion, greatly reducing the influx of Na. Because 
intraceUular Ca functions as the cytosolic messenger for light 
adaptation, and this channel is the major entry point for Ca into 
the outer segment, we seek a better understanding of the selectiv- 
ity properties of the channel and how they affect intracellular 
Ca levels. In these studies, we added divalent cations to the 
cytoplasmic face of an excised patch at constant, symmetrical 
[Na]. Our results suggest a novel high-affinity divalent binding 
site at the internal face of the channel. At constant low levels of 
cGMP, the addition of 10-100 nM cytoplasmic Ca or Mg attenu- 
ated the current 5- to 10-fold. There is also a low-affinity site, 
midway through the transmembrane field; saturation of this site 
reduces the divalent-free current -100-fold. The presence of a 
high-affinity cytoplasmic site raises the question of whether Ca 
regulates the photoreceptor current through a direct interaction 
with the channel perhaps altering the channel selectivity or ki- 
netics. 

K ey  W o r d s  v i s ion  - p h o t o t r a n s d u c t i o n  - nucleotide-gated 
channel - divalent block • macroscopic current recording 

ABBREVIATIONS 

cGMP, 3-'Y-cyclic guanosine mono-phosphate; t-V, current-volt- 
age relation; Cai, cytoplasmic Ca ,-+ concentration; INa, sodium 
current; OS, outer segment. Elemental symbols such as Na and 
Ca were used throughout the manuscript to indicate the appro- 
priate ions such as Na + and Ca 2+. 

Introduction 

Light-sensitive current in the retinal photoreceptor 
outer segment (OS) is thought to be carried through 
a single class of ion channels. The opening probabil- 
ity of a channel is governed by a cooperative binding 
reaction involving three or more cytoplasmic cGMP 
molecules (reviewed by Liebman, Parker and Dratz, 

1987 and Yau and Baylor, 1989). A dynamic inter- 
play between cGMP synthesis and hydrolysis results 
in changes in cytoplasmic cGMP levels which, in 
turn, regulate the OS membrane potential. The nu- 
cleotide, therefore, links the photochemical reac- 
tions on the disc membrane to the voltage signaling 
across the plasmalemma, 

The light-sensitive current, conducted through 
the nucleotide-activated channels, is carried by both 
Na and Ca ions and relevant experiments are dis- 
cussed in the review by Yau and Baylor (1989). Since 
Ca has an important role as the intracellular second 
messenger for light adaptation and the cGMP-acti- 
rated channel is the primary entry path for Ca in the 
OS (see Yau, 1991 and references listed within), an 
important biophysical goal is to understand how the 
cGMP-activated channel processes both ions and 
what factors modulate the fraction of light-sensitive 
current carried by Ca. Electrophysiological ap- 
proaches, particularly current recordings from ex- 
cised OS patches, provide a preparation in which 
voltage, cGMP levels and the ionic environment are 
under the control of the investigator (Hamill et al., 
1981). Using this technique, a great deal has been 
learned about channel activation and monovalent 
ion selectivity in the absence of divalent cations 
(Karpen et at., 1988; Tanaka, Eccleston & Furman, 
1989; Furman & Tanaka, 1990; Menini, 1990, and 
references listed within these papers). 

An obvious limitation of electrical recordings, 
however, is that the movement of Na and Ca are 
indistinguishable, restricting the type of questions 
one can address about the Na :Ca selectivity of the 
channel. In addition, Ca is a potent blocker of Na 
movement through the channel reducing the current 
magnitude I0- to 200-fold when both Na and Ca are 
present. Cucrents in pure Ca solutions are also small, 
and it has not been possible to measure current re- 
versal potentials under divalent bionic conditions 
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to estimate the relative permeability of the channel 
(unpublished results; Colomartino, Menini & Torre, 
1991). 

To better understand the interaction of Ca with 
the channel, we took advantage of the divalent block 
and treated the divalent as an inhibitor of the sodium 
current. Ca was added to the cytoplasmic face of a 
patch at constant, symmetrical Na concentrations 
and the macroscopic currents were examined at 20 
and 200/XM cGMP. We found evidence for at least 
two Ca binding sites; one was a high affinity site 
which effected changes in the current at concentra- 
tions as low as 10 nM Ca and the other, with a 
K0. 5 in the mM range, produced a strong, voltage- 
dependent block. The effects at low Ca levels were 
more apparent when the cGMP concentration was 
20 /XM cGMP, which is near the K0.5 for channel 
activation. 

Preliminary reports of this work have been pub- 
lished (Tanaka & Furman, 1990; Su, Furman and 
Tanaka, 1991). 

held inside the electrode by a 120-mM KC1 agar bridge. Similar 
bridges were used for both the ground electrode and a bath refer- 
ence amplifier that compensated for liquid-junction potentials. 

Once a tight seal was obtained (1-5 Gf~), the electrode was 
moved into the solution stream of the S-shaped inflow tube, 
providing sharp solution boundaries as the solutions were 
changed. This design minimized the equilibration time of each 
solution switch and was necessary to permit recordings from 12 
solutions with minimal changes in the seal properties. 

A 700-msec linear voltage ramp from -90 mV to 90 mV was 
applied to an excised membrane patch as previously described 
(Tanaka et al., 1989) and the current was low-pass filtered at 
1 kHz (eight-pole Bessel, Frequency Devices, Haverhill, MA). 
Currents were simultaneously displayed on storage oscilloscope 
and stored to hard disc at 5 kHz by a 12-bit A/D (Labmaster, 
Scientific Solutions, Solon, OH). 

