
13The Journal of Experimental Biology 202, 13–20 (1999)
Printed in Great Britain © The Company of Biologists Limited 1998
JEB1667
NITRIC OXIDE AND CYCLIC GMP MODULATE PHOTORECEPTOR CELL
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Nitric oxide (NO) is a membrane-permeant messenger
molecule which activates the cyclic GMP (cGMP)-
synthesizing enzyme soluble guanylyl cyclase. Using
cytochemical techniques, we recently reported NO-induced
cGMP immunoreactivity in the photoreceptor cells of the
compound eye of the locust Schistocerca gregariaand also
detected NADPH diaphorase staining, a marker of NO
synthase, in a subset of the monopolar cells of the lamina.
By recording the corneal electroretinogram (ERG), we
found that the application of neurochemicals that raise
NO/cGMP levels in the optic lobe increased the ERG
amplitude, whereas the experimental reduction of NO
levels caused a decrease in the response to light. An

increase in the light response was also found in
intracellular recordings after application of a NO donor,
suggesting that the NO-induced changes in the ERG are not
caused by changes in the resistive isolation of the retina.
Our cytochemical and electrophysiological data are both
consistent with the hypothesis that NO synthesized in
monopolar cells is a retrograde messenger to the
presynaptic photoreceptor neurones.

Key words: nitric oxide synthase, soluble guanylyl cyclase,
phototransduction, monopolar cell, electroretinogram, retrograde
messenger, locust, Schistocerca gregaria, Locusta migratoria.
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Nitric oxide (NO) is a membrane-permeant messeng
activating the cGMP-synthesizing enzyme soluble guany
cyclase (sGC) (for reviews, see Bredt and Snyder, 19
Garthwaite and Boulton, 1995). In the nervous system, NO
produced in an activity-dependent process b
Ca2+/calmodulin-stimulated NO synthases (NOSs). Since N
is thought to diffuse from its site of production through ce
membranes to its target receptor, it functions as a rat
unconventional transmitter in the vertebrate brain. NO
mediated signalling is also found in many invertebrat
(Elofsson et al., 1993), for example in insect nervous syste
(Elphick et al., 1993; Müller and Buchner, 1993; Mülle
1994). In Drosophila melanogaster, the genes encoding a
Ca2+/calmodulin-dependent NOS (Regulski and Tully, 199
and the two subunits of sGC have been cloned (Liu et al., 19
Shah and Hyde, 1995). The anatomical distributions a
biochemical properties of NOS and NOS-related markers
the insect nervous system have recently been review
(Müller, 1997).

Locusts are especially useful as neurobiological preparati
for studies of information processing in invertebrate nervo
systems at the cellular and systems levels (for a review, 
Burrows, 1996). The presence of NO/cGMP signalling is w
established in the olfactory system of the locust (Müller a
Bicker, 1994; Bicker and Hähnlein, 1995; Elphick et al., 199
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Bicker et al., 1996), and there is growing cytochemic
evidence that locusts also employ NO signalling in their visu
system. Using NADPH diaphorase staining as a marker 
NOS in fixed tissue, the distribution of potential NO
synthesizing cells has been mapped in the optic lobe (Elph
et al., 1996; Bicker and Schmachtenberg, 1997; Seidel a
Bicker, 1997). Staining locust nervous tissue for NADPH
diaphorase provides a more detailed histological resolution
the neuropile than immunocytochemistry using a polyclon
antiserum against rat cerebellar NOS (Elphick et al., 1995).
the visual system, prominent NADPH diaphorase staining w
found in a subset of monopolar cells, the first-orde
interneurones of the visual system. Using double staining 
NADPH diaphorase and NO-induced cGMP immunoreactivi
(cGMP-IR), the accumulation of cGMP could be demonstrate
in the presynaptic photoreceptor cells but not in other cellu
targets of the NADPH-diaphorase-expressing monopolar ce
in the medulla (Bicker and Schmachtenberg, 1997). The
cytochemical experiments suggested that NO serves as
retrograde signal at the photoreceptor-to-monopolar c
synapse.

