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The stomatogastric ganglion (STG) of the crab Cancer produc-
tus contains ;30 neurons arrayed into two different networks
(gastric mill and pyloric), each of which produces a distinct
motor pattern in vitro. Here we show that the functional division
of the STG into these two networks requires intact NO–cGMP
signaling. Multiple nitric oxide synthase (NOS)-like proteins are
expressed in the stomatogastric nervous system, and NO ap-
pears to be released as an orthograde transmitter from de-
scending inputs to the STG. The receptor of NO, a soluble
guanylate cyclase (sGC), is expressed in a subset of neurons in
both motor networks. When NO diffusion or sGC activation are
blocked within the ganglion, the two networks combine into a
single conjoint circuit. The gastric mill motor rhythm breaks

down, and several gastric neurons pattern switch and begin
firing in pyloric time. The functional reorganization of the STG is
both rapid and reversible, and the gastric mill motor rhythm is
restored when the ganglion is returned to normal saline. Finally,
pharmacological manipulations of the NO–cGMP pathway are
ineffective when descending modulatory inputs to the STG are
blocked. This suggests that the NO–cGMP pathway may inter-
act with other biochemical cascades to partition rhythmic mo-
tor output from the ganglion.
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Nitric oxide (NO) serves many different functions in the nervous
systems of vertebrates (Garthwaite and Boulton, 1995; Denninger
and Marletta, 1999) and invertebrates (Jacklet, 1997; Scholz and
Truman, 2000). Because NO is a highly mobile and membrane-
permeant gas, it has the potential to synchronize the activity of
neurons that share a common diffusional space (Gally et al.,
1990). This may be particularly important for oscillatory neural
circuits. For example, NO is involved in the activation or modu-
lation of thalamocortical (Pape and Mager, 1992) and olfactory
networks (Gelperin et al., 2000), as well as rhythmic motor
networks associated with feeding (Elphick et al., 1995), respira-
tion (Hedrick and Morales, 1999), and locomotion (McLean and
Sillar, 2000).

The rhythmic circuits of the crustacean stomatogastric ganglion
(STG) are particularly well suited for studying specific mecha-
nisms of NO-mediated neuromodulation. The STG contains ;30
neurons arrayed into the gastric mill and pyloric motor circuits.
These two networks generate very different motor patterns (Hei-
nzel et al., 1993). Gastric mill neurons fire bursts of action
potentials that last for several seconds and cycle at a period of
5–20 sec. These relatively long bouts of activity drive the grinding
movements of the medial and paired lateral teeth of the gastric
mill. The pyloric circuit, which underlies the sorting and filtering
movements in the pyloric chamber, produces a distinct triphasic

output with a short cycle period of 1–2 sec. Importantly, some
motorneurons that innervate gastric muscles can switch to fire in
pyloric time, and vice versa (Weimann et al., 1991; Weimann and
Marder, 1994). Consequently, STG networks are not fixed, but
instead are dynamically assembled from a pool of synaptically
coupled cells.

Parallel modulatory inputs from circulating neurohormones,
sensory afferents, and descending projection neurons (Harris-
Warrick et al., 1992; Marder et al., 1994) play an important role
in the specification of the gastric mill and pyloric networks
(Harris-Warrick et al., 1997). For example, both motor patterns
are significantly diminished or abolished when descending inputs
to the ganglion are blocked (Weimann et al., 1997). Conversely,
bath application of modulatory transmitters to the STG, including
serotonin (Katz and Harris-Warrick, 1989), proctolin (Marder et
al., 1986; Heinzel and Selverston, 1988), cholecystokinin-like pep-
tides (Turrigiano and Selverston, 1990), and FLRFamides
(Weimann et al., 1993) elicit the simultaneous production of the
two different rhythms. Moreover, the activation of sensory inputs
(Katz and Harris-Warrick, 1989) and descending projection neu-
rons (Dickinson et al., 1988; Coleman and Nusbaum, 1994; Blitz
et al., 1999) can modify the functional properties of both net-
works. These inputs also modify synaptic interactions between
gastric mill and pyloric neurons (Katz and Harris-Warrick, 1991;
Bartos and Nusbaum, 1997; Nadim et al., 1998; Bartos et al.,
1999). Therefore, neuromodulatory inputs initiate both motor
patterns and coordinate interactions between the two active
networks.

Here we show that nitric oxide (NO) is a modulatory neuro-
transmitter in the STG of the crab Cancer productus. Moreover,
we identify a subset of neurons in the gastric mill and pyloric
motor networks that express the receptor of NO, an NO-sensitive
soluble guanylate cyclase (sGC). These neurons produce cGMP
in response to NO. In spontaneously active preparations of the in
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vitro STG, the two motor patterns collapse into a single conjoint
rhythm when the NO–cGMP pathway is blocked. However, NO-
mediated signaling is ineffective in the absence of parallel neu-
romodulatory inputs to the ganglion. Overall, these findings sug-
gest that neural network partitioning in the STG may arise, in
part, from interactions between cGMP and other transmitter-
evoked biochemical cascades.

