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Phototransduction in the Drosophila retina appears to re- 
quire the phosphoinositide signaling cascade following re- 
ceptor/G-protein activation. Subsequent opening of mem- 
brane cationic channels causes excitation. The biochemi- 
cal events underlying channel opening and regulation of 
sensitivity remain largely unknown. Evidence is mounting 
that phototransduction in Drosophila and other invette- 
brate species may additionally involve the second messen- 
ger, cyclic-GMP (cGMP). We report that exogenous cGMP 
influenced Drosophila retinal phototransduction in two 
ways. In whole cell tight-seal voltage-clamp experiments, 
membrane permeant cGMP analog, 8-bromo-cyclic-GMP (8- 
Br-cGMP), induced membrane currents and dramatically 
enhanced light-induced currents. The currents induced by 
8-Br-cGMP possessed reversal potentials similar to those 
induced by light. The magnitudes of cGMP-induced cur- 
rents exhibited marked dependence on intensity of back- 
ground illumination. Potential direct or modulatory roles of 
cGMP in Drosophila phototransduction are discussed. 

[Key words: cyclic-GMP, phototransduction, inverte- 
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In the Drosophiln retina, intracellular phosphoinositide (PI) 
chemistry is at the heart of visual transduction (reviews: Ran- 
ganathan et al., I991 b; Hardie and Minke, 1993). The light re- 
ceptor molecule (rhodopsin), through G-protein mediation (Lee 
et al., 1990, 1994; Dolph et al., 1993), activates phospholipase 
C. Resulting PI-hydrolysis (Devary et al., 1987; Selinger and 
Minke, 1988) leads to elevation of intracellular [CaZ+] (Rangan- 
athan et al., 1994; Peretz et al., 1994). The link between PI- 
hydrolysis and membrane channel opening (the proximate cause 
of physiological excitation) is not understood. In Limulus pho- 
toreceptors, where PI-hydrolysis is also central to transduction 
(Brown et al., 1984, Fein et al., 1984; 1988), light-sensitive 
channels appear to be gated by cGMP, since cGMP opens the 
light-dependent channels in excised membrane patches, while 
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Ca? + does not (Bacigalupo et al., 1990; 1991). Furthermore, ex- 
perimental evidence indicates that blockers of guanylate cyclase 
and cGMP-PDE in Limulus photoreceptors alter light-induced 
excitation in a Ca?+-dependent fashion (O’Day, 1991; Inoue et 

al., 1992; Johnson and O’Day, unpublished observations). These 
results suggest a link between PI-hydrolysis and cGMP metab- 
olism. On the other hand, PI chemistry may also be involved in 
adaptation processes in the retina, regulating photoreceptor light 
sensitivity (Ranganathan et al., 199la; Smith et al.. 1991; Hardie 
et al., 1993); however, specific cellular mechanisms are not fully 
understood. 

In the present work, we investigated the possibility that cGMP 
plays a role in Drosophila visual transduction. To address this 
question, we have examined the physiological effects of external 
application of a membrane permeant and poorly hydrolyzable 
form of cGMP, 8-Br-cGMP, to photoreceptors from Drosophila 

retina. Specifically, we have studied the effect of a low-pressure 
puff of 8-Br-cGMP on membrane currents and on light-induced 
excitation under whole cell voltage clamp. 

