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A role for the NO-cGMP pathway in mediating chemosen- 
sory activation of feeding is suggested by intense NADPH 
diaphorase staining observed in nerve fibers that project 
from sensory cells in the lips to the CNS and by the pres- 
ence in the CNS of a NO-activated guanylyl cyclase. In 
preparations reduced to isolated lips and CNS, intracellular 
recordings were made from motoneurons driven by the in- 
terneurons of the central pattern generator (CPG) for feed- 
ing. Fictive feeding in such preparations can be recorded 
from these motoneurons following the application of su- 
crose to the lips. Sucrose activation of fictive feeding is 
inhibited by the NO scavenger hemoglobin, the NO syntha- 
se inhibitor No-Nitro-L-Arginine Methyl Ester (L-NAME) and 
by methylene blue, an inhibitor of guanylyl cyclase. Fictive 
feeding in isolated lip-CNS preparations can be activated 
without sucrose by superfusion of NO donor molecules 
such as SNAP and hydroxylamine and by the nonhydrolyz- 
able analog of cGMP, 8-bromo-cGMP. The feeding CPG can 
also be activated centrally by depolarizing a modulatory 
interneuron, the slow oscillator (SO). When the CPG is ac- 
tivated in this way, fictive feeding is not susceptible to in- 
hibition by hemoglobin, the most potent of the inhibitors of 
sucrose-activated fictive feeding. Behavioral experiments 
on intact snails confirm the findings from in vitro experi- 
ments and show that hemoglobin prevents feeding and 
methylene blue significantly delays the onset of feeding. 
These results indicate (1) that NO is a putative chemosen- 
sory transmitter in the snail L. stagnab, (2) that the NO- 
cGMP pathway can mediate chemosensory activation of 
specific patterns of centrally generated behavior, (3) that 
NO is not involved in transmission within the central net- 
work of neurons responsible for the behavior, and more 
generally (4) that a freely diffusing and highly reactive gas- 
eous signalling molecule can have restricted and specific 
behavioral functions. 
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The gas nitric oxide (NO) is a neuronal signalling molecule in 
the mammalian CNS. It is synthesized in neurons from L-argi- 
nine by a Ca*+/calmodulin-dependent NO synthase (NOS) that 
requires NADPH as a cosubstrate (Bredt and Snyder, 1992). Fol- 
lowing its diffusion from sites of synthesis, NO exerts physio- 
logical effects by activating soluble guanylyl cyclase and in- 
creasing cGMP production in target cells (Bredt and Snyder, 
1989; Southam and Garthwaite, 1993). While a number of phys- 
iological roles have been attributed to NO in the CNS (Schuman 
and Madison, 1994), it has not as yet been possible to link the 
cellular distribution or the actions of NO with specific behaviors. 
An opportunity to do so is provided by the feeding system of 
the freshwater snail Lymnaea stagnalis, in which many of the 
neuronal components generating feeding behavior are identified 
(for a review, see Benjamin and Elliott, 1989). This enables 
examination of the behavioral roles of neurotransmitters at the 
cellular level. 

Nitric oxide synthase (NOS) is present in the Lymnaea ner- 
vous system (Elofsson et al., 1993; Elphick et al., 1994b) and 
we show here that NADPH-diaphorase histochemistry indicates 
that high levels of NOS are present in nerve fibers that project 
to the CNS from sensory cells in the lips. As the lips have an 
important function in the detection of food (Goldschmeding and 
Jager, 1973) we have examined the possibility that the NO- 
cGMP signalling pathway is involved in chemosensory activa- 
tion of feeding. 

Feeding in the snail is accomplished by the repetition at about 
0.2 Hz of a three-phased cycle of activity-protraction of the 
toothed radula, followed by a rasp, and then swallowing (Rose 
and Benjamin, 1979). These movements are normally provoked 
by the detection of nutrients and can be reliably initiated in 
nonfeeding snails by adding sucrose to the water (Kemenes et 
al., 1986). Chemosensory stimuli produce rhythmic feeding 
movements by activating a central pattern generator (CPG) con- 
sisting of a network of three identified classes of interneurons 
called Nl, N2, and N3 (Rose and Benjamin, 1981 b; Fig. 1A). 
This CPG network drives and coordinates the activity of the 
feeding motoneurons in the buccal ganglion. Feeding can also 
be influenced by central modulatory neurons that are not part of 
the CPG. Principal among them are the slow oscillator (SO) 
neuron and the serotonergic cerebral giant cells (CGCs) (Mc- 
Crohan and Benjamin, 1980a,b; Rose and Benjamin, 1981a; El- 
liot and Benjamin, 1985b). The SO can activate the CPG without 
the need to stimulate the chemosensory pathway and the CGC 
gates and facilitates the action of the SO on the CPG (Yeoman 
et al., 1994a,b). Both the SO and the CGCs are excited by 
chemosensory stimulation of the lips (Kemenes et al., 1986). 
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Figure 1. The feeding system of Lymnaea stugnalis. A, Model of chemosensory activation of feeding behavior in Lymnaea (based on Benjamin and 
Elliott, 1989). Chemosensory neurons activate a feeding central pattern generator (CPG) directly and indirectly via modulatory interneurons such 
as the slow oscillator (SO) cell and the cerebral giant cells (CCC). The CPG, comprising three classes of interneurons (Nl, N2, N3), generates 
rhythmic triphasic activity in buccal feeding motoneurons (BI-BIO) that control radula protraction, radula retraction (rasping) and swallowing. There 
is feedback from the CPG to modulatory interneurons and the modulatory interneurons also form direct connections with buccal motoneurons. B, 
Diagram of the lip-CNS preparation used in electrophysiological experiments. Nerves that relay chemosensory input to the CNS, the median and 
superior lip nerves (LN), and the tentacle nerve (TN), were left intact. The cell body positions of identified neurons used in this study are illustrated. 
The paired feeding motoneurons (BI, B3, B4, B7; shown only on left) and the single slow oscillator (SO) interneuron are found in the buccal 
ganglia. The cell bodies of the paired cerebral giant cells (CCC) are located in the cerebral ganglia. The cerebral ganglia and buccal ganglia were 
desheathed to provide access for microelectrodes and drugs. The sensory surfaces of the lips were kept moist with saline but were not exposed to 
drugs introduced into the perfusion system. 

