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Suppression of Oscillatory Activity in Crustacean Pyloric Neurons:

Implication of GABAergic Inputs

J. R. Cazalets, I. Cournil, M. Geffard,? and M. Moulins

Laboratoire de Neurobiologie et Physiologie Comparées, CNRS and Université de Bordeaux |, F-33120 Arcachon, France

Generation of rhythmic pyloric motor output in the crusta-
cean stomatogastric gangilion results from synaptic connec-
tions and cellular properties of a 14-cell network of pyloric
neurons. These cellular properties are under the influences
of modulatory inputs, which act, for the most part, in an
activating mode, i.e., they enhance the bursting properties
of the pyloric neurons and/or their ability to express their
regenerative properties. Here we attempt to demonstrate
that the pyloric motor output is also under the control of
suppressive afferent inputs that are able to stop the pyloric
rhythm in a long-lasting manner.

Immunohistochemistry, using GABA antibodies, indicates
that GABAergic-like fibers are present in both the stoma-
togastric ganglion and its afferent nerve. Bath-applied GABA
suppresses spontaneous pyloric rhythmic activity. This is
due to an inability of the pyloric pacemakers to express their
bursting properties. The suppressive effect of GABA is
blocked by picrotoxin and mimicked by muscimol. Isolating
the pyloric neurons from all descending spiking influences
with tetrodotoxin demonstrates that exogenously applied
GABA acts directly on the pyloric neurons. To confirm the
existence of a physiological suppressive system for the py-
loric motor pattern, we show that the stimulation of an af-
ferent nerve, known to contain GABA-like fibers, also causes
the cessation of rhythmic activity and the inability of the
pyloric neurons to express their bursting properties.

It is increasingly evident that central rhythmic motor networks
are under the control of modulatory inputs (Selverston and
Moulins, 1985; Harris-Warrick, 1987). These inputs do not con-
trol the pattern of the output step by step, as can proprioceptive
feedback, but have, instead, long-lasting instructive effects that
shape the final motor output.

One of the best-known examples of such modulatory control
is the 14- neuron network of the crustacean stomatogastric gan-
glion, which drives the alternating dilations and constrictions
of the pyloric chamber (Moulins and Nagy, 1985; Marder, 1987).
All the neurons involved in this network have the ability to
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produce bursting pacemaker potentials (BPPs; Miller, 1987),
1.e., regenerative depolarizations and hyperpolarizations that
underlie their bursting discharge. The voltage-dependent con-
ductances responsible for these regenerative properties are under
the control of modulatory inputs, since their removal decreases
or turns off the production of pyloric BPPs, and hence rhythmic
output (Moulins and Cournil, 1982; Nagy and Miller, 1987).
Only a few modulatory input neurons to the pyloric network
have been identified (Nagy et al., 1981; Russell and Hartline,
1981; Dickinson and Nagy, 1983; Nagy and Dickinson, 1983),
but there is pharmacological evidence (Beltz et al., 1984; Clai-
borne and Selverston, 1984; Marder and Eisen, 1984; Marder,
1987) that suggests that this network is the target of a palette
of such inputs. To date all the identified modulatory inputs
(Russell and Hartline, 1981; Dickinson and Nagy, 1983; Nagy
and Dickinson, 1983) and most of the putative neuromodula-
tory substances applied to the network have permissive effects
on the pyloric output (Beltz et al., 1984; Hooper and Marder,
1984; Marder and Eisen, 1984; Harris-Warrick, 1987). They are
all able to start the pyloric rhythm in a quiescent ganglion, or
to enhance ongoing pyloric activity, even if in some cases there
is a diminution in the discharge of some of the target neurons
(Flamm and Harris-Warrick, 1986a, b).

The present study was undertaken to determine if this network
also receives modulatory “suppressive inputs,” that is, inputs
that reduce and finally suppress its rthythmic activity. Marder
and Paupardin-Tritsch (1978) have shown that iontophoretic
application of GABA results in hyperpolarization and conduc-
tance increase in several pyloric neurons. We proceeded from
this observation to determine if (1) the pyloric network receives
GABAergic-like inputs, (2) exogenously applied GABA sup-
presses the ability of pyloric neurons to produce BPPs, and (3)
some of the neuronal inputs to the pyloric network have sup-
pressive effects on the pyloric output.

