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A B S T R A C T We investigated the effects of high concentrations of cytoplasmic 
cyclic GMP on the photocurrent kinetics and light sensitivity of the tiger 
salamander rod both in intact cells and in detached outer segments. Photore- 
ceptors were internally perfused with cGMP by applying patch pipettes contain- 
ing cGMP to the inner or outer segment. Large increases in the concentration 
of cGMP in the outer segment cytoplasm were achieved only when the patch 
pipette was applied directly to the outer segment. The dark-current amplitude 
increased with increasing cGMP concentrations up to -1,400 pA. Internal 
perfusion with 5.0 mM cGMP introduced a delay of 1-3 s in the photocurrent. 
The magnitude of the delay was inversely proportional to the light intensity. 
In addition, the photocurrent time course was slowed down and the light 
sensitivity, measured 1 s after the flash, was decreased ~100-fold when com- 
pared with that of the intact cell. The observed effects of cGMP were compared 
with those predicted by a model that assumes that the initial photocurrent time 
course is determined by the kinetics of the light-activated phosphodiesterase 
(PDE) and the cGMP dependence of the light-sensitive channels. At high 
concentrations of cGMP, the experimental data were similar to those predicted 
by the model and based on the known biochemical properties of the light- 
activated PDE and cGMP-activated channels. 

I N T R O D U C T I O N  

Illumination of rod photoreceptors in the vertebrate retina leads to the closure 
of ionic channels in the plasma membrane of the outer segment (Hagins et al., 
1970; Bodia and Detwiler, 1985). The time course and amplitude of the resulting 
photocurrent are determined by the intensity of the stimulus (Baylor et al., 
1979a). Cyclic GMP molecules are thought to act as an internal messenger 
coupling the photoexcitation of  rhodopsin in the rods to the closure of the ion 
channels (reviewed by Pugh and Cobbs, 1986). This hypothesis is supported by 
the findings that photoexcited rhodopsin activates a cGMP-specific phosphodi- 
esterase (PDE) (reviewed by Stryer, 1986) and that cGMP opens channels in 
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excised patches of  outer segment membrane (Fesenko et al., 1985; Haynes et al., 
1986; Zimmerman and Baylor, 1986), in intact rods (Miller, 1982; Matthews et 
al., 1985; Cobbs and Pugh, 1985), and in truncated rod outer segments (Yau 
and Nakatani, 1985). The cGMP-activated channels appear to be identical to the 
light-sensitive channels (Matthews, 1986). 

To understand the role of  cGMP in phototransduction, it is necessary to 
determine the relationship between the hydrolytic and synthetic processes that 
control the concentration of  cGMP in the outer segment cytoplasm and the 
amplitude and kinetics of  the photocurrent. Investigation of  the effects of 
increased cytoplasmic concentrations of  cGMP on the photoresponse provides 
an experimental tool to correlate the biochemical and electrophysiological pro- 
cesses. General agreement exists on the experimental finding that, in the dark, 
an increase in the cytoplasmic concentration of  cGMP depolarizes the rod 
membrane (Miller and Nicol, 1979; Brown and Waloga, 1981; Lipton, 1983) 
and increases the membrane conductance (MacLeish et al., 1984; Cobbs and 
Pugh, 1985; Matthews et al., 1985). However, less agreement exists on the 
experimental effects of  increased cGMP on the kinetics of  the photoresponse 
and the light sensitivity of  the cell. 

Nicol and Miller (1978) first reported that injection of  cGMP into rod outer 
segments delays the response to a flash of  light. They proposed that the increased 
latency occurred because hydrolysis of  the added cGMP was necessary before 
the ionic channels could close. These observations are central to the acceptance 
of the role of  cGMP as an internal messenger in phototransduction. However, 
similar experimental results were not obtained by others (Waloga, 1983; Lipton, 
1983). Cobbs and Pugh (1985) perfused isolated rods with cGMP using patch 
pipettes and found that cGMP can increase the photocurrent amplitude without 
changes in its latency. Cobbs and Pugh (1985) recognized that their observations 
might have resulted from ineffective perfusion of  cGMP into the outer segment. 
Brown and Waloga (1981) reported that injections of  cGMP did not effect the 
rod light sensitivity. However, Lipton (1983) found that cGMP injection reduced 
the sensitivity, while Cobbs et al. (1985) reported that internal perfusion of 
cGMP increased the sensitivity. 

We investigated the effects of cytoplasmic cGMP on the photocurrent with an 
improved method for the internal perfusion of  rod outer segments with cGMP. 
Our results resolve some of the experimental discrepancies described above and 
allow us to quantitatively relate the characteristics of  the photocurrent to the 
known biochemical controls of  cGMP. 

M E T H O D S  

Materials 

Larval-stage tiger salamanders (Ambystoma tigrinum) were maintained at 4~ with contin- 
uously recirculating water on a 12-h dark-light cycle. They were fed goldfish once a week. 
Minimum essential medium (MEM) amino acids and MEM vitamins were obtained from 
the tissue culture facility at the University of California at San Francisco. The calcium 
chelator BAPTA [1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid) was pur- 
chased from Molecular Probes, Inc. (Eugene, OR). The lectin concanavalin A (Con A), 
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type IV, cGMP, ATP, GTP, and 3-isobutyl-l-methylxanthine (IBMX) were purchased 
from Sigma Chemical Co. (St. Louis, MO). 

Mechanical Dissociation 

The procedure for mechanical isolation of single rods was similar to that described by 
Baylor et al. (1984) and by Hestrin (1987). A dark-adapted animal was decapitated and 
pithed. The retina was isolated from the eyecup under infrared (IR) illumination and 
placed in a supplemented salt solution containing (millimolar): 95 NaCI, 2 KCi, 1 CaCI2, 
2 MgCI~, 5 NaHCO3, 10 glucose, 10 HEPES, MEM amino acids, MEM vitamins, and 0.1 
mg/ml bovine serum albumin, pH 7.4. The osmolality of this solution was 224 mosM as 
measured in a freezing point depression osmometer (Advanced Instruments, Inc., Need- 
ham Heights, MA). To  dissociate cells, an isolated retina in supplemented salt solution 
without glucose was positioned with its photoreceptor side up on the Sylgard-coated (Dow 
Corning Corp., Midland, MI) bottom of a petri dish. The retina was finely chopped with 
a razor blade. The resulting suspension of retina fragments and isolated cells was 
transferred onto a Con A-coated coverslip (Bader et al., 1982). Cells were allowed to 
adhere to the coverslip for 20 rain, after which the incubation medium was replaced with 
a supplemented salt solution containing 10 mM glucose. 

Electrical Recording 

The coverslip with the attached cells was placed on the stage of an upright microscope 
and observed with differential interference contrast optics under IR illumination (830 + 
10 nm) with the aid of  a TV camera and monitor. Cells were continuously observed 
during electrode manipulations, but the IR source was turned off while photoresponses 
were recorded. Photoreceptors were illuminated on the microscope stage with light flashes 
produced by a tungsten source. The flash duration was 10 ms and was controlled by a 
mechanical shutter. The stimulating light was filtered with a narrow-band interference 
filter (500 _ 10 nm half-bandwidth; Ealing Corp., South Natwick, MA) and its intensity 
was adjusted with neutral density filters. The intensity of the stimuli was measured with a 
calibrated photodiode (model UV100, United Detector Technology, Hawthorne, CA) 
placed on the microscope stage. The effective collecting area of unpolarized light (A) of 
the outer segment was calculated by the following expression (Baylor et al., 1979b; Miller 
and Korenbrot, 1987): 

~rd21 
A = - - ~  0j,~,, 2.303fa, (1) 

where l is the outer segment length, d is its diameter, 0j~,, is the quantum efficiency of 
isomerization (0.67; Dartnali, 1972), a is the transverse specific density (0.012; Hfirosi, 
1975), and f is 0.63 for unpolarized light and a dichroic ratio of 3.78 (Hfirosi, 1975). 
Assuming an outer segment length of 22 ~m and a diameter of 11 #m, A -- 23.2 t~m ~. 
The collecting area is corrected for the difference between the stimulus used and the ~,~x 
(516 nm) of the salamander rod photopigment (Hfirosi, 1975). 

Patch-clamp recordings were conducted in either the cell-attached or whole-cell mode 
(Hamill et al., 1981). The patch pipettes had a tip diameter of 0.5-1.5 t~m and were 
coated with Sylgard. The pipettes were filled with a solution of the following composition 
(millimolar): 74 KOH, 4 MgCl~, 5 Na2ATP, 2 Na~GTP, 0.05 EGTA, and 15 KCI. HEPES 
was added in its acidic form until a pH of 7.4 was reached. The final concentration of 
HEPES was ~90 raM. When cGMP was included in the pipette, the concentration of 
KOH was reduced. The osmolality of the solutions was ~224 mosM. All recordings were 
made with cells bathed in supplemented salt solution. The reference electrode was 
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connected to the experimental chamber via a 120 mM NaCl/agar bridge. The junction 
potential at the tip of the pipette was measured as the voltage difference between the 
pipette filled with the internal solution and the salt solution in the experimental chamber. 
The membrane potential was corrected for the measured junction potential. 

