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Light Transduction in Invertebrate Hyperpolarizing Photoreceptors:
Possible Involvement of a G -Regulated Guanylate Cyclase
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The hyperpolarizing receptor potential of scallop ciliary photore-
ceptors is attributable to light-induced opening of K*-selective
channels. Having previously demonstrated the activation of this
K* current by cGMP, we examined upstream events in the
transduction cascade. GTP-y-S produced persistent excitation
after a flash, accompanied by decreased sensitivity and accel-
eration of the photocurrent, whereas GDP-B-S only inhibited
responsiveness, consistent with the involvement of a G-protein.
Because G, (but not G, nor G,) recently has been detected in the
ciliary retinal layer of a related species, we tested the effects of
activators of G,; mastoparan peptides induced an outward cur-
rent suppressible by blockers of the light-sensitive conductance
such as L-cis-diltiazem. In addition, intracellular dialysis with the
A-protomer of pertussis toxin (PTX) depressed the photocurrent.
The mechanisms that couple G-protein stimulation to changes in
cGMP were investigated. Intracellular IBMX enhanced the pho-

toresponse with little effect on the baseline current, a result that
argues against regulation by light of phosphodiesterase activity.
LY83583, an inhibitor of guanylate cyclase (GC), exerted a re-
versible, dose-dependent suppression of the photocurrent. By
contrast, ODQ, an antagonist of NO-sensitive GC, and YC-1, an
activator of NO-sensitive GC, failed to alter the light response or
the holding current; furthermore, the NO synthase inhibitor
N-methyl- L-arginine was inert, indicating that the NO signaling
pathway is not implicated. Taken together, these results suggest
a novel type of phototransduction cascade in which stimulation
of a PTX-sensitive G, may activate a membrane GC to induce an
increase in cGMP and the consequent opening of light-
dependent channels.
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The retinas of the scallop and other marine mollusks contain a
layer of ciliary photoreceptors that, unlike those of most inverte-
brates, hyperpolarize in response to photostimulation (McRey-
nolds, 1976), owing to a light-induced increase in a potassium-
selective conductance (Gorman and McReynolds, 1978; Gomez
and Nasi, 1994a). We previously showed that cGMP analogs acti-
vate a K™ current with similar conduction and pharmacology as the
photocurrent. Furthermore, cGMP interacts occlusively with light
stimulation (Gomez and Nasi, 1995), suggesting that it functions as
a second messenger in phototransduction. Such a proposition raises
the question of which mechanisms link photopigment stimulation
to the changes in cytosolic cGMP concentration that are required
to regulate the light-sensitive conductance.

In rhabdomeric (depolarizing) photoreceptors rhodopsin acti-
vates a G-protein of the G, subtype (Lee et al., 1994; Scott et al.,
1995; Suzuki et al., 1995) and stimulates a phospholipase C (PLC)
(Devary et al., 1987; Baer and Saibil, 1988) with the consequent
hydrolysis of PIP,, IP, production (Szuts et al., 1986; Brown et al.,
1987), and Ca*" release (Brown and Blinks, 1974; Brown and
Rubin, 1984). In scallop hyperpolarizing photoreceptors, however,
neither IP; nor Ca®* plays any important role in transduction
(Gomez and Nasi, 1995), making G, a poor candidate. The
rhodopsin-stimulated G-protein of vertebrate photoreceptors is
transducin (G,); G, activates a phosphodiesterase (PDE), leading
to hydrolysis of cGMP, the substance that opens the light-sensitive
channels (for review, see Yau and Baylor, 1989). Considering the
structural and functional similarities between hyperpolarizing in-
vertebrate photoreceptors and rods and cones (Miller, 1958; Go-
mez and Nasi, 1997a), one may suggest a role for transducin; in
such a case the cascade would have to diverge downstream, because
light is expected to increase cGMP. In a recent study Kojima et al.
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(1997) examined the G-proteins present in the retina of a related
species and demonstrated that the only isoform that localizes to the
distal layer, where ciliary receptors are found, belongs to the G,
subtype. However, no functional evidence was provided to confirm
the involvement of a G-protein in phototransduction nor to suggest
its identity.

A further question concerns the enzymatic regulation of
[cGMP]; if the photoresponse requires an increase in cGMP, two
prime light-triggered mechanisms may be a decrease in the activity
of a PDE or stimulation of a guanylate cyclase (GC). The former
case is a mirror image of the mechanism that operates in rods and
cones and resembles phototransduction in the parietal eye of the
lizard, as recently described by Xiong et al. (1998), whereas the
latter has no precedent as a mechanism to generate the receptor
potential in retinal cells. In the present report we used whole-cell
patch-clamp recordings of isolated ciliary photoreceptors to obtain
evidence that a PTX-sensitive G-protein, most likely of the G,
subclass, mediates phototransduction in Pecten irradians (and prob-
ably in other invertebrate ciliary photoreceptors). Our results do
not provide support for the involvement of a light-regulated PDE
as a downstream effector; rather, the possibility of a key role of a
GC suggests itself. The departure of such a scheme from estab-
lished mechanisms that generate the light response in other visual
cells is indicative of a novel type of phototransduction cascade.