MATERIALS AND METHODS
Animals. Adult male rock crabs (Cancer productus) were hand-collected
from Puget Sound and maintained without food in seawater aquaria at
12°C. Animals were anesthetized by chilling on ice, and the stomatogas-
tric nervous system (STNS) was dissected as described by Mulloney and
Selverston (1974). Briefly, the foregut was removed, cut ventrally, and
pinned with the dorsal side up in a dish containing cold crab saline (in
mM: 440 NaCl, 11 KCl, 13 CaCl2, 26 MgCl2, and 10 HEPES, pH 7.4,
with NaOH). The STNS was prepared as previously described for im-
munocytochemistry (Scholz et al., 1996) and electrophysiological record-
ings (Baldwin and Graubard, 1995). Brain and muscle tissues were
dissected in cold saline and transferred to glass vials.

Western blotting. Proteins were isolated from gastric mill (GM) muscle
(1a and b), brain, and STNS by homogenization in 250 mM Tris-HCl, pH
6.8, 8% SDS, 40% glycerol, 0.01% bromophenol blue, and 20% B-2
mercaptoethanol. After boiling, the homogenates were centrifuged
(10,000 3 g, 6 min), and the supernatants were frozen at 270°C. Proteins
were separated on 8% SDS-PAGE and electrotransferred onto Protran
nitrocellulose (Schleicher and Schuell, Keene, NH) overnight at 30 V.
Membranes were blocked in 50 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1
mM EDTA, and 0.1% Tween 20 (TBST) containing 5% dried nonfat
milk and 5% bovine serum albumin for 2 hr. Membranes were then
incubated for 2 hr in rabbit anti-Universal NOS (uNOS; Affinity Biore-
agents, Golden, CO) at 1:1000 and mouse anti-actin (Sigma, St. Louis,
MO) at 1:500 in TBST and 5% dried nonfat milk. Actin staining was
included as a control for loading. After a wash, membranes were incu-
bated with horseradish peroxidase-conjugated donkey anti-mouse (1:
1000) and goat anti-rabbit (1:1000) secondary antibodies (both from
Jackson ImmunoResearch, West Grove, PA). Detection was enhanced by
chemiluminescence (ECL) using a kit from Amersham (Arlington
Heights, IL).

Whole-mount immunocytochemistry for uNOS, citrulline, and cGMP.
The procedure and controls for uNOS and cGMP immunocytochemistry
have been described previously (Scholz et al., 1996; de Vente and
Steinbusch, 1997). For cGMP staining, in vitro nervous systems were first
stimulated with 10 mM sodium nitroprusside (SNP) and 0.5 mM
3-isobutyl-1-methylxanthine (IBMX) for 15 min. and fixed overnight at
4°C in 4% paraformaldehyde (Electron Microscopy Sciences, Fort Wash-
ington, PA) in 0.1 M PBS. For uNOS and cGMP labeling, tissues were
washed in PBS containing 0.3% Triton X-100 (PBST; Sigma) and incu-
bated overnight with either a rabbit anti-uNOS antiserum (1:200) or a
rabbit anti-cGMP antiserum (1:1000) in PBST and 5% normal goat
serum. Primary antisera were occasionally reused (one to three experi-
ments total). For citrulline staining, tissues were fixed in 4% glutaralde-
hyde (Electron Microscopy Sciences), followed by a 20 min reduction in
PBS containing 0.5% sodium borohydride and 0.2% sodium metabisul-
fite. This was followed by several washes in 0.2% sodium metabisulfite
PBS. The tissues were rinsed in PBST and then incubated overnight in a
rabbit anti-citrulline antiserum (1:200), generously provided by Mikael
J. L. Eliasson and Solomon Snyder (Johns Hopkins University, Balti-
more, MD). For all three antibodies, tissues were incubated overnight in
a Cy5-conjugated donkey anti-rabbit secondary antibody (1:1000; Jack-
son ImmunoResearch) or, for double-label experiments (see below), a
Texas Red-conjugated goat anti-rabbit secondary (1:400; Jackson). Sec-
ondary antisera were presorbed overnight against crab brain
(paraformaldehyde-fixed and washed) in 5% normal goat serum to re-
duce nonspecific binding. As a control, tissues were also processed in the
absence of primary antisera. Labeled nervous systems were arranged on
poly-L-lysine-coated coverslips, dehydrated in alcohol, cleared in xylene,
and mounted in DPX (Fluka, Ronkonkoma, NY).