Materials and Methods 

Dissection of late pupal Drosophila was done under dim red illumina- 
tion. Wild type strains Oregon-R (red eye and white eye) and Canton 
S (red eye) flies were used in all experiments reported. Phenotypes were 
confirmed by electroretinogram (Blake et al., 1991). Heads were re- 
moved and transferred to dissociation solution (120 mM NaCI, IO mM 
HEPES, 4 mM KCI, 32 mM sucrose, pH 7.15. oxygenated). The eyes 
were dissected out and the retinas were mechanically shredded on a 
glass coverslip, in a drop of dissociation solution. Surviving intact cell 
clusters settled to the bottom. The coverslip was transferred to a re- 
cording chamber on the microscope stage and the preparation was di- 
luted -3s50.fold with bath solution (I 20 mM NaCI, IO mM HEPES, 
8 mM MgSO,, 5 mM KC], 25 mM L-proline, 23 mM sucrose, I.5 IllM 
CaCl?, pH 7. IS, oxygenated). To view cells in dark-adapted conditions, 
we used infrared (>800 nm) illumination and an infrared-sensitive CCD 
video camera attached to an inverted microscope (40X Nikon ELWD 
objective) and connected to a video monitor. White light (Osram halo- 
gen xenophot HLX#64625) was used as excitation light, as described 
previously (O’Day et al., 1991). Light intensities are described in ND 
(neutral density units); - 1 .O ND corresponds to a I log,,, unit attenua- 
tion from maximal intensity of 1.2 mW/cm’. A patch clamp (Axopatch 
200A, Axon Instruments, Inc.) was used in whole-cell mode for voltage- 
clamping the cells (Hamill et al., 1981; Hardie, 1991). Patch pipettes 
were filled with internal solution (I 24 mM CsCI, IO mM HEPES, 2 mM 
MESO,, I.1 mM EGTA, 0.1 mM CaCI,, 0.5 mM GTP, 2 mM ATP. pH 
7.115, oxygenated). Seal resistances were typically 5 Gf2 or higher, and 
inout resistances were 500 MI1 to 1.2GR Data were low oass filtered 
with an 8-pole Bessel filter and acquired digitally (Labmastkr A/D, Sci- 
entific Solutions, Inc.) and stored on computer. Some data were filtered 
digitally during analysis @CLAMP 6.0, Axon Instruments, Inc.), and low- 
pass filtering frequencies are listed in each figure caption. In addition, 
data were stored on magnetic tape with a VCR, interfaced with a digital 
data recorder (VR- IO, Instrutech Corp.). Data were also stored by strip 
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Figure I. Cyclic-GMP enhanced light responses. 8-Br-cGMP was applied extracellularly to photoreceptors voltage clamped to -70 mV. A, 
Superimposed responses to test flashes (-3.0 ND, IO msec) during a puff of control solution, during subsequent 8-Br-cGMP puff, and during return 
to control puff. Enhancement was observed in 20 photoreceptors from white eyed Oregon-R flies assayed in this fashion, 12 of which exhibited 
greater than twofold enhancement. We obtained similar results with red-eyed Oregon R and Canton S strains. We have observed no enhancement 
by control solutions. LM indicates light monitor in all figures. Currents were filtered at 100 Hz. B, Current-voltage relation of light-induced currents 
before and during 8-Br-cGMP application. Reversal voltage was essentially unchanged. Current traces were generated during IO set voltage-clamp 
pulses from VP,,,, = -90 mV to +50 mV in 20 mV increments (interpulse V, = -70 mV). Currents were filtered at IO Hz. Peak light-induced 
currents are plotted versus V,,, before and during enhancement. Voltage-activated currents have been subtracted digitally. C, Enhancement resulting 
from brief (40 msec) S-Br-cGMP puff (arrows) applied between test flash stimuli. The response to the second test flash in the sequence was 
significantly larger than the preceding and following responses. Currents were filtered at IO kHz. We observed no enhancement with control puffs, 
Similar results were obtained in I2 trials. D, 8-Br-cGMP rescued responsiveness to test flashes. Three test flash responses, starting at the initiation 
of 8-Br-cGMP application and separated by I5 set intervals, are superimposed for comparison. V,, = -70 mV. Currents were filtered at 100 Hz. 
Similar results were obtained in six cells. 
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Figure 2. Currents induced by 8-Br-cGMP A, 8-Br-cGMP induced membrane currents in the dark (V, = -70 mV). Currents were filtered at 10 
kHz. Similar results were observed in 10 cells. B, 8-Br-cGMP induced membrane currents (V, = -70 mV) during background illumination (bar; 
-2.0 ND, 12 set). The response to background illumination possesses transient and plateau phases. Five seconds after the onset of light (during 
the plateau phase), an 8-Br-cGMP puff was gently applied (arrow), inducing an incremental transient inward current. Currents were filtered at 10 
kHz. C, Comparison of 8-Br-cGMP responses elicited during background illumination of various intensities Ibx, using an identical 8-Br-cGMP puff 
each time. Currents (filtered at 1 kHz) are superimposed, after subtracting the plateau currents. a, -3.0 ND; b, -2.0 ND; c, -1.6 ND; d, -1.0 