MATERIALS AND METHODS

Specimens of Pecten irradians were obtained from the Marine Resources
Center at the Marine Biological Laboratory (Woods Hole, MA) and used
immediately. Isolated retinas were dispersed enzymatically and mechani-
cally as described (Gomez and Nasi, 1994a), and the resulting cell suspen-
sion was plated in a recording flow chamber pretreated with Concanavalin
A (Sigma, St. Louis, MO) to promote cell adhesion (Nasi, 1991). During
the experiments the chamber was superfused continuously with artificial
seawater (ASW) containing (in mMm) 480 NaCl, 10 KCI, 49 MgCl,, 10
CaCl,, 10 HEPES, and 5 glucose, pH 7.8 (adjusted with NaOH). Extra-
cellular chemical stimulation was accomplished by a puffer pipette (tip
outer diameter of 3—4 wm) positioned ~30-50 wm from the target cell.
Application of pressurized nitrogen (1-3 psi) to the pipette via a solenoid-
operated valve permitted local solution exchange in <400 msec (Gomez
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and Nasi, 1996). Patch electrodes were fabricated with thin-wall borosili-
cate capillary tubing (7052, Garner Glass, Claremont, CA), fire-polished,
and filled with an “intracellular” solution containing (in mm) 100 KCI, 200
K-aspartate or K-glutamate, 5 Na,ATP, 12 NaCl, 6 MgCl,, 10 HEPES, 1
EGTA, 0.2 GTP and 300 sucrose, pH 7.3. Electrode resistance, measured
in ASW, ranged between 2 and 6 M(). Series resistance errors were
corrected via a positive feedback circuit in the amplifier (maximal residual
error typically <2 mV). For internal dialysis, test substances were added to
the electrode filling solution from stock solutions. In all experiments the
holding potential was —30 mV.

GTP-y-S (guanosine 5'-O-[3-thiotriphosphate]), GDP--S (guanosine
5'-O-[2-thiodiphosphate]), 8-bromo-cyclic guanosine monophosphate (8-
Br-cGMP), EHNA (erythro-9-[2-hydroxy-3-nonylJadenine HCI), trequin-
sine, and the A-protomer of pertussis toxin (PTX) were purchased from
Sigma. PTX (holotoxin) and mastoparan were obtained from Calbiochem
(San Diego, CA), whereas the related peptides MAS-7 and MAS 17 were
obtained from Peninsula Laboratories (San Carlos, CA). The calmodulin
antagonists W-7 hydrochloride [N-(6-aminohexyl)-5-chloro-1-naphthalene-
sulfonamide (HCI)] and chlorpromazine were purchased from Research
Biochemicals (Natick, MA).

LY83583 (6-anilino-5,8-quinolinedione) was obtained from Calbiochem,
whereas calmidozolium chloride and YC-1 (3-[5'-hydroxymethyl-2'furyl]-
1-benzyl indazole) were from Research Biochemicals. ODQ (1H-
[1,2,4]oxadiazolol-[4,3-a]quinoxalin-1-one) and the phosphodiesterase inhib-
itors IBMX (3-isobutyl-1-methylxanthine), 8-methoxymethyl-IBMX,
dipyridamole, zaprinast [1,4-dihydro-5-(2-propoxyphenyl)-7H-1,2,3-triazolo-
4,5-dipyrymidin-7-one], and milrinone (1,6-dihydro-2-methyl-6-oxo0-3,4-
bipyridine-5-carbonitrile) were obtained from Sigma. These water-insoluble
substances were dissolved in either EtOH or DMSO, and the stock solutions
were aliquoted and stored at —80°C. The final concentration of DMSO or
EtOH present either in the internal solution or in ASW was <(0.5%. Control
experiments demonstrated that solvent concentrations up to 5% were inert
on the membrane current and on the light response of ciliary photoreceptors.

Flashes and steps of broadband light (515-650 nm) generated by a
standard optical stimulator (Gomez and Nasi, 1994a) were calibrated in
vivo, as previously described (Gomez and Nasi, 1994a,b). Light intensity is
expressed either in terms of equivalent photon flux at 500 nm or, whenever
light attenuation was varied within a given protocol, as log,(//,), where I,
is the intensity of the unattenuated light. Calibrated neutral-density filters
(Melles Griot, Irvine, CA) provided controlled attenuation. During exper-
imental manipulations the cells were illuminated with near-IR light with a
long-pass filter (A > 780 nm; Andover, Salem, NH) and viewed with the aid
of a Newvicon TV camera (model WV-1550, Panasonic, Secaucus, NJ).
The infrared illuminator was turned off for several minutes before light
responses were tested. All recordings were made at room temperature
(20-22°C).

RESULTS

Involvement of a G-protein

Nonhydrolyzable analogs of GTP, such as GTP-v-S, have been
used extensively to assess the participation of G-proteins in cell
signaling (Breitwieser and Szabo, 1988; Andrade, 1994). At low
doses GTP-v-S is not expected to activate the G-protein, but on
stimulation of the receptor it should induce a prolongation of the
response by interfering with a key shut-off step, namely the GTPase
action of G,. Figure 14, left, shows the membrane current from a
ciliary photoreceptor internally perfused with 100 um GTP-vy-S
and stimulated repetitively with 5 sec light steps at intervals of 40
sec. A substantial fraction of the photocurrent remained active
after the termination of the first light stimulus; subsequent lights
evoked progressively diminished responses and smaller further
shifts in baseline (n = 16). By contrast, in control cells dialyzed
with the normal intracellular solution the photocurrents shut off
completely after each light (Fig. 14, right), and their peak ampli-
tude remained unaltered with successive repetitions of the stimulus
(n > 20). The progressive reduction in responsiveness in the
presence of GTP-y-S required photostimulation, as illustrated in
Figure 1B, top; a cell internally perfused with 100 um GTP-+-S for
15 min in the dark responded to the first flash with a photocurrent
of normal amplitude. Subsequent light responses, however, were
profoundly depressed (n = 4). For comparison, the bottom trace
illustrates the outcome of a similar regime applied to a control cell.