A brief report of this work has appeared elsewhere (Cazalets
et al., 1985).

Materials and Methods

Experiments were performed on the European lobster Homarus gam-
marus and the cape lobster Jasus lalandii; although similar results were
obtained from both species, all results reported here are from Homarus.
The animals were kept in tanks of acrated and circulating seawater. Two
experimental salines were used: artificial seawater (Moulins and Vedel,
1977), 400 mm NaCl, 9.8 mm KCl, 10.1 mm CaCl,, 52,6 mm MgCl,,
27.8 mm Na,SO,, 2.5 mm NaHCO;, 0.6 mm NaBr; and HEPES-buffered
saline (Miller and Selverston, 1982), 479 mm NgCl, 12.74 mm KCl,
13.7 mM CaCl,, 10 mm MgSO,, 3.9 mm Na,SO,, 5 mm HEPES. The
pH of the salines was adjusted to 7.45 with HCI or NaOH.

GABA immunohistochemistry. The anti-GABA antibodies used for
immunohistochemistry were purified, by affinity chromatography, from
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Figure 1.

The stomatogastric nervous system of Homarus gammarus. A, Lateral view of the stomach showing the ir situ location of nerves and

ganglia on the dorsal part of the stomach and around the esophagus. B, The isolated nervous system. The circle around the STG represents the
Vaseline pool through which drugs were superfused. C, Simplified wiring diagram of the pyloric motor network. ®—, Inhibitory synapse, —vw—
electrotonic junction. Abbreviations: 4B, anterior burster interneuron; B, brain; C,, early constrictor muscle; C,, late constrictor muscle; COG,
commissural ganglion; CS, cardiac sac; D, dilator muscle; dvn, dorsal ventricular nerve; GM, gastric mill; IC, inferior cardiac motoneuron; ion,
inferior esophageal nerve; LP, lateral pyloric motoneuron innervating C,; /vn, lateral ventricular nerve; M, mouth; OE, esophagus; OG, esophageal
ganglion; on, esophageal nerve; P, pylorus; PD, pyloric dilator motoneuron; PY, pyloric motoneuron innervating C2; son, superior esophageal
nerve; STG, stomatogastric ganglion; stn, stomatogastric nerve; VD, ventricular dilator motoneuron.

rabbit anti-GABA antiserum obtained by Seguela et al. (1984). The
anti-GABA antiserum does not cross-react with glutamate, aspartate,
or other related molecules, such as alanine, glycine, or taurine (Seguela
et al., 1984).

The stomatogastric nervous system and the second and third abdom-
inal ganglia were dissected in artificial seawater (adjusted to pH 6.2 with
HCl) and fixed with 5% glutaraldehyde diluted in 0.4 M cacodylate buffer
(pH 7.75) for 90 min. The nervous tissue was first reacted with 1%
lysine for 1 hr, then with 0.1% sodium borohydrate for 1 hr (to reduce
the autofluorescence of the fixed tissue), and postwashed overnight at
4°C in PBS (0.01 M phosphate buffer containing 0.15 m NaCl), pH 7.45,
to which was added 10% sucrose. Frozen sections (18 u) were incubated
for 18 hr with the anti-GABA antibodies diluted 1/200 in PBS con-
taining 0.3% Triton X-100 and 10% BSA (in order to prevent nonspecific
binding). After a 1 hr wash in fresh PBS, the reaction of the anti-GABA
antibodies was visualized by incubating the sections for 1 hr with sheep
anti-rabbit IgG linked to fluorescein isothiocyanate (FITC; Miles) di-
luted 1/100 in PBS. After washing, the sections were mounted in a 1:3
mixture of PBS—glycerol and observed with a Leitz fluorescence micro-
scope (excitation filter, 450-490 nm; emission filter, 520 nm).