Confocal imaging and analysis. Fluorescently labeled nervous systems
(anti-citrulline and anti-cGMP) were imaged with a Bio-Rad (Hercules,
CA) MRC 600 laser-scanning confocal microscope as described previ-
ously (Scholz et al., 1998). For double labels, the STG was imaged using
K1/K2 filter blocks provided by the vendor. Optical sections were ac-

quired at 1, 2, or 3 mm intervals. Each figure represents multiple optical
sections that were combined into a projection using the brightest point
procedure in NIH Image (public domain software for Macintosh, version
1.61, developed at the United States National Institutes of Health and
available at http://rsb.info.nih.gov/nih-image/). Unless otherwise indi-
cated, each projection spans the entire thickness of the STG. Montages
were assembled using Adobe Photoshop 3.0.1. Labels were added in
Deneba’s Canvas 5.0.

Electrophysiolog ical recordings. Electrophysiological experiments were
performed on isolated preparations of the STNS (Fig. 1). The commis-
ural ganglia (CGs), esophageal ganglion (OG), STG, and attached nerves
were pinned out on a Sylgard-coated dish and bathed in crab physiolog-
ical saline (11–13°C). The connections between the anterior ganglia and
the STG were intact in all preparations. The STG was desheathed, and a
Vaseline well was placed around the ganglion. All pharmacological
agents were delivered exclusively to the STG via bath application. For
sucrose block experiments, a Vaseline well was used to isolate the
anterior ganglia from the STG. The physiological saline surrounding
anterior ganglia was then replaced with an isotonic sucrose solution.

Intracellular recordings from STG neurons were made with an Axo-
clamp 2A (Axon Instruments, Foster City, CA) using standard tech-
niques (Baldwin and Graubard, 1995). Cell bodies in the ganglion were
impaled with microelectrodes made from thin-walled capillary glass
(A-M Systems, Carlsborg, WA) filled with 3 M KCl. Usual resistances
ranged from 10 to 20 MV. Motor output from the STG was monitored
extracellularly with the use of suction electrodes. Extracellular signals
were amplified with a differential amplifier (A-M Systems). Intracellular
and extracellular recordings were digitized using a 1401 Plus analog-to-
digital converter (Cambridge Electronic Designs, Cambridge, UK) and
analyzed using Spike 2 (version 2.01, Cambridge Electronic Designs).

Identification of NO-sensitive STG neurons. Soluble guanylate cyclase
(sGC) is a critical component of NO-mediated signaling (Denninger and
Marletta, 1999; Zhao et al., 1999). NO-activated sGC catalyzes the
synthesis of cGMP from GTP. Consequently, NO-sensitive neurons are
defined as cells that show a detectable increase in cGMP immunoreac-
tivity after exposure to an NO donor (SNP) and a phosphodiesterase
inhibitor (IBMX) (Truman et al., 1996; Gibbs and Truman, 1998; Scholz
et al., 1996, 1998). To determine which STG neurons are targets for NO
(as revealed by cGMP production after sGC activation) we filled iden-
tified neurons with Lucifer Yellow and processed the ganglion for NO-
induced cGMP immunocytochemistry. Neuron identification was based
on: (1) appropriate intracellular waveform; (2) matched spikes in the
intracellular soma recording and appropriate extracellular nerve record-
ing; and (3) excitation or inhibition of spiking in the appropriate nerve
after somatic injections of positive or negative current (usually 1–2 nA),
respectively. Up to eight identified somata per experiment were impaled
with an electrode containing Lucifer Yellow (3–5%) and 1 M LiCl. Dye
was injected iontophoretically for 20–40 min using 1 nA of negative
current. The STG was removed from the dish, stimulated with 10 mM

Figure 1. Schematic diagram of the in vitro crab STNS. Anterior is up.
avn, Anterior ventricular nerve; CG, commissural ganglion; dgn, dorsal
gastric nerve; lgn, lateral gastric nerve; mvn, median ventricular nerve;
OG, esophageal ganglion; pdn, pyloric dilator nerve; stn, stomatogastric
nerve.
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SNP and 0.5 mM IBMX for 15 min, and fixed overnight in 4% parafor-
maldehyde. The STG was then processed for anti-cGMP immunocyto-
chemistry as described above. Each ganglion was confocally imaged, and
NO-sensitive (cGMP-containing) neurons were identified by color merg-
ing the projected images of cGMP labeling and Lucifer Yellow cell fills
in Adobe Photoshop 3.0.1.

To identify NO-sensitive neurons in the STG that project anteriorly in
the stn, the nerve was cut anterior to the STG and backfilled with
neurobiotin (Vector Laboratories, Burlingame, CA). The free end of the
stn was placed in a Vaseline well containing neurobiotin (5% in distilled
water) for 2 hr at 4°C. The ganglion was then stimulated with SNP–
IBMX, processed for cGMP immunocytochemistry, and imaged as de-
scribed above. Streptavidin Oregon Green 488 (1:200; Molecular Probes,
Eugene, OR) was used to visualize the neurobiotin tracer.