When photoreceptors are stimulated with persistent background
illumination, the response to a test flash is desensitized; in addition,
it acquires a more rapid time course (Fuortes and Hodgkin, 1964;
Baylor and Hodgkin, 1974). If the depression of the light response
in GTP-vy-S-treated photoreceptors is a consequence of sustained
activation of the transduction cascade, one may expect a similar
acceleration of the photocurrent. Figure 24, left, shows superim-
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Figure 1. Effects of GTP-vy-S on the photocurrent. 4, Left, A photorecep-

tor was whole-cell-clamped with an electrode containing 100 um GTP-+-S.
Light-steps lasting for 5 sec were applied every 40 sec (28 X 10'* photons X
sec ' X cm ~?). At the termination of the first light stimulus, a substantial
fraction of the photocurrent remained active. A, Right, A control cell
dialyzed with the standard intracellular solution was subjected to a similar
profocol (17.6 X 10'* photons X sec ~' X cm ~?) and displayed no sus-
tained activation of the photoresponses. B, The decline in light responsive-
ness with GTP-v-S is a consequence of photostimulation. Top, A photore-
ceptor internally perfused with 100 uM GTP-v-S was kept in the dark for 15
min before light stimulation. The first photocurrent in response to a flash of
7 X 10'* photons X sec ™! X cm ~ 2 displayed normal amplitude, whereas a
subsequent response to the same light stimulus applied 2 min later was
severely depressed. Bottom, A cell dialyzed with normal internal solution
was stimulated immediately after attaining the whole-cell configuration and
then kept in the dark for 15 min before stimulation was resumed. The
responses shogv no deterioration. Light intensity, 2.3 X 10'* photons X
sec” - Xcm™ -

posed photocurrents elicited by 100 msec flashes delivered every 2
min during intracellular dialysis with 100 um GTP-v-S. In the panel
on the right the traces were normalized with respect to the peak
amplitude, revealing that the kinetics of the response became
progressively faster. Similar results were obtained in 12 cells. Fig-
ure 2B shows superimposed light responses from a control cell,
demonstrating the lack of any acceleration of their time course
(n > 50).

Whereas the effectiveness of GTP-y-S at low doses requires
activation of the receptor, one would anticipate that, by the law of
mass action, higher concentrations should be capable of directly
stimulating the G-protein (Breitwieser and Szabo, 1988). This
prediction is borne out by the data in Figure 34, which shows
membrane currents recorded from different photoreceptors in the
dark immediately after intracellular perfusion was initiated with
the indicated concentrations of GTP-y-S. When the intracellular
solution contained >100 um GTP-y-S, a conspicuous outward
current gradually developed. Figure 3B shows the mean peak
amplitude of outward membrane currents recorded in the dark,
pooled from cells treated with the different concentrations of
GTP-v-S (total n = 14).

A complementary strategy to ascertain the involvement of a
G-protein entails the use of GDP-B-S. This hydrolysis-resistant
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Figure 2. GTP-y-S-induced desensitization is accompanied by photocur-
rent acceleration. A, Left, Repetitive flashes (100 msec; 4.4 X 10'* pho-
tons X sec” ' X cm~?) were applied every 2 min to a photoreceptor
dialyzed with 100 um GTP-y-S; the response amplitude gradually de-
creased. A, Right, Normalization of the same photocurrent traces reveals
progressively faster kinetics. B, Superimposed light responses (3.3 X 10'*
photons X sec ™! X cm ~?) in a control cell, demonstrating the lack of any
significant change in either amplitude or time course.
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Figure 3. Direct stimulatory effects of GTP-y-S at higher concentrations.
A, Whole-cell membrane currents measured in the dark in four different
cells immediately after the initiation of intracellular perfusion with the
concentrations of GTP-y-S indicated on the right. When [GTP-v-S] in the
pipette was above 100 uM, a conspicuous outward current gradually devel-
oped. B, Mean peak amplitude of outward membrane currents recorded in
the dark, pooled from cells treated with different concentrations of
GTP-vy-S.

GDP analog acts as a competitive inhibitor of G-proteins by bind-
ing to the a-subunit and preventing agonist-induced activation
(Eckstein et al., 1979). Figure 44 shows the responses evoked by
100 msec flashes of constant intensity applied every minute to a cell
dialyzed with 200 um GDP-B-S. A marked decrease in the ampli-
tude of the photocurrent took place over a period of 15 min (n =
4). However, unlike with GTP-vy-S, the progressive decline in light
responsiveness occurred irrespective of light stimulation, as illus-
trated in Figure 4B; a step of light was interposed between two
brief test flashes delivered 2 min apart (an interval far shorter than
the time constant of the decay of the GDP-B-S-induced loss of
responsiveness; see Fig. 44). The response to the second test flash
barely displayed some attenuation (fop; n = 6); by contrast, in
GTP-vy-S-treated cells light responsiveness was reduced dramati-
cally by the intervening conditioning light (bottom; n = 8).

Gomez and Nasi ¢ Light Transduction in Ciliary Photoreceptors

A
GDP-B-S
2000r .
. AN
I e, |
= .. —
£ 100 k e,
] [ LT
5
(8]
e rm——
0 2 4 6 & 10 12 14 16 18 20
Time (min)
B
GDP-p-S
w0 "A[J\ N k
GTP--S
N [\
. b
400 ms

Figure 4. GDP-B-S reduces light responsiveness. A4, Peak amplitude of
responses elicited by 100 msec flashes, plotted as a function of time. The
photoreceptor was voltage-clamped with an electrode containing 200 uMm
GDP-B-S. Insets, First and last record of the series. Calibration: 400 msec,
400 pA. B, Light stimulation does not potentiate the effect of GDP-B-S. The
stimulus protocol consisted of a control flash (100 msec) followed by a
conditioning 500 msec light of the same intensity and a second test flash
(identical to the control); this regime was repeated at 2 min intervals. Top,
Responses from a cell dialyzed with GDP-B-S, showing only minor changes
in the photocurrent evoked by the test flashes. Bottom, When the same
protocol was applied to a photoreceptor internally perfused with GTP-v-S,
the conditioning light dramatically depressed the response to the test flash.
Light intensity, 7 X 10'* photons X sec ™! X cm ~

To corroborate further that the desensitizing effect of poorly
hydrolyzable guanine nucleotide analogs is not attributable to
inhibition of downstream elements in the cascade, we determined
that activation of the conductance by 8-Br-cGMP (20 um) was not
hindered by concomitant dialysis with 100 um GTP-y-S (n = 5;
data not shown).