To emphasize the presence of NO-induced cGMP-IR in t
presynaptic photoreceptors but its absence in the postsyna
monopolar cells, the immunocytochemical data in this pap
are presented without counterstaining for NADPH diaphoras
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O. SCHMACHTENBERG AND G. BICKER
The cytochemical staining resolves immunoreactivity alo
the entire length of both the short and long visual fibres, b
not in the monopolar cells. To demonstrate that photorecep
neurones are potential targets of an endogenous NO rele
system, we have investigated the effects of neurochemicals 
affect NO/cGMP signalling on both intracellular recording
from the photoreceptors and the corneal electroretinogr
(ERG).

Materials and methods
cGMP immunocytochemistry on frozen sections

Experiments were performed on adult Schistocerca gregaria
and Locusta migratoria, which were either reared in a crowde
colony or were obtained commercially from Blades Biologic
(Edenbridge, UK). All reagents, salts and solvents were 
analytical grade and were obtained from Sigma, Gibco 
Boehringer unless stated otherwise. Locusts were chilled
ice, and the cerebral ganglion was dissected out of the h
capsule. Several cerebral ganglia were pooled in ice-c
Leibovitz L-15 medium (Gibco), and the ganglionic sheath w
removed completely with fine forceps. The ganglia were th
incubated for 30 min (at 4 °C) in L-15 containing 1 mmol l−1 3-
isobutyl-1-methylxanthine (IBMX) to block the activity of
phosphodiesterases. After the addition of sodium nitropruss
(SNP) to a final concentration of 100µmol l−1, the ganglia were
incubated for 15 min at room temperature (20–22 °C). T
tissues were fixed in 4 % carbonate-buffered formaldehy
solution (pH 6.9) for 2 h at room temperature, postfixed at 4
overnight, and stored in phosphate-buffered saline (PB
containing 30 % sucrose for 20 h. The tissue was immersed
Tissue-Tek II (Miles), frozen and cut in a cryostat (18µm). The
plane of the sections was based on the body axis. The sec
were mounted on poly-D-lysine-coated slides and incubated fo
30 min in the blocking solution of the Vectastain ABC k
(Vector Laboratories), diluted in PBS (pH 7.4). The prima
cGMP antiserum was applied at 4 °C overnight at a dilution
1:1000 in PBS with 0.1 % Triton X-100. To visualize cGMP
immunoreactivity (cGMP-IR), we used the ABC kit (Vecto
Laboratories) according to the instructions of the manufactur
diluting in PBS buffer. After the development of staining wit
diaminobenzidine, sections were washed, dehydrated in
ethanol series, cleared in xylene and mounted in Entel
(Merck). Sections were viewed and photographed through
Polyvar microscope (Reichert-Jung).

Specificity of staining

The primary antiserum was raised in rabbits against cGM
coupled to thyroglobulin using formaldehyde. The antiseru
has previously been used to detect the cellular localization
cGMP on sections of the mammalian brain (De Vente et 
1987) and on whole-mounts of Manduca sextaganglia (Ewer
et al., 1994). Details of the generation and tests for specific
of the anti-cGMP serum employed have been given elsewh
(De Vente et al., 1987; De Vente and Steinbusch, 199
Briefly, the affinity of the antiserum for the protein
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carrier/cGMP conjugate and its lack of cross-reactivity wit
GMP and cyclic AMP (cAMP) have been demonstrated usin
a gelatin model system. Control sections of locust nervo
tissue, incubated for immunocytochemistry but in the absen
of primary antiserum, showed no immunoreactivity
Preincubation of the antiserum with 10µmol l−1 cGMP for 2 h
at room temperature completely blocked immunoreactivity o
frozen sections, whereas preincubation with 100µmol l−1

cAMP or GMP did not affect immunoreactivity.