Membrane currents were recorded with a patch-clamp amplifier (EPC-7, List-Medical, 
Darmstadt, Federal Republic of Germany). After establishing a tight seal with the cell's 
membrane, the capacitance of the pipette and headstage were canceled. To obtain a 
whole-cell recording, continuous suction was applied until the membrane within the 
pipette was disrupted and there was a sudden increase in capacitance. Pulses of 5 mV 
were applied to the pipette to monitor the capacitance of the cell. In all the experiments, 
unless specified otherwise, the cell membrane potential was held at - 3 0  mV. The series 
resistance that we measured in the whole-cell recordings was 4-14 Mfl. Typically, the 
series resistance was at the low end of this range. Under these conditions, an inward 
current of 1,500 pA would make the actual membrane potential more positive than its 
nominal value by ~10 mV. This error was neglected in the analysis of the photocurrent 
because the photocurrent is nearly voltage independent in the voltage range of the holding 
potential (Baylor and Nunn, 1986). On the other hand, in experiments in which the 
effects of the membrane potential were studied, a correction for the series resistance error 
was made. 

A microcomputer (PDP 11/23, Digital Equipment Corp., Maynard, MA) was used to 
acquire data and apply command voltages to the patch-clamp amplifier, as well as to 
control light stimuli. Analog data were filtered with an eight-pole Bessel filter (model 
902LPF, Frequency Devices, Haverhill, MA), digitized at 12-bit accuracy (model DT2782, 
Data Translation, Marlboro, MA), and stored on computer disks. The data were analyzed 
on a Micro VAXII computer (Digital Equipment Corp.). 

R E S U L T S  

Whole-Cell Recording of the Photoresponse of Isolated Rods 

T o  interpret  the effects o f  internally perfusing cGMP on phototransduct ion,  it 
was impor tant  to first de te rmine  the characteristics o f  photocurrents  measured 
in intact, unperfused  rods. Fig. 1 A illustrates photocurrents  r ecorded  f rom a 
cell-attached membrane  patch with the pipette applied to the outer  segment.  
Dim flashes p roduced  a cur ren t  that reached a peak in ~0 .75  s and then declined. 
As the intensity o f  the light increased, the peak ampli tude o f  the pho tocur ren t  
increased until it saturated; fu r ther  increases in light intensity pro longed the 
time spent in the saturated state. Fig. 1 B illustrates whole-cell photocurrents  
recorded  f rom an intact rod  with the pipette applied to the inner segment.  T h e  
holding potential  was - 3 0  mV. T h e  ampli tude o f  the maximum pho tocur ren t  
in this exper iment  was 94 pA. In some recordings,  the kinetics o f  the photore-  
sponse changed dur ing  the course o f  the exper iment .  These  data were not  used 
for fu r ther  analysis. T h e  time course o f  the pho tocur ren t  o f  most o f  the cells we 
recorded  f rom did not  change for up to 30 rain. Typically (but not  always), 
however,  the ampli tude o f  the dark cur ren t  decreased by ~30% within 2 -3  min 
after  the membrane  was ruptured .  T h e  average ampli tude o f  the initial dark 
cur ren t  f rom five dif ferent  cells was 75.2 + 12.9 pA (mean =t= SD). T h e  whole- 
cell photocurrents  are similar in time course and photosensitivity to those 
recorded  f rom a cell-attached membrane  patch. Whole-cell recordings with patch 
pipettes applied to the inner segment were, in general,  not  different  f rom 
recordings obtained with the pipette applied to the outer  segment.  
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Recording of  whole-cell currents with patch pipettes results in diffusional 
exchange of  the cytoplasm with the pipette-filling solution (Marty and Neher,  
1983). Therefore ,  whole-cell recordings from isolated rods may interfere with 
phototransduction by removing diffusable cytoplasmic substances or by intro- 
ducing foreign substances. To  compare the phototransduction process in inter- 
nally perfused rods with that in intact cells, we measured the photosensitivity 
and kinetics of  the photoresponse o f  perfused rods. Fig. 2 illustrates the depend- 
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FIGURE 1. (A) Photocur- 
rents recorded from a cell-at- 
tached patch of outer segment 
membrane. Flashes of dif- 
fused, unpolarized 500-nm 
light were presented at time 
zero. The light flashes, 10 ms 
in duration, delivered 1.7, 
3.6, I0.1, 28.6, and 340.0 
photons-#m -~. The current 
amplitude is given in refer- 
ence to the dark current, 
which is taken to be zero. Out- 
ward current is plotted up- 
ward. (B) Whole-cell photo- 
currents recorded from an in- 
tact rod. The patch pipette 
was sealed onto the inner seg- 
ment. The pipette contained 
the standard filling solution 
(see Methods) without cGMP. 
The holding potential was set 
at -30 mV. The responses to 
flashes that delivered 0.39, 
0.5, 1.1, 3.0, 16.9, and 99.7 
photons. #m -~ are shown. 

ence of  photocurrent  peak amplitude on light intensity measured in five different  
rods. This dependence can be described by the Michaelis function: 

R I 
(2) 

Rmax ~--- I "~ I0' 

where R and Rmax represent the amplitude (picoamperes) o f  the response at the 
peak and at saturation, respectively, I is the flash intensity (photons per square 
micron), and I0 is the half-saturating intensity (the light intensity at which the 
peak ampli tude reaches 50% of  the saturating flash response). The  average value 
of  I0 was 7.9 photons.  #m -2, which corresponds to ~ 183.3 photoexcited rhodop- 
sin molecules, assuming an effective collecting area of  the rod of  23.2 ~tm 2 (see 
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Methods). T h e  waveform o f  the response to a dim flash (inset) can be described 
by the independence  equation o f  Baylor et al. (1974): 

r(t) = Me -t/" (1 - e-'/') 3, (3) 

where r(t) is the response in picoamperes as a function o f  time t, k is a sensitivity 
factor, I is the flash intensity, and ~- is the characteristic t ime constant. T h e  
average value o f  r that we found in five cells was 0.534 _+ 0.065 s (mean _+ SD), 
which corresponds to t~ak = 0.74 S. 

T h e  whole-cell photocur ren ts  we measured are similar in their  photosensitivity 
and kinetics to photocur ren ts  measured f rom unperfused salamander rods (Bader 
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FIGURE 2. Dependence of the photocurrent peak amplitude on the intensity of the light 
stimulus. Data were collected from whole-cell photocurrents measured from five intact 
rods using a patch pipette without cGMP. The peak photocurrents measured from each 
cell were normalized by the maximal response of that cell. Flash intensities, given in 
photons per square micron, can be converted into rhodopsin isomerizations using an 
effective collecting area of 23.2 #m s. The line superimposed on the data represents the 
Michaelis function (Eq. 2), with I0 = 7.9 photons.#m -2. The inset shows the kinetics of 
the photocurrent, measured from a single rod, in response to a flash intensity of 0.39 
photons.#m -2. The filled circles represent the independence function (Eq. 3) with r -- 
620 ms, which corresponds to t~ak = 860 ms. 

et al., 1979; Baylor and Nunn,  1986). T h e  ampli tude o f  the dark cur ren t  we 
measured was ~40% larger than the dark cur ren t  measured with the suction 
pipette method.  However ,  this di f ference is expected  since suction pipettes collect 
only a fraction of  the total outer  segment current .  Thus,  internal perfusion with 
our  medium apparent ly does not interfere  with the physiology o f  phototransduc-  
tion in the rod. 