In summary, we demonstrated the following: (1) sustained pho-
toexcitation in the presence of low doses of GTP-v-S, accompanied
by response desensitization and acceleration of its kinetics; (2)
direct channel activation at high doses of GTP-v-S; and (3) inhi-
bition of the photoresponse by GDP-B-S. Taken together, these
results strongly suggest that, like in other classes of visual cells, a
G-protein mediates light transduction in the hyperpolarizing ciliary
photoreceptors of the scallop.

Identity of the G-protein

Considering that a G, has been detected in the ciliary retinal layer
of another species of scallop (Kojima et al., 1997), we sought
physiological support for the proposition that this subclass of
G-protein is involved in the phototransduction process. Among the
substances that have been described as activators of G-proteins,
mastoparan, a small peptide component of wasp venom, has been
shown to display a significant selectivity for G; and G, isoforms and
to operate by a mechanism that mimics stimulation by activated
receptors (Higashijima et al., 1988). Figure 54 shows membrane
current traces recorded in the dark from different photoreceptors
immediately after the whole-cell configuration was attained. The
patch electrodes contained 0, 20, or 50 um mastoparan, and the
holding potential was set at —30 mV. With the control internal
solution no significant change in holding current was observed.
With 20 uM mastoparan an outward current developed after a
latency of ~10 sec, attaining an amplitude of 226 pA (mean 222 *
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Figure 5. Mastoparan-induced outward current. 4, Whole-cell membrane
current measured in the dark immediately after internal perfusion was
initiated. The patch pipette contained either control internal solution or
mastoparan at a concentration of 20 or 50 uM, respectively. A distinct
outward current developed in the photoreceptors treated with mastoparan;
the amplitude and speed of the response were related directly to the peptide
concentration. B, Current trace recorded in the dark from a cell internally
dialyzed with 20 uM mastoparan. When the outward current attained a
steady level, 1 mM L-cis-diltiazem was applied repeatedly by a puffer pipette
(indicated by the bars), producing a reversible decrease in the amplitude of
the response.

140 pA; n = 18). With 50 uMm a much faster and larger response was
obtained (mean 361 = 177 pA; n = 4). These effects bear a striking
resemblance to the direct stimulation of the light-sensitive conduc-
tance by intracellular application of cGMP analogs (Gomez and
Nasi, 1995), although the average size of the mastoparan-induced
current tended to be smaller than that evoked by application of
8-Br-cGMP. Extending the range of concentrations of mastoparan
proved to be problematic because at high doses this substance also
has been reported to permeabilize the plasma membrane (Tan-
imura et al., 1991) by inducing the formation of nonselective
cationic membrane pores (Suh et al., 1996). In fact, a few attempts
that used larger amounts of the peptide in the pipette solution
resulted in a runaway increase in leakage. Other peptides related to
mastoparan also were tested. MAS 17, a relatively inactive analog
obtained by introducing a positively charged lysine on the hydro-
phobic stretch of the molecule, proved significantly less potent than
mastoparan (20 um; n = 5). By contrast, MAS 7, which is produced
by a lysine—alanine substitution at position 12, resulting in an
enhanced ability to promote GDP/GTP exchange in G-proteins
(Higashijima et al., 1988), also evoked a conspicuous outward
current in the dark when dialyzed at a concentration of 20 um (n =
3); in our hands, however, its effectiveness was not greater than that
of mastoparan.

To ascertain whether the mastoparan-evoked current is related
to the activation of the phototransduction cascade, we examined
the effects of blockers of light-dependent channels on the current
induced by this peptide. In Figure 5B a photoreceptor cell was held
at —30 mV and dialyzed intracellularly with 20 uMm mastoparan,
which induced an outward current of 284 pA. When a stable level
was attained, 1 mMm L-cis-diltiazem was applied by puffer pipette,
rapidly producing a substantial, reversible decrease in the outward
current. Similar results were obtained in six cells. No effects of the
blocker were seen in the absence of mastoparan (data not shown).
The degree of blockage of the mastoparan-induced current by
L-cis-diltiazem was quantitatively comparable to that previously
reported for the light-evoked current and for the current elicited by
8-Br-cGMP (Gomez and Nasi, 1997a). Similarly, puffer application
of 100 um 4-AP, which previously was shown to potently block the
photocurrent in these cells (Gomez and Nasi, 1994b), antagonized
the mastoparan-elicited outward current (n = 2; data not shown).
Further clues were provided by evidence of occlusive interactions
between mastoparan and light stimulation; after dialysis with the
peptide the peak amplitude of the current evoked by a flash of
saturating intensity was smaller than in control photoreceptors
(966 = 732 pA vs 2460 = 907 pA; n = 9 in each condition).
Moreover, in treated cells a significant negative correlation existed
between the size of the current elicited by mastoparan and that of
the residual photocurrent (r = —0.46; p < 0.05).