Extracellular recordings from the locust eye

After the removal of the antennae and forelegs, locusts w
immobilized in a plastic tube. The head and thorax were fix
in position with beeswax. A drop of electrode gel (Parker) w
applied to one compound eye, and a glass electrode, filled w
3 mol l−1 KCl and with a resistance of approximately 1 MΩ,
was used for recordings. Silver wire, inserted through a ho
into the head capsule, served as the ground electrode. Sig
were fed to a conventional direct current amplifier fo
intracellular recordings and were stored on an electronic ch
recorder (MacLab). Three green high-intensity light-emittin
diodes (LEDs) were used for light stimulation of the locust ey
from a distance of 1 cm. They were modulated by square pul
of variable voltage and duration generated by the stimulator
the MacLab chart recorder. Maximum light intensity wa
250 mcd at 566 nm (half-width 40 nm). Before the start o
electroretinogram (ERG) recordings, locusts were dar
adapted for 1 h. Dim red light was used as backgrou
illumination. As determined by the ERG experiments, ligh
intensities using LEDs were chosen to yield a half-maxim
photoreceptor response.

The compound eye was stimulated with a constant series
light pulses (0.5 Hz, 200–300 ms duration). Membran
permeant cGMP analogues, sodium nitroprusside (SNP) a
NO donor, the NO scavengers haemoglobin and carboxy-PT
(2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3
oxide) (Akaike et al., 1993) and the NOS inhibitor ETU (2
ethyl-2-thiopseudourea) (Garvey et al., 1994) were appli
during light stimulation. GMP served as a control for cGMP
and methaemoglobin served as a control for haemoglobin. 
reagents were diluted in locust Ringer (NaCl, 140mmol l−1;
KCl, 10 mmol l−1; CaCl2, 2 mmol l−1; Hepes, 10 mmol l−1;
pH 6.9). The following protocol was used for drug application
locust Ringer, 8-Br-cGMP (10 mmol l−1), 8-Br-GMP
(10 mmol l−1), dibutyryl-cGMP (10 mmol l−1), SNP
(10 mmol l−1, freshly prepared and degassed for 48 h as contro
haemoglobin (100µmol l−1), methaemoglobin (100µmol l−1)
and carboxy-PTIO (100µmol l−1; Alexis Biochemicals) were
injected through a glass pipette into the retina using a picopu
(WPI). The injected volume was 0.2µl, leading eventually to
an estimated elevation of the whole-body concentration 
1µmol l−1 (8-Br-cGMP, 8-Br-GMP, dibutyryl-cGMP and SNP)
or 10 nmol l−1 for haemoglobin, methaemoglobin and carboxy
PTIO. Calibration was achieved by ejecting the drops into o
and measuring their diameter. A maximum of five injection
were given, spaced at intervals of 5 min.
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To analyse the effects of the injections on the ER
amplitude, the three ERGs preceding and following t
injection were averaged and normalized with respect to 
three ERGs before injection (100 %). The six ERGs of ea
experiment were compared using analysis of varian
(ANOVA) for repeated measures. Prior to injection, ER
amplitudes never displayed any significant differences. Grou
of ten ERGs, before and 10 min after injection, were averag
and compared using Student’s t-test for paired samples.

Intracellular recordings from photoreceptors

Locusts were dark-adapted for 1 h, decapitated, and th
antennae were removed. The heads were fixed with needle
a Sylgard-coated Petri dish and covered with aerated loc
Ringer (see above). All preparations were observed unde
stereo microscope using dim red light as illumination. A not
approximately 1.5 mm long was cut into the anterior part of 
eye, exposing the array of photoreceptors. A large-tipp
(50–70µm) injection pipette and connecting tubing were fille
and inserted into the notch. During experiments, a fres
prepared and light-protected 1 mmol l−1 solution of SNP was
used while Ringer served as a control. A green high-intens
LED was used for light stimulation of the locust eye from
distance of 1 mm. It was modulated by square pulses
variable voltage and duration, generated by the stimulator
the MacLab chart recorder. Maximum light intensity wa
250 mcd at 566 nm (half-width 40 nm). The resistance of t
recording electrode, which was filled with 3 mol l−1 KCl, was
typically 75 MΩ. The LED, the injection pipette and the
recording electrode were carefully positioned so that they w
aimed at the same spatial region of the eye. To prev
premature leakage of SNP from the pipette, a small amoun
Ringer was sucked up before the onset of experimen
Injection volume (0.2 ml) and time were controlled using 
manual microinjector (Leitz). Injections were repeated up 
four times at intervals of 3 min, but only one photoreceptor w
recorded per head. Intracellular recordings were fed via a
conventional direct current amplifier into a MacLab cha
recorder system. A silver wire coated with silver chloride w
inserted as ground electrode into the Ringer bath.
Fig. 1. NO-induced cGMP immunoreactivity in horizontal sectio
through the optic lobe. (A) A section through the distal part of t
visual system demonstrates strong immunoreactivity in the cell b
segments of the photoreceptors (white arrow). Immunoreac
axons penetrate the basal lamina and wind in bundles through
fenestrated layer before reaching the lamina (black arrow). The d
staining basal to the retina does not represent immunoreactivity
is pigmentation. Distal orientation is up. (B) A section showing t
distribution of photoreceptor axons in the lamina (lam) and medu
(med) of the optic lobe. The black arrow marks the photorecep
terminals in the lamina. Some axons pass through the lamina 
enter the medulla via the first optic chiasma (chi). Their synapti
endings can be seen in a distinct layer of the medullary neuro
(arrowhead). The monopolar cells of the lamina are not stain
Distal orientation is up. Scale bars, 50µm.
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cGMP immunocytochemistry