Chemicals. SNP, IBMX, and 8-bromoguanosine 39,59-cyclic mono-
phosphate (8-bromo-cGMP) were obtained from Sigma, and
3-morpholinosydnonimine (SIN-1) was obtained from Biomol (Plymouth
Meeting, PA). 1H-(1,2,4)oxadiazolo(4,3-a)-quinoxalin-1-one (ODQ) was
purchased from Alexis (San Diego, CA). ODQ was stored at room
temperature as a 100 mM stock in 100% DMSO, and dissolved into crab
saline before each experiment (0.1% final DMSO concentration). Con-
trol applications of 0.1–1% DMSO alone to the STG had no effect on
either cGMP immunocytochemistry or motor pattern production.
2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) was pur-
chased from Calbiochem (La Jolla, CA) and stored as a 10 mM stock in
normal crab saline at 4°C. Lucifer Yellow was obtained from Molecular
Probes. Unless otherwise noted, solutions were made up fresh at the
appropriate time during each experiment. All solutions containing NO
donors were used within minutes of dissolution of the donor in crab
saline.

RESULTS
Components of the NO–cGMP signaling pathway in
the STNS
The STNS is illustrated in Figure 1. To identify NO-synthase
(NOS)-like proteins, we probed extracts from crab brain, STNS,
and foregut muscle (GM1) with a polyclonal antibody raised
against a conserved sequence of NOS (uNOS). It has previously
been shown that the crustacean brain contains a biochemically
and histochemically identifiable NOS (Johansson and Carlberg,
1994), and this tissue was included as a positive control. Western
blot analyses (n 5 5) show that crab brain contains four NOS-like
proteins, the larger two of which (;135 and 155 kDa) are also
present in the STNS (Fig. 2A).

The uNOS antibody did not reliably stain neuronal structures
in whole-mount preparations of the STNS (data not shown).
However, in a few preparations (n 5 3 of 9 experiments), the
antibody labeled a single small somata in the STG. As an alter-
native approach to localizing NOS, we examined the STG for
evidence of NOS enzymatic activity in the form of citrulline
production. Citrulline is a byproduct of NO formation from
arginine (Bredt and Snyder, 1990), and anti-citrulline immu-
nocytochemistry has been shown to faithfully reflect NOS
activity in neurons (Eliasson et al., 1997). Under basal condi-
tions (normal physiological saline; n 5 7), citrulline was evi-
dent in two axons that enter the STG via the stomatogastric
nerve (the stn) (Fig. 2 B). C itrulline staining intensified in the
descending fibers and the neuropil when the STG was
desheathed and preincubated with 1 mM L-arginine (n 5 4; Fig.
2C). Overall, this staining pattern suggests that a pair of
unidentified input fibers contain an NOS.

cGMP immunocytochemistry has been used to identify neu-
rons in the STG that contain a NO-sensitive sGC (Scholz et al.,
1996). Normal physiological levels of cGMP in the ganglion are
below the detection threshold for the antibody. However, bath
applications of NO donors such as SNP (10 mM) cause a 10- to
20-fold increase in cGMP content of the STG and elicit detect-

able cGMP synthesis in ;13 neurons within the ganglion (n 5 14;
Fig. 3A; Scholz et al., 1996). Importantly, to produce these high
levels of cGMP, it is necessary to block endogenous phosphodi-
esterase activity with IBMX. Under these conditions, most NO-
sensitive cells (;9) showed intense cGMP immunoreactivity,
whereas a few (three or four) labeled only weakly. As shown in
Figure 3B, NO-induced cGMP production was abolished when
the ganglion was pretreated with 50 mM ODQ, a specific inhibitor
of NO-sensitive sGC (Garthwaite et al., 1995).

The presence of citrulline-like immunoreactivity in descending
inputs to the STG (Fig. 2B,C) suggests that NO may be released
into the synaptic neuropil of the ganglion. To test whether the