Mastoparan is also known as a calmodulin (CaM) inhibitor
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Figure 6. Pertussis toxin sensitivity of the light-dependent current. A, Left,
Shown are responses to repetitive 100 msec flashes from a cell codialyzed
with the PTX A-protomer (3 ug/ml) and NAD (500 um). A progressive
reduction of photocurrent amplitude was observed. The pipette was front-
filled with toxin-free solution to avoid interference with seal formation. A,
Right, In a similar experiment conducted in a photoreceptor treated with
NAD alone, no sign of deterioration of the light response was observed. B,
Shown is the normalized peak amplitude of the photoresponses for the
same two cells, 1plotted as a function of time. Light intensity, 9 X 10'3
photons X sec™ ' X cm ™2,

(Barnette et al., 1983). To rule out that the observed effects may be
mediated by CaM, we performed control experiments with chem-
ically distinct CaM antagonists; neither calmidazolium (100 nwm;
n = 6) nor W-7 (50 um; n = 2) applied internally produced any
change in membrane current.

Most G, and G; are strongly susceptible to inhibition via ADP
ribosylation by pertussis toxin (Kaslow and Burns, 1992) (for re-
view, see Carty, 1994). The holotoxin, which is produced by the
bacterium Bordetella pertussis, is composed of the A-protomer,
where the catalytic activity of the toxin resides, and the B-oligomer,
for which the function is to bind to the cell surface and promote
internalization (Tamura et al., 1983). Effective PTX treatment of
intact cells typically entails prolonged incubations, sometimes in
excess of 24 hr. We determined that isolated scallop retinas can
remain viable for up to 30 hr, provided they are kept at 14-16°C.
Under these conditions the addition of 1 ug/ml PTX to the bathing
medium did not lead to a significant deterioration of the light
response (data not shown). These negative results, however, could
stem from poor internalization, either because of the lack of
surface receptors for the B-oligomer (Tamura et al., 1983) or
because of the rather low temperatures at which the cells had to be
incubated (Holz et al., 1986). We therefore resorted to direct
application of the toxin by intracellular dialysis via the patch
electrode. Because this approach renders the B-oligomer unneces-
sary, we used the A-protomer instead of the holotoxin, because its
smaller size (28 kDa) expedites dialysis. Figure 64, left, shows that,
when the A-protomer of PTX (3 ug/ml) was codialyzed with 500
uM nicotinamide adenosine dinucleotide (NAD) (which serves as
the donor of ADP-ribose in the ADP-ribosyltransferase reaction)
(Kaslow and Burns, 1992), the photoresponse evoked by repetitive
flashes (1/min) progressively declined over a period of 20 min
(average photocurrent decrease, 59 *11%; n = 10). In contrast,
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responsiveness remained unaltered in control photoreceptors
treated with NAD alone (right; n = 3) or with the standard internal
solution (n > 20; data not shown). In Figure 6 B the peak amplitude
of the light response is plotted for the two cells to show the time
course of the effect.

Effect of PDE inhibitors

Next we explored the mechanisms by which the G-protein is
coupled to the changes in cyclic GMP necessary for opening the
light-dependent conductance. Considering the well established pre-
cedent of a light-activated PDE in vertebrate phototransduction
and the aforementioned kinship between rods and cones and
invertebrate ciliary photoreceptors, we examined the possible in-
volvement of a PDE modulated by light. Of course, the require-
ment of a photo-induced increase in cGMP would call for a high
basal level of PDE activity in the dark, which would have to be
reduced by light stimulation, unlike in vertebrate retinas. Under this
hypothesis a pharmacological antagonist targeting PDE should be
particularly effective in the dark, when the hydrolytic activity is
maximal, and result in a build-up of cGMP levels and the conse-
quent opening of light-sensitive channels. In other words, an effec-
tive PDE inhibitor should mimic photostimulation. On the other
hand, the current evoked by a flash may be expected to decrease, if
anything, owing to the reduced pool of PDE that may remain
susceptible to inhibition by light and also owing to the fact that a
fraction of ion channels already would be active.

We first tested the effect of IBMX, a broad-spectrum PDE
inhibitor, applied internally via the patch pipette. As shown in
Figure 74, left, during intracellular perfusion with 500 um IBMX
in the dark only a small change in the holding current was observed
(average, 58 = 34 pA; n = 12); this was not significantly different
from control cells. On the other hand, IBMX induced a gradual
enhancement of the size of the photocurrent (right); the average
increase was 46 = 17% (n = 7). Although the latter effect is
consistent with the presence of PDE activity in ciliary photorecep-
tors, both results argue against its involvement as a critical light-
regulated step in the generation of the photoresponse. Attempts to
narrow the identity of the PDE subtype by using more selective

pharmacological inhibitors (for review, see Beavo, 1995) were un-
successful. In particular, we tried to target cyclic nucleotide PDEs
that exhibit a high substrate specificity and preferentially hydrolyze
c¢GMP, such as types 5 and 6 (Gillespie and Beavo, 1989); however,
neither dipyridamole (100 um; n = 7) nor zaprinast (100-500 wm;
n = 9) applied intracellularly caused any discernible change in the
holding current in the dark or in the amplitude of the light re-
sponses (Fig. 7B,C). We also tested a variety of compounds that are
effective on other subclasses of PDEs, including cGM P-stimulated
type 2 PDE (EHNA 1-100 pm), cGMP-inhibited type 3 PDE
(trequinsin, 20200 nM; milrinone, 5 uM), and CaM PDE type 1
(8-methoxymethyl-IBMX, 10-30 um; W-7, 50 um); all were found
to be inert.

In a recent brief communication Shimatani and Katagiri (1997)
reported that bath application of IBMX and dipyridamole de-
pressed the photoresponse in hyperpolarizing receptors of another
species of scallop. We confirmed these effects in Pecten; as shown in
Figure 84, extracellular local application of 1 mm IBMX reversibly
decreased the amplitude of the light response (mean reduction,
54 = 12%; n = 8). In the dark the holding current was unaffected.
A similar reduction of the photocurrent also was induced by puffer
administration of 200 uM dipyridamole (mean reduction, 42 * 6%);
n = 6; Fig. 8B). This inhibitory action was not shared by other
antagonists of PDE types 5 and 6, because zaprinast (200—400 um)
had no significant effect (Fig. 8C; n = 6).