The leak current was measured in the absence of nucleotide 
with symmetrical solutions across the patch, cGMP-activated 
currents were measured after - l-min exposure to a solution con- 
taining cGMP. The control current was digitally subtracted from 
the activated current during analysis as detailed in Furman and 
Tanaka (1990), and all results are presented as net cGMP-acti- 
vated currents. Currents are displayed in the physiological con- 
vention where negative potentials generate inward membrane 
currents from pipette to bath. 

Materials and Methods 

MATERIALS 

EGTA, HEPES, HEDTA, NaCI and 3'5' guanosine cyclic mono- 
phosphate (cGMP) were obtained from Sigma Chemical; EDTA 
was obtained from Baker and MgCI 2, CaC12 were obtained from 
Fisher Scientific. 

PREPARATION 

Full details of the preparation have been presented (Furman & 
Tanaka, 1990), Retinas were dissected under red light from dark- 
adapted Rana pipiens in a Ringer solution containing (mM) 112 
NaCI, 1.9 KC1, 1.1 CaC12, 5 HEPES, pH 7.4, 1.6 MgCI 2 and 5 
glucose. The retinas were stored in cold Ringer in a dark con- 
tainer; small aliquots (5 p,1) of dissociated photoreceptors were 
layered onto the bottom of the chamber. The addition of 0.5% 
Percotl to the Ringer solution seemed to promote settling of the 
rods onto the chamber floor. After the cells settled to the floor, 
solution was continuously flowed into the chamber through a 
small S-shaped delivery tube. All experiments were done at room 
temperature and in room light. 

CURRENT RECORDING 

Complete details of the patch electrodes and the electronics have 
been previously reported (Furman & Tanaka, 1988, 1990). Com- 
ing 0010 glass was used to pull electrodes with tip resistances of 
10-20 Mgt. The electrodes were filled with a solution containing 
(mM) 120 NaC1, 1 EDTA, 1 EGTA, 5 HEPES/Na at 7.2 pH 
(Solution A). 

The electrodes were connected to the headstage of a Dagan 
8900 patch-clamp amplifier through a Ag/AgCI wire which was 

CONTROLS 

To record currents in a single patch as divalent ion concentrations 
were explored from 10 -9 M to 10 -2 M, we first determined that the 
seal resistance in the absence of cGMP showed little change from 
t0 -9 M to 1 mM Ca or Mg. We then routinely subtracted the leak 
current recorded in Solution A, in the absence of nucleotide, from 
all cGMP-activated traces with divalent concentrations less than 
I mM. For solutions containing 1 mM or 10 mM Ca or Mg, the 
leak current was measured with the divalent cation, in the absence 
of cGMP, and subtracted from the current with cGMP. 

The patches we used for analysis were stable, retained their 
responsiveness to cGMP and were reproducible with multiple 
application of the same concentration of divalent cations. The 
results were independent of the order of presentation of the solu- 
tions. Exposure of the patch to high concentrations of divalent 
cations for long times (the average exposure time was 1-2 rain) 
often resulted in large increases in the current, especially at low 
concentrations of cGMP. Some of this was due to slowly revers- 
ible changes in the seal resistance and some may have been 
due to changes in the channel sensitivity to cGMP (Kantrowitz- 
Gordon & Zimmerman, 1991). We routinely kept the exposure of 
the patch to high divalents as brief as possible and returned to 
the control solution to be sure that the maximal response to cGMP 
was unchanged. If the control current attenuated during the appli- 
cation of the solutions, we repeated the run: if the patch lost its 
responsiveness, we rejected it for analysis. 

DIVALENT SOLUTIONS 

For most of the experiments reported in this paper, the bath 
contained Solution A (120 m s  NaCl, 5 mM HEPES, pH 7.2 and 
1 mM NaEGTA and 1 mM NaEDTA). The total divalent required 
to obtain the desired free concentration with 1 mM of both EDTA 
and EGTA present was calculated using a computer program, 
Max Chelator 3.1, which was generously distributed by Chris 
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Pat ton,  Hopkins  Marine  Station, Pacific Grove,  CA. The  stability 
cons tan ts  f rom Martell and Smith (1974) for E D T A  binding Ca 

were 10.69 and 3.18 and  fbr Mg were 8.79 and 3.85 at 0.12 N salt 
and 20°C and f rom Fabiato and Fabiato (1979) for E GTA were 
10.72 and  5.33 for Ca and 5.21 and  3.37 for Mg. H E D T A  alone 
was used  to buffer  Ca at 10 -6 and 10 .5 M. The total divalent 
metal  added with 1 mM of  E D T A  and 1 mM E G T A  is given in 
paren theses  following the free concentrat ion:  10 -9 M Ca (4.6 × 
10 5 M); 10 .8 M Ca (3.5 × 10 .4 M); 10 -7 M Ca (1.2 x 10 '3 M). At 
10 -6 M C a ,  1 mM H E D T A  was used to buffer  the Ca and 2.88 × 
10 .4 M Ca was added; at 10 5 M Ca, 8.11 × 10 .4 M Ca was added. 
For  the Mg solutions with 1 mM E D T A  and 1 mN E G T A the free 
concent ra t ions  used the following total amoun t s  of  metal;  10 .9 M 
Mg (5.3 × 10 -7 M); 10 -8 M Mg (5.2 × 10 6 g ) ;  10 .7 M Mg (5.0 × 
10 -$ M); 10 -6 M Mg (3.5 × 10 .4 M); and 10 -5 M Mg (8.5 x 10 -4 M). 
At higher concent ra t ions ,  the  free divalent was equal  to total 
divalent  in the absence  o f  chelator.  In our  initial exper iments ,  we 
verified with a Ca electrode that the measured  level of  free Ca in 
the solutions was equal to that calculated over  the range of  10 7 
M to 10 .5 M Ca. 

were adjusted for each plot based  on the current  magni tude  to 
maintain a similar visual perspect ive  among  the variables.  