In summary, the snail feeding system consists of chemosen- 
sory activators, an identified central pattern generating circuit, 
modulatory interneurons that can activate the CPG indepen- 
dently of sensory input, and a well-defined pattern of motor 
activity that drives a specific behavior. Importantly, the system 
can be studied in preparations reduced to the isolated lips and 
the CNS in which intracellular recordings can be made from 
feeding motoneurons, elements of the feeding CPG, and mod- 
ulatory neurons (Fig. 1B). In such preparations, “fictive” feed- 
ing activity can be monitored in motoneurons in response to a 
sucrose stimulus delivered to the lips. Fictive feeding can also 
be initiated by activation of the SO interneuron by intracellular 
current injection. 

Here we have used the reduced lip-CNS preparation to in- 
vestigate whether the NO-cGMP signalling pathway is involved 
in activating fictive feeding. The validity of the results obtained 
in these in vitro experiments were then tested by examining the 
effects of interfering with the NOsGMP pathway in freely be- 
having intact animals. 

Materials and Methods 

Wild-type Lymnaeu stugnalis were obtained from Blades Biological and 
fed on lettuce. All chemicals used were purchased from Sigma unless 
otherwise stated. 

Measurement of cGMP and CAMP in the CNS. The CNS, including 
the cerebral and buccal ganglia, was removed from specimens of Lym- 
nuea and incubated individually at room temperature with the NO do- 
nors hydroxylamine (1 mM) or S-nitroso-N-acetylpenicillamine (SNAP, 
0.5 mM; purchased from Calbiochem-Novabiochem (UK) Ltd., Not- 
tingham) dissolved in 200 p,l HEPES buffered Lymnueu physiological 
saline (Benjamin and Winlow, 1981). It is well documented that both 
SNAP and hydroxylamine liberate NO under physiological conditions 
(Feelisch, 1991) and both are widely used as sources of NO in bio- 
chemical and physiological experiments. 

Control incubations were performed in physiological saline alone. At 
time zero and 5 and 10 min of incubation cyclic nucleotides were ex- 
tracted from the CNS by boiling (5 min) in 400 pl 50 ITIM sodium 
acetate (pH 4.75) followed by homogenization with a glass pestle. Ex- 

tracts were centrifuged for 5 min in a microfuge and the CAMP, and 
cGMP content of the supernatant was measured using radioimmuno- 
assays, as described previously (Elphick et al., 1993). 

NADPH diaphorase histochemistry. Tissue was fixed with 4% para- 
formaldehyde in phosphate-buffered saline (PBS) at 4°C for 4 hr and 
then cryo-protected in 10% sucrose/PBS overnight at 4°C. After em- 
bedding in Tissue-Tek 0.C.T Compound (Miles Inc., USA), serial 30 
pm sections were cut using a Leica CM 3000 cryostat and collected on 
chrome-alum/gelatin-coated slides. Slides were washed in 50 mM Tris- 
HCl (pH 7.5) and then incubated in 1 mu NADPH/O.25 mM nitro blue 
tetrazolium in Tris-HCl at room temperature (in the dark) for about 1 
hr. After washing in water, sections were mounted with an aqueous 
mounting medium (Immun-mount, Shandon). 

Electrophysiological experiments on lip-CNS preparations. The 
semi-intact lip-CNS preparation consisted of the lips and tentacles sep- 
arated into two halves by cutting down the midline and removing most 
of the foot (Kemenes et al., 1986; Fig. IB). The lip and tentacles were 
connected to the cerebral ganglia via the left and right median and 
superior lip nerves and the tentacle nerves. All other peripheral nerves 
were cut. The buccal ganglia were left connected to the cerebral ganglia 
via the paired cerebra-buccal connectives (Fig. 1B). Thus, the only path- 
way from the lips to the buccal ganglia was via the lip and tentacle 
nerves and through the cerebral ganglia and the cerebra-buccal connec- 
tives. Sucrose (0.1 M) was added to both lip-tentacles by simply placing 
a drop of solution onto the sensory surfaces kept moist with saline. 

Intracellular recordings were made simultaneously from three neu- 
rons while the preparation was maintained in HEPES buffered Lymnaea 
physiological saline. Electrodes were drawn from 2 mm capillary tubing 
(Clark Electromedical) and filled with 4 M potassium acetate, giving tip 
resistances of 30-80 MQ Signals were amplified with Neurolog am- 
plifiers and fed to an oscilloscope, a DAT recorder (Biologic) and a 
chart recorder (Gould). Recordings were made from four different types 
of buccal motoneuron (Bl, B3, B4, B7) and a modulatory interneuron 
in the cerebral ganglia (the CGC) for several minutes, before, during, 
and after the application of sucrose to the lips. Normally, in this prep- 
aration, application of sucrose to the lips causes an increase in the tonic 
firing frequency of the CGCs and activation of the feeding CPG, re- 
flected in the rhythmic activity of buccal motoneurons (Kemenes et al., 
1986, and Fig. 4A) 

In experiments designed to examine the effect of interference with 
the NO-cGMP pathway on sucrose activation of fictive feeding, the 
CNS was bathed for 10 min with reagents known to inhibit the pathway. 
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In other experiments, reagents known to activate the pathway were in- 
troduced into the perfusion system. In each experiment the competence 
of the preparation to respond to sucrose was first established. 

Hemoglobin (Hb), which binds NO, was tested at a concentration 
(0.2 mM) similar to that used in previously reported neurophysiological 
studies on NO (Pape and Mager, 1992). Met-hemoglobin, which does 
not bind NO, was used to control for the effects of hemoglobin that are 
not related to its ability to scavenge NO. It was prepared by incubating 
1 gm of bovine hemoglobin dissolved in 0.01 M potassium phosphate 
(pH 7.7) with 10 mu sodium nitrite at room temperature for about 1 hr 
and then dialyzing against 1.5 liters of distilled water overnight at 4°C 
(method based on Moriguchi et al., 1992). 

The L-arginine analog NW-Nitro-L-arginine Methyl Ester (L-NAME) 
is one of several specific inhibitors of NOS (Moncada et al., 1991). It 
was used at 10 mM, a concentration selected because it causes total 
inhibition of NOS activity in vitro (Lambert et al., 1990). Also, this 
concentration has been used in other electrophysiological studies on NO 
action in the molluscan CNS (Gelperin, 1994). D-NAME was used as 
a control for L-NAME at the same concentration. 