The antagonistic effects of extracellular dipyridamole and
IBMX on the photoresponse contrast with the ineffectiveness of
these drugs applied directly to the cytosolic compartment (see
above). Furthermore, they are seemingly inconsistent with the
notion of a light-induced increase in ¢cGMP. In an attempt to
clarify this puzzle, we examined the consequence of dipyridamole
superfusion on the current directly evoked by cGMP analogs.
Figure 94 shows recordings from photoreceptors voltage-clamped
in the dark with electrodes containing 50 um 8-Br-cGMP. A large
outward current developed soon after intracellular dialysis was
begun; when its amplitude reached a stable level, either 200 um
(left) or 400 um dipyridamole (right) was applied from a puffer
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Figure 8. Extracellular effects of PDE inhibitors on the photoresponse.
Repetitive flashes were applied in ASW, during puffer application of PDE
inhibitors, and after the compounds were washed. 4, IBMX locally super-
fused at a concentration of 1 mM reversibly reduced the photocurrent. Light
intensity, 1.1 X 10'* photons X sec™! X cm ™2 B, A similar effect was
produced by 200 uM dipyridamole (2.8 X 10'* photons X sec ™' X cm ™2
C, Lack of effect of local application of 200 uM zaprinast (4.4 X 10
photons X sec ™! X cm ~?).
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pipette. A dose-dependent reversible decrease of the nucleotide-
evoked current was observed, which was quantitatively comparable
to the reduction of the light-evoked current. In Figure 9B, control
experiments performed in the absence of 8-Br-cGMP showed little
effect of dipyridamole, confirming that this drug specifically acts on
the cGMP-dependent K™ current. These results, therefore,
strongly argue that the depression of the light response by extra-
cellular dipyridamole (and, presumably, by IBMX) stems from
direct blockage of the nucleotide-dependent channels and cannot
be attributable to any effect on PDE. The lack of effect of cytosolic
perfusion suggests that the blocking site is only accessible
extracellularly.

Disposal of cGMP also could occur by extrusion via a membrane
transporter, as recently described in erythrocytes (Schultz et al.,
1998). Conceivably, modulation of efflux could control intracellular
[cGMP]. However, application of 100 um probenecid, a blocker of
the cGMP pump, had no effect of membrane conductance in the
dark nor on the light response (n = 3).

Role of a guanylate cyclase

A plausible alternative to regulation of hydrolysis or extrusion of
c¢GMP as a mechanism to increase its concentration during illumi-
nation would be the modulation of a GC. The inhibitory effects of
the compound LY83583 on GC have been documented extensively
in biochemical assays and physiological measurements (Schmidt et
al., 1985). Intracellular perfusion of ciliary photoreceptors with
10-100 uwm LY83583 caused a substantial, progressive decay in the
photocurrent, as shown in Figure 10A4; the peak amplitude of the
response is plotted as a function of time for a control cell (open
squares) and for one voltage-clamped with an electrode containing
100 wMm LY83583 ( filled squares). At this concentration of the drug
the responses decreased by (52 = 17%; n = 6). Taking advantage
of the fact that L'Y83583 is significantly membrane-permeable
(Schmidt et al., 1985), we also examined the effect of extracellular
application. Figure 10B shows the light-evoked current from a cell
voltage-clamped at —30 mV; application of 200 um LY83583 via a
puffer pipette reversibly decreased the size of the photocurrent
(mean reduction, 53 = 16%; n = 4). Lower doses (50 uM) were also
consistently effective, although the inhibitory effect was corre-
spondingly less pronounced (21 * 4%; n = 5; data not shown).
Figure 10C shows intensity series recorded from a cell in ASW and
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during exposure to 200 uM LY83583 (right).The corresponding plot
of the peak amplitude of the photocurrents as a function of light
intensity (left) shows that the curve obtained in the presence of the
drug is compressed considerably.

The depression of the photocurrent by LY83583 is compatible
with an inhibitory effect on GC activity; however, in view of a
recent observation that in olfactory neurons this substance also can
block cyclic nucleotide-gated channels (Leinders-Zufall and Zufall,
1995), it was important to rule out any direct antagonism on the
light-sensitive conductance. To examine this possibility, we tested
the effects of LY83583 on the current activated by direct applica-
tion of cGMP analogs. Figure 10D shows a recording obtained in
the dark from a photoreceptor whole-cell-clamped with an elec-
trode containing 20 uM 8-Br-cGMP. When the cGMP-dependent
outward current reached a stable level, LY83583 (200 um) was
applied locally (left). No reduction in current was detected, al-
though a subsequent test in the same cell demonstrated that the
light response exhibited a normal susceptibility to the drug (right),
confirming the effectiveness of delivery. Similar results were ob-
tained in 10 photoreceptors.

To ascertain the possible involvement of a nitric oxide pathway
that may target a GC, we tested the effects of ODQ, a potent and
selective inhibitor of nitric oxide-sensitive GC (Garthwaite et al.,
1995). Repetitive photostimulation during internal dialysis with 1
uM ODQ did not reveal any decrease in response amplitude;
furthermore, light sensitivity, measured in a standard intensity
series, was normal (n = 5). Responsiveness to light also was
maintained during local extracellular application of 1 um ODQ,
although a marginal decrease in the peak size of the photocurrent
was observed (93 * 1.9% of control; n = 4). In addition, we
determined that the light response was completely unaffected by
intracellular administration of the NO-synthase inhibitor N-
methyl-L-arginine (NMLA) at a concentration of 100 um (n = 3),
and neither the basal conductance not the photocurrent was altered
by YC-1 (30 uMm), an activator of NO-sensitive GC (n = 4). These
results argue against the involvement of a NO-sensitive GC in the
excitatory process of ciliary photoreceptors.