Photoresponse of lntact Rods Internally Perfused with cGMP 

Fig. 3 illustrates whole-cell photocurrents  r ecorded  from isolated rods that were 
internally perfused with 5.0 mM cGMP with the pipette applied ei ther  to the 
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inner  segment  (A) or  the ou te r  segment  (B) o f  di f ferent  rods. T h e  membrane  
potential  was held at - 3 0  mV in both  cases. Typically, the ampli tude of  the 
maximum pho tocur ren t  was much larger when the pipette was applied to the 
ou te r  segment.  In the exper iments  illustrated in Fig. 3, the maximal pho tocur ren t  
ampli tude was 280 pA with the pipette on the inner  segment and 1,500 pA with 
the pipette on the ou te r  segment.  T h e  photoresponses illustrated in Fig. 3 also 
di f fered in the dura t ion o f  the delay between flash presentat ion and the onset o f  
the photocur ren t .  When  the pipette was applied to the ou te r  segment this delay 
was - 1 - 3  s, whereas it was at most 300 ms when the pipette was applied to the 
inner  segment.  
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FIGURE 3. Whole -ce l l  pho- 
tocurrents measured with a 
patch pipette containing 5 
mM cGMP added to the stan- 
dard filling solution. (A) Pho- 
tocurrents recorded with the 
patch pipette sealed onto the 
inner segment of an intact 
rod. Illustrated are responses 
to 10-ms flashes that delivered 
3.02, 8.4, 15.4, 48, and 133 
photons. #m -2. The responses 
are slower in the time course 
than those recorded in the ab- 
sence of added cGMP, but 
they show relatively little de- 
lay. (B) Photocurrents re- 
corded with the patch pipette 
sealed onto the outer segment 
of an intact rod. Responses to 
flashes that delivered 5.1, 
11.:3, 29.8 and 306.0 pho- 
tons.#m -2. The photocur- 
rents exhibit a pronounced 
delay between the flash pres- 
entation and the rising phase 
of the response. 

Z immerman et al. (1985) have found  that the diffusion o f  dyes f rom a patch 
pipette applied to the inner  segment to the cytoplasm of  the ou te r  segment is a 
slow process requir ing ~ 1 min. Th e re fo r e ,  the di f ference in the effects o f  cGMP 
perfusion when the pipette was applied to the inner or  the ou te r  segment may 
have been the result of  insufficient t ime for diffusion o f  cGMP from the patch 
pipette on the inner segment  to the ou te r  segment.  We a t tempted  to test this by 
allowing several minutes for  cGMP to diffuse into the cells in the dark f rom a 
pipette applied on the inner  segment before  stimulating with light. In virtually 
all the cells studied (n - 26), we observed a rapid rundown of  the dark  cur ren t  
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during this waiting period. The dark current rundown was irreversible and we 
were unable to maintain the photoreceptors in the dark, in the presence of 
cGMP, for more than 1 min. In contrast, when the pipette was applied to the 
outer segment, we obtained stable recordings of dark currents >1,000 pA in 
amplitude for prolonged periods of time, up to 30 min. 

We have not investigated the mechanism that produced the rundown of the 
dark current when the pipette was sealed onto the inner segment. It is possible 
that the rundown was initiated by the large dark current that resulted from the 
increase in the cytoplasmic cGMP. Under these conditions, it can be expected 
that both Ca and Na ions will enter the outer segment. The increase in the 
cytoplasmic concentration of these ions might lead to reduction in the dark 
current (Yau and Nakatani, 1984; Hodgkin et al., 1985). When a pipette is sealed 
onto the outer segment, the concentrations of cytoplasmic Ca ~+ and Na + are 
likely to be maintained at a value close to that of the pipette-filling solution. In 
support of that notion, we found that detached outer segments, in the whole-cell 
mode, can sustain cGMP-induced dark currents of >1 nA for up to 30 min (see 
below). These results suggest that patch pipettes, when applied to the outer 
segment, are effective in maintaining low internal Ca and Na ions. 

The kinetics and amplitude of the photocurrents that we recorded from rods 
perfused with cGMP with patch pipettes applied onto the inner segment are, in 
general, similar to those first reported by Cobbs and Pugh (1985) and Matthews 
et al. (1985). However, as detailed in the Appendix, given the dissociation 
constant of the cGMP-activated channels, it would be expected that if cGMP is 
an internal messenger, then an increase in its concentration should introduce a 
delay in the response to light. The lack of a delay in the photoresponses, when 
perfusing cGMP from the inner segment, is inconsistent with this expectation. 
On the other hand, the photocurrents obtained with the pipette applied to the 
outer segment exhibited the predicted delay. The difference between the records 
from the inner and outer segments suggests that a patch pipette, when applied 
to the inner segment, is not very effective in increasing the concentration of 
cGMP in the outer segment. This conclusion is also supported by the observation 
that the amplitude of the dark current when the pipette is applied to the outer 
segment is larger than when the pipette is applied to the inner segment. We 
think that the failure to effectively increase the outer segment cGMP with 
pipettes placed on the inner segment resulted from the long pathway for diffusion 
between the pipette and the outer segment. Since we were not able to maintain 
the dark current with a pipette applied to the inner segment without severe 
rundown, we were prevented from allowing sufficient time for loading of the 
outer segment with cGMP. Under these conditions, a large increase in the 
concentration of internal cGMP can be obtained only with patch pipettes placed 
directly on the outer segment. Therefore, the studies of the effects of internal 
perfusion with cGMP described below were carried out with pipettes applied to 
the outer segment. 

Properties of the cGMP-activated Conductance in Detached Outer Segments 

If  it is experimentally more reliable to perfuse rods internally with patch pipettes 
placed on the outer segment, it may be of further advantage to study detached 
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outer segments to avoid uncertainties introduced by ionic channels and enzymatic 
processing in the inner segment. Therefore,  we examined the possibility of 
obtaining photoresponses from detached outer segments. Previously, Yau and 
Nakatani (1985), using suction electrodes, have shown that truncated rod outer 
segments can respond to light when perfused with cGMP, GTP, and ATP. 
Indeed, we were able to record photocurrents from detached outer segments 
patch-clamped in the whole-cell mode, with pipettes containing 2 mM GTP, 5.0 
mM ATP, and 0.2-5.0 mM cGMP. At a holding potential o f - 3 0  mV and in the 
presence of  5.0 mM cGMP, steady dark currents of  1,000-1,500 pA could be 
recorded for periods of  up to 30 min. 

To  establish that the channels opened by cGMP in the detached outer segment 
are the same as the light-sensitive channels in intact cells, we investigated the 
current-voltage characteristics and the reversal potential of  the cGMP-dependent 
current. Fig. 4A illustrates the effects of  a saturating flash of  light on the 
conductance of  the outer segment membrane. A test voltage from - 3 0  to +20 
mV was applied before and after a saturating flash. The resistance of  the outer 
segment was increased 55-fold 5 s after the flash, which indicates that ~98% of 
the conductance in the dark is light sensitive. Under continuous bright light, the 
current-voltage relation was linear, with an equivalent input resistance of  ~ 1,000 
Mfl (data not shown). Fig. 4B illustrates the current-voltage relation in the dark. 
The current-voltage relation shows a pronounced outward rectification and a 
reversal potential close to 0 mV. Similar results were obtained in four detached 
outer segments. Thus, the cGMP-activated conductance in detached rod outer 
segments is light sensitive and exhibits a current-voltage relation and reversal 
potential that are similar to the corresponding characteristics of  the light-sensitive 
conductance measured from intact salamander rods by Bader et al. (1979) and 
by Baylor and Nunn (1986). The presence or absence of  an inner segment did 
not make a significant difference in the records of  the light response or the dark 
current obtained by internally perfusing outer segments with cGMP. 

Effects of cGMP on the Dark Current 

The average dark current that we measured with a pipette that was applied to 
the outer segment and contained 5.0 mM cGMP was 1,374 pA (see Table I). 
When the pipette contained 0.2 mM cGMP, the dark current was 294 pA. These 
results are surprising since, if the Kd of the cGMP-sen.sitive channels is ~ 10 t~M 
(Zimmerman and Baylor, 1986), it would be expected that 0.2 mM cGMP would 
be sufficient to saturate the outer segment cGMP-dependent conductance. One 
possible interpretation of  these results is that the Kd of excised patches is different 
from the Ka of  intact cells. Alternatively, these experimental results might simply 
reveal a difference between the concentration of  cGMP in the pipette and the 
cytoplasm of the rod outer segment. Such a difference might be generated by 
the activity of a cGMP PDE in the dark and by restricted diffusion of  cGMP into 
the outer segment. To  examine these possibilities, we recorded from a detached 
outer segment with a pipette containing 0.2 mM cGMP and tested the effects of  
the PDE inhibitor IBMX on the dark current and the photoresponse. We found 
that superfusion of  supplemented salt solution containing 100 #M IBMX resulted 
in an average increase of  the dark current from 206 to 696 pA (n = 6). The 
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FIGURE 4. cGMP-activated currents from a detached rod outer  segment. (A) Whole-cell 
recording from a detached outer  segment with 5 mM cGMP in the pipette. The  outer  
segment dark current  was 1,200 pA at a holding potential of  - 3 0  mV. A bright flash of  
light was presented at the time indicated by the mark below the current  trace. The  
conductance of  the outer  segment membrane was tested in the dark, 7.8 s after the light 
stimulus. The  conductance was estimated by recording the current  produced by a 50-ms 
step of  voltage from - 3 0  to +20 mV. The  lower trace in A shows the time course of  the 
command voltage. The  light stimulus decreased the conductance 55-fold. (B) The  current- 
voltage relation of  the cGMP-activated conductance. The  inset shows a series of  current  
responses to voltage steps ranging from - 1 0 0  to +40 mV. The  amplitude of  the voltage 
steps used to obtain the current-voltage relation were corrected for series resistance error. 
The  series resistance was 5.8 Mfl. The  reversal potential of  the current  was ~0 mV. The  
line connecting the data points was drawn by hand. 