chart recorder (Gould, Inc.). Membrane permeant 8-Br-cGMP (8-brom- 
oguanosine 3’:5’-cyclic monophosphate, Sigma Chemical Co.; or Cal- 
biochem-Novabiochem Corp.) was applied by gentle puff (similar to 
Frings and Lindemann, 1991) from one port of a double barreled glass 
pipette (spritzer; diam. -5-10 pm) filled with external solution con- 
taining 2 mM 8-Br-cGMP; the other port contained control solution. The 
control solution in all experiments reported in Figures 1 and 2 was the 
external solution described above. However, in further controls, we re- 
peated the experiments described in Figures 1A and 2A with the control 
port filled with 2 mM 8-Br-GMP (8-bromoguanosine 5’-monophosphate, 
Sigma) and separately with the control port filled with 2 mu 8-Br-AMP 
(8-bromoadenosine 5’-monophosphate, Sigma). In both cases, we found 
8.Br-cGMP induced effects (as in Figs. IA and 2A) but no effect of 
control puffs. The pipette was positioned 50-70 p,rn from the cell cluster 
under examination. Pressure (1-3 psi) was provided by a picospritzer. 

Results 

Figure 1 illustrates that 8-Br-cGMP reversibly enhanced re- 
sponses to light. The amplitude of the light responses increased 
during 8-Br-cGMP exposure, whereas the latency and activation 
phase were not affected (Fig. IA). The kinetics of response re- 
covery were retarded in the experiment shown in Figure 1; how- 
ever, such slowing was not uniformly observed. In some cases, 
response recovery was unaffected, and in a small number of 
cases it was accelerated. The reversal potential of the light re- 
sponse was also unaffected. Figure 1B shows light responses at 
several holding voltages, V,, illustrating that the reversal poten- 
tials before and during 8-Br-cGMP were indistinguishable. 

The effect of 8-Br-cGMP was quite fast. A brief (40 msec) 
puff of 8-Br-cGMP, presented during the interval between two 
of a series of consecutive flashes, reversibly enhanced the sec- 
ond test flash response, whereas an identical puff of control so- 
lution had no effect (Fig. 1C). The cGMP-induced enhancement 
of light responses suggests that processes underlying transduc- 
tion are sensitive to cGMI? The degree of the cGMP-induced 
enhancement was quite variable. In most cells the light-response 
enhancement was twofold or greater. In a few cells that appeared 
unresponsive to even the brightest flashes, 8-Br-cGMP restored 
their ability to respond to subsequent test flashes. Figure 1D 
illustrates the gradual development of light sensitivity by con- 
tinued application of 8-Br-cGMP in one such cell. 

We examined whether 8-Br-cGMP could induce membrane 
currents in darkness. In cells voltage-clamped to -7OmV in the 
dark, 8-Br-cGMP often induced inward currents (Fig. 2A). The 
reversal voltage of these currents was similar to that of light- 
induced currents (between 0 mV and +20 mV). This result rais- 
es the possibility that both light and cGMP activate the same 
conductance. When a brief puff of 8-Br-cGMP was delivered 
during exposure to background illumination (Fig. 2B), a tran- 
sient inward current developed. The amplitudes of cGMP-in- 
duced currents increased with increasing background light in- 
tensity, Z,,, (Fig. 2C), reached a maximum under moderate inten- 
sity illumination, and decreased under very bright illumination 
(Fig. 20). 

Figure 2E illustrates directly that 8-Br-cGMP can affect light- 
dependent excitation. The cell under study was only weakly re- 
sponsive to light stimuli; a moderately bright light was insuffi- 
cient to induce excitation. However, in response to introduction 
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of 8-Br-cGMP during steady illumination, a large inward current 
developed. The current declined gradually after the end of the 
cGMP stimulus, but its decline to baseline became abrupt after 
the offset of light. 