Results 

In these studies, Ca and Mg were treated as classical 
inhibitors of the sodium transport through the 
cGMP-activated channel in order to develop a better 
understanding of the nature of the divalent interac- 
tions with the channel. The experimental protocol 
maintained a constant [Na] on both sides of an ex- 
cised patch while Ca or Mg was varied at the cyto- 
plasmic face. The first set of experiments were done 
with saturating levels of cGMP; the second set used 
levels of 20 /ZM cGMP, near the Ko.5 for current 
activation. 

C A L C U L A T I O N  OF F R A C T I O N  B L O C K  

The fraction o f  current  blocked by divalents was determined by 
first averaging the  net  c G M P  current  over  l -mV neighborhoods 
at t0 -mV intervals  from ---90 mV to 90 inV. The  averaged control 
current  in the absence  of  divalent  cations,/max, and the averaged 
current  in the presence  of Ca or Mg, Ite~t, were used to est imate 

Fract ion Block ( F b )  = ( /max  - Itest)/Imax" 

Fract ion Unblocked  (lc),b) = 1 - F b 

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

Curren ts  were collected during application of  linear voltage ramps 
from - 9 0  mV to 90 mV and then from 90 to - 9 0  mV. The currents ,  
consist ing of  4676 a/d  points,  were digitally averaged from each 
ramp and stored to disc as a single ramp of 2338 a/d current  values.  
Previously,  we de termined that the ramp I -V  was equivalent  to 
the s teady-s ta te  I-V because  currents  averaged during the last 50 
msec  of  100-msec voltage steps coincided with the cont inuous  
I -V  genera ted  f rom the slow, 700-msec,  voltage ramp (see Fig. 1, 
F u r m a n  & Tanaka ,  1990). 

In order to appreciate  the  changes  in the  I -V  relations as the 
concentra t ion  o f  divalent  cat ions was altered, three-dimensional  
plots were cons t ruc ted  from the I -V  relations at each divalent 
concentrat ion.  For  each patch,  the currents  were averaged in 
4-mV neighborhoods  every  10 mV and the averaged current  val- 
ues,  voltages and divalent  concentra t ions  were entered into the 
Grid program in Suffer  ® (Golden Software, Golden,  CO). The 
m i n i m u m  curvature  smooth ing  funct ion was then used to develop 
a grid. This  process  first calculates initial values for the grid 
e lements  based on the data and then repeatedly applies the mini- 
mization algori thm (Briggs, 1974) to the surface.  The  grid is recal- 
culated at progress ive  i terations until success ive  changes  in the  
values  of  the  e lements  are within a user-specified m a x i m u m  abso- 
lute error. The  three-dimensional  surface was then cons t ruc ted  
f rom the Grid using the  Suffer  @ program.  For  mos t  of  the plots, 
a 300 ° angle of  rotation about  the  z axis was used with an ortho- 
graphic perspect ive  and a 30 ° tilt after rotation to permit  viewing 
of the entire data  surface.  Z-axis scaling factors and x : y ratios 

C H A N G E S  IN T H E / - V  R E L A T I O N S  AT S A T U R A T I N G  

[cGMP] AS A F U N C T I O N  OF I N C R E A S I N G  C A L C I U M  

The current activated by 200 #xg cGMP was re- 
corded in response to a linear voltage ramp at in- 
creasing Ca concentrations; results from a typical 
experiment are shown in Fig. 1A. Inward currents 
at hyperpolarizing potentials can be conceptualized 
as Na movement from the extracellular side of the 
membrane (pipette) to the cytoplasmic side (bath) 
in the presence of a cytoplasmic divalent blocker. 
Outward currents are more complex as they trans- 
port ions under varying ionic conditions from the 
cytoplasmic side (bath) into the pipette. 

In the absence of divalent cations, the Na cur- 
rent-voltage (I-V) curve shows a slight outward rec- 
tification due to weakly voltage-dependent channel 
opening transitions at saturating concentrations of 
cGMP (see discussion, Tanaka et al., 1989). At low 
levels of free Ca, the currents are similar and difficult 
to distinguish in this graphical presentation. Above 
10 .5 M Ca, the currents in both directions are attenu- 
ated as a function of increasing [Ca]. Above 1 msv~ 
Ca, the inward currents change shape such that the 
shallow slope at potentials between zero and - 3 0  
mV becomes significantly steeper with more hyper- 
polarization. This profile is consistent with a voltage- 
relieved Ca block produced by Ca entering into the 
channel from the cytoplasmic side, against the ther- 
modynamic gradient, and briefly impeding the net 
inward Na flux. As the hyperpolarization increases, 
the thermodynamic gradient becomes steeper and 
the entry rate for Ca ions moving uphill into the 
channel decreases. 