TABLE I 

Dark Current  

cGMP la n 

#A 
Intact rod 75.2• 5 
0.2 mM 294.4• 9 
1.0 mM 787.5__-345 10 
5.0 mM 1,374.1• 8 

Averaged data (mean + SD) from whole-cell recordings. Intact rods were perfused 
with a solution that did not contain cGMP. cGMP was internally perfused with the 
pipette applied to the outer segment of both intact rods and detached outer segments. 
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effects of 100 ~M IBMX on the normalized time course of the photocurrent are 
illustrated in Fig. 5. The response to a dim flash of light resulted in a much 
slower response after the introduction of IBMX. The effects of  IBMX were 
reversed upon superfusion with supplemented salt solution without IBMX. The 
effects of  IBMX are those expected if the outer segment contains a PDE that is 
active in the dark and reduces the concentration of cGMP in the cytoplasm. 
Application of IBMX can increase the level of  cGMP in the dark by slowing 
down the hydrolytic activity of this PDE. The photoresponse under these 
conditions would be slowed because of the slower velocity of the light-activated 
PDE in the presence of IBMX (Capovilla et al., 1983). Our results therefore 
suggest that the cytoplasmic concentration of cGMP in the outer segment, studied 
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FIGURE 5. The effects of 
IBMX on whole-cell photo- 
currents measured from a de- 
tached outer segment inter- 
nally perfused with 0.2 mM 
cGMP. A dim flash delivered 
11.3 photons.um -2 at t = 0, 
followed by a bright flash de- 
livering 1,492.8 photons. 
jzm -~ at t = 7.8 s. The photo- 
responses recorded before (la- 
beled: 0.2 cGMP) and after 
superfusion with salt contain- 
ing 100 ~M IBMX (labeled: 
0.2 cGMP, 0.1 IBMX) are 
shown. The dark current in- 
creased from 189 to 585 pA 
after IBMX was added. In or- 
der to compare the photocur- 
rents, they were normalized 
by the maximum current am- 
plitude measured in response 
to the bright flash. 

with pipettes containing 0.2 mM cGMP, was less than or about equal to the 
channel's Kd. When the concentration of cGMP in the pipette was 5 raM, the 
dark current was ~20-fold larger than its value in the intact cell. We present 
below evidence suggesting that with 5.0 mM cGMP in the pipette, the concen- 
tration of cGMP in the outer segment is manyfold larger than the channel's Kd. 

Effects of cGMP on the Delay in the Photoresponse 

Fig. 6 illustrates the rising phase of photocurrents measured from detached 
outer segments with two different concentrations of cGMP in the pipette. The 
data shown in A were recorded with a pipette containing 5.0 mM cGMP, while 
those in B were recorded with a pipette containing 0.2 mM cGMP. In the 
presence of 5.0 mM cGMP, the photocurrents exhibited a pronounced delay 
between the stimulating flash and the onset of the response. Photocurrents 
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measured with 0.2 mM cGMP showed no such delay. The asterisks in A and B 
indicate photocurrents generated by flashes of nearly equal intensity. 

Fig. 7 illustrates photocurrents generated by saturating flashes of light in three 
different detached outer segments perfused with 0.2, 1.0, and 5.0 mM cGMP. 
The dark current under these condition differed, as discussed above. Therefore, 
to compare the photocurrents, we normalized the photocurrents in relation to 
the maximum amplitude. Only the response in the presence of 5.0 mM cGMP 
showed a pronounced delay. The photoresponse in the presence of 1 mM cGMP 
had a slower rate of rise than that observed in the presence of 0.2 mM cGMP at 
all light intensities (data for dim flashes not shown). 
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FIGURE 6. P h o t o c u r r e n t s  meas -  

u r e d  f r o m  a d e t a c h e d  o u t e r  seg- 

m e n t  internally perfused with 
cGMP. (A) Responses measured 
with a pipette containing 5.0 mM 
cGMP. The dark current was 1,140 
pA. The light stimuli delivered 
28.5, 61.0, 133.0, 398.0, 654.0, 
1,429.0, and 2,665.0 photons. 
#m -2. Flashes that delivered <30.0 
photons, um -~ did not produce a de- 
tectable response. (B) Responses re- 
corded with a pipette containing 0.2 
mM cGMP. The dark current was 
370 pA. The light stimuli delivered 
1.3, 2.4, 5.1, 1 t.3, 29.8, 63.7, and 
320.0 photons-#m -2. Note the lack 
of delay in these photoresponses. 

Effect of a Prior Dim Flash on the cGMP-induced Delay 

When a saturating test flash was presented in the dark to an outer segment 
containing a high concentration of cGMP, the photocurrent exhibited a delay. 
If this delay arises directly from the elevated cGMP, then the response to the 
same flash should be without delay when it is preceded by a dim flash that 
decreases the concentration of the cytoplasmic cGMP. Fig. 8 illustrates currents 
recorded from a detached outer segment perfused with 5.0 mM cGMP, in 
response to two bright test flashes of equal intensity. Trace a shows the response 
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FIGURE 7. The effects of 
cGMP on the rising phase of 
the photocurrent. Initial re- 
sponses of three different de- 
tached outer segments to the 
same bright flash (1,492.8 
photons.#m-~). Photocur- 
rents were measured with pi- 
pettes containing 0.2, 1.0, and 
5.0 mM cGMP. The photo- 
currents are normalized by 
the maximal current meas- 
ured in each experiment. The 
dark currents were 218.7, 
603.0, and 1,131.0 pA for 
0.2, 1.0, and 5.0 mM cGMP, 
respectively. 

to a test flash presen ted  a f te r  a dim flash. T r a c e  b shows the response to the test 
flash in the absence o f  p r ior  stimulation. T h e  response without  p r ior  stimulus 
was delayed by >1 s. In contrast ,  the response that  followed a dim flash did not  
exhibit  a significant delay. We have repea ted  these observat ions in seven de tached 
ou te r  segments .  These  exper imen t s  suggest that  the delay o f  the photoresponse  
depends  on the cytoplasmic concent ra t ion  o f  cGMP and is not  a consequence o f  
the large dark  cur ren t  measured  in the presence  o f  high concentra t ions  o f  cGMP. 
Moreover ,  these results indicate that  in the course o f  exper iments ,  successive 
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FIGURE 8. Comparison of 
the kinetics of the response to 
a saturating flash, with or 
without a prior dim flash. 
Photocurrents were meas- 
ured from the same detached 
outer segment with a pipette 
containing 5.0 mM cGMP. 
Trace a shows a dim flash (5.1 
photons.#m -2) presented at 
the first time mark. The dim 
flash was followed by a bright 
flash (320.0 photons-#m-2). 
Trace b shows the same bright 
flash presented without prior 
stimulation. The dark current 
was 1,374 pA in trace a and 
1,541 pA in trace b. The 
responses were normalized 
by their maximum photore- 
sponse amplitude. 
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light flashes must be delivered with sufficient intervals between them to permit 
complete recovery. In the experiments described below, we allowed the cells to 
be in the dark for 2-3 min between stimuli. Under these conditions, the kinetics 
and the delay of the photoresponses were reproducible. A further increase of 
the time interval between flashes to 5-10 min had no effect on the photore- 
sponses. 

Effects of Light Intensity on the Delay of the Photoresponse 

In the following sections, we present a quantitative analysis of  the effects of  
cytoplasmic cGMP on the photoresponse. In the intact cell, the cytoplasmic 
concentration of  cGMP is determined by the rates of  its synthesis and hydrolysis. 
However, in the presence of  high concentrations of  cGMP in the outer segment 
sustained by a patch electrode, the hydrolytic activity of  the light-activated PDE 
defines the rate of  change of  the cGMP concentration (see Appendix). Under 
these conditions, the concentration change of the cGMP can be derived from 
the Km and Vmax of the PDE and the characteristics of the photocurrent can then 
be calculated from the cGMP dependence of  the light-sensitive conductance. 