Absorption controls were carried out to test the specificity of anti-
GABA antibodies used in this procedure. The anti-GABA antibodies
were diluted according to the normal procedure and preincubated for
24 hr with or without the immunogen (GABA-glutaraldehyde~BSA).
The 2 solutions were then centrifuged and the supernatants collected.
Successive sections of the ganglia were treated alternately with the ab-
sorbed and nonabsorbed antibodies and subsequently observed and
compared under fluorescence as above.

Electrophysiological techniques. After removing the stomatogastric
nervous system from the dorsal part of the stomach (Fig. 14), the iso-
lated nervous system was pinned out in a Sylgard-lined petri dish (Fig.
1B) and maintained at 15°C. Isolated preparations, corresponding to
the “combined preparation™ of Selversion et al. (1976) and consisting
of the stomatogastric ganglion (STG), the paired commissural ganglia
(COGs), and the esophageal ganglion (OG), were used. Intrasomatic
recordings of pyloric neurons were made with glass microelectrodes
filled with 2 M potassium acetate (r = 15-20 Mg). Neurons were iden-
tified as described for Homarus by Robertson and Moulins (1981) and
for Jasus by Nagy (1981). For intracellular current injections, cell bodies
were always penetrated with 2 microelectrodes, one for membrane po-
tential recording and the other for current injection. Neuronal activity
was recorded on a MP5521 Schlumberger tape recorder and visualized
either on a 5113 Tektronix oscilloscope or a Gould ES 1000 electrostatic
recorder. The effects of GABA and other drugs were studied by super-
fusing (1ml/min) the solutions through a Vaseline well (2 ml vol) built
around the STG. GABA, picrotoxin (PTX), tetrodotoxin (TTX), and
oxotremorine were obtained from Sigma; muscimol from Serva. Axonal
conduction in nerves could be reversibly blocked by superfusion of an
isotonic sucrose solution (750 mm) (adjusted to pH 7.45 with NH,OH)

through a Vaseline pool built around a desheathed portion of the ap-
propriate nerve.

Results

GABA-like immunoreactive projections to the STG

The lobster STG consists of a dense neuropil surrounded by
neuronal somata. The axons of pyloric motoneurons project
from the STG in several motor nerves, the principal one being
the dorsal ventricular nerve (dvn) (Fig. 1B). The STG is con-
nected to the anterior ganglia (COGs and OG) by a single nerve
tract, the stomatogastric nerve (stn, Fig. 1, 4, B), which carries
numerous input fibers to the STG. With anti-GABA antibodies
we visualized immunoreactive fibers in the neuropil of the STG
(Fig. 2, A, D), but none of the cell bodies in this ganglion were
labeled. GABA-like immunoreactive fibers were also detected
in the input nerve (stn, Fig. 2B), but not in the main output
motor nerve (dvn, Fig. 2C). Although the results shown here
are from Homarus, identical results were obtained with Jasus.
Since none of the cell bodies stained in the STG, 1t is likely that
the immunoreactive neuropilar structures are the terminal pro-
cesses of neurons whose somata are located in other ganglia and
project to the STG via the stn. In Homarus, some of the im-
munoreactive fibers projecting to the STG probably originate
in the OG, in which we saw at least 3 strongly immunoreactive
cell bodies, and/or the COGs, which also contain some small
immunoreactive cell bodies. The nerves that interconnect these
ganglia (see Fig. 14) also contain GABA-like immunoreactive
fibers.

These results depend critically on the specificity of the anti-
bodies. Although several tests have been carried out previously
to establish this specificity (Seguela et al., 1984), we have per-
formed 2 further controls. First, we demonstrated that the an-
tibodies recognize identified GABAergic neurons in the lobster
abdominat ganglion (Otsuka et al., 1967). Figure 3B shows that
after treatment with the anti-GABA antibodies, the somata of
these neurons, 12, and I3, were strongly immunoreactive. Sev-
eral small-diameter cell bodies, probably including I1 of Otsuka
et al. (1967), were also labeled, but numerous other neurons of
the ganglion were not. Thus, the antibodies used in the present
study do seem to recognize neuronal structures known to be