After incubation of whole excised locust brains in sodiu
nitroprusside (SNP), a strong cGMP immunoreaction could
observed in all parts of the photoreceptor cells (Fig. 1
Staining was intense in the photoreceptor cell bodies and th
retinular segments and could easily be traced over the en
length of the axons, terminating in the lamina or medulla. 
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Fig. 2. Recordings of the corneal electroretinogram (ERG) showing
sensitivity to cGMP and haemoglobin. (A) Injection of 0.2µl of a
10 mmol l−1 solution of 8-Br-cGMP into the retina leads to a marked
increase in ERG amplitude. (B) Injection of 0.2µl of a 100µmol l−1

solution of haemoglobin causes a pronounced decrease in ERG
amplitude. The recording is a.c.-coupled. Stim, light stimulus.
Arrows indicate the time of injection.
the eight photoreceptor neurones of a single ommatidium,
send their axons into the first optic neuropile, the lamina, wh
they terminate and form synapses with the first-ord
interneurones, the monopolar cells (Shaw, 1968; Horridge 
Meinertzhagen, 1970; Nowel and Shelton, 1981). Tw
photoreceptor cells send long axons through the lamina 
the second optic neuropile, the medulla. Our cytochemi
staining protocol revealed immunoreactivity in both types 
photoreceptor. Fig. 1A shows the retinular segments of 
photoreceptors and their axons as they pass through the b
lamina and the proximal pigment layer before crossing 
trachea-rich fenestrated layer in bundles. Fig. 1B shows 
remainder of the axonal distribution, displaying the terminati
of the short visual fibres in a distinct region of the lamina cal
external plexiform layer II (Nowel and Shelton, 1981) an
following the path of the long visual fibres through the fir
optic chiasma to their synaptic terminals in the medulla. It
important to note that cGMP-IR could not be detected in 
monopolar cells (Fig. 1B). Thus, the NADPH-diaphoras
positive population of monopolar cells (Elphick et al., 199
can be considered as a likely source, but not as a target, of
(Bicker and Schmachtenberg, 1997). The presence 
immunocytochemical staining was entirely dependent upon
presence of exogenous NO before fixation and on the inhibi
of phosphodiesterases by IBMX. Omission of either SNP
IBMX abolished the pattern of immunoreactivity. In this pape
we focused exclusively on NO-induced cGMP-IR. We did n
investigate how illumination conditions might affect cGM
levels.