Discussion 

Our observations are consistent with the idea that a cGMP-sen- 
sitive process is an integral part of transduction. Light-induced 
excitation is sensitive to cGMP, and cGMP induces a current 
that is sensitive to light. 

cGMP may play a direct role in excitation, either as a gating 
ligand of light-dependent channels, as in Limulus (Bacigalupo 
et al., 1991), or acting at some earlier step in the excitation 
cascade. If cGMP is a channel ligand, one might expect a sig- 
moidal dependence of cGMP-induced current on [cGMP] if 
more than one nucleotide molecule is required to open each 
channel, as in the cGMP-dependent channel of vertebrate pho- 
toreceptors (Haynes et al., 1986) and the CAMP-dependent chan- 
nel of olfactory neurons (Zufall et al., 1991). Sigmoidal depen- 
dence would yield in essence a threshold phenomenon. In this 
situation, low levels of exogenous 8-Br-cGMP would fail to ac- 
tivate enough channels to produce a detectable current. However, 
the same subthreshold 8-Br-cGMP application would enhance 
light responses if it elevated total [cGMP] (endogenous light- 
dependent [cGMP] + exogenous [8-Br-cGMP]) to a level at 
which the sigmoidal curve relating current to [cGMP] steepens. 
At very high background intensities, the effect of exogenous 
8-Br-cGMP would in principle be reduced as saturation is ap- 
proached. However, it seems unlikely that this occurs, because 
our largest 8-Br-cGMP induced currents are well below satura- 
tion (compare the light-induced current with the cGMP-induced 
current in Fig. 2A). One possible reason for the decline in 8-Br- 
cGMP induced current amplitudes at high I,, is that intracellular 
Caz+, greatly elevated by bright illumination (Peretz et al., 1994; 
Ranganathan et al., 1994), might reduce channel activity, as pro- 
posed for Limulus photoreceptors (Johnson and Bacigalupo, 
1992). 

Another possibility is that enhancement of light responses by 
8-Br-cGMP could be due to an inhibitory effect on light adap- 
tation. However, the fact that enhancement was not accompanied 
by a change in response activation kinetics (Hardie et al., 1993) 
characteristic of adaptation makes this possibility seem less like- 

ly. 
An alternative or additional role of cGMP early in transduc- 

tion is conceivable, possibly regulating the PI-pathway or acting 
in a parallel excitation pathway. Several lines of evidence sup- 
port the idea of parallel pathways in invertebrate transduction 
(Payne and Fein, 1986; Frank and Fein, 1991; Shin et al., 1993; 
Johnson and O’Day, unpublished observations), perhaps involv- 
ing two or more classes of light-activated channels (Hardie and 
Minke, 1992; Deckert et al., 1992; Nasi, 199 1; Nasi and Gomez, 
1992). In this case, cGMP may gate one class of channel and 
have an additional modulatory role on another (or even on the 
same) pathway, thus enhancing the light-response. Alternatively, 
light may produce two second messengers, cGMP and another 

ND. The kinetics of the waveforms of all 8-Br-cGMP responses evoked during background illumination were virtually identical, and independent 
of background intensity. This is presumably due to identical times of diffusion to subcellular compartments. D, Peak values of the 8-Br-cGMP- 
induced currents (Fig. 2B) plotted versus log I,,. E, Light dependence of 8.Br-cGMP response. In a separate cell, initially poorly responsive to light 
(- 1 .O ND; light monitor: bar), a 2 set 8-Br-cGMP application induced a large inward current that decayed slowly. At the end of illumination, the 
decay of the current was much faster (arrow). Currents were filtered at 10 Hz. 
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(perhaps Ca” ), whose synergistic action would be required to 
open channels. In this regard, it is interesting to note the recent 
reports (1) that artificial elevation of [Cat], does not by itself 
induce membrane currents (Hardie, 1995) and (2) that artificial 
elevation of [Ca+], with thapsigargin does not induce excitation 
or greatly affect light-induced excitation (Ranganathan et al., 
1994). 

Two recent findings bolster the notion of cGMP involvement 
in Drosophila transduction: a Drosophila retinal gene encoding 
the P-subunit of a soluble guanylate cyclase (Yoshikawa et al., 
1993) and the cloning and functional expression of a cGMP- 
gated channel gene from Drosophila retina (Baumann et al., 
1994). Phototransduction in Drosophila may thus resemble that 
in Limulus ventral eyes by virtue of the involvement of both 
cGMP and PI metabolism (Inoue et al., 1992; O’Day, 1991). 
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