We have defined the delay td as the time interval between the light flash and 
the time when the photocurrent reaches 10% of its maximum value. Fig. 9A 
illustrates photocurrents measured from a detached outer segment with a pipette 
containing 5.0 mM cGMP. In panel B, the delay measured in this experiment is 
plotted as a function of  the inverse of  the light intensity. The data confirms the 
expectation, detailed in the Appendix, that the delay is inversely proportional to 
the light intensity. Furthermore, the slope of the linear relationship can be used 
to estimate the concentration of cGMP before the flash of light (Eq. 8). In the 
experiment shown in Fig. 0, we estimated that the initial cytoplasmic cGMP 
concentration was :3.3 mM. The average initial concentration of  cGMP that we 
calculated in five experiments was 1.3 raM. Although the precise value of the 
internal concentration of cGMP as calculated depends on the parameters used 
in the model, the linear relationship between the delay and the inverse of the 
light intensity is predicted by the model independently of  the particular values 
selected. For the data illustrated in Fig. 9, the fitted straight line intersects the 
ordinate at 0.6 s. Similar nonzero intersects were found in all the experiments 
that were analyzed. 

Intensity-Response Relation of Rod Outer Segments Perfused with 5 mM cGMP 

We determined the dependence of the photocurrent amplitude on light intensity 
in the presence of high concentration of  cGMP by measuring the fraction of the 
current that was suppressed at 1 s after the flash. Fig. 10 illustrates the averaged 
result from seven experiments on detached outer segments that were perfused 
with 5.0 mM cGMP (filled circles). For intensities of <200 photons./~m -2, there 
was no detectable current suppression at 1 s after the flash. At an intensity of 
- 8 0 0  photons.t~m -2, half of  the dark current was suppressed. For comparison, 
the peak photocurrent amplitude of  intact rods not perfused with cGMP as a 
function of light intensity is also illustrated in Fig. 10. The photocurrents of 
intact cells peaked at -0 .75  s after the flash. Intact rods (squares, n = 5) were 
~ 100-fold more sensitive than rods perfused with 5.0 mM cGMP. 
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The  theoretical intensity-response functions, calculated as described in the 
Appendix, are illustrated in Fig. 10 as continuous lines. The  form of  the 
theoretical functions depends on the initial concentration o f  the cytoplasmic 
cGMP. One function shown was calculated assuming that the initial concentration 
of  cGMP was 5.0 mM cGMP and that the half-saturating intensity was 500 
photons,  t~m -u, values close to the experimental  ones. The  slope of  the theoretical 
relation, however, is considerably steeper than the experimentally obtained 
averaged data. This discrepancy is addressed in the Discussion. 

We estimated the concentration o f  cGMP in the intact rod to be 3.75 #M 
through the use of  Eq. 9, taking/max = 1,347 pA, the average dark current  in 
the presence of  5.0 mM cGMP, and I -- 75 pA, the average dark current  in 
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FIGURE 9. Dependence of the 
photocurrent delay on light inten- 
sity. (A) Photocurrents measured 
from a detached outer segment in 
response to flashes that delivered 
61.0, 133.0, 398.0, 654.0, 1,429.0, 
and 2,665.0 photons.t~m -*. The pi- 
pette contained 5.0 mM cGMP. The 
dotted line indicates 10% change in 
the normalized photocurrent, td is 
the time interval between the flash 
presentation and the 10% change in 
the photocurrent. (B) Dependence 
of td on the inverse of the light in- 
tensity. The straight line was ob- 
tained by a least-squares fit to the 
data. The slope of this line indicates 
a concentration of 3.3 mM cGMP 
in the outer segment (see Appen- 
dix). 

intact cells. The  intensity-response relationship, assuming an initial concentration 
of  cGMP of  3.75 vM, was calculated as the fraction of  the current  that was 
suppressed at t = 0.75 s and is plotted in Fig. 10. As is apparent from this figure, 
the position and the steepness of  the theoretical function are similar to the 
experimentally obtained data. It is important  to emphasize that the theoretical 
functions illustrated in Fig. 10 were calculated based on known parameters of  
the light-activated PDE and the cGMP-activated channels and not by fitting the 
experimental data. 

Effects of cGMP on the Falling Phase of the Photoresponse 

In intact cells, injection of  cGMP produces a pronounced prolongation of  the 
falling phase of  the photocurrent  (Miller and Nicol, 1981; Cobbs and Pugh, 
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1985). We found that, in the detached outer  segment,  the effects o f  cGMP on 
the falling phase are similar to those that have been repor ted  in intact cells. Fig. 
11 illustrates a series o f  photocurrents  measured with a patch pipette containing 
5.0 mM cGMP, in response to flashes o f  increasing intensity. T h e  pho tocur ren t  
peaked at ~8  s af ter  the flash for relatively dim stimuli and the peak occur red  at 
progressively earlier times for br ighter  flashes. T h e  falling phase o f  the responses 
had a time constant o f  ~ 15 s. This  behavior  was observed in all cells perfused 
with high concentrat ions o f  cGMP. We also found that the prolongat ion of  the 
falling phase also occur red  in cells perfused with 0.2 mM cGMP (see Fig. 6B). 
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FIGURE 10. The effects of cGMP on the intensity-response relation. The figure shows 
the average of normalized peak photocurrent amplitudes measured from intact rods 
without added cGMP (squares) and the average of normalized photocurrent amplitudes 
measured 1 s after the flash from detached outer segments perfused with 5.0 mM cGMP 
(circles). The lines are drawn according to Eqs. 8 and 9 (see Appendix);/max in intact rods 
was 5% of the /max of rods outer segments perfused with 5.0 mM cGMP. For the cells 
without added cGMP, it was assumed that Co = 3.75 #M. Under both conditions, it was 
assumed that the PDE's Km was 500 #M and that the channel's Kd was 10 #M. The data 
points represent the average of five experiments with pipettes without cGMP and seven 
experiments with pipettes containing 5.0 mM cGMP. Error bars indicate the standard 
deviation. 

We also observed that, as previously repor ted  by Cobbs and Pugh (1985), the 
prolongat ion o f  the falling phase can occur  even when there  is little or no 
increase in its delay. 

Fig. 12A illustrates the photoresponse of  an intact cell, compared  with that of  
a detached outer  segment perfused with 5.0 mM cGMP. T h e  noisy trace 
represents the response o f  the intact ceil, which rose with little delay and then 
rapidly declined. In contrast,  the response o f  the detached outer  segment to a 
light stimulus o f  similar intensity rose with a delay and the pho tocur ren t  remained 
at saturation for a pro longed per iod o f  time. About  15 s af ter  the flash, the 
cur rent  began to decline with a much slower time course than the unperfused  
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FIGURE 11. Whole-cell pho- 
tocurrents measured from a 
detached outer segment with 
a patch pipette containing 5.0 
mM cGMP. Responses to 
flashes that delivered 61.0, 
133.0, 398.0, 654.0, and 
1,429.0 photons-#m -2 are 
shown. The peak of the re- 
sponse occurred at earlier 
times as the intensity of the 
flashes increased. The falling 
phase of the photocurrent was 
~10-fold slower than the re- 
sponse of rods without added 
cGMP. 

rod.  T o  com pare  quanti tat ively the effects o f  cGMP on the falling phase, we 
in tegra ted  the normal ized  photoresponses  at d i f ferent  light intensities. In Fig. 
12B, a log-log plot  o f  the average  t ime integrals o f  intact cell wi thout  added  
cGMP (diamonds) is c o m p a r e d  with the t ime integral  o f  responses f rom de tached  
ou te r  segments  per fused  with 5.0 mM cGMP (squares). 
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FIGURE 12. Comparison of 
the photocurrent time course 
recorded from intact rods and 
from detached outer seg- 
ments perfused with 5.0 mM 
cGMP. (A) Responses to a 
flash delivering 650 photons. 
#m -~. The photocurrents are 
normalized to the peak re- 
sponse, cGMP produced a sig- 
nificant delay in the photocur- 
rent, prolonged its duration, 
and slowed its rate of recov- 
ery, when compared with the 
response of the intact rod. (B) 
Effects of flash intensity on 
the normalized time integral 
of the photocurrents. The 
data were measured from in- 
tact cells (diamonds) and from 
rod outer segments perfused 
with 5.0 mM cGMP (squares). 
The time integral increases 
with light intensity, but at all 
intensities it is lower in the 
presence of 5.0 mM cGMP 
than in its absence. 
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D I S C U S S I O N  

The role of cGMP as an internal messenger in retinal rods has been supported 
by both biochemical and electrophysiological observations (recently reviewed by 
Schwartz, 1985; Korenbort, 1985; Stryer, 1986; Pugh and Cobbs, 1986). How- 
ever, it has, so far, not been possible to combine these different data into a 
unique quantitative description. We report here that detached outer segments 
provide a preparation in which the components of the phototransduction ma- 
chinery are functional and in which the composition of the intracellular milieu 
can be under reliable experimental control, thus permitting critical examination 
of the role of cGMP and other metabolites in phototransduction. 

Whole-cell recording with patch pipettes does not appear to dilute important 
cytoplasmic components or to introduce substances that interfere with the normal 
transduction process since the kinetics of the photoresponse and its light sensitiv- 
ity, in the absence of cGMP in the patch pipette, are similar to those obtained 
from intact rods. 