DISCUSSION

In the present study we examined the intervening steps that link
photopigment stimulation to ion channel gating in ciliary inverte-
brate photoreceptors. These cells share with vertebrate rods and
cones the fact that light-dependent channels are controlled via
cGMP (Gomez and Nasi, 1995), but the transduction cascade must
differ at some key enzymatic step, because the final effect of
photostimulation is an increase, rather than a decrease, in mem-
brane conductance.

The effects of nonhydrolyzable guanine nucleotide analogs indi-
cated that, in common with other visual cells, activation of a
G-protein is a key early step in excitation; intracellular dialysis with
low doses of GTP-y-S caused part of the photocurrent to persist
after termination of a light stimulus, concomitantly with a desen-
sitization of the response and an acceleration of its kinetics. These
effects suggest that hindering G-protein deactivation interferes
with the shut-off of the phototransduction cascade and results in a
state akin to adaptation by background illumination. Conversely,
GDP-B-S depressed responsiveness in a manner that did not de-
pend on photostimulation, as one would expect from the fact that
GDP-B-S targets the inactive G-protein. The particular G-protein
subtype that mediates phototransduction must differ from those
that operate in other visual cells, because neither G, nor G, is a
viable candidate in this system. Motivated by a recent report
demonstrating that G, is present in the distal retina of a closely
related species (Kojima et al., 1997), we sought physiological evi-
dence for G, involvement in visual excitation in Pecten. In the first
place, we found that mastoparan peptides known to activate G; and
G, selectively, with little effect on G, and G, (Higashijima et al.,
1988), consistently evoked an outward current similar to that elic-
ited by intracellular perfusion with cGMP analogs and susceptible
to the same blockers of the light/cGM P-sensitive conductance,
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namely L-cis-diltiazem and 4-AP (Gomez and Nasi, 1994b, 1997a).
Light responsiveness also was depressed by application of the
A-protomer of PTX this result dovetails with the published amino
acid sequence of the scallop retinal G, (Kojima et al., 1997), which
shows a cysteine in the fourth position from the C terminus, the
hallmark for susceptibility to ADP ribosylation. In conjunction
with the results of Kojima et al. (1997), the present observations
support the notion that light transduction in ciliary invertebrate
photoreceptors is mediated by a G-protein of the G, subclass, in
sharp contrast with other previously studied visual receptor cells.
Interestingly, in the “on” bipolar cells from vertebrate retinae the
response triggered by stimulation of metabotropic glutamate re-
ceptors (which also is mediated by cGMP) (Nawy and Jahr, 1990,
1991; Shiells and Falk, 1990) appears to involve a G, (Vardi et al,,
1993).

The enzymatic target of the rhodopsin-coupled G-protein also
seems to differ from that of other photoreceptors that use cGMP as
an internal messenger, because modulation of a phosphodiesterase
is an unlikely light-regulated mechanism for controlling cGMP
levels in the present system. Such a scheme would require a high
constitutive level of GC activity; therefore, one would anticipate
that inhibition of PDE in the dark should lead to rapid cGMP
accumulation and the consequent activation of the light-sensitive
conductance. Contrary to this prediction, intracellular administra-
tion of IBMX caused only marginal changes in the baseline holding

Time (min)

Time (min)

current, although the current elicited by light flashes was enhanced.
This suggests that, although PDE activity may be present in ciliary
photoreceptors, it seems not to be regulated by light. It is interest-
ing to note that, in a recent study of “on” bipolar cells, it also was
found that IBMX did not affect adversely the cGMP-mediated
metabotropic response to glutamate, indicating that a PDE may not
be required for transduction in that system either (Nawy, 1999).
Surprisingly, in the presence of IBMX the time course of the light
response was not prolonged significantly. One would have to con-
clude that cGMP hydrolysis is not the main rate-limiting step in the
fall of the photocurrent after a flash. The simplest tentative expla-
nation could be that diffusion of cGMP out of the minute ciliary
appendages (~1 um) into the much larger cytosolic volume of the
cell body (>2000X) may account for much of the fall in cGMP
concentration in the region near the light-dependent channels.
Attempts to clarify the identity of the PDE of Pecten photorecep-
tors by pharmacological means were unsuccessful. In particular,
intracellular administration of selective inhibitors of some well
characterized ¢cGM P-specific PDEs (types 5 and 6) failed to alter
membrane current, both in the dark and after illumination. One
must recognize, however, that recently discovered PDEs (Soder-
ling et al., 1998, 1999) bring the total number of subclasses of cyclic
nucleotide phosphodiesterases to at least 10, and for several of
them no specific antagonists have yet been found.

The depression of the light response by extracellular dipyrida-



Gomez and Nasi ¢ Light Transduction in Ciliary Photoreceptors

J. Neurosci., July 15, 2000, 20(14):5254-5263 5261

A B
1000 Control 1000 _.— Control
8ool 6 ®ypp0adn®08800 < 800 Wash
—_ 9goa ©° a
g eo0l g o
= " £ 400 LY 83583
) .
= n “a Q
5 400 ., LY 83583 200
© fa, 0
200¢ “raa,
ol Light l !
0 4 8 12 16 20 0 800 1600 2400
Time (min) Time (ms)
c
24001 Control
[ Control
< 1600}
5 1600 LY 83583
€ !
o
5 800: Figure 10. Depression of the photocurrent
o | LY 83583 by inhibition of guanylate cyclase. A, Peak
| 200 pA[ amplitude of the light response elicited by
i repetitive flashes, plotted as a function of
0 time. The pipette contained either the normal
£ 5 4 _s B 1 0 Light _f} intracellular solution (open squares) or 100
- - 400'ms M LY83583 ( ﬁlled squares). The llght 1nten-
log(l/io) sity was 2.3 X 10'* photons X sec ™' X cm ~2
B, Reversible inhibition of the photocurrent
induced by extracellular application of 200
M LY83583; the same light stimuli are used
D as in A. C, Photocurrent amplitude as a func-
1600 8-Br-cGMP tion of light intensity in a cell dialyzed with