In a related set of experiments we tested if L-arginine could displace 
L-NAME and reverse the inhibition of the NO-cGMP pathway and its 
effect on the activation of feeding. This displacement test was based on 
similar experiments used to assess the role of NO in network oscilla- 
tions in the olfactory system of another mollusc, Limax (Gelperin, 
1994). Snails (n = 6) were first tested for sucrose response with the 
brain in normal HEPES. After a 10 min perfusion of the brain with IO 
nM L-NAME, the snails were again tested with sucrose applied to the 
lips. This was followed by a 10 min wash with a mixture of 10 mM 
L-NAME and 5 mM L-arginine. The snails were then retested for the 
sucrose response. Mean responses (fictive feeding cycles per minute) in 
HEPES, L-NAME and L-NAME plus L-arginine were compared using 
two-tailed t tests. 

Methylene blue (MB), which is widely recognised as an inhibitor of 
the NO target enzyme soluble guanylyl cyclase (Miki et al., 1987) but 
which may-also affect NO-cGMP signalhng through inhibition of NO 
svnthesis bv NOS (Maver et al.. 1993). was used at 0.2 mM. This con- , , \ , , 
centration was selected because it has been shown to cause complete 
inhibition of guanylyl cyclase activity (Mayer et al., 1993). 

The effects of these drugs on fictive feeding were evaluated by count- 
ing the number of fictive feeding cycles for the 1 min period immedi- 
ately before and immediately following the application of sucrose to 
the lips. All preparations used were quiescent or spontaneously active 
at a slow rate prior to sucrose treatment. 

Stimulation of the NO-cGMP signalling pathway was achieved by 
the application of the NO donors S-nitroso-N-acetylpenicillamine 
(SNAP, 1 mM) and hydroxylamine (1 IIIM), and the cGMP analog %Bro- 
mo-cGMP (3 mM). Both NO donors were used in physiological exper- 
iments at 1 mM because at this they cause significant stimulation of 
cGMP synthesis in the Lymnaea CNS (unpublished data and Fig. 2). 

Fictive feeding was activated without providing a sucrose stimulus 
to the lips by direct activation of the modulatory interneuron SO by 
injecting it with depolarizing current. This allowed us to investigate 
whether the NO-cGMP signalling pathway is involved in patterned ac- 
tivity generated by the feeding CPG in the absence of sensory inputs. 

Behavioral experiments. Experiments comparing the effects of he- 
moglobin or Met-hemoglobin injected into intact animals were carried 
out by two of us. Injections were performed by one of us without know- 
ing whether the solution contained hemoglobin or Met-hemoglobin and 
the behavioral testing was performed by another on numbered animals. 
The experiments on methylene blue injected animals could not be per- 
formed blind because injected snails are conspicuously blue! 

When hungry snails are transferred from water to a sucrose-rich en- 
vironment they emerge from their shells and feeding usually starts with- 
in 30 set (Kemenes et al., 1986). We examined whether this feeding 
response is affected by inhibitors’of the NO-cGMP pathway by inject- 
ing groups of 12 hungry snails with 200 pl of hemoglobin (1 ITIM) or 
methylene blue (1 mu) or their respective controls (200 p1 of 1 mM 
Met-hemoglobin and 200 pl of water). The drug concentrations and 
injected volumes were selected to give final concentrations in the cir- 
culation similar to those used in the in vitro experiments with semi- 
intact lip-CNS preparations (0.2 mM). 

After 3 hr, to allow for recovery from the injection, individual snails 
were placed in water containing 10 mM sucrose and their behavior ob- 
served and scored. A sucrose concentration of 10 mM was used because 
the sensitivity of intact animals to sucrose is about one order of mag- 
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Figure 2. NO donors activate cGMP synthesis in Lymnaeu CNS. Hy- 
droxylamine (1 mM) and S-nitroso-N-acetyl penicillamine (SNAP, 0.5 
mM) both caused a transient increase in the mean cGMP content of the 
CNS (error bars, SEM; n = 3) compared with control (HEPES physi- 
ological saline). The CAMP content of the CNS was unaffected by treat- 
ment with NO donors (not shown). 

nitude greater than that of the semi-intact preparations (Kemenes et al., 
1986). For each animal we measured the time taken to emerge from its 
shell and counted the number of rasps for 2 min after emergence. This 
was achieved using a custom written computer program (SnailTrace), 
which acts as a sophisticated event recorder. The software records the 
duration and timing of a variety of behaviors associated with feeding 
and then generates statistics using the data collected. For each subgroup 
of four animals the number of rasps occurring in each 10 set interval 
of the observation period was counted. These numbers were used to 
calculate means and standard errors at each interval for the whole group 
of 12 animals. Where appropriate, a two-factor ANOVA with replica- 
tion was performed, and if this revealed a source of significant differ- 
ences, pair-wise comparisons were made using two-tailed t tests. 

Results 
The NO-cGMP signalling pathway 
When the isolated Lymnaea CNS was incubated with the com- 
pounds SNAP and hydroxylamine there was a transient increase 
above control levels in its cGMP content (Fig. 2). Under the 
same conditions, levels of CAMP remain unchanged (not 
shown). NO donor-induced cGMP production in the Lymnaea 
CNS demonstrates the presence of a NO-activated guanylyl cy- 
clase. This observation is consistent with previous findings in 
both vertebrates (Southam and Garthwaite, 1991) and insects 
(Elphick et al., 1993). Coupled with previously reported evi- 
dence (Elofsson et al., 1993; Elphick et al., 1994b) for the pres- 
ence of a Ca*+/calmodulin-dependent NOS, these experiments 
show that the two principal enzymes of the NO-cGMP signal- 
ling pathway are present in the-snail CNS. 

In order to determine whether a neurond NOS is anaUmica\\y 
associated with the feeding system in Lymnaea, we have used 
the NADPH diaphorase staining method. In mammals, this tech- 
nique has been shown to be a reliable histochemical indicator 
of NOS and NADPH-diaphorase staining is generally accepted 
as evidence for the localization of NOS in the nervous system 
(Dawson et al., 1991; Hope et al., 1991). Moreover, in insects, 
neuronal NOS does not differ from its mammalian counterpart 
with respect to cofactor and cosubstrate dependence, and the 
distribution of NADPH diaphorase staining can be accounted 
for by the distribution of NOS activity (Elphick et al., 1993, 
1994a, 1995). It seems likely therefore that the NADPH-dia- 
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phorase technique is a valid indicator of NOS in the Lymnaea 
nervous system. Moreover, we also provide further biochemical 
and physiological evidence supporting our conclusions based on 
this method. 