Outward currents reflect the movement of both 
Na and Ca through the channel from the bath to the 
pipette. At Ca levels of ->10 -~ M, attenuation of 
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Fig. 1. (.4) Current-voltage (I-V) relations at 200/~M cGMP as cytoplasmic [Ca] is increased. Macroscopic I-V relations were recorded 
from inside/out membrane patches excised from Rana pipiens rod outer segments by applying a 700-msec lineal- voltage ramp from 
-90 to 90 mV. Control 1-V's in the absence of cGMP were subtracted as described in Materials and Methods. The largest trace was 
the/-V recorded with symmetrical Solution A on both sides of the membrane in the presence of 200 p~N cGMP on the cytoplasmic face 
(see Furman and Tanaka, 1990). 1-V's were recorded as [Ca]i was increased in the bath (cytoplasmic face) at constant 120 mM NaC1. 
Traces shown were 10 -7, 10 -5, 10 -4, 10 -3, and 10 -2 M Ca. The traces at concentrations less than 10 -4 M, overlay each other in this 
graphical presentation. The inward current at 10 -4 M Ca i over laps  the first three traces, but the outward current shows considerable 
attenuation. The smallest currents were recorded in 1 and 10 mM Ca and show progressive block. Both inward and outward currents 
are >90% attenuated at 10 mM Ca in the bath. Patch 9322c4. (B) Three-dimensional surface showing current, voltage and Ca 
concentration at 200 p~M cGMP. Net cGMP inward currents and voltages at varying [Ca] were entered into Surfer ®, a three-dimensional 
plotting routine, and used to calculate a three-dimensional grid. A minimum curvature routine in the Surfer ® program was used to 
develop the surface (see Materials and Methods), on which the actual data are plotted. By following the top of the surface from left 
to right, we see changes in the current as Ca is raised from 1 nM to 10 mM. 

the ou tward  current  is seen wi thout  a change  in 
cu rva tu re  o f  the I - V .  This feature  might  be expec ted  
if Ca  is pe rmean t  but  has a smaller  c o n d u c t a n c e  
than  Na.  

Prev ious  exper iments  di rected us to look for  a 
high affinity divalent  binding site in addit ion to the 
p rominen t  one  at - 1  mM. In  planar  bi layers  con-  
taining cGMP-ac t iva t ed  channels  (Tanaka  et al., 
1987), large increases  in the currents  were  seen when  
divalent  levels were  dec reased  be low - 1 0 0  nM. To 
de te rmine  whe t he r  these  changes  could  be seen in 
in situ currents ,  we  explored  a large range o f  divalent  
concen t ra t ions .  Al though  not  apparen t  in Fig. IA,  
we cons i s ten t ly  saw subtle,  but  reproducib le  and 
reversible ,  cur rent  changes  at ve ry  low [Ca]i. To  
be t te r  visualize these data,  three-dimensional  sur- 
faces  o f  cur ren t  vs.  vol tage vs.  divalent  concen t ra -  
t ion were  cons t ruc ted .  The  current  vs.  voltage rela- 
t ions in Fig. IA were  used to fo rm the surface shown 
in Fig. lB. Tradi t ional  cur rent  vs.  concen t ra t ion  rela- 
t ions are  d isp layed in the x-y plane and vol tage is 
p lot ted in the z axis. The  top edge o f  the surface in 

Fig. 1B, fur thes t  f rom the eye ,  shows  the  inward  
current  vs.  [Ca] at - 9 0  mV.  Fol lowing  the d i rec t ion 
o f  increasing Ca concen t r a t ion  (left to  right), the 
current  displays c o m p l e x  behav io r  with several  
peaks  and val leys apparent .  

The  three-d imens ional  surface shows  clear  and 
strong block o f  inward  cur ren ts  by  cy top l a smic  Ca  
in the mM range. The  midpoin t  o f  b lock  appears  to  
be be tween  I and 10 mM Ca at - 9 0  mV.  The  vol tage  
dependence  o f  this b lock  is apprec ia t ed  by  fol lowing 
the cu rva tu re  o f  the cur ren t  vs .  vol tage  lines at high 
Ca concent ra t ions .  In  con t ras t ,  the changes  in cur-  
rent  seen at the low concen t ra t ions  o f  Ca  show little 
cu rva tu re  suggest ing that  these  effects  are  re la t ively  
vol tage independent .  

The  data  shown  in Fig. 1 are  cons i s ten t  with re- 
ports  by  Co lomar t ino  et al. (1991) and Z i m m e r m a n  
and Bay to r  (1992) o f  divalent  b lock  o f  the inward  cur-  
rent  by  mM concen t ra t ions  o f  divalent  cat ions .  In  ad- 
dition to this site, our  data  also suggest  the ex is tence  
o f  a m u c h  higher  affinity binding site p roduc ing  
changes  in the cur rents  at ve ry  low levels  o f  Ca.  
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Fig, 2. Three-dimensional plots showing the effect of [Ca] (,4 and B) and [Mg] (C and D) at saturating cGMP levels. (A) Currents from 
the patch shown in Fig. 1 were digitally averaged in a 4-mV neighborhood every t0 mV and entered into Surfer ® as described above. 
The left panel shows the inward currents recorded at potentials from -90 t o -  10 mV at 10-fold increases in the Ca concentration. The 
surface is essentially identical to the one computed using the enire data set, Fig. lB. Multiple binding sites for Ca are suggested by the 
changes in the currents at low concentrations of Ca. ]From inspection, the midpoint for Ca block at -80 mV is ~2 mM Ca (see Table 
1). Since the pipette is divalent free, the inward current is carried by sodium alone and block is occurring as Ca enters the channel from 
the bath. (B) The outward current surface shows little change in the current until >10 -~ M Ca where steep block begins. The midpoint 
for block of the outward current is ~.2 mM at 80 mV. 