2886 Cazalets et al. - GABAergic Inputs to Crustacean Pyloric Neurons

Figure 2. GABA-like immunoreactivity in and near the stomatogastric ganglion of Homarus. A, Longitudinal section of the stomatogastric ganglion
after incubation with GABA antibodies (the stn is to the /efi, the dvn to the right). Note immunoreactive fibers in the neuropil and the absence
of labeled cell bodies (arrow.) B, C, Immunoreactive fibers in a transverse section of the input nerve (stn; B) but not in a transverse section of the
main motor nerve (dvn; C). D, E, Absorption control on serial transverse sections of the stomatogastric ganglion: positive reaction observed in

the neuropil of a section incubated with the nonabsorbed antibodies (D) disappeared in the subsequent section when incubated with the absorbed
antibodies (E). Calibration lines; 50 um (4); 25 pm (B-E).
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Figure 3. Cell bodies of known GABAergic inhibitory motoneurons in the abdominal ventral cord of the lobster Homarus labeled with GABA
antibodies used in the present study. 4, Map of the identified cells in the third abdominal ganglion. The cell bodies of inhibitory motoneurons are
marked in white (12, I3) (from Otsuka et al., 1967). B, Longitudinal horizontal section of the third abdominal ganglion after antibody treatment;
12 and probably I3 neurons are immunoreactive. Calibration lines, 100 pm,

GABAergic. Second, after absorption by the antigen, the anti-
bodies are unable to stain either identified GABAergic structures
or the structures in the STG that were labeled prior to absorp-
tion. Absorption controls (see Materials and Methods) were
performed on both the GABAergic neurons of the ventral ner-
vous chain (data not shown) and the immunoreactive structures
of the STG (Fig. 2, D, E). In all cases, the immunological re-
actions disappeared when the sections were treated with anti-
bodies that had been incubated with the immunogen. Thus it
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seems that the antibodies specifically recognize GABA when
coupled to proteins by glutaraldehyde, and we conclude that the
structures labeled in the stn and STG contain GABA or at least
a GABA-like compound.

Suppression of the pyloric output by GABA application

The activity of the pyloric neurons can be recorded intracellu-
larly from in vitro preparations (Fig. 1B). The pyloric output
consists of the sequential activity of 6 types of neurons (Fig.
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Figure 4. Bath-application of GABA on the STG causes cessation of pyloric rhythmic activity. Simultaneous intracellular recordings from the 6
types of pyloric cells (see Fig. 1C). 4, Control. B, Superfusion over the STG of saline containing 5 x 10~ M GABA stops the bursting discharges
of the 6 neurons, although they continue to fire tonically at low frequency. C, Restoration of the rhythm 10 min after wash with normal saline.

Horizontal bar, 0.5 sec; vertical bars, 5 mV.
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Figure 5. GABA applied to the STG causes the pyloric pacemaker
neurons (PD and AB) to be unable to fire rhythmic bursts of action
potentials. 4, Control. Before GABA application, the 2 pacemakers were
osciliating spontaneously. Sustained depolarization (by current injection
into PD) increased the frequency of oscillation (4,), while a brief de-
polarization provoked an immediate, full oscillation (4,). B, During
GABA application (2.5 x 10-* M), a long-duration depolarization did
not induce any oscillations (B,) and a brief depolarization was unable
to provoke a regenerative response (B,). Horizontal bars, 1.25 sec (4,,
B,); 0.5 sec (4,, B,). Vertical bars, 12 mV (PD); 15 mV (AB); and 30
nA for injected current (7).