NADPH diaphorase histochemistry reveals intense staining of 
a large population of nerve fibers in the median and superior lip 
nerves and the tentacle nerves (Fig. 3A,B) that project into the 
neuropile of the cerebral ganglia. Similar intense staining is pres- 
ent in the inferior, median, and superior pedal nerves (not 
shown), which innervate the foot. In contrast, nerves innervating 
visceral organs such as the genital nerve and intestinal nerve 
contain little or no staining (Fig. 3C). Thus, NADPH diaphorase 
staining appears to be associated with nerves carrying fibers 
from sensory cells in the skin to the CNS. This interpretation is 
supported by the absence of NADPH diaphorase stained neu- 
ronal somata in the circumoesophageal ganglia of the CNS (Fig. 
3A-C). The technique does, however, reveal a small population 
of stained cell bodies in the buccal ganglia, which have been 
described previously by ourselves and by others (Elofsson et al., 
1993; Moroz et al., 1993; Elphick et al., 1994b). 

The intense staining of the lip nerves is interesting because 
these nerves are involved in chemosensory activation of feeding 
behavior in Lymnaea (Goldschmeding and Jager, 1973). It sug- 
gests that NOS may be present in chemosensory neurons of the 
lips and that NO may play a role in initiating feeding behavior. 
Histochemical analysis of the lips revealed NADPH diaphorase 
stained bipolar cells with axons projecting into distal branches 
of the lip nerves (Fig. 30). These cells closely resemble the lip 
sensory neurons described by Zaitseva and Bocharova (1981). 
Cells of this type are especially abundant at the ventral margins 
of the lips, and it is likely that the axons of these cells that are 
responsible for the dense staining seen in the lip nerves and in 
the neuropile of the cerebral ganglia. Modulatory interneurons 
in the Lymnaea feeding system, such as the CGCs, arborize in 
the regions of the cerebral ganglia occupied by NADPH dia- 
phorase positive fibers from the lips and it is likely that this is 
where they receive chemosensory input. The anatomy and pro- 
jection of NADPH diaphorase positive cells in the lip is there- 
fore entirely consistent with that expected for lip chemosensory 
neurons involved in activation of feeding in Lymnaea. Moreover, 
this result suggested that the MO-cGMP pathway mediates 
chemosensory activation of feeding. 

Sucrose-induced jictive feeding is inhibited by inhibiting the 
NO-cGMP pathway 

When sucrose is applied to the lips of the lip-CNS preparation, 
in addition to a tonic depolarization, a pattern of rhythmic spik- 
ing or rhythmic subthreshold activity can be elicited in moto- 
neurons of the buccal ganglion. The relationship between this 
sucrose-activated central motor pattern and the phases of the 
feeding cycle have been confirmed by combined electromyo- 
graphic and cinephotographic recording of the buccal muscles 
(Rose and Benjamin, 1979). In the present study, activity pat- 
terns were recorded intracellularly from buccal motoneurons B 1, 
B3, B4, and B7. Previous studies have shown that motoneurons 
Bl and B7 are active during the protraction phase, B3 is active 
throughout the rasping phase, and B4 is active from midrasping 
to midswallowing phase (Benjamin and Rose, 1979; Rose and 
Benjamin, 1979). Activation of patterned activity in these mo- 
toneurons with the features, phase relationships, and approxi- 
mate frequency characteristic of feeding behavior occurred in 
over two-thirds of the preparations tested (n = 26). In these 

responsive preparations activation of fictive feeding could be 
repeated at least three times without deterioration of the re- 
sponse. In the responsive preparations, fictive feeding was ini- 
tiated almost immediately following the sucrose stimulus and 
continued without interruption for the duration of the 1 min post- 
stimulus observation period. While the overall pattern of activity 
induced by sucrose is indicative of the activation of the feeding 
CPG, the frequency of fictive feeding in the lip-CNS preparation 
is slightly lower than the frequency of biting during feeding 
behavior in whole animals. Thus, during the first minute after 
application of sucrose to the lips in the lip-CNS preparation 
there were 10 2 2.3 SEM fictive feeding cycles compared with 
12-14 rasps carried out by intact animals during the first minute 
of feeding in the presence of 10 mM sucrose (Kemenes et al., 
1986). Nevertheless, we believe the rhythmic spiking and sub- 
threshold activity to be true fictive feeding, indicating that the 
feeding CPG has been activated. Additional evidence that this 
activity represents a true fictive behavior is provided by the ob- 
servation that quinine stops sucrose-initiated feeding in intact 
animals and also stops the sucrose-initiated patterned motor ac- 
tivity in the 1ipCNS preparation (Kemenes et al., 1986). We 
were confident therefore that sucrose activates the feeding CPG 
network in the lip-CNS preparation and that we can therefore 
use this to investigate the possible role of the NO-cGMP sig- 
nalling pathway in mediating the chemosensory activation of 
feeding. 

To test the effect of inhibitors of the NO-cGMP signalling 
pathway on fictive feeding the lip-CNS preparation was first 
tested for responsiveness to sucrose under control conditions 
where the CNS is bathed in physiological saline. In responsive 
preparations, application of 0.1 M sucrose to the lips caused an 
increase in the rate of spiking in the CGC interneuron and ac- 
tivation of the CPG, which resulted in rhythmic spiking or sub- 
threshold rhythmic synaptic activity in buccal motoneurons. Fig- 
ure 4A shows the activation by sucrose of a modulatory CGC 
interneuron followed by strong excitation and rhythmic spiking 
in the Bl motoneuron and rhythmic subthreshold activity in the 
B4 motoneuron. Motoneuron activity in the 1ipCNS preparation 
in response to sucrose can vary between individuals, and exci- 
tation by the CPG does not always reach threshold for spiking 
in some of the motoneurons. Nevertheless, the pattern of the 
subthreshold synaptic input can be identified as being derived 
from premotor interneurons of the well-characterized feeding 
CPG circuit (Rose and Benjamin, 1981b; Elliott and Benjamin, 
1985a; Kemenes and Elliott, 1994). 