(C and D) A three-dimensional surface was constructed with the Surfer ® program on data from a patch exposed to Mg as described 
above. As with the Ca surface, we see some changes in the current at low Mg levels and the low-affinity block is quite pronounced. 
Several features of this patch illustrate consistent differences between the effects of Ca and Mg. The inward current at high concentrations 
of divalents was more effectively blocked with Ca, whereas the outward current was more effectively blocked with Mg. Also, the 
outward currents were blocked by lower concentrations of Mg than Ca. 

COMPARISONS BETWEEN THE EFFECTS OF Ca AND 
Mg AT SATURATING cGMP 

Previous work (Tanaka & Furman, 1990; Colomar- 
tino et al., 1991; Zimmerman & Baylor, 1992) 
showed that the low-affinity Ca block of the cGMP 
channel is not specific for Ca. In particular, Mg was 
shown to produce a similar block of the inward cur- 
rent at mM concentrations. To investigate the diva- 
lent specificity of the high-affinity site, we replaced 
Ca with Mg and measured the I -V relations over the 
same concentration range. 

In Fig. 2 we show the three-dimensional sur- 
faces from a patch exposed to Ca (same patch as 
shown in Fig. 1) and another patch exposed to Mg. 
Fig. 2.4 and C are inward current surfaces and B 
and D are outward current surfaces. The Mg profile 
shows clearly the low-affinity binding site; changes 
in the current at very low Mg levels are not as pro- 
nounced as with Ca. 

Several features consistently appeared with 
both Ca and Mg titration. First, the changes in the 
currents with divalent cations occurred over five to 
sixfold changes in the divalent concentrations; such 
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Table 1. S u m m a r y  of  K05 values  for Ca and Mg 
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Low affinity Z i m m e r m a n  & Baylor (1992) 

Divalent [cGMP] - 8 0  mV 80 mV - 3 0  mV 30 mV 

C a  (n = 7) 
M g  (n = 9) 

C a  (n = 6) 
M g  (n = 7) 

Ca  (n = 8) 
M g  (n = 7) 

200/~M 1 mM 0.5 mM 
200 /~M 10 mM --0,1 mM 

20 p~M ND ~ 1 mM 
20 /xM --1 p~M 1-10 p,M 

Voltage dependence  at 200 ~M cGMP 

0.020 -+ 0.0038 
0.016 -+ 0,004 

0.4 mM 
2,1 mM 

50 mV/decade  
62 mV/decade  

1.4 mM 
0.22 mM 

effects were not expected from a single binding site 
model. Secondly, the reproducible changes in the 
current at low concentrations of divalents, between 
10 and 100 riM, suggest the presence of a high-affinity 
binding site. Estimates of the concentration of diva- 
lents producing 50% block, the K0. 5 values, for the 
low-affinity site are given in Table 1. 

Several features of the divalent effects also 
showed consistent differences between the diva- 
lents. First, Ca produced a more complete block of 
the inward current than Mg. One possible reason for 
the smaller inward currents with internal Ca is that 
Ca binds more tightly to the low-affinity site resulting 
in a longer transit time through the channel than Mg 
(or for inward currents, a longer dwell time in the 
channel) thereby occluding Na movement through 
the channels for a greater fraction of the time. Sec- 
ondly, Mg block of the outward current was more 
complete than Ca block and was evident at lower 
concentrations than Ca block. Table 2 compares the 
averaged fraction of current in the presence of Ca 
and Mg. At 1 mM divalents, 55% of the inward cur- 
rent at -80 mV remains when Ca is present, as 
opposed to 84% when Mg is present. At 80 mV, the 
fraction of current remaining when I mM Ca or Mg 
was added was 24% for Ca but only 9% for Mg. The 
results of Colomartino et al. (1991) at 1 mM Ca and 
Mg are also shown in Table 2 and generally agree 
with our values. The general features of Ca and Mg 
block, shown in Fig. 2, were representative of >20 
patches. Overall, the peak heights and valley depths 
varied from patch to patch, but the divalent locations 
of the peaks and valleys were remarkably constant. 

CHANGES IN THE / - V  R E L A T I O N S  AT 20  /ZM c G M P  

AS A F U N C T I O N  OF C A L C I U M  

The modest changes in cGMP-activated currents in 
the range of 10 - 9  t o  10 -5 M divalent concentrations 
were inconsistent with the large current changes we 

Table 2. Compar i son  of  the average fraction of  the current  re- 
maining at 200 and 20 p,M cGMP by Ca and Mg 