Figure 2. NOS expression and activity in the STNS. A, Western blot of
proteins extracted from crab muscle, STNS, and brain using a polyclonal
antibody raised against a conserved domain of NOS (uNOS). Molecular
weights (in kilodaltons) are indicated to the right. B, C, Whole-mount
confocal projections of stomatogastric ganglia reacted with a polyclonal
antibody raised against citrulline, a byproduct of NOS enzymatic activity.
Each projection is a complete image through the ganglion. B, Putative
NOS enzymatic activity is present under basal conditions in two projec-
tion neurons that enter the STG via the stn (at top; n 5 5). Citrulline
accumulation is localized exclusively to the posterior stn and the STG
(data not shown). C, Citrulline staining in the two input fibers is en-
hanced when the perineural sheath is removed and the STG is preincu-
bated for 30 min in 1 mM L-arginine (n 5 3). Note extensive branching of
citrulline-containing terminals in the central synaptic region of the gan-
glion (neuropil). Because the citrulline antibody cross-reacts with high
concentrations of arginine in the nervous system (Eliasson et al., 1997),
the faint background staining in unidentified axons may reflect arginine
accumulation in these processes.
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stimulation of these putative NOS-containing projections could
drive cGMP production in the STG to detectable levels, we
bathed the ganglion in IBMX and then administered a stimulus
to the stn (30 sec at 100 Hz), which elicited a strong excitation of
both the gastric mill and pyloric motor rhythms (as monitored
with extracellular recordings from the dvn). The STG was then
immediately fixed and screened for cGMP immunoreactivity
(n 5 3). After stimulation, cGMP accumulation was detected
within selected processes in the neuropil (Fig. 3C). The appear-
ance of cGMP in the neuropil is consistent with neurons respond-
ing to a local release of NO from the descending input fibers.

To determine which STG neurons were NO-sensitive, we iden-
tified individual cells (see Materials and Methods) and filled them
with Lucifer Yellow. The STG was then exposed to an NO donor
and IBMX and processed for cGMP immunocytochemistry (Fig.
4). Overall, 33 STG neurons belonging to eight cell classes were
characterized (Table 1). The presence or absence of cGMP
immunostaining was consistent, without exception, within each
cell class across all experiments. Based on the circuit composition
of the congener Cancer borealis (Weimann et al., 1991), we
accounted for 12 of the 13 NO-sensitive neurons in the ganglion.
As shown in Table 1, most NO-sensitive neurons normally par-
ticipate in the pyloric network; the three classes of cells respon-

sible for the characteristic triphasic pyloric rhythm [lateral pyloric
(LP), pyloric (PY), and pyloric dilator (PD)] are NO-sensitive.
The four gastric mill (GM) neurons are also NO-sensitive. By
contrast, the dorsal gastric (DG) neuron, which fires exclusively in
gastric mill time, as well as the lateral posterior gastric (LPG),
ventricular dilator (VD), and inferior cardiac (IC) neurons, are
all NO-insensitive. We did not record from the lateral gastric
(LG) or medial gastric (MG) neurons. However, it is unlikely that
they are NO-sensitive because these cells project posteriorly, and
the 13th neuron sends an axon anteriorly in the stn (Fig. 5). This
remaining neuron is likely to be either anterior burster (AB) or

Figure 3. cGMP immunostaining in the STG. A–C are whole-mount
confocal projections of ganglia that have been labeled with a polyclonal
antibody raised against cGMP. A, Bath application of NO activates
cGMP synthesis in a subset of STG neurons. The in vitro ganglion was
treated with an NO donor (10 mM SNP) and processed for cGMP
immunocytochemistry (n 5 10). As previously reported (Scholz et al.,
1996), a subset (;13) of the ;30 neurons in the STG express an NO-
sensitive sGC. B, NO-induced cGMP accumulation is blocked when the
STG is preincubated for 30 min in 50 mM ODQ, a selective inhibitor of
sGC (n 5 5). C, Extracellular stimulation of the stn (1 msec pulses
delivered at 100 Hz for 30 sec) activates cGMP synthesis in the STG
neuropil (n 5 3). Note that 0.5 mM IBMX was added to block cGMP
hydrolysis in the experiments shown in A–C.

Figure 4. Identification of NO-sensitive and NO-insensitive neurons
within the STG. A and B are side-by-side confocal projections (;75 mm
total thickness) from the same ganglion. A, NO-induced cGMP immuno-
reactivity in a subset of ;13 neurons. B, Lucifer Yellow-injected somata
from seven identified cells (see Materials and Methods). The colocaliza-
tion of cGMP and Lucifer Yellow was determined by merging the two
projections. Neurons that have nuclei labeled with an asterisk (PD and PY)
are NO-sensitive. The remaining cells (DG, VD, and LPG), indicated by
squares, are NO-insensitive. The relative position of each asterisk and
square is the same for both panels. Note that the VD neuron partially
overlaps an unidentified cGMP-containing neuron in the projection. DG,
Dorsal gastric; LPG, lateral posterior gastric; PD, pyloric dilator; PY,
pyloric; VD, ventricular dilator.

Table 1. Identification of NO-sensitive neurons in the STG.

Neurons n cGMP-positive?

PD (2) 6 1

PY (5) 4 1

LP (1) 3 1

GM (4) 6 1

VD(1) 4 2

IC (1) 5 2

DG (1) 3 2

LPG (2) 3 2

The number in parentheses is the number of neurons in each cell class (Weimann et
al., 1991). Lucifer Yellow-injected neurons were identified as NO-sensitive or
insensitive based on colocalization with cGMP immunoreactivity (see Materials and
Methods). n indicates the number of individual neurons identified in each cell class.
Not all cell classes are represented. Abbreviations as in Figure 4 except GM, gastric
mill; IC, inferior cardiac; and LP, lateral pyloric.
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interneuron 1 (Int1), but its exact identity remains to be
established.