When the responsive preparation illustrated in Figure 4A was 
bathed for 10 min with the NO-scavenger hemoglobin (Hb, 0.2 
mM), sucrose-induced fictive feeding was completely suppressed 
(Fig. 4B), although the modulatory CGC interneuron was still 
weakly excited. Complete suppression of responsiveness by he- 
moglobin occurred in 3 out of 12 preparations tested and was 
reversible (Fig. 4C). All preparations, however, showed that he- 
moglobin inhibits the activation of fictive feeding by sucrose, 
and a summary of these data is shown in Figure 5A in which 
the effects of hemoglobin and Met-hemoglobin are compared. 
Met-hemoglobin, which cannot act as an NO scavenger, allowed 
us to control for possible nonspecific actions of hemoglobin. In 
the Met-hemoglobin control, sucrose activated a mean of 6 -C 
1.4 SE (n = 4) cycles of fictive feeding during the first minute 
following sucrose application compared to 2.3 -t- 1.6 SE (n = 
12) in the presence of hemoglobin. This difference is significant 
(p < 0.001, t test), and shows that the inhibition of feeding can 
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Figure 3. Localization of NADPH diaphorase. A and B, Intense NADPH diaphorase staining is present in a large population of nerve fibers that 
project into the neuropile (np) of the cerebral ganglion from the median lip nerve (W&Z), the superior lip nerve (sin), and tentacle nerve (tn). Note 
the absence of stained neuronal cell bodies in the cortex of the cerebral ganglia. Scale bar, 25 urn. C, NADPH diaphorase stained fibers are not 
apparent in visceral nerves such as the genital nerve (glz) and intestinal nerve (in). Staining is, however, present in the nerve tract that links the 
subesophageal ganglia of the CNS [right and left pleural (rplg, ZpZg) and parietal (qg, Zpg) ganglia and visceral ganglion (vg)]. Fibers that contribute 
to this tract are derived from the cerebral nerve inputs (see A and B) and from the parietal nerves (e.g., inner right parietal nerve, irpn). As in the 
cerebral ganglia (A and B), note the absence of stained neuronal cell bodies. Scale bar, 50 pm. D, NADPH diaphorase-stained subepithelial cells 
are located at the ventral margin of the upper lips. Some of these cells are bipolar neurons (white arrow) similar to sensory neurons previously 
described in Lymnaea (Zaitseva and Bocharova, 1981). There are also heavily stained distal branches of the lip nerves (black arrow) in the region. 
Scale bar, 25 p.m. 
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Figure 4. The NO-scavenger hemo- 
globin inhibits sucrose-induced fictive 
feeding. This figure shows responses 
recorded in a single preparation and A- 
C show sequential responses before he- 
moglobin treatment (A), after hemoglo- 
bin treatment (B), and after washing 
(C). A, When the CNS is bathed in HE- 
PES physiological saline, application 
of sucrose (0.1 M) to the lips evokes 
fictive feeding activity. The modulato- 
ry CGC interneuron is tonically excited 
and the buccal motoneurons (BI, B4) 
are depolarized and phasically activat- 
ed. The tonic depolarization of the buc- 
cal motoneurons is caused by excitato- 
ry input from the CGC cells. Rhythmic 
activity in the buccal motoneurons is 
generated by the feeding central pattern 
generator (CPG), which is activated by 
chemosensory input. In this prepara- 
tion, CPG input elicits rhythmic spik- 
ing in Bl and subthreshold rhythmic 
activity in B4. B, When the CNS is 
bathed in hemoglobin (0.2 mM), the 
tonic response to sucrose is almost 
completely blocked in the CGC and ac- 
tivation of rhythmic fictive feeding in 
buccal motoneurons is abolished. C, 
The inhibitory effects of hemoglobin 
are reversed by washing (10 min) of 
the preparation. 

A CNS in HEPES 

Bl 

B4 

CGC 

sucrose to lips 

B CNS in Hb 

Bl 

sucrose to lips 

C CNS washed in HEPES 

Bl 

B4 

CGC 
sucrose to lip- 

I 50 mV 

10s 

be attributed to NO scavenging by hemoglobin. The mean fre- +- 0.8 SE cycles/min in 10 mu L-NAME. In four out of the six 
quency of sucrose-activated fictive feeding was higher in HE- snails this inhibition was completely reversed after a 10 min 
PES-buffered physiological saline (10 -+ 2.3 SE) than in the wash with a mixture of 10 mM L-NAME and 5 mM L-arginine 
presence of Met-hemoglobin, but this difference was not signif- in HEPES. In two animals, the reversal was incomplete. Using 
icant (compare Fig. 5A with C). If there is weak inhibition by data from all six animals for the calculations, the mean fictive 
Met-hemoglobin, it could be attributed to the nonspecific effects feeding rate in the L-NAME plus L-arginine mixture was 6.2 2 
of a large protein molecule at a high concentration (0.2 111~) or 1.4 SE, significantly higher than in L-NAME alone 0, < 0.02) 
perhaps to the presence of residual hemoglobin in the Met-he- and not significantly different from feeding rates in HEPES (p 
moglobin solution. = 0.13). 

When sucrose-responsive lip-CNS preparations were bathed 
with 10 mM of the NOS inhibitor L-NAME for 10 min, sucrose 
activation of fictive feeding was inhibited. This inhibition is spe- 
cific to the L-isomer of NAME (Fig. 5B). Sucrose activates a 
mean of 3.2 ? 0.6 SE (n = 5) fictive feeding cycles in the first 
minute after stimulation in the presence of L-NAME and 8.8 +- 
0.4 SE (n = 5) in the presence of D-NAME (p < 0.01, t test). 