- 8 0  mV 80 mV 

200/xM cGMP 
1 mM Ca (n = 7) 0.55 -+ 0.22 
I mM Mg (n = 7) 0.84 +- 0.13 

10 mM Ca 0,34 -+ 0,21 
l0 mM Mg 0,55 +- 0.15 

20 /xM cGMP 
1 mM Ca (n = 5) 0,62 -+ 0.48 
1 mM Mg (n = 3), 0,21 +- 0.20 

100 p~M cGMP* ~g - 6 0  mV 
1 mM Ca 0,66 
1 mM Mg 0.60 

5 p,M cGMP* 6 '  - 6 0  mV 
1 mM Ca 0,44 
1 mM Mg 0.34 

0.24 + 0.12 
0.09 -+ 0.04 

0,20 -+ 0,24 
0,06 -+ 0.04 

0.20 -+ 0.15 
0.02 -+ 0.02 

* Resul ts  taken from Colomart ino et al. (1991), 

had seen in bilayer experiments when divalent levels 
were reduced to <150/XM (see Fig. 2, Tanaka et al., 
1987, and unpublished results). In the patch experi- 
ments, we used saturating levels of cGMP to max- 
imize the channel opening probability, whereas in 
the bilayer experiments, we used lower concentra- 
tions of cGMP to resolve individual channel fluctua- 
tions. To explore the effects of divalent cations at 
low levels of cGMP, we examined the currents over 
a wide divalent concentration range, using 20 /xM 
cGMP to activate the channels. This nucleotide level 
is close to the K0.5 for cGMP activation previously 
determined to be 24/XM (Tanaka et al., 1989), and 
much greater than the cytosolic levels, estimated in 
the dark as -4/xM (Pugh & Lamb, 1990). The higher 
concentration was necessary to achieve a reasonable 
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signal to noise current  ratio and for accurate current 1000 [ 
measurements  in the presence of divalent block. 

To determine the maximum current for each 750 
patch, I - V  responses were measured at saturating 
cGMP without divalent cations. A control current < 50o 
was then recorded at 20/.¢M cGMP in the absence of ~ [ 
divalent cations. With cGMP held constant at 20 ~M,  ~ 250 ~- @ 
I - V ' s  were generated as lO-fold increments of  Ca 

o were added at the cytoplasmic face of  the patch, o 
Results from one experiment  are shown in Fig. 3. 
Panel A shows the typical, outwardly rectifying I - V  -250 
at saturating cGMP. The I - V  at 20 ~M has a similar 
shape but the current  is attenuated about 50%. When -500 - 1 0 0  
Ca was added to the bath at I0 -s M, the current 
decreased dramatically. The inward current is barely 
visible and the outward current is -25% of the con- 200 
trol value. Panel B is an expanded current axis re- 
vealing little change in the shape of the I - V  from the 
20 /J.M cGMP divalent-free control. When the Cai < 
level was raised to 10 .7 M, the current increased ~ ~00 
modestly although it was still significantly smaller -~ 
than the current  at 10 .9 M. Panel C shows the I - V  ® 
relations at higher concentrat ions of Ca. As the Ca = 
levels are increased, the I- V relations show apprecia- w o 
ble shape changes for the currents in both directions. 

As might be expected,  much greater variability 
among patches was seen at low cGMP levels. Often t 00 
the currents were noisy, especially at large hyperpo- - i oo 
larizing potentials, and frequently the patches broke 
in high Ca solutions. The striking current attenuation 200 
at 10 -8 M C a i ,  however ,  was very reproducible. A 
comparison of  the effects of  Ca and Mg at low cGMP 
levels is shown in the data from four separate 
patches in Fig. 4. Panels A and C show inward cur- 
rents as Ca i is increased. The decrease in current at 
10 -8 M produces a deep valley in both surfaces. 
Panels E and G show similar depressions at the same 
concentrat ion of Mgx. In all patches, the currents 
rise as the divalent is increased above 10 -s M and 
local peaks are prominent in all panels. At even 
higher concentrat ions,  the current decreases again 
but with more patch-to-patch variability. The out- 
ward currents,  presented in the companion panels 
of  Fig. 4, also show a prominent  depression in the 
current  at low divalent levels. 

Data from multiple patches were averaged for 
each divalent and the normalized currents at - 8 0  
mV are plotted against the divalent concentrat ion in 
Fig. 5. Despite the large variability shown by the 
standard deviations, the overall shapes of  the aver- 
aged data agree with the features of  the surfaces in 
Fig. 4. And while it may be more difficult to argue 
from the averaged data that the current rises above 
10 -8 M are significant, the large changes in the cur- 
rent at 10 -s M would not be predicted by a single 
low-affinity binding site. 

A. 

Control 

IO-SM 

- 5 0  0 50 100 
M e m b r a n e  p o t e n t i a l ,  mV 

B. 

10 M 

- 5 0  0 50 

M e m b r a n e  p o t e n t i a l ,  mV 

100 

C, 

10 - /  
100 

0~ 

0 

1 

10-2M f 
- 1 0 0  

100 - 5 0  0 50 100 

Membrane potential, mV 

Fig. 3. The effect of Ca on currents activated by 20/*M cGMP 
(,4) The net current in symmetrical solutions in the absence of 
divalent cations (Solution A) was recorded at 200/xN cGMP and 
20 /xM cGMP. The trace labeled 10-SM in A had 20/xM cGMP 
and 10 s M Ca in the bath. The current decreased dramatically 
between 10 -9 M Ca to 10 -8 M Ca without an appreciable change 
in the shape. (B) The current at 10 -7 M shows partial recovery 
from the block at 10 -8 M. (C) 1-V relations at 10 -4 M, 10 .3 M, and 
10 -2 M Ca. The current is significantly attenuated at 1 mM Ca. 
The inward current at 10 mM Ca, suggestive of a voltage-relieved 
block, probably reflects instability of the seal. In general, cells 
did not tolerate these conditions well and often broke during the 
strong depolarization in 10 mM Ca. (Patch 9327cl). 