Electroretinogram recordings from the locust eye

To collect further evidence for an involvement of cGMP 
insect vision, we used the electroretinogram to monitor of 
light sensitivity of the photoreceptors. Compared wi
intracellular recordings, it was technically easier to obtain
stable baseline in ERG recordings while performing dr
injections. Thus, the majority of our electrophysiologic
experiments relied on the corneal ERG to investigate 
effects of drugs interfering with NO/cGMP signalling
Initially, we injected membrane-permeant cGMP analogu
(dibutyryl-cGMP and 8-Br-cGMP) into the retina while
recording the ERG from the locust eye. Injection of saline in
the retina yielded a slight reduction in ERG amplitude 
approximately 10 %. Amplitudes returned to their initial valu
over the course of a few seconds. In contrast, injection
cGMP analogues led to a sudden conspicuous increas
retinogram amplitude (Fig. 2A). This increase wa
approximately equal for 8-Br-cGMP and dibutyryl-cGMP an
was significantly different from the effects of the Ringe
(P<0.001) or 8-Br-GMP (P<0.01) as controls (Fig. 3). The
drug-induced changes in ERG amplitude were usua
completely reversed after 10 s. Since cGMP immunoreactiv
had been shown to depend on the application of exogenous
before fixation, we now injected the NO donor SNP into t
retina using SNP that had been degassed for 48 h as a co
We observed a significant (P<0.001) increase in ERG
es
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amplitude that was comparable to the rise that followed cGM
injection (Fig. 4). To test whether endogenous NO relea
affects ERG amplitude, we injected haemoglobin and carbox
PTIO, both potent NO scavengers, in an effort to bloc
extracellular diffusion of NO to the photoreceptor neurone
As shown in Fig. 2B, injection of haemoglobin decreased th
retinogram amplitude. Similar effects were observed afte
injection of carboxy-PTIO. The averaged ERG amplitudes a
presented in Fig. 4. The effects of both haemoglobin an
carboxy-PTIO were significantly different (P<0.01) from the
effects of methaemoglobin and Ringer as controls.

In addition, we applied arginine analogues as NO
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Fig. 3. Averaged electroretinogram (ERG) amplitudes after dr
injection. The histogram displays the effects of dibutyryl-cGMP (d
cGMP) and 8-Br-cGMP compared with the effects of 8-Br-GMP a
Ringer as controls. Values are normalized to levels before inject
(100 %). Both dibutyryl-cGMP and 8-Br-cGMP lead to a significa
increase of ERG amplitude in the range 20–25 %. N=10 experiments.
Each column shows the mean +S.E.M. ** P<0.01; ***P<0.001.
inhibitors. Injection of such compounds also reduced the ER
amplitude (data not shown). However, a significant reducti
in the ERG amplitude required estimated whole-bo
concentrations higher than 20 mmol l−1, presumably because o
competition with a large pool of endogenous L-arginine. In
contrast, the NOS inhibitor ETU reduced the peak ER
deflection at a whole-body concentration of 100µmol l−1.

Intracellular recordings from photoreceptor cells

The pharmacological experiments described above prov
compelling evidence that the extracellularly recorde
photocurrent is modulated by drugs affecting NO/cGM
levels. To investigate the possibility that NO-depende
changes in the ERG are caused by changes in the resi
isolation of the retina from the haemolymph, we monitored t
effects of SNP on intracellular recordings from th
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Fig. 4. Averaged electroretinogram (ERG) amplitudes
after injection of sodium nitroprusside (SNP),
haemoglobin and carboxy-PTIO (C-PTIO) compared
with the effects of degassed SNP (degas SNP),
methaemoglobin (Methaem) and Ringer, respectively,
as controls. 100 % is the value before injection. Whereas
SNP leads to a significant increase in ERG amplitude,
haemoglobin and carboxy-PTIO cause a marked
reduction compared with respective control levels.
N=10 experiments. Each column shows the mean +
S.E.M. ** P<0.01; ***P<0.001.
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photoreceptors. We used a preparation in which a notch c
into the retina facilitated the access of the NO donor to th
photoreceptor cells. In this preparation, the pressure wave t
accompanied drug application was reduced to a minimum
Care was taken to record from photoreceptor cells at the bor
between the notch and the intact eye. In all the intracellul
recordings taken from this region that had stable restin
potentials in the range −40 to −55 mV, lasting for longer than
10 min, application of SNP caused an increase in the amplitu
of the light response (Fig. 5). The increase in respon
amplitude was reversible and returned within 3 min to th
levels prior to drug injection (Fig. 5). This effect on the
sensitivity of the photoreceptor was never seen in Ring
controls.