In order to show that the NOS inhibitor was acting by pre- 
venting the metabolism of arginine to NO, we performed ex- 
periments in which L-NAME and L-arginine were provided to- 
gether. As expected, 10 mu L-NAME caused a significant in- 
hibition of feeding response in all the animals tested in this 
experiment (n = 6, p < 0.02). The mean fictive feeding rate in 
HEPES was 8.8 * 0.8 SE cycles/min, and this dropped to 1.8 

Further evidence for a role of the NO-cGMP pathway in feed- 
ing is provided by the effect of methylene blue, an inhibitor of 
the soluble guanylyl cyclase (Miki et al., 1987), on sucrose- 
activated fictive feeding. When a sucrose-responsive lip-CNS 
preparation is bathed in 0.2 mM methylene blue, sucrose-induced 
fictive feeding is completely or partially inhibited (n = 6). A 
summary of the data related to the effect of methylene blue is 
presented in Figure 5C, which shows that sucrose activates a 
mean of 1.7 +- 0.4 SE cycles of fictive feeding compared with 
10 ? 2.3 SE in physiological saline (p < 0.01). 

Fictive feeding is activated by NO-donors and by Sbromo-cGMP 

Application of the NO-donor SNAP to the CNS caused an in- 
crease in the spiking frequency of the CGCs and initiated the 
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Figure 5. Effect of NO-cGMP pathway inhibitors on sucrose-induced 
fictive feeding. The graphs show the mean (2 SEM) number of fictive 
feeding cycles in buccal motoneurons during a one minute period fol- 
lowing application of sucrose to the lips. A, Comparison of the effect 
of the NO scavenger hemoglobin (Hb; 0.2 mM; n = 12) with Met- 
hemoglobin (Met-k%; 0.2 mM; n = 4), which does not bind NO. B, 
Comparison of the effect of the NO synthase inhibitor N--Nitro-L-Ar- 
ginine Methyl Ester (L-NAME; 10 J&M; n = 5) with its D-isomer 
D-NAME (10 mu: n = 5). C. Comoarison of the effect of the soluble 
guanylyl cyclase inhibitor’methylenk blue (MB; 0.2 mM; n = 6) with 
HEPES physiological saline (n = 18). All three NO-cGMP pathway 
inhibitors caused a significant (*p < 0.01, t test, IZ = 4-18) reduction 
in the number of fictive feeding cycles during the first minute after 
application of sucrose to the lipscompared to controls. The inhibitory 
effect of Hb was reversed by washing (Fig. 4C), but the inhibitory 
effects of L-NAME and MB were not reversed after a 10 min wash. 

characteristic CPG-driven fictive feeding activity in buccal mo- 
toneurons (n = 5) (Figs. 6A, 7B). Another NO donor, hydrox- 
ylamine, had similar but delayed effects (n = 5). Thus, hydrox- 
ylamine caused delayed tonic excitation of the CGCs and a de- 
layed rhythmic activation of the motoneurons (Figs. 6B, 7C). 
This difference in the time course of action of these two NO 
donors is consistent with mechanisms by which they release NO. 
SNAP spontaneously generates NO once in solution, whereas 
hydroxylamine is metabolized to liberate NO by cellular en- 
zymes such as catalases (Southam and Garthwaite, 1991). 

Application of the membrane permeable cGMP analog %bro- 
mo-cGMP (n = 7) also caused delayed tonic excitation of the 
CGCs and delayed activation of the CPG-driven fictive feeding 
pattern in the motoneurons (Figs. 6C, 70). Note that similarly 

to sucrose given to the lips (Fig. 4A,C, and Kemenes et al., 
1986), all these drugs also cause a general depolarization of the 
feeding motoneurons and the CGC when added to the CNS. The 
specific feeding CPG-driven rhythmic activity is superimposed 
on this general depolarization (Figs. 4A,C, 6), and this specific 
effect is analyzed in detail in Figure 7. For this analysis we 
counted the number of fictive feeding cycles in 1 min intervals 
for the 2 min before and 5 min after the application of HEPES, 
SNAP, HA, or 8-Br-cGMP to the preparation. 

Centrally activated jictive feeding is not inhibited by inhibiting 
the NO-cGMP pathway 

Fictive feeding can be activated without stimulating the lips by 
exciting the SO modulatory interneuron (Rose and Benjamin, 
1981a; Elliott and Benjamin, 1985b). Figure 8A shows the effect 
of a 50 set suprathreshold depolarization of the SO on the ac- 
tivity of the B7 and B4 motoneurons. Typically, such prolonged 
depolarization produces fictive feeding activity with a frequency 
ranging from 9 to 15 cycles/min (n = 6). 

In order to examine whether the NO-cGMP pathway is in- 
volved in the central organization or activation of feeding, we 
tested the effect of hemoglobin on the activation of fictive feed- 
ing by the SO interneuron (Fig. 8s). Hemoglobin has a potent 
and reversible inhibitory effect on sucrose-induced fictive feed- 
ing but has no effect on SO-driven fictive feeding. Hemoglobin 
had no effect on the pattern of activity activated centrally; nei- 
ther did it significantly alter the frequency of SO-activated feed- 
ing cycles (p = 0.95, n = 6). These results indicate that NO is 
required for the activation of feeding through the sensory path- 
way but is not required for transmission within the central net- 
work of neurons that control and generate feeding. 

Experiments on intact animals 

In these experiments we investigated the behavioral effects of 
injecting intact animals with hemoglobin, Met-hemoglobin, 
methylene blue, and water. Our experiments using the lip-CNS 
preparation suggested that inhibition of the NOsGMP pathway 
by hemoglobin and methylene blue would specifically suppress 
the behavioral response to sucrose in intact animals. In order to 
interpret the results in this way, however, it is important to show 
that the injection itself did not have a nonspecific inhibitory or 
depressing effect on the animals’ behavior. When untreated an- 
imals are transferred to a test dish containing a sucrose they first 
withdraw into their shells but then emerge to start locomotion 
and rasping within about 30 set (25 ? 4.3 SEM). When animals 
are allowed a 3 hr recovery period following injection with 200 
~1 of water or 200 p,l of hemoglobin, Met-hemoglobin, or meth- 
ylene blue solutions, they also withdraw when being transferred 
to the test dish. There was, however, no significant difference in 
the emergence times of untreated and injected animals (ANOVA 
p = 0.56), and all the snails displayed normal locomotory be- 
havior after emergence. These observations indicated that the 
general spontaneous behavior of the animals was not affected 
by treatment with the two inhibitors of the NO+GMP pathway. 