Gastric mill motor production requires NO diffusion
and sGC activation
We used in vitro preparations of the stomatogastric nervous
system to study functional roles for NO–cGMP signaling in the
STG. The intact nervous system was pinned out on a Sylgard-
coated dish, and a restriction well was constructed to isolate the
STG from anterior ganglia (Fig. 6A). In this way, pharmacological
agents could be bath-applied exclusively to the STG. The activity
of identified STG neurons and the motor output from the gan-
glion were monitored using intracellular and extracellular
recordings.

The in vitro STG spontaneously generates both a gastric mill
and a pyloric motor rhythm (Fig. 6B). The two rhythms are
distinct, and they can be distinguished by their periodicity. The
gastric mill motor pattern (Fig. 6, top trace) is represented by the
neurons that drive the medial tooth subsystem. Bursts of activity
in gastric mill neurons (e.g., DG and GM) last for several seconds
and have a period of 5–20 sec. By comparison, pyloric-timed
activity (PD neurons, bottom trace) is rapid with a period of ;1
sec. In addition, some gastropyloric neurons such as VD and IC
(middle trace) are influenced by both networks. Although the

STG produces the two rhythms in vitro, only the pyloric motor
pattern is generated continuously. The gastric mill pattern is
produced episodically and can suddenly stop or start. We used
recordings from the medial tooth subsystem to monitor the pres-
ence or absence of gastric mill activity. We did not systematically
record from the lateral tooth subsystem (LG and MG), and we did
not monitor the variants of the gastric mill rhythm that involve the
lateral tooth cells (Norris et al., 1994; Blitz et al., 1999).

The accumulation of citrulline within descending inputs to the
STG suggests that NO is released within the ganglion under basal
conditions when the two networks are conjointly active. Supple-
mentation of the NO–cGMP pathway by bath application of NO
donors (1 mM to 1 mM SNP or SIN-1; n 5 6) or 8-bromo-cGMP
(1 mM; n 5 3) had no significant effect on the basic structure of
either motor rhythm (data not shown). By contrast, agents that
interfere with endogenous NO–cGMP signaling had dramatic
effects on both networks. We blocked the extracellular diffusion
of NO within the ganglion using bath applications of PTIO, a
specific NO scavenger (Akaike et al., 1993). Bath application of
250 mM PTIO inhibited the gastric mill motor pattern (medial
tooth subsystem) while leaving the pyloric pattern intact (n 5 6;
Fig. 7). The gastric mill network was disassembled as the DG
neuron fell silent, and the GM neurons began firing in phase with
the pyloric rhythm. The IC and VD neurons, which were previ-
ously inhibited during part of the gastric cycle, now fired exclu-
sively in pyloric time. When the STG was returned to normal
saline, the gastric mill rhythm was reestablished within a few
minutes. Therefore, by alternating PTIO treatment with normal
saline, we could repeatedly disassemble and reassemble the gas-
tric mill motor output from the ganglion.

We also examined the effects of removing endogenous cGMP
production from the system by bathing the ganglion in 50 mM

ODQ (n 5 12; Fig. 8A), a concentration sufficient to inhibit
detectable NO-induced cGMP synthesis (Fig. 3B). The effects of
ODQ were identical to those of PTIO, except that the changes in
the gastric mill rhythm took place more rapidly (,10 sec). Again,
the DG neuron fell silent, and the GM, VD, and IC neurons
began firing exclusively in pyloric time. As with PTIO treatments,
the GM neurons switched between the gastric mill and pyloric
motor networks when sGC activity was blocked (Fig. 8B). Finally,
we examined the effect of ODQ on the LG neuron, which drives
the protraction of the paired lateral teeth of the gastric mill
(Heinzel et al., 1993). Similar to the GM neurons, this cell also
switches to pyloric-timed activity in the presence of 50 mM ODQ
(Fig. 8C; n 5 3). Therefore, the ODQ-induced respecification of
the gastric mill network involves elements of both the lateral and
medial tooth subsystems.

The modulatory effects of PTIO and ODQ treatments were not
limited to neurons that normally participate in the gastric mill
network. Both inhibitors also enhanced the pyloric rhythm. For
example, ODQ significantly increased the pyloric cycle frequency,
from 1.08 6 0.22 Hz in normal physiological saline to 1.58 6 0.38
Hz in 50 mM ODQ ( p , 0.001; Student’s t test; n 5 12). An
example of the effect of ODQ on pyloric cycle frequency is shown
in Figure 8D.