In detached outer segments perfused with 5.0 mM cGMP, ~98% of the 
membrane conductance could be suppressed by light. The current-voltage rela- 
tionship and the reversal potential of  the cGMP-dependent current in the dark 
are similar to those of  the light-sensitive (Bader et al., 1979; Baylor and Nunn, 
1986) and cGMP-activated (MacLeish et al., 1984) conductance in intact rods. 
These data suggest, as has previously been reported by MacLeish et al. (1984) 
and Matthews (1986), that cGMP specifically activates the light-sensitive channels, 
which are likely to be the only type of ionic channel functioning in the outer 
segment plasma membrane (Baylor and Nunn, 1986; Hestrin and Korenbrot, 
1987). 

The maximum cGMP-activated current we measured in the salamander rod 
corresponds to a current density of 1.4 pA.~m -2, if we assume a homogeneous 
spatial distribution of outer segment channels. Assuming a single channel current 
of  5 fA (Gray and Attwell, 1985; Bodia and Detwiler, 1985), our data indicate 
that the maximum density of open cGMP-activated channels is 280 ~m -2. This 
estimate is close to the estimates obtained from excised patches of membrane 
(Haynes et al., 1986; Zimmerman and Baylor, 1986). The density of channel 
molecules in the plasma membrane is expected to be higher than the density of 
open channels because the open probability of the cGMP-activated channels, 
under a saturating concentration of cGMP, is <0.5 (Matthews, 1986). 

Effects of cGMP on the Latency and the Light Sensitivity 

We have shown that a large increase in the concentration of cytoplasmic cGMP 
in the outer segment delays the photoresponse by several seconds. The effects 
of  internal perfusion with cGMP on the delay of the photocurrent are in general 
agreement with the effects of cGMP injection on the photovoltage reported by 
Miller and Nicol (1981) in the intact retina. The failure of others to observe this 
delay (Waloga, 1983; Cobbs and Pugh, 1985; Cobbs et al., 1985) is probably the 
result of  the experimental difficulty in introducing a sufficiently high concentra- 
tion of cGMP into the outer segment cytoplasm. The kinetic effects of  cGMP 
require a very high increase in its cytoplasmic concentration. Consider, for 
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example, an increase in the cytoplasmic concentration of  cGMP to three times 
the binding constant of  the cGMP-activated channels, i.e., 30 #M. Under these 
conditions, the dark current would be 96% of its maximum: 1,000-1,500 pA. 
However, the predicted delay would be only 75 ms in response to a flash of  200 
photons.#m -2. Thus, even when the effect of  cGMP on the dark current is 
nearly saturated, its predicted effect on the photocurrent latency is relatively 
small. 

Yau and Nakatani (1984) and Hodgkin et al. (1985) have shown that Ca ~+ can 
permeate through the light-sensitive conductance. Since perfusion with cGMP 
increases the light-sensitive conductance, it is possible that the increased influx 
of  Ca ~+ in the dark increases the internal concentration of  Ca ~+ and this is the 
cause of  the delay of  the photocurrent. This explanation implies that the 
amplitude of  the dark current would be closely related to changes in the delay 
of the photocurrent. However, as shown in Fig. 8, a prior dim flash that reduces 
the dark current by only 12% can eliminate the delay of  the photoresponse. That 
is, there appears to be no causal relation between the amplitude of  the dark 
current and the delay. In addition, we found in two experiments (data not shown) 
that the delay of  the photoresponse was not eliminated by the addition of  10 
mM of  the Ca ~+ chelator BAPTA to a cGMP-containing perfusate. These results 
indicate that the effects of  cGMP on the delay of  the photoresponse are not 
mediated by an increase of  cytoplasmic Ca ~+. The role of  cytoplasmic Ca ~+ in 
phototransduction is not presently understood. However, the lack of  effect of  
cytoplasmic Ca 2+ buffers on the rising phase of  the photocurrent (Matthews et 
al., 1985; Torre  et al., 1986; Korenbrot and Miller, 1986) is in agreement with 
our findings and suggests that Ca ions do not play a role in the initial phase of  
the photoresponse. 

We have found that internal perfusion with 5.0 mM cGMP decreased the light 
sensitivity ~100-fold when measured 1 s after the flash. We have chosen to 
measure the sensitivity at a fixed time after the flash because it is easier, using 
our model, to interpret these measurements. The photocurrent of  rods perfused 
internally with cGMP peak at 5-8  s after the flash, in contrast to the photocurrent 
of  intact rods, which peaks at 0.75 s. When the sensitivity is measured at the 
peak of  the response, the effects of  cGMP are much less dramatic. 

A Model of the Initial Phase of the Photoresponse 

We used the model that is described in the Appendix to predict the effects of  
high concentrations of  cGMP on the photocurrent delay and the light sensitivity. 
The model assumes that light-activated PDE alone regulates cytoplasmic cGMP 
and that cGMP controls the light-sensitive channels. We carried out experiments 
under high concentrations of  cGMP, where, we reasoned, the time course of  the 
concentration changes of  cGMP indeed reflects the hydrolytic activity of  the 
PDE. The observed delay and intensity-response relation under perfusion of  5.0 
mM cGMP are reasonably close to those predicted. However, the predicted 
intensity-response relation is much steeper than the experimentally observed 
o n e .  

In deriving the predicted intensity-response relation, we presumed that, for 1 
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s after the flash, the contributions of diffusion from the patch pipette and of  
guanylate cyclase activity to the concentration of cytoplasmic cGMP are negligi- 
ble. The flux of cGMP from the pipette into the outer segment can be estimated 
from the time course of  the current increase after membrane rupture. In the 
fastest case that we recorded, the dark current reached half its maximum 
amplitude ~2 s after the membrane rupture. Thus, the most rapid cGMP flux 
from the pipette increased the cytoplasmic concentration of  cGMP to - 1 0  t~M 
(the Kd value of  the membrane channels) in 2 s or a rate of  5.0 /~M/s. The 
synthesis of cGMP by guanylate cyclase has been estimated to be - 1 0  #M/s 
(Pannbacker, 1973; Goldberg et al., 1983). The combined contribution of  cGM P 
from the pipette and from the cyclase is then estimated to be 15 ~M/s. To  assess 
the importance of these sources, we must compare them with the velocity of the 
light-activated PDE. Solving Eq. 6, using the estimates of Km and Vmax given in 
the Appendix and assuming an initial concentration of  cGMP of 5.0 mM, shows 
that the initial velocity of  the PDE is in the range of  several millimolar per second 
(for a saturating flash of  light), and indeed, cGMP synthesis and replenishment 
can be neglected. 

When the concentration of  cGMP is not high, the replenishment of cGMP 
cannot be neglected, and the model is likely to be in error. This error is apparent 
in the intensity-response relation shown in Fig. 10: the theoretical function in 
the presence of 5.0 mM cGMP is much steeper than the observed data. This 
difference probably arises because, at the lower cGMP concentrations present 
once the photocurrent has developed, the guanylate cyclase activity and the 
cGMP flux from the pipette are not negligible. Under these conditions, current 
suppression would require PDE activity that is higher than predicted to hydrolyze 
the additional cGMP. 

In deriving the expressions of  the model, we assumed that, after a flash of  
light, the PDE activity increases in a stepwise manner. In fact, the PDE activates 
and deactivates with complex kinetics (Wheeler and Bitensky, 1977; Yee and 
Liebman, 1978; Robinson et al., 1980; Liebman and Pugh, 1980; Sitaramayya 
and Liebman, 1983). The activation appears to be a first-order kinetic process 
and is likely to have a time constant o f - 0 . 5  s (Yee and Liebman, 1978; Vuong 
et al., 1984). We have not investigated in detail the turn-off process. However, 
in vitro, under conditions that produce a maximum turn-off rate, the deactivation 
time constant of  PDE has been found to be - 4  s (Sitaramayya and Liebman, 
1983). If we assume that the PDE in our preparation turned off at a similar rate, 
then ignoring the turning-off process would produce an error in our calculation 
on the order o f 1 2 % a t  1 s a n d 2 1 % a t 2 s .  

The model we have used is restricted to high concentrations of  cGMP and 
bright flashes of light. A more general scheme would include the kinetics of  the 
PDE turn-on and turn-off and the contribution of  the guanylate cyclase. It is 
convenient to artificially separate the processes that control cGMP into two 
pathways: 

Rh* --~ PDE ~---~ cGMP ~--~ gh, ~ (4) 

(PDE ~, cyclase ]') ~ cGMP ]'---* gh~ ]' (5) 
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Eq. 4 describes the initial phase dur ing  which the concentra t ion o f  cGMP 
decreases because o f  the light-activated PDE. Eq. 5 describes the later phase of  
the response, in which PDE is tu rned  of f  and guanylate cyclase restores the 
concentra t ion o f  cGMP. T h e  exper iments  presented in this article examined 
only the initial phase o f  the response. T h e  premise o f  the model  was that, at high 
concentrat ions o f  cGMP and with bright  flashes, the contr ibut ion o f  Eq. 5 to the 
initial response is small. However ,  a complete  description o f  the photoresponse 
o f  the intact rod  to dim flashes o f  light would have to consider both  of  these 
processes. 