Injection of SNP increased the amplitude of the recept
potential from 100±9 % (mean ±S.E.M.) in the pretest to
116±5.3 % (P<0.05; t-test for paired variables, N=10).
Moreover, the difference between injections of SNP an
Ringer was also significant (P<0.05, t-test for unpaired
variables, N=10; 5). Injection of Ringer did not cause any
significant alteration in response amplitude, yielding a sligh
reduction from 100±9 % in the pretest to 95±9.3 % (P>0.05; t-
test for paired variables, N=5). Thus, we have to assume tha
NO can directly affect the sensitivity of the photoreceptor cell

Discussion
This study was motivated by the finding that SNP induce

cGMP-IR in the photoreceptor neurones but not in th
postsynaptic monopolar cells (Fig. 1). To detect NO/cGMP
induced changes in photoreceptor responses, we recorded
corneal ERG. However, the ERG comprises current flow bo
from the retina and from the underlying optic ganglia. In
contrast to that of the fly (Zimmermann, 1978), the locu
corneal ERG is monophasic, lacking ON- and OFF-transien
(Fig. 2). Both tracer studies and electrical measuremen
indicate the presence of a significant barrier to diffusion an
current flow between the retina and lamina (Shaw, 197
1978a). This barrier probably results from the presence of 
extensive capillary bed proximal to the basement membran
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Fig. 5. Intracellular recordings from a photoreceptor neurone. T
traces show the light-induced photoreceptor responses before (
30 s after (Post 30 s) and 3 min after (Post 3 min) the injection
1 mmol l−1 sodium nitroprusside (SNP) into a notch cut into th
retina. The traces are representative of 10 successful experim
Stim, 200 ms light stimulus.

5 mV
which shunts extracellular current. In this regard, the locus
a particularly well-suited animal to reveal changes 
photoreceptor sensitivity by simple ERG recordings beca
the corneal ERG reflects, to a large extent, the contribution
photoreceptor neurones. Furthermore, application of a 
donor while recording the intracellular light response (Fig.
produced an effect consistent with that observed in the ER
This experiment provides evidence that alterations in ER
amplitude can be interpreted as changes in the sensitivity
the photoreceptors as opposed to effects on retinal resist
barriers.

Our results show that the application of cGMP, but not 
GMP analogues, increases the ERG amplitude (Fig.
supporting the hypothesis that cGMP modulates photorece
responses. Moreover, application of a NO donor has exa
the same effect, demonstrating the responsiveness
photoreceptor cells to NO.

Remarkably, in the vertebrate retina, NO/cGMP signalli
also modulates ion channel functions of photoreceptor c
(Kurenny et al., 1994; Noll et al., 1994). Cyclic-nucleotide
gated channels mediate synaptic feedback between c
photoreceptors and horizontal cells by endogenous NO rele
(Savchenko et al., 1997). In the locust, a reduction in ER
amplitude caused by the NO scavengers carboxy-PTIO 
haemoglobin suggests the presence of endogenous 
diffusing to the photoreceptors (Figs 2B, 4).

The temporal characteristics of the putative NO release
the monopolar cells remains an intriguing question. It has b
shown in the fly (Calliphora vicina) that photoreceptor
transmitter release is tonic, even in darkness (Uusitalo et
1995). Postsynaptic monopolar cells show pha
hyperpolarizing membrane responses to light pulses (Laugh
1994; Shaw, 1968, 1978b; Juusola et al., 1996). Th
Ca2+/calmodulin-stimulated NO release should be reduc
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during the LED flashes. Surprisingly, NO scavengers a
effective in decreasing the light-induced peak amplitude of th
ERG (Fig. 2B). Since monopolar cells have a low restin
potential, from which they hyperpolarize in response to a
increase and depolarize in response to a decrease in l
intensity (Laughlin, 1994; Shaw, 1968, 1978b; Juusola et a
1996), the results would argue for tonic release of NO 
ambient light levels.