The results from ODQ treatments suggest that ongoing cGMP
synthesis is necessary for the normal division of the in vitro STG
into two functionally distinct and spontaneously active motor
networks. To test whether exogenous applications of cGMP could
rescue the effects of ODQ, we pretreated the STG for 10 min with
1 mM 8-bromo-cGMP and then coapplied 1 mM 8-bromo-cGMP
and 50 mM ODQ to the STG (n 5 5). Surprisingly, ODQ contin-

Figure 5. A single NO-sensitive STG neuron projects anteriorly in the
stn (top). The stn was backfilled with neurobiotin, and the STG was
stimulated with 10 mM SNP and processed for cGMP immunocytochem-
istry. Anteriorly projecting neurons are labeled green, and NO-sensitive
neurons are labeled red. A single cell ( yellow) is double-labeled.
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ued to respecify the STG under these conditions (data not
shown). Because the main glial sheath that surrounds the dorsal
surface of the neuropil was removed in these experiments, sto-
matogastric neurons were directly exposed to the membrane-
permeant analog. Consequently, it is unlikely that 8-bromo-
cGMP did not adequately penetrate into the synaptic neuropil.
The cGMP analog may be ineffective in this preparation. Alter-
natively, the NO–cGMP pathway may normally act via cGMP-
regulated phosphodiesterases (PDEs), for which 8-bromo-cGMP
has a low affinity (Lincoln and Cornwell, 1993).

Finally, NO–cGMP signaling appears to be necessary but not
sufficient for gastric mill motor production. When descending
neuromodulatory inputs to the ganglion are eliminated with a
sucrose block to the stn and anterior ganglia, gastric mill-timed
motor production ceases, and the pyloric pattern slows down or
falls silent. Under these artificially suppressed conditions, bath
applications of NO donors (1 mM-1 mM SNP or SIN-1) do not
elicit a gastric mill rhythm (n 5 5; data not shown). The effects of
NO–cGMP signaling are therefore activity-dependent, and they
presumably require a coincident release of other neuromodula-
tors within the STG.

DISCUSSION
We have shown that NO–cGMP neuromodulation contributes to
the functional separation of the STG into two parallel motor
networks. Moreover, under the conditions in which these exper-
iments were conducted (i.e., spontaneous motor production from

an in vitro preparation), the signaling pathway is required for the
dynamic assembly of the circuit that drives the rhythmic chewing
movements of the gastric mill. These results show that NO, acting
via sGC, can trigger rapid and reversible shifts in the specification
of adult neural circuits (Fig. 9).

The PTIO data indicate that NO is diffusing within the STG
when the pyloric and gastric motor rhythms are both spontane-
ously active. At least two NOS-like isoforms are expressed in the
STNS, and one source of NO is likely to be the pair of descending
inputs that terminate in the synaptic neuropil of the ganglion. In
this respect, NO is similar to many other anterograde modulatory
inputs that have been identified in this system (e.g., Harris-
Warrick et al., 1992). Because citrulline accumulation was re-
stricted to the distal axons and terminals of the NO-producing
neurons, we were unable to identify their somata in anterior
ganglia. It is therefore unclear whether NO is released as a
cotransmitter, as has been demonstrated in Aplysia (Jacklet,
1995), or whether the NOS-containing neurons are coactivated
with parallel descending inputs to the STG. NO may also be
released from another source (e.g., a single neuron within the
ganglion itself).

The STG neurons that contain a NO-sensitive sGC include the
core neurons of the pyloric circuit (PD, PY, and LP) as well as the
four GM neurons that can switch between the gastric mill and
pyloric networks. An interneuron with an ascending axon (either
AB or Int1) is likely to be the last member of the NO-responsive

Figure 6. The STG generates a gastric mill and
pyloric motor pattern in vitro. A, Schematic dia-
gram of the isolated STNS. Anterior is up.
Dashed line indicates the placement of a restric-
tion well around the STG. B, Extracellular re-
cordings from three nerves that carry output
from the STG reveal distinct gastric mill and
pyloric motor rhythms. The top trace shows the
firing profiles of two gastric mill neurons (DG,
GM ), whereas the bottom trace shows the activity
of a pyloric neuron (PD). The middle trace shows
the VD and IC neurons, which interact with both
networks.