We found that the known propert ies  o f  the light-activated PDE can be used to 
predict  the initial phase of  the pho tocur ren t  when the cytoplasmic concentra t ion 
o f  cGMP is high. Since cGMP does not  modulate  the activity o f  the PDE (Yee 
and Liebman, 1978), it is likely that its light sensitivity in the intact cell, at low 
concentrat ions o f  cGMP, is similar to that found at high concentrat ions o f  cGMP. 
It is not  known whether  the initial phase o f  the light response in intact rods 
depends on the activation o f  the PDE alone. However ,  we found (Fig. 10) that 
the light sensitivity o f  intact rods can be est imated f rom the propert ies  o f  the 
PDE used to estimate the light sensitivity at high concentrat ions o f  cGMP. These  
results suggest that the tu rn-of f  o f  the PDE and the activation o f  the guanylate 
cyclase might play a role only in the later phase o f  the photoresponse.  

A P P E N D I X  

The model we develop is adopted from one originally proposed by Cobbs and Pugh 
(1985). The model proposes that a brief flash of light activates the PDE in a stepwise 
fashion. The model further assumes that the activity of the PDE is the rate-limiting 
reaction regulating the cytoplasmic concentration of cGMP. Given the known properties 
of PDE, it is possible to compute the concentration of cGMP as a function of time after 
the flash. The model further proposes that the photocurrent can be calculated from the 
concentration of cGMP and the known cGMP sensitivity of the rod's channels. 

The kinetics of the light-activated PDE are assumed to follow a Michaelis-Menten 
expression (Miki et al., 1975; Baehr et al., 1979; Yee and Liebman, 1978): 

dC VmaxC 
a t -  C + Km' (6) 

where C is the free concentration of cGMP at time t after bleaching rhodopsin, Km is the 
Michaelis constant, and V,,,x is the maximum enzyme velocity. Eq. 6 can be rearranged in 
an integral form as follows: 

/0 (1 + Km/C)dC = - Vmaxdt, (7) 
Co 

where Co is the concentration of cGMP before the flash. Integration leads to the following 
expression: 

C - Co + K,,(log~C - IogeC0) = - tVmx .  (8) 

Eq. 8 cannot be rearranged to give C as an explicit expression of time. However, the 
concentration C can be computed, at any given time, by conventional numerical methods. 

Fesenko et al. (1985) have shown that, in excised patches of outer segment plasma 
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membrane,  the cGMP-activated conductance depends on the cGMP concentration ac- 
cording to: 

g C h 
g,.~x - G h + K-~' (9) 

where g is the membrane  conductance, g,.a~ is the maximum conductance obtained at a 
saturating concentration of  cGMP, C is the free concentration o f  cGMP, h is the Hill 
coefficient, and Ka is the dissociation constant of  the binding reaction between cGMP and 
the channels. The  value of  Ka in the rod of  t iger salamander was estimated by Zimmerman 
and Baylor (1986) to be 10 #M and the value of  h was estimated to be 3. 

Combining Eqs. 8 and 9 gives the fraction of  open channels at any given time t. Since 
the light-sensitive channels control the current  in the outer  segment, we can calculate the 
membrane current  of  the rod outer  segment as a function of  time. I f  large concentrations 
of  cGMP are introduced into the outer  segment (Co :~ Ka), then the dark current  will be 
approximately equal to I . . . .  After  a flash of  light, the concentration of  cGMP decreases, 
and if h = 3, then, from Eq. 9, when its concentration reaches 2.08 Kd, the current  would 
be 90% of  Imam. By combining Eqs. 8 and 9, we obtain the following approximation:  

ta = [Co - 2.08 Ka + K,,Ioge(Co/2.08 Ka)] I/V,~x, (lO) 

where ta is the delay between the flash and the moment  when the dark current  is reduced 
by 10%. 

The  Km of  the light-activated PDE of  bovine rods has been estimated by Sitaramayya 
et al. (1986) to be 0 .87-1 .42 mM. The  K,, in toad rods has been estimated to be 360 uM 
by Barkdoll et al. (1986). We will assume that K,, = 500 uM. The  maximal activity of  the 
PDE has been estimated to be 4 x 105 molecules of  cGMP hydrolyzed per  second for 
each bleached rhodopsin (Rh*) (Yee and Liebman, 1978). The  enzymatic activity would 
translate in the rod 's  outer  segment internal volume (excluding disk space) to Vm~x = 0.63 
uM/s per  Rh*. The  activation of  the PDE was shown to be a linear function of  light up 
to 104 Rh*. Our  experiments  were conducted in the linear range of  the PDE activation. 
Under  these conditions, V,,ax is proport ional  to the intensity of  the stimulating flash, and 
thus Eq. 10 predicts that the relation between the inverse of  the flash intensity and the 
delay of  the photoresponse will be linear. 

The  delay that is predicted for Co = 5,000 uM and for a saturating flash intensity of  
200 photons.urn -2 is 2.6 s. In addit ion to the photocurrent  time course and the td, the 
model can predict  the intensity-response relationship. The  response is defined as I/I  . . . .  
where I is the ampli tude of  the outer  segment current  at 1 s after the flash, and l,,ax is the 
ampli tude of  the dark current.  The  current  I can be calculated by first calculating the 
concentration of  cGMP from Eq. 8 at 1 s and then using Eq. 9 to compute the current.  
For example, for an initial concentration of  cGMP of  5,000 I~M, half-saturation (at 1 s) 
will require a flash intensity of  554.0 photons .um -2 or  12,852.8 Rh*. 

We wish to thank Drs. Jeff Lansman, Erich Philips, and Jim Hudspeth for comments on the 
manuscript. 

This work was supported by the National Institutes of Health (EY-05498) and by a New 
Investigator Research Award (EY-NS-05617) to S.H. 

Original version received 26January 1987 and accepted version received 27 April 1987. 



HESTRIN AND KORENBROT Cyclic GMP and Phototransduction 549 

R E F E R E N C E S  

Bader, C. R., D. Bertrand, and E. A. Schwartz. 1982. Voltage-activated and Ca-activated 
currents studied in solitary rod inner segments from the salamander retina. Journal of 
Physiology. 331:253-284. 

Bader, C. R., P. R. MacLeish, and E. A. Schwartz. 1979. A voltage-clamp study of  the light 
response in solitary rods of the tiger salamander.Journal of Physiology. 296:1-26. 

Baehr, W., M.J. Devlin, and M. L. Applebury. 1979. Isolation and characterization of cGMP 
phosphodiesterase from bovine rod outer segments. Journal of Biological Chemistry. 254: 
11669-11677. 

Barkdoll, A. E., I l l ,  A. Sitaramayya, and E. N. Pugh. 1986. Hydrolysis of 8-bromo-cGMP by 
light-sensitive phosphodiesterase of toad retinal rods. Biophysical Journal. 49:279a. (Abstr.) 

Baylor, D. A., A. L. Hodgkin, and T. D. Lamb. 1974. The electrical response of turtle cones 
to flashes and steps of  light. Journal of Physiology. 242:685-727. 

Baylor, D. A., T. D. Lamb, and K.-W. Yau. 1979a. The membrane current of single rod outer 
segments.Journal of Physiology. 288:589-61 I. 

Baylor, D. A., T. D. Lamb, and K.-W. Yau. 1979b. Responses of retinal rods to single photons. 
Journal of Physiology. 288:613-634. 

Baylor, D. A., G. Matthews, and B.J. Nunn. 1984. Location and function of voltage-sensitive 
conductances in retinal rods of the salamander Ambystoma tigrinum. Journal of Physiology. 
345:203-223. 

Baylor, D. A., and B.J. Nunn. 1986. Electrical properties of the light-sensitive conductance of 
salamander rods.Journal of Physiology. 371:115-145. 

Bodia, R. D., and P. B. Detwiler. 1985. Patch-clamp recordings of the light-sensitive dark noise 
in retinal rods from the lizard and frog.Journal of General Physiology. 367:183-216. 

Brown, J. E., and G. Waloga. 1981. Effects of cyclic nucleotides and calcium ions on Bufo rods. 
Current Topics in Membranes and Transport. 15:369-380. 

Capovilla, M., L. Cervetto, and V. Torre.  1983. The effect of phosphodiesterase inhibitors on 
the electrical activity of  toad rods.Journal of Physiology. 343:277-294. 