252 J.C. Tanaka and R.E. Furman: Divalent Block of cGMP-Activated Channels 

"K 
o. 

o 

A 

/ W  

C 
"7 

~b 

C C " ~  3 .  - ~  " 
/ W  

B 

"K 
o~ 

/ o 9  
C C ' ~  3 .  - o  

D 

c c ~  
/W 

Fig. 4. Comparison of Ca and Mg 
effects in 20/XM cGMP. (A-D) 
Three-dimensional profiles for two 
patches exposed to Ca; (E-H) show 
surfaces from two patches exposed 
to Mg. The large decrease in the 
current seen at 10 8 M Ca in Fig. 3 
appears as a deep valley in the 
surfaces of both inward and 
outward currents in all patches. The 
currents show partial recovery at 
-1 IxM divalents. Surfaces were 
constructed as described in Fig. 3. 
As the Ca is raised from 10 9 M to 
10 -8 M, both inward and outward 
currents decrease to 10 or 20% of 
the initial current. (Patch 9327cl,  
Ca: Patch 9325c2 and 9325cl,  Mg). 
The initial block for both Ca and 
Mg occurs at 10 -8 M and appears to 
block currents in both directions. 
The lower-affinity block, occurring 
between 10 -5 and 10 .4 M for Mg but 
not until 10 -3 M for Ca, is the most 
distinguishing difference between 
the two divalents. Average values 
of the midpoints for low-affinity 
block are given in Table 1. 

The current block at low levels of cGMP are 
compared with results on similar experiments by 
Colomartino et al. (1991) using 5/xM cGMP in Table 
2. The fraction of inward current at - 8 0  mV with 20 
/XM cGMP was 62% with 1 mM Ca and 21% with 1 
mM Mg. At 5/XM, Colomartino et al. reported 44% 
of the control current with 1 mN Ca and 34% with 1 
mM Mg. In both cases, the fraction of current 
blocked with 1 mM divalent cations is significantly 
different from that fraction blocked at high cGMP 
levels. 

V O L T A G E  D E P E N D E N C E  OF D I V A L E N T  E F F E C T S  

The voltage dependence of block provides informa- 
tion on the affinity and relative locations of the 
blocking site within the transmembrane field for the 

simple case of an impermeant ion reacting with a 
single binding site (Woodhull, 1973). The Woodhull 
derivation cannot be applied to Ca block of the pho- 
toreceptor channel since several of the initial as- 
sumptions are violated in this situation. However, 
we can use the voltage dependence of the divalent 
effects to qualitatively decide whether the divalent 
sites are located inside or outside of the membrane 
field. 

In Fig. 6, a semi-log plot of divalent block v s .  

voltage is shown for data at high and low concentra- 
tions of cGMP. At saturating cGMP levels, Fig. 6A, 
no voltage dependence of the inward current block 
is seen at low levels of Ca suggesting that the divalent 
site lies outside the membrane field. At 1 and 10 mM, 
the voltage dependence is 50 mV/decade and 38 mV/ 
decade, respectively, suggesting that the low-affinity 
site lies within the membrane field. For outward 
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Fig. 4. Continued 

currents, the divalent block of current is indepen- 
dent of voltage, consistent with divalent, as well as 
monovalent, permeation through the channel. The 
voltage dependence of the low-affinity divalent 
block of the inward current was averaged for sev- 
eral patches and the averaged values are given in 
Table 1. 

Fig. 6B shows the voltage dependence of Mg 
block at 20/xM cGMP. As seen in Fig. 6A, the voltage 
dependence of block is slight at low Mg concentra- 
tions. At higher concentrations of Mg, voltage de- 
pendent inward block is observable with slopes (see 
figure legend for the range over which slopes were 
determined) of 63 and 50 mV/decade for 1 and 10 
mM Mg, respectively. 

Our estimates of the concentration and voltage 
dependence of block for the low-affinity site are in 

good agreement with the estimates of Zimmerman 
and Baylor (1992). Average values from their work, 
measured at -+30 mV, are compared with our mea- 
surements at -+80 mV in Table 1. 

Discussion 

These experiments provide the first evidence for a 
voltage-independent, high-affinity Ca binding site at 
the cytoplasmic face of the nucleotide-activated 
photoreceptor channel. Reducing cGMP levels 
greatly enhances the effects of Ca on macroscopic 
currents. At 20 txM cGMP, changes in cytoplasmic 
Ca levels near the range of Ca signaling in the cell, 
produce a 5 to 10-fold change in the macroscopic 
currents. The presence of a divalent binding site 
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Fig. 5. Averaged effects of Ca and Mg at low cGMP levels. Data with standard deviations about the mean were averaged from seven 
patches at -80  mV for Ca (A) and Mg (B) although not all concentrations were available for each patch. As the divalent concentration 
is raised from 10 -9 M, the mean inward current is reduced to -20% in 10 -8 M Ca and 40% at 10 -8 M Mg. With further increase in the 
divalent concentrations, the currents recover somewhat. Variability among the patches is considerable and contributes to the large 
deviations; however, the same general features seen in the three-dimensional surfaces are also clear in these data. 

modulated by cytosolic Ca at physiological concen- 
trations raises several questions. Does the Ca site 
affect ion permeation directly or indirectly by alter- 
ations in the channel kinetics? Does this binding 
site play a physiological role in photoreceptor 
signaling? 

THE EFFECTS OF DIVALENT CATIONS ON 

MACROSCOPIC PATCH CURRENTS 

Zimmerman and Baylor (1992) recently examined 
the interactions of Na, Ca and Mg in excised patches 
to better understand ion permeation through the 
cGMP-activated channel. They developed a single 
binding site permeation model to explain a number 
of experimental results involving the physiological 
ions. Based on their model, they conclude that a 
single, low-affinity binding site dominates ion per- 
meation and block in the photoreceptor channel al- 
though other sites, such as a high-affinity site, may 
be present. 