While appearing to be behaviorally normal, animals injected 
with inhibitors of the NO-cGMP pathway differed markedly 
from control animals in their response to sucrose (Fig. 9). All 
individuals in the untreated control group (not shown) and the 
water injected control group started feeding within a 2 min test 
period following emergence in sucrose-rich water. In both of 
these control groups a maximal rasping rate was observed during 
the first 10 set after emergence and was sustained for the du- 
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Figure 6. NO donors and 8-Bromo-cGMP (%Br-cGMP) activate fictive feeding. A, The NO donor S-nitroso-N-acetylpenicillamine (SNAP, 1 mM) 
causes tonic excitation of the CGC and tonic depolarization and phasic activation of buccal motoneurons B3 and B4 (fictive feeding). B, Hydrox- 
ylamine (HA; 1 mM) also excites the CGC and activates fictive feeding but with a longer latency of onset than SNAP (see text for a possible 
explanation). For example, in this preparation the latency to the onset of fictive feeding, best seen in the B3 cell, is about 4 min. Note that prior 
to the onset of fictive feeding, tonic excitation can be seen in the B4 cell. C, 8-Br-cGMP (3 mM) induces tonic excitation of the modulatory CGC 
interneuron and both tonic depolarization and phasic activation of buccal motoneurons (fictive feeding). As with the NO donor hydroxylamine (B), 
the onset of fictive feeding activity is delayed compared with the response observed with SNAP (A) or sucrose (Fig. 4A). 

ration of the observation period. Hemoglobin caused complete 
suppression of feeding in all individuals tested throughout the 
entire observation period, in spite of appearing in all other re- 
spects to be behaving normally (Fig. 9A). As a control for non- 
specific effects of protein injection, we tested animals following 
injection with Met-hemoglobin. In this control group, 40% of 
animals started feeding during the test period and the mean num- 
ber of bites increased from 1.0 k 1.0 (SEM) in the first 10 set 
interval to 5.3 k 0.7 (SEM) in the last (Fig. 9A). The difference 
between the effects of hemoglobin and Met-hemoglobin are 
highly significant (p < 0.001, x2 test) and while there is some 
inhibitory effect of Met-hemoglobin, we can attribute a major 

inhibitory effect to the NO-scavenging capacity of hemoglobin. 
The partial but rather strong inhibitory effect of Met-hemoglobin 
(compared to no treatment or distilled water treatment) suggest- 
ed that a part of the very strong inhibitory effect of hemoglobin 
must be accounted for by actions unrelated to inhibition of NO 
signalling. 

The time course of the population response to sucrose in the 
distilled water injected snails (control for methylene blue) was 
not different from that in the untreated animals (two-factor 
ANOVA with replicates p = 0.89) (Fig. 9B). Methylene blue, 
on the other hand, caused a significant decrease in the number 
of rasps over the first 40 set of the observation period compared 
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Figure 7. Analysis of NO donor and 8-Br-cGMP-induced fictive feeding. The graphs show the mean number of fictive feeding cycles Z SEM (n 
= 5-10) in each minute during the 2 min before and the 5 min after application of drugs to CNS. A, In controls (HEPES), no increase in the 
number of fictive feeding cycles is observed. B, SNAP (1 mM) causes a rapid increase in the number of fictive feeding cycles. C, Hydroxylamine 
(HA) causes a delayed increase in the number of fictive feeding cycles. D, 8-Br-cGMP causes a delayed increase in the number of fictive feeding 
cycles, which continues to rise over 5 min to rate of about 16 cycles/min. 

to both untreated and distilled water controls (two-factor ANO- ANOVA with replicates p = 0.49). This latter finding indicates 
VA with replicates p < 0.001, t tests: p < 0.01 to 0.05) (Fig. a lack of effect of the inhibition of the NO-cGMP pathway on 
9B). After the first 40 set, however, there was no significant the general ability of the snails to generate the stereotyped be- 
difference in the mean number of rasps between untreated, dis- havioral pattern of feeding even when the response builds up 
tilled water-treated and methylene blue-treated snails (two-factor more slowly. The differences found during the first 40 set of 
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A CNS in HEPES 

B4 

B 
Figure 8. Hemoglobin does not in- 
hibit centrally activated fictive feeding. 
A, Injection of depolarizing current into B7 
the modulatory SO interneuron triggers 
and maintains CPG-driven fictive feed- 
ing activity in buccal motoneurons. B, 
SO-activated fictive feeding is not af- B4 
fected by bathing the CNS with he- 
moglobin (Hb; 0.2 mM), which is in 
contrast with the strong inhibitory ef- 
fect of Hb on sucrose-induced fictive so 

current to SO 

CNS in Hb 

feeding (Fig. 4A). 

the observation period therefore indicate an inhibitory effect on 
the propagation of sensory information in methylene blue treated 
snails. 

Discussion 

The results of this study indicate a role for the NOsGMP sig- 
nalling pathway in mediating chemosensory activation of feed- 
ing behavior in the mollusc Lymnaea stagnalis. Our anatomical 
studies using NADPH diaphorase histochemistry show that there 
are putative NO-releasing chemosensory neurons in the lips that 
project to the cerebral ganglia. Intense NADPH diaphorase stain- 
ing has also been observed in the lip sensory system of another 
pulmonate mollusc Helix aspersa (Cooke et al., 1994) and in 
the tentacular and lip nerves of Aplysia (Jacklet and Gruhn, 
1994a,b). In Helix, numerous NADPH diaphorase-positive sen- 
sory cells are present in the lips and tentacles and the tentacle 
and median lip nerves contain a large number of stained axons. 
These findings are very similar to ours, and suggest that in other 
molluscs the NO-cGMP signalling pathway may have a similar 
chemosensory role to that demonstrated here in Lymnaea. 

Our experiments on semi-intact and intact snails indicate that 
NO has a behavioral role in mediating chemosensory activation 
of feeding. Electrophysiological experiments using a semi-intact 
1ipCNS preparation support this hypothesis. Activation of rhyth- 
mic activity in identified feeding motoneurons (fictive feeding) 
by sucrose applied to the lips was inhibited when the CNS was 
bathed with the NO scavenger hemoglobin or the NOS inhibitor 
L-NAME. Inhibition due to L-NAME is reversed by L-arginine, 
as demonstrated previously in Limax (Gelperin, 1994). Appli- 
cation of NO donors to the CNS mimicked sucrose-induced fic- 
tive feeding but central activation of fictive feeding by current 
injection into a feeding interneuron (SO) was unaffected by he- 
moglobin. Interestingly, these results indicate that NO is re- 
quired for chemosensory activation of fictive feeding, but is not 

I 50 mV 

current to SO 10s 

involved in transmission within the central network of neurons 
responsible for generating motor output. 