Cobbs, W. H., A. E. Barkdoll, and E. N. Pugh. 1985. Cyclic GMP increases photocurrent and 
light sensitivity of retinal cones. Nature. 317:64-66. 

Cobbs, W. H., and E. N. Pugh. 1985. Cyclic GMP can increase rod outer-segment light- 
sensitive current ten-fold without delay of excitation. Nature. 313:585-587. 

Dartnall, H . J .A .  1972. Photosensitivity. In Photochemistry of Vision. H . J .A .  Dartnall, editor. 
Springer-Verlag, New York. 122-145. 

Fesenko, E. E., S. K. Stanislav, and A. L. Lyubarsky. 1985. Induction by cyclic GMP of cationic 
conductance in plasma membrane of retinal rod outer segment. Nature. 313:310-313. 

Goldberg, N. D., A. Ames, J. E. Gander, and T. F. Walseth. 1983. Magnitude of increase in 
retinal cGMP metabolic flux determined by mso incorporation into nucleotide a-phosphoryls 
corresponds with intensity of photic stimulation. Journal of Biological Chemistry. 258:9213- 
9219. 

Gray, P., and D. Attwell. 1985. Kinetics of light-sensitive changes in vertebrate photoreceptors. 
Proceedings of the Royal Society of London, Series B. 223:379-388. 

Hagins, W. A., R. D. Penn, and S. Yoshikami. 1970. Dark current and photocurrent in retinal 
rods. Biophysical Journal. 10:380-412. 

Hamill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth. 1981. Improved patch- 
clamp techniques for high-resolution current recording from cells and cell-free membrane 
patches. Pfliigers Archiv. 391:85-100. 



550 THE JOURNAL OF GENERAL PHYSIOLOGY �9 VOLUME 90 �9 1987 

Hfirosi, F. I. 1975. Absorption spectra and linear dichroism of some amphibian photoreceptors. 
.Journal of General Physiology. 66:357-382. 

Haynes, L. W., A. R. Kay, and K.-W. Yau. 1986. Single cGMP-activated channel activity in 
excised patches of rod outer segment membranes. Nature. 321:66-70. 

Hestrin, S. 1987. The properties and function of inward rectification in rod photoreceptors of 
the tiger salamander.Journal of Physiology. In press. 

Hestrin, S., and J. I. Korenbrot. 1987. Voltage-activated potassium channels in the plasma 
membrane of rod outer segments: a possible effect of enzymatic cell dissociation. Journal of 
Neuroscience. In press. 

Hodgkin, A. L., P. A. MacNaughton, and B.J. Nunn. 1985. The ionic selectivity and calcium 
dependence of the light-sensitive pathway in toad rods. Journal of Physiology. 358:447-468. 

Korenbrot, J. 1. 1985. Signal mechanisms of phototransduction in retinal rod. CRC Critical 
Reviews in Biochemistry. 17:223-256. 

Korenbrot, J. I., and D. L. Miller. 1986. Calcium ions act as modulators of intracellular 
information flow in retinal rod photoreceptors. Neuroscience Research. 4:sl 1-s34. 

Liebman, P. A., and E. N. Pugh. 1980. ATP mediates rapid reversal ofcGMP phosphodiesterase 
activation in visual receptor membranes. Nature. 287:734-736. 

Lipton, L. A. 1983. cGMP and EGTA increase the light-sensitive current of retinal rods. Brain 
Research. 265:41-48. 

MacLeish, P. R., E. A. Schwartz, and M. Tachibana. 1984. Control of the generator current 
in solitary rods of the Ambystoma tigrinum retina. Journal of Physiology. 348:645-664. 

Marty, A., and E. Neher. 1983. Tight-seal whole-cell recording. In Single-Channel Recording. 
B. Sakmann, and E. Neher, editors. Plenum Publishing Corp., New York. 107-122. 

Matthews, G. 1986. Comparison of the light-sensitive cyclic GMP-sensitive conductances of the 
rod photoreceptor: noise characteristics. Journal of Neuroscience. 6:2521-2526. 

Matthews, H. R., V. Torre,  and T. D. Lamb. 1985. Effects on the photoresponse of calcium 
buffers and cyclic GMP incorporated into the cytoplasm of retinal rods. Nature. 313:582- 
585. 

Miki, N., J. M. Barahan, J. J. Keirns, J. J. Boyce, and M. W. Bitensky. 1975. Purification and 
properties of the light-activated cyclic nucleotide phosphodiesterase of rods outer segments. 
Journal of Biological Chemistry. 250:6320-6327. 

Miller, D. L., andJ.  I. Korenbrot. 1987. Kinetics of light-dependent Ca fluxes across the plasma 
membrane of rod outer segments. A dynamic model of the regulation of cytoplasmic Ca 
concentration. Journal of General Physiology. 90: 397-425. 

Miller, W. H. 1982. Physiological evidence that light-mediated decrease in cyclic GMP is an 
intermediary process in retinal rod transduction. Journal of General Physiology. 80:103-123. 

Miller, W. H., and G. D. Nicol. 1979. Evidence that cGMP regulates membrane potential in 
rod photoreceptors. Nature. 280:64-66. 

Miller, W. H., and G. D. Nicol. 1981. Cyclic-GMP-induced depolarization and increased 
response latency of rods: antagonism by light. Current Topics in Membranes and Transport. 
15:417-437. 

Nicol, G. D., and W. H. Miller. 1978. cGMP injected into retinal rod outer segments increases 
latency and amplitude of response to illumination. Proceedings of the National Academy of 
Sciences. 75:5217-5220. 

Pannbacker, R. G. 1973. Control of guanylate cyclase activity in the rod outer segment. Science. 
182:1138-1140. 

Pugh, E. N., and W. H. Cobbs. 1986. Visual transduction in vertebrate rods and cones: a tale 
of two transmitters, calcium and cyclic GMP. Vision Research. 26:1613-1643. 



HESTRIN AND KORENBROT Cyclic GMP and Phototransduction 551 

Robinson, P. R., S. Kawamura, B. Abramson, and M. D. Bownds. 1980. Control of  the cyclic 
GMP phosphodiesterase of  frog photoreceptor membranes. Journal of General Physiology. 
76:631-645. 

Schwartz, E. A. 1985. Phototransduction in vertebrate rods. Annual Re~,w of Neurosc~nce. 
8:339-367. 

Sitaramayya, A., J. Harkness, J. H. Parkes, C. Gonzalez-Olivia, and P. A. Liebman. 1986. 
Kinetic studies suggest that light-activated cyclic GMP phosphodiesterase is a complex with 
G-protein subunits. Biochemistry. 25:651-656. 

Sitaramayya, A., and P. A. Liebman, P. A. 1983. Mechanism of ATP quench of phosphodies- 
terase activation in rod disk membranes. Journal of Biological Chemistry. 258:1205-1209. 

Stryer, L. 1986. Cyclic GMP cascade of vision. Annual Review of Neuroscience. 9:87-119. 
Torre,  V., H. R. Matthews, and T. D. Lamb. 1986. Role of calcium in regulating the cyclic 

GMP cascade of  phototransduction in retinal rods. Proceedings of the National Academy of 
Sciences. 83:7109-7113. 

Vuong, T. M., M. Chabre, and L. Stryer. 1984. Millisecond activation of transducin in the 
cyclic nucleotide cascade of  vision. Nature. 311:659-661. 

Waloga, G. 1983. Effects of calcium and guanosine-3':5'-cyclic-monophosphoric acid on 
receptor potential of  toad rods. Journal of Physiology. 341:341-357. 

Wheeler, G. L., and M. W. Bitensky. 1977. A light-activated GTPase in vertebrate photore- 
ceptors: regulation of light-activated cyclic GMP phosphodiesterase. Proceedings of the Na- 
tional Academy of Sciences. 74:4238-4242. 

Yau, K.-W., and K. Nakatani. 1984. Cation selectivity of light-sensitive conductance in retinal 
rods. Nature. 309:352-354. 

Yau, K.-W., and K. Nakatani. 1985. Light-suppressible cyclic GMP-sensitive conductance in 
the plasma membrane of a truncated rod outer segment. Nature. 317:252-255. 

Yee, R., and P. A. Liebman. 1978. Light-activated phosphodiesterase of the rod outer segment. 
Journal of Biological Chemistry. 253:8902-8909. 

Zimmerman, A. L., and D. A. Baylor. 1986. Cyclic-GMP sensitive conductance of  retinal rods 
consists of aqueous pores. Nature. 321:70-72. 

Zimmerman, A. L., G. Yamanaka, F. Eckstein, D. A. Baylor, and L. Stryer. 1985. Interaction 
of  hydrolysis resistant analogs of cyclic GMP with the phosphodiesterase and light-sensitive 
channel of retinal rod outer segments. Proceedings of the National Academy of Sciences. 82:8813- 
8817. 