Zimmerman and Baylor fitted their conductance 
vs. divalent concentration data under conditions 
where we see little effect of the high-affinity site, 
i.e., at saturating levels of cGMP and -+30 mV (see 
their Figs. 7 and 8). While we have tried to fit our/-V 
relations at 200 b~M cGMP with a single-site model 
similar to the one used by Zimmerman and Baylor 
(results not shown), our efforts have failed to predict 
the current changes at low levels of divalent cations 
and at greater voltages ( -90  mV). This might be 

expected if the high-affinity site affects channel gat- 
ing rather than permeation. In view of the multiple 
conducting states of the channel (Zimmerman & 
Baylor, 1986; Ildefonse & Bennett, 1991), a perme- 
ation model based on data at saturating cGMP levels 
may only describe the highest conducting state of 
the channel that may be dominated by the low-affin- 
ity site. The permeation features of the other con- 
ducting states, open more frequently at lower nucle- 
otide levels, may vary in their selectivity properties 
as suggested by Cervetto et al. (1988). 

Colomartino et al. (1991) examined the effects 
of divalent cations at high and low levels of cGMP 
and concluded that both divalent block and perme- 
ation depend on the level of cGMP. When they com- 
pared the blocking effect of 1 mM Ca and Mg at 
different concentrations of cGMP, they found that 
the fraction of current blocked was dependent on 
the nucleotide concentration in a complex way. Our 
results show a similar complex interaction between 
block and nucleotide activation (see Table 2). Colo- 
martino and collaborators also noted that Mg levels, 
but not Ca levels, affected the cGMP dose-response 
relationship suggesting a difference between the di- 
valents in their interaction with channel gating. They 
proposed that different conducting states of the 
channel have different affinities for the divalent cat- 
ions. The authors note that besides the low-affinity, 
voltage-dependent divalent blocking site, divalent 
cations can block the channel in a voltage-indepen- 
dent way. This observation matches the lack of volt- 
age dependence we see for the high-affinity site. 
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Fig. 6. Fraction of current blocked vs. V m. (A) Block at 200/~M 
cGMP for Ca. The fraction of current blocked (Fh) by either 10 -7 
M (©), 1 mM (A) or 10 mM (O) Ca was calculated for the patch 
shown in Fig. 1. The slope of log (Fraction blocked/Fraction 
unblocked) (F/I:],~,) vs. V,,, was fitted for each concentration. At 
10 -7 M Ca, the slope, determined from a linear fit from -90 to 
-10 mV (omitting the value at -50  mV), was 0.005 (i- = 0.664, 
n = 8). At higher [Ca], slopes were determined from -90  to -30 
mV; the slope at 1 mM Ca is 0.02 (r = 0.99) and the slope at 10 
mM Ca is 0.026 (r = 0.99). These slopes correspond to 50 mV and 
38 mV/decade, respectively. (B) Voltage dependence of Mg block 
at 20 IxM cGMP at 10 nM (O), 1 mM (ll) and 10 mM (~). No 
voltage dependence is seen in the block at 10 nM Mg. At 1 mM 
Mg, the slope was 0.016 from 70 to - 10 mV (62 mV/decade). 
At 10 mM Mg, the slope was 0.020 over the same voltage range 
which is 38 mV/decade. (Patch 9325c2). 

To investigate the cellular role of the high-affin- 
ity site, it will be necessary to develop a better under- 
standing of channel permeation and block, ionic se- 
lectivity, and nucleotide gating. The physiological 
conditions under which the channel functions imply 
a competition between Na, Ca and Mg at each mem- 
brane face, adding considerable complexity to de- 
termining the flux of each ion in the macroscopic 
currents. In addition, for conditions reflective of the 
cytoplasmic environment, the level of cGMP should 
be reduced to dark levels, estimated to be - 4  /XM 
(Pugh & Lamb, 1990). Ultimately, we seek to answer 
physiologically relevant questions about the channel 
such as what fraction of the photoreceptor current 
is carried by Ca and how does the fraction change 
as background light levels change. Similar questions 
have been addressed in other channels where rela- 
tive Ca entry is important. Decker and Dani (1990) 
recently developed a permeation model for the ace- 
tylcholine receptor that predicts the fraction of cur- 
rent carried by both Na and Ca under physiological 
conditions. Although the cGMP-activated channel 
gating and permeation appear more complex, mod- 
els of this type should be a useful starting point in 
predicting Ca entry in the outer segment. 

Conclusion 

Recent work on the cGMP-activated channel shows 
that both channel activation and permeation are 
more complex and interrelated than initially appreci- 
ated. Whether this complexity plays a direct role in 
physiological signaling or an indirect, supporting 
role subserving physical and structural needs of the 
channel monomers to form the channel complex, is 
unclear at present. Given the photoreceptor's efforts 
to regulate intracellular Ca levels, it would seem 
likely that all these findings hint at important, but 
subtle, controls for Ca entry into the OS. 

PHYSIOLOGICAL RELEVANCE OF THE 

HIGH-AFFINITY SITE 

Our results showing the modulation of cGMP-acti- 
rated currents by a high-affinity divalent binding site 
and the complex interactions between divalent and 
nucteotide levels seen by Cotomartino et al. (1991) 
raise the possibility that cytosolic Ca levels feedback 
on the channel directly to regulate the current. Given 
the small excursion in intracellular Ca levels, esti- 
mated from 140 to 220 nM (Ratto et at., 1988), and 
the > 103-fold change in light sensitivity with changes 
in background light levels (Baylor et al., 1980), it 
seems reasonable to expect multiple points of Ca 
feedback in the outer segment. 
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