44). The 2 pyloric dilator motoneurons (PD) and the anterior
burster interneuron (AB) are electrically coupled, have endog-
enous oscillatory properties, and act as pacemakers for the py-
loric network (Miller, 1987). They rhythmically inhibit all the
other pyloric neurons, the synaptic interactions of which (Fig.
1C) determine the timing of their bursts of action potentials
and hence the structure of the pattern. The motor pattern re-
corded from isolated stomatogastric nervous systems is com-
parable to that recorded by electromyography in the intact an-
imal (Rezer and Moulins, 1983). In most isolated preparations,
the pyloric neurons discharge rhythmically for hours at fre-
quencies varying from 1 to 0.2 Hz, depending on the prepara-
tion. In preparations in which the pyloric neurons oscillate at
1 Hz (Fig. 44), complete cessation of all rhythmic activity was
obtained by superfusing the STG with saline containing 5 X
10—+ M GABA (Fig. 4B). With preparations in which the spon-
taneous pyloric rhythm was initially slower, the same result was
obtained using 10-* M GABA. The effects of GABA application
are rapidly reversible, oscillatory pyloric activity being com-
pletely restored after 10 min of washing with normal saline (Fig.
4C). In an earlier study, Marder and Paupardin-Tritsch (1978)
found that GABA causes hyperpolarization and a conductance
increase in pyloric neurons. Moreover, the membrane conduc-
tances that underlie the slow-wave oscillations are voltage-de-
pendent and can be inactivated by steady hyperpolarization
(Russell and Hartline, 1982). However, the following observa-

tions indicate that the cessation of oscillations caused by GABA
is not due simply to a hyperpolarizing effect.

Suppression of the oscillatory properties of the pyloric
pacemakers by GABA application

The generation of pyloric motor activity depends largely on
endogenous neuronal properties (Russell and Hartline, 1978)
that are expressed only under the influence of modulatory inputs
arising from‘“anterior centers” (Miller and Selverston, 1982;
Moulins and Cournil, 1982; Russell and Hartline, 1982). These
properties can be tested by (1) sustained artificial depolarization,
which evokes oscillatory behavior in a nonoscillating neuron
(see Fig. 94), or an increase in the frequency of an already
oscillating neuron (Fig. 54, 1); or by (2) a brief depolarization,
which triggers a full regenerative depolarizing response that out-
lasts the activating depolarizing pulse (Fig. 54, 2). These tests
were performed on the pyloric pacemaker neurons in the pres-
ence of GABA. Sustained depolarization (even at high current
levels) did not evoke cycling, but only increased the tonic firing
of the stimulated neurons (Fig. 5B, 1), while brief, strong de-
polarizations failed completely to trigger oscillatory potentials
(Fig. 5B, 2).

The following results further reinforce the notion that, in the
presence of GABA, the pyloric neurons are no longer able to
express their bursting properties. Extracellular stimulation of
the stn is known to activate input fibers that promote the burst-
ing potential of pyloric neurons; in a a system where the pyloric
neurons are not cycling, a brief stimulation of the stomatogastric
nerve can initiate and sustain the oscillatory activity of the
pyloric neurons (Fig. 64; note the long-term activating effect of
this stimulation). In the presence of 2.5 x 10~* M GABA, how-
ever, a longer stimulation at the same frequency had no such
activating effect on the bursting potential of the PD and AB
neurons (Fig. 6B). Poststimulus injection of depolarizing cur-
rent, which would be expected to counteract a simple GABA-
mediated membrane hyperpolarization, was also ineffective in
triggering oscillations.

These experiments thus show that the inability of the pyloric
neurons to burst in the presence of GABA is not due only to a
simple membrane hyperpolarization; rather, GABA must cause
either the inactivation of a conductance directly involved in
BPP production or an increase in a steady hyperpolarizing con-
ductance that shunts those currents that generate bursts.

Pharmacological characterization of the GABA effect

To eliminate the possiblity of a nonspecific action of GABA on
the pyloric neurons, and to begin characterization of the mem-
brane receptors involved in its suppressive effect, several an-
tagonists and agonists of GABA were tested. PTX is known to
block the action of GABA in many preparations (Takeuchi,
1976). In a STG in which the PD neurons were cycling strongly
and spontaneously (Fig. 74), the application of saline containing
3.5 x 10~*M GABA silenced the PD neuron (Fig. 7B). However,
saline containing the same concentration of GABA applied in
the presence of PTX was without effect on PD bursting activity
(Fig. 7C), as was bath-applied PTX alone (Fig. 7D). Bicucculine,
a well-known GABA antagonist (Curtis et al., 1970), was effec-
tive only at high concentrations (103 M), and its effect was less
reproducible than that of PTX. This is consistent with the results
of Marder and Paupardin-Tritsch (1978), who found that 10-4
M PTX partially suppressed the hyperpolarizing response of
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Figure 6. 1In the presence of GABA, the bursting properties of the pacemaker (4B, PD) neurons can no longer be unmasked by stimulation of the
stn. 4, In a preparation that was not cycling, stn stimulation induced long-term oscillatory activity in the penetrated neurons. B, During superfusion
of the ganglion with 2.5 x 10~ M GABA, stronger stimulation (stim) of the stn was unable to induce neuronal oscillations, and a sustained
depolarization of PD produced only tonic firing. Horizontal bar, 1 sec; vertical bars, 10 mV, 10 nA.