LY 83583

Current (pA)
(=3
3

400

100 pA
M/\*wv\m LY 83583

standard internal solutlon (unattenuated light
intensity, 3.4 X 10" photons X sec™' X
cm ~?). The intensity series was recorded in
ASW ( filled squares) and during local super-
fusion with 200 um LY83583 (open squares).
The corresponding families of raw traces are
shown on the right. D, Left, Outward current
evoked by internal perfusion with 20 um
8-Br-cGMP in the dark. Once the cGMP-

Control

Wash dependent current reached a steady state,

LY83583 was applied with a puffer pipette but

0 nght , | produced no measurable effect. Subsequent
e application of the drug in the same cell (right)

0 20 40 60 80 600 1200 reduced the photocurrent in a reversible
Time (s) Time (ms) manner. Light intensity, 18 > 10 14 photons X

mole and IBMX was unexpected, given the robust and well docu-
mented observation that cGMP analogs activate the light-
dependent K™ conductance. Closer scrutiny of this phenomenon
led to the conclusion that it was attributable to a direct antagonism
on the light-sensitive conductance, unrelated to any effect on PDE.
Precedents for channel block by these compounds have appeared
previously in the literature; in Limulus ventral photoreceptors
IBMX blocks voltage-gated K™ channels (Corson et al., 1979),
whereas dipyrydamole has been claimed to block C1~ channels in
cultured astrocytes (Sanchez-Olea et al., 1993). Our observations
thus provide a clarification for a recent brief communication that,
on the basis of the reduction of the photoresponse by extracellular
dipyrydamole and IBMX in hyperpolarizing photoreceptors of a
related species of scallop, suggested that a decrease in cGMP may
underlie the visual excitation process (Shimatani and Katagiri,
1997).

The results of the present study lend support to an alternative
scheme, according to which light-triggered activation of the
G-protein is coupled to stimulation of a GC to produce the in-
crease in cGMP required to open light-dependent channels. In
agreement with this notion, the GC inhibitor LY83583 consistently
and reversibly depressed the photoresponse in a dose-dependent
manner. By contrast, no inhibition by this compound was detected

sec” ! X cm

when the light-sensitive channels were opened directly by 8-Br-
c¢cGMP, demonstrating that the site of action of LY83583 is up-
stream in the cascade. GCs are broadly grouped in two categories:
soluble, which are regulated by NO (for review, see Hobbs, 1997),
and particulate or membrane. LY83583 has been known to target
both soluble (Kontos and Wei, 1993) and membrane GCs (Clemo
et al., 1992). However, in Pecten ciliary photoreceptors the manip-
ulations designed to interfere with NO synthase produced no
effect, arguing against a NO pathway that may impinge onto cGMP
signaling. Moreover, ODQ, a selective antagonist of the NO-
sensitive GC, failed to alter the light response, and application of
YC-1, a specific activator of NO-sensitive GC, produced no effect
on the basal membrane conductance. Taken together, these results
seem to rule out the involvement of a soluble GC in phototrans-
duction; by exclusion, a membrane GC may be implicated. Several
membrane GCs have an extracellular receptor domain that confers
them responsiveness to ligands such as atrial natriuretic peptide or
pheromones (for review, see Wedel and Garbers, 1997). Other
members of this class interact with regulatory proteins via the
membrane-proximal stretch of the cytosolic domain and therefore
can play a role in intracellular signaling. In particular, the GCs
found in the outer segment of vertebrate rods bind GC-activating
proteins (GCAPs) (for review, see Polans et al., 1996), which can
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stimulate catalytic activity in a Ca-dependent manner, a mecha-
nism crucially implicated in light adaptation and dark current
recovery. It is clear, however, that in the case of Pecten different
functional properties would be expected, because previous evi-
dence argues against any critical role of calcium ions in phototrans-
duction (Gomez and Nasi, 1995) or its modulation (Gomez and
Nasi, 1997b). The required linkage of rhodopsin stimulation to GC
activity, whether direct or indirect, remains to be elucidated, be-
cause little is known about mechanisms that may couple G-proteins
to GCs, and clues are only beginning to emerge in other systems.
For example, in Dictyostelium the chemotactic response triggered
by extracellular cAMP has been shown to be mediated by a
G-protein that stimulates a membrane GC, causing an elevation of
cGMP levels (Kuwayama and Van Haastert, 1998). A GC/atrial
natriuretic factor receptor in the plasma membrane of murine
Leydig tumor cells also appears to be regulated by G/G; (Khurana
and Pandey, 1995). Although there are no precedents for light
regulation of a GC mediating the generation of the receptor po-
tential in retinal receptors, a similar mechanism recently has been
proposed to operate in the extra-ocular light-sensitive neuron of a
mollusk (Nishi and Gotow, 1998); moreover, such a scheme paral-
lels the well documented transduction process of other sensory cells
of ciliary origin, such as the neurons of the olfactory epithelia
where odorants activate an adenylate cyclase to bring about an
increase in cAMP (Pace et al., 1985). The notion that a G,
mediates light transduction in Pecten ciliary photoreceptors by
stimulating a GC would place these cells in a novel, separate
subgroup among visual receptors, which may share significant sim-
ilarities with chemoreceptor cells.
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