Figure 7. Pharmacological inhibition of NO diffusion selectively deconstructs the gastric mill motor rhythm. Extracellular recordings of motor output
from the STG are shown. Note that the gastric mill rhythm in this preparation is less robust than in the experiment of Figure 6 (i.e., the GM neurons
are not firing under basal conditions). Left, Both the gastric mill and the pyloric network are active in normal saline. Middle, Bath application of PTIO
(n 5 6), an extracellular NO scavenger, selectively shuts down the gastric mill rhythm (the DG neuron falls silent). The pyloric rhythm is excited, GM
and VD neurons become active, and all active neurons now fire exclusively in pyloric time. Right, The effect of PTIO is reversible, and the gastric mill
motor pattern returns when the STG is returned to normal saline.
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Figure 8. Bath applications of ODQ (n 5 12), an inhibitor of NO-sensitive sGC, triggers a rapid and reversible disassembly of the gastric mill motor rhythm.
A, As with PTIO (Fig. 7), ODQ inhibits the gastric mill rhythm and excites the pyloric rhythm. B, STG neurons pattern switch when NO-sensitive sGC
activity is blocked within the ganglion. Shown are paired intracellular recordings from a GM and PY neuron, and an extracellular recording of the IC and
VD neurons (bottom trace). In normal saline (lef t), the GM neuron fires in gastric time (a single burst in a gastric cycle is shown here), and the PY neuron
fires in pyloric time. The IC and VD neurons fire in pyloric time but are inhibited during the GM burst. Within seconds of ODQ application (right), the
GM cells pattern switch and begin firing in pyloric time. Note that the IC and VD neurons now participate exclusively in the pyloric motor pattern. Most
hyperpolarized membrane potentials: GM, 254 mV; PY, 259 mV. C, ODQ-induced pattern switching is not limited to medial tooth neurons in the gastric
mill network. Extracellular recordings from the lateral gastric nerve (lgn, middle trace) reveal that LG, which drives the protraction of the paired lateral teeth,
also switches to pyloric-timed activity when NO–cGMP signaling is blocked within the ganglion (n 5 3). D, Time course for ODQ-induced disassembly of
the gastric mill rhythm (top trace). Note also the increase in the pyloric cycle frequency and the occasional summation of PD units in the pdn (bottom trace).
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group. Suppression of intrinsic NO–cGMP signaling, using either
ODQ or PTIO, speeds up the core pyloric rhythm and causes the
GM neurons to pattern switch and burst in pyloric time. There-
fore, in the context of the 12 identified sGC-expressing cells, the
suppression of the NO pathway results in a ganglion that is
dominated by the pyloric motor rhythm. It is important to stress,
however, that PTIO- and ODQ-induced changes in firing activity
are not limited to neurons that express the receptor of NO. For
example, the activity of NO-insensitive neurons (e.g., DG, VD,
and IC) also changes when NO–cGMP signaling is inhibited.
These indirect effects of NO are likely to reflect synaptic inter-
actions between NO-sensitive and NO-insensitive cells. The na-
ture of these interactions has yet to be determined.

NO donors were not sufficient to activate gastric mill motor
output from the STG when descending inputs were blocked. This
suggests that NO–cGMP may need to interact with other intra-
cellular signaling pathways that are active in the intact system
(Bhalla and Iyengar, 1999). Stomatogastric neurons must inte-
grate modulatory input from a wide array of transmitters and
circulating neurohormones, and cross talk between second mes-
senger cascades is likely to determine the cellular and synaptic
properties of individual STG neurons. Moreover, it may not be
possible to relate a transmitter-evoked second messenger cascade
to effects at the level of the circuit without an understanding of
how that cascade interacts with other, parallel pathways in cells.
For example, Hempel et al. (1996) found that serotonin, dopa-
mine, and octopamine evoke different patterns of cAMP synthe-
sis among STG neurons. However, the modulatory effects of each
transmitter at the level of the network could not be explained by
the cell-specific patterns of cAMP accumulation within the gan-
glion. Biochemical interactions between different signaling path-

ways have not been studied in the STG, and this remains an
important area for future research.

One possible mechanism for interactions between cGMP and
parallel biochemical cascades in the STG could involve the acti-
vation of cGMP-regulated phosphodiesterases (e.g., PDE3; Delpy
et al., 1996; Lugnier et al., 1999; Sandner et al., 1999). These
enzymes hydrolyze cAMP and provide an important mechanism
for cross talk between cGMP- and cAMP-mediated signaling
cascades (Lincoln and Cornwell, 1993; Pelligrino and Wang,
1998). For example, the NO–cGMP signaling pathway could
function to regulate intracellular cAMP, and therefore serve as a
“gain control” for parallel inputs (e.g., the biogenic amines) that
activate adenylate cyclase. This would be consistent with our
observation that NO is not sufficient to evoke motor activity in
the absence of descending inputs to the ganglion.

Finally, NO–cGMP signaling is also closely associated with the
gastric mill rhythm during STG development. In lobsters, the
teeth of the gastric mill and the underlying gastric mill motor
pattern first appear at metamorphosis (Casasnovas and Meyrand,
1995). A single STG neuron begins to express sGC at this stage
(Scholz et al., 1998). As the gastric mill rhythm matures during
early juvenile development, additional neurons become NO-
responsive. Several transmitter inputs to the STG also mature in
the stages leading up to metamorphosis (Fénelon et al., 1999;
Kilman et al., 1999), and NO may interact with these pathways to
shape the gradual emergence of adult-specific behaviors.
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