STG neurons to iontophoretically applied GABA and that bi-
cucculine (10-* m) had no effect.

Muscimol, a potent agonist of GABA (Krogsgaard-Larsen and
Arnt, 1979), had actions similar to those of GABA, but was
effective at lower concentrations. Bath-applied muscimol (7.5 X
10-¢ M) reduced the rhythmic activity of an oscillating PD
neuron (cf. Fig. 7, E, F). At higher muscimol concentrations
(5.5 x 10-5 M), the oscillatory activity of the PD neuron stopped
completely (Fig. 7G). As for GABA, this effect was reversible;
a few minutes after the beginning of washing with normal saline,
the PD oscillations were completely restored (Fig. 7H).

The suppressive effects of GABA are TTX-resistant

All the above results were obtained from preparations in which
the STG remained connected to the premotor centers (Fig. 1B).
It has previously been shown that the pyloric neurons receive
extrinsic neuromodulatory inputs that have an activating effect
on their oscillatory behavior. Thus it remains possible that the
inactivating effects of GABA seen here may be due to presyn-
aptic inhibition (Kirk and Wine, 1984) of these activating in-
puts. To test this possibility, the pyloric neurons were isolated
from all spiking synaptic inputs by superfusing the STG with
saline containing 2 x 10-7 M TTX. Under these conditions, the
pyloric pacemakers stopped oscillating (Fig. 8 B), but it was pos-

sible to reinduce nonspiking pyloric oscillatory behavior by bath-
application of a muscarinic agonist, oxotremorine (Fig. 8C),
which mimics the activating effects of an identified cholinergic
input (Nagy et al., 1985). The critical experimental observation
was that, although completely deafferented, oxotremorine-ac-
tivated pacemaker neurons were still sensitive to GABA. Again,
bath-application of saline containing 10—* M GABA caused com-
plete cessation of oscillatory activity (Fig. 8D). At this GABA
concentration, a brief current pulse injected into a- PD neuron
still triggered a reduced oscillation in the PD neuron, as well as
in the electrically coupled AB interneuron. A single (reduced)
oscillation was also obtained by steady depolarization of the PD
neuron (Fig. 8D). However, with a slightly increased GABA
concentration (2.5 x 10-* M), the pacemaker neurons com-
pletely lost their regenerative ability. Even large-amplitude cur-
rent pulses or strong, sustained depolarizations failed to trigger
oscillations (Fig. 8E). After several minutes of wash with saline
containing TTX and oxotremorine alone, the cycling activity
of these neurons was restored (Fig. 8 F). These results show that,
for oxotremorine-induced BPPs in the presence of TTX, the
suppressive effects of GABA do not occur via mechanisms pre-
synaptic to the target neurons. We have no reason to believe
that spontaneous BPPs are qualitatively different from BPPs
induced by oxotremorine, and thus it is likely that, in normal
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Figure 7. The action of GABA is antagonized by PTX and mimicked
by muscimol. 4-D, The oscillatory behavior of a PD neuron (4) was
suppressed by bath-application of GABA containing saline (B). How-
ever, the same concentration of GABA was ineffective in the presence
of PTX (C). Bath-application of PTX alone did not modify the cycling
of the PD neuron (D). E-H, Bath-applied muscimol diminished (F) or
suppressed (G) the oscillatory activity of a PD neuron (compare to E).
This effect was reversible; 8 min after the beginning of the wash with
normal saline, the oscillatory activity was completely restored (H). Hor-
izontal bars, 0.5 sec (4-D); 1 sec (E~H). Vertical bars, 10 mV.

saline as well, GABA’s suppressive effects are due to direct
action on the pyloric pacemaker neurons.