Additional evidence was provided by experiments on the role 
of cGMP in chemosensory activation of feeding. For example, 
NO activates cGMP production in the Lymnaea CNS, the guan- 
ylyl cyclase inhibitor methylene blue inhibits sucrose-induced 
fictive feeding and application of the cGMP analog 8-Bromo- 
cGMP to the CNS mimics sucrose-induced fictive feeding. 
Methylene blue is known to be an inhibitor of NO-activated 
guanylyl cyclase (Miki et al., 1987) and may also inhibit NOS 
(Mayer et al., 1993). It is possible, however, in addition that 
methylene blue has nonspecific effects in the nervous system 
that could account for the inhibitory effects of methylene blue 
that we have observed. In order to examine this possibility we 
investigated the effect of methylene blue on synaptic transmis- 
sion between identified neurons in the feeding circuitry. No ef- 
fects on the CGC to motoneuron or CPG to motoneuron con- 
nections were observed, which supports our conclusion that the 
inhibitory effect of methylene blue on sucrose-activated fictive 
feeding is specific and can be attributed to inhibition of the NO- 
cGMP pathway. In Aplysia, methylene blue has been used se- 
lectively to block the synaptic depolarization of a follower neu- 
ron by activation of a diaphorase positive cerebral neuron (Jack- 
let and Gruhn, 1994b). 

Direct behavioral experiments on intact animals also support 
the conclusions from fictive feeding experiments. Thus, injection 
of the NO scavenger hemoglobin inhibited a stereotypical feed- 
ing response of hungry snails in sucrose-rich water and methy- 
lene blue caused a significant delay in the onset of feeding com- 
pared to controls. The rate of rasping where feeding was initiated 
in treated animals, however, was the same as in untreated ani- 
mals, indicating that feeding behavior could be performed nor- 
mally in the treated animals but was not activated by sucrose in 
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Figure 9. Effect of NO-cGMP pathway inhibitors on sucrose-induced 
feeding behavior. The graphs compare the feeding response to sucrose 
of snails injected with: k, the NO scavenger hemoglobin (Hb) or with 
Met-hemoglobin (Met-Hb) as a control, and B, the guanylyl cyclase 
inhibitor methylene blue or water (control). The graphs show the mean 
(2 SEM, n = 3) number of rasps in a group of four animals in each 
10 set interval of a 2 min period following emergence in sucrose-rich 
water. In the Met-Hb group there is a gradual increase to a maximal 
rasping rate of about six per 10 set during the first minute after emer- 
gence, which is then sustained. In contrast, in the Hb group no rasping 
was observed in any individuals for the duration of the observation 
period. In the water-injected group there was a rapid onset of rasping 
to a near maximal rasping rate during the first 10 set interval after 
emergence. In contrast, in the metnylene blue group there was a sig- 
nificantly slower onset of rasping and a maximal rate of rasping was 
not achieved until the eighth 10 set interval. 

the normal way. The delayed activation may be caused by the 
action of sucrose on receptors in the buccal cavity (Kemenes et 
al., 1986) that do not use the NO signalling pathway. These 
results corroborate our anatomical and in vitro findings, indicat- 
ing that the NO-cGMP pathway mediates chemosensory acti- 
vation of feeding but not central control or organization of this 
behavior. The difference between the waning of the Hb and MB 
effects may be due to the presence of an additional large protein 
molecule in the blood, which at high concentration leads to a 
behaviural state resembling food satiety. 

The results of our behavioral experiments with hemoglobin 
might suggest that naturally circulating oxygen-binding proteins 
in the hemolymph influence chemosensory activation of feeding 
in Lymnaea. The principal oxygen carrying molecule in Lym- 
naea is hemocyanin, but importantly, the circulating concentra- 
tion of this molecule (<10m5 M; Pullin, 1971) is about one hun- 
dred times lower than the estimated hemolymph concentration 

of injected hemoglobin in our behavioral experiments. More- 
over, molecular mass of hemocyanin is between 3 and 7.5 mil- 
lion Da, which confines it to the circulation (Schindelmeiser et 
al., 1979), whereas the 64 kDa hemoglobin can gain access to 
the CNS. We therefore consider it unlikely that oxygen-binding 
proteins in Lymnaea hemolymph influence feeding pharmaco- 
logically. 

The results and conclusions of this study are also supported 
by a number of other recent studies. Moroz et al. (1993) ob- 
served that the NO donor S-nitrosocysteine activates feeding 
movements of the buccal mass and modulates the activity of 
buccal motoneurons in Lymnaea stagnalis. These authors con- 
cluded that the natural source of NO in the Lymnaea feeding 
system might be the population of NADPH diaphorase-positive 
neurons in the buccal ganglion (Elofsson et al., 1993; Moroz et 
al., 1993; Elphick et al., 1994b), which are also immunoreactive 
with an antiserum to rat cerebellar NOS (Moroz et al., 1994). 
Although these putative and so far unidentified NO-releasing 
buccal neurons may influence the activity of feeding motoneu- 
rons, our findings indicate that the principal source of NO in the 
cerebral compartment of the feeding system are the centrally 
projecting NADPH diaphorase-positive sensory cells in the lips. 

Together, our findings indicate that NO is released in the CNS 
of Lymnaea by NOS-containing lip chemosensory neurons 
where it activates feeding behavior by stimulating cGMP pro- 
duction in neurons of the central feeding network. Evidence for 
a role for NO as a transmitter of an identified sensory neuron 
in a mollusc has recently been reported (Jacklet, 1995). In this 
example, NO appears to be coreleased with histamine from the 
C2 neuron of the cerebral ganglion of Aplysia. The behavioral 
significance of this has, however, yet to be determined. Specific 
target neurons for NO in the feeding network in Lymnaea are 
not yet known but likely candidates include the modulatory se- 
rotonergic CGC interneurons and other identified modulatory or 
CPG feeding interneurons. These uniquely identifiable neurons 
provide a model system in which the cellular actions of NO can 
be understood comprehensively in a behavioral context. 
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