It is premature to assign any physiological functions t
NO/cGMP signalling in insect visual mechanisms. There ar
however, several cellular processes that are candidate tar
for NO/cGMP modulation. The depolarizing light response o
the rhabdomeric receptor cells of arthropods is thought 
involve activation of the phosphoinositide cascade whic
through the release of Ca2+ from internal stores, opens plasma
membrane channels (for reviews, see Hardie and Minke, 19
Ranganathan et al., 1995; Zuker, 1996). The sign
transduction steps causing the release of Ca2+ from internal
stores are not yet understood (Acharya et al., 1997). Howev
unlike the ciliated photoreceptors of vertebrates, in whic
cGMP gates light-activated cation channels (for a review, s
Baylor, 1996), cGMP is not generally considered to be a
integral part of the phototransduction process in rhabdome
photoreceptors. Nonetheless, electrophysiological a
molecular biological approaches have also provided eviden
for the expression of cGMP-gated channels in arthropo
photoreceptors. In excised Limulus polyphemusphotoreceptor
membranes, light-activated ion channels could be opened 
the action of cGMP (Bacigalupo et al., 1991). The compoun
eye of Drosophila melanogasterexpresses homologues of
cGMP-regulated vertebrate ion channels (Baumann et a
1994) and of sGC (Shah and Hyde, 1995). Moreover, cGM
amplifies light-induced depolarisations in D. melanogaster
photoreceptors and even induces photocurrents in the abse
of a light stimulus (Bacigalupo et al., 1995). Thus, th
sensitivity of the locust ERG to cGMP (Fig. 3) is not withou
precedents. In fly photoreceptors, cGMP is one of th
activators of pigment granule migration, a process that 
triggered separately from phototransduction (Hanyu an
Franceschini, 1993). Cyclic-GMP-mediated pigment granu
migration may thus contribute to the regulation of light flux in
rhabdomeric photoreceptors.

The NO-induced cGMP-IR in the photoreceptor cells of th
locust (Fig. 1) and the electrophysiological sensitivity to NO
donors and scavengers (Fig. 4) suggest the presence o
transcellular NO/cGMP signalling system with the NADPH
diaphorase-positive monopolar cells as probable sources
NO. Such a retrogradely acting NO/cGMP signal transmissio
system may function during adaptation. For example, 
dimming of ambient light levels causes depolarizin
membrane responses in monopolar cells (Laughlin, 199
Shaw, 1968, 1978b; Juusola et al., 1996) resulting eventua
in enhanced NO release, which serves as a retrogradely ac
message. This, in turn, would activate sGC in th
photoreceptor cells to enhance sensitivity via cGMP
production. An enhancement of sensitivity during dar

he
Pre),
 of
e

ents.
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adaptation would be reflected in an increase in ERG amplitu
Unfortunately, the recording of the extracellular current flo
of the corneal ERG does not allow any changes in syna
gain that may accompany the adaptation process at the syn
level to be determined.

To prove the existence of retrograde synaptic transmiss
is a technically demanding problem, requiring extra- a
intracellular application of NO scavengers and NOS inhibito
For example, pharmacological studies have suggested 
long-term potentiation in the CA1 area of the hippocamp
requires NO as a retrograde messenger (for a review, 
Garthwaite and Boulton, 1995). For reasons of methodolo
this view has been rather controversial (e.g. Williams et a
1993). Meanwhile, results from the application of a variety 
modern cell biological techniques, such as the genetic kno
out of NOS enzymes, membrane targeting of a specific N
isoform and the experimental manipulation of NO signallin
at isolated synapses in primary culture, support the idea 
NO serves as a retrograde messenger during long-t
potentiation (Arancio et al., 1996; Kantor et al., 1996; Son
al., 1996).

Although final proof of the retrograde action of NO in th
locust visual system is still lacking, the photoreceptor outp
synapse may provide a novel opportunity for investigati
NO/cGMP signalling at tonically active synapses. Sign
transfer between photoreceptors and monopolar cells oper
by graded-potential transmission through continuo
neurotransmitter release (Laughlin, 1994; Uusitalo et al., 19
Juusola et al., 1996). The anterograde transmitter of 
photoreceptor output synapse has been identified as histam
(Hardie, 1987, 1989). A specific contribution of retrograde N
signalling in the early stages of visual information processi
has yet to be elucidated.

We wish to thank Jan De Vente for the gift of th
antiserum. This work was supported by grants from t
Deutsche Forschungsgemeinschaft.
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