Comparable suppressive effects can be obtained by stimulating
STG input fibers

To demonstrate that the pyloric pacemaker neurons receive
inactivating GABAergic inputs requires selective stimulation of
identified GABAergic fibers and evidence that these inputs have
a suppressive effect on the oscillatory behavior of the pyloric
pacemakers. To date, such input neurons have not been iden-
tified. However, it has been possible to show that electrical
stimulation of multifiber input nerve to the STG can cause the
cessation of pyloric rhythmic activity in a way similar to that
of bath-applied GABA. Stimulation of the stn itself cannot be
used because this input nerve contains many activating fibers
and its stimulation normally initiates or enhances the oscillatory
activity of the pyloric neurons (see Fig. 54). We therefore used
the esophageal nerve (on), which we know by immunohisto-
chemistry contains GABA-like fibers (see above), but which,
unlike the stn, carries relatively few activating elements that
descend to the STG. In the experiment shown in Figure 94, we
recorded from a PD neuron that was quiescent, probaby owing
to hyperpolarization, since sustained depolarization could evoke
oscillation at a constant frequency (Fig. 9, upper trace). How-
ever, a similar sustained depolarization applied 2 sec after a 25
Hz, 10 sec stimulation of the on failed to produce any oscillatory

activity (second trace, Fig. 94). Thus, following stimulation of
the on, the PD neuron was unable to express its oscillatory
properties. This is directly comparable to the experiment shown
in Figure 9B, in which the oscillatory behavior of a PD neuron
is suppressed by on stimulation. This experiment also shows
that on stimulation produces not only poststimulus hyperpolar-
ization of PD, but also the loss of its oscillatory properties; a
sustained depolarization immediately after the stimulation is
totally unable to produce oscillations.

Since the on clearly contains fibers that have direct excitatory
effects on the PD neuron (as can be seen during on stimulation
in Fig. 9), the subsequent inactivation of the PD neuron could
be due to post-tetanic depression rather than to the stimulation
of suppressive fibers. Although this possiblity cannot be com-
pletely ruled out, PD neurons never exhibit long-term post-
tetanic depression in response to high-frequency firing induced
either by depolarizing current injection or by stimulation of
known excitatory synaptic inputs. Moreover, the fact that strong
inactivation of the PD neuron also follows a brief, low-frequency
stimulation of the on (data not shown) is difficult to reconcile
with an effect resulting from post-tetanic depression.

These 2 experiments also show that on stimulation has long-
lasting suppressive effects on the PD neuron. In the experiment
shown in Figure 94, the ability to produce BPPs was not com-
pletely recovered until 45 sec after on stimulation, while in that
shown in Figure 9B, although BPPs could be obtained by de-
polarization some 35 sec after stimulation, recovery of spon-
taneous oscillatory activity took as long as 2 min. Again, it is
difficult to explain such long-term inactivation in terms of post-
tetanic depression; rather, the time course of these effects sug-
gests inactivation via stimulation of modulatory suppressive
fibers. Finally, it is important to note that the PD neuron in-
activation seen in Figure 9B was obtained from a preparation
in which the COGs were removed. This suggests that these
effects were the result of the activation of a direct pathway that
originated in or passed via the OG en route to the STG.

Discussion

The present study shows that the single input nerve (stn) to the
stomatogastric ganglion in at least 2 decapod crustaceans con-
tains GABA-like immunoreactive fibers that ramify in the STG.
Moreover, bath-applied GABA suppresses the ongoing rhyth-
mic activity of the pyloric network located in the STG and this
appears to be due to a direct action of GABA on pyloric neurons.
Consistent with these observations is that similar inactivating
effects can be obtained by direct electrical stimulation of the on
which contains GABA-like fibers and runs into the stn. These
results, therefore, suggest that, in addition to the modulatory
activating inputs to the pyloric neurons that are responsible for
their ability to produce BPPs (Marder, 1987), there exist mod-
ulatory inactivating inputs that are able to suppress the ability
of pyloric neurons to produce BPPs. An important role in this
suppression appears to be played by neurons containing GABA.

GABAergic neurons in the crustacean stomatogastric nervous
system

The immunohistochemical results presented here were obtained
with antibodies whose selectivity had been tested previously
(Seguela et al., 1984). Moreover we have shown that these an-
tibodies recognize identified neurons in the Homarus ventral
nerve cord known to be GABAergic (Otsuka et al., 1967). These
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Figure 8. GABA suppresses pharmacologicaily induced oscillatory properties of “isolated” pyloric pacemaker cells. 4, In normal saline the AB
and PD neurons oscillated with a burst of spikes on the crest of each oscillation. B, Superfusion on the STG of saline containing 2 x 1077 M TTX
blocked spiking in the PD and AB neurons, which also stopped cycling. C, Cycling (without spikes) was then induced by the addition of 10— M
oxotremorine in the saline. D, Subsequent addition of 10-* M GABA gradually suppressed the oscillatory properties of the neurons. However, with
this GABA concentration, an oscillation could still be triggered either by a short depolarizing pulse or with a prolonged depolarization. E, After
application of GABA at a higher concentration (2.5 % 10~* m), injection of depolarizing current completely failed to trigger oscillations. F, Washing

the preparation with saline containing TTX and oxotremorine alone reversed the effects of GABA. Horizontal bar, 1 sec; vertical bars, 10 mV (AB
neuron) and 3 nA.
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Figure 9. Direct stimulation of STG input fibers can suppress the oscillatory properties of the pyloric pacemaker PD neuron. 4, Sustained
depolarizations (10 sec) induced by current injection (i) into the cell body of a quiescent PD neuron evoked oscillations at a constant frequency
(upper recording). After a 10 sec stimulation of the esophageal nerve at 25 Hz (horizontal bar, second recording), the same depolarization of the
PD neuron was unable to induce oscillations. The expression of oscillatory properties of the PD neuron returned slowly, but recovery was still not
complete 14 sec after the end of the stimulation (third depolarization). B, Similar stimulation of the on (horizontal bar) suppressed the oscillatory
behavior of a previously active PD neuron. This effect was long-lasting, as subsequent sustained depolarization of PD did not evoke oscillations
until 35 sec (¢35) after the on stimulation (¢0). Note, in B, that the COGs had been removed and the PD neuron oscillations were induced by
superfusion on the STG of saline containing 5 x 10-¢ m oxotremorine. Horizontal bar, 1.75 sec; vertical bar, 15 mV.
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immunohistochemical results are consistent with biochemical
analyses that show that glutamic acid decarboxylase (GAD) ac-
tivity can be detected in those regions of the stomatogastric
nervous system where immunoreactive structures have been
identified (I. Cournil, unpublished observations). It is our con-
clusion, therefore, that GABAergic neurons are present in this
nervous system, and that they probably originate in the OG
and/or COGs and project to the STG via the stn.

By contrast, none of the cell bodies in the STG and none of
their axons in the STG output nerve exhibit any immunoreac-
tivity. This negative result is important for two reasons. First,
itis well established that all chemical synapses within the pyloric
network in the STG are inhibitory (Selverston et al., 1976).
Several of these synapses, where the AB, lateral pyloric (LP),
pyloric (PY), and inferior cardiac (IC) neurons are presynaptic
(for details, see Fig. 1), are blocked by the GABA antagonist
PTX (Bidaut, 1980; Eisen and Marder, 1982), and for this reason
they were thought to be possibly GABAergic. However, Eisen
and Marder (1982) have shown that the IPSPs evoked centrally
in the pyloric network by these neurons are similar, in terms of
reversal potential and ionic dependence, to glutamate responses,
which are also blocked by PTX (Marder and Paupardin-Tritsch,
1978). In addition, most of these neurons are motoneurons and
there is strong evidence that at their neuromuscular junctions
they release glutamate (Lingle, 1980). Thus, their conclusion
was that these neurons used glutamate at both their central and
peripheral synapses. Our results are consistent with this con-
clusion, since none of the STG neurons exhibited GABA-like
immunoreactivity.

Second, it was important, in the present study, to know wheth-
er any synaptic connections made by pyloric neurons within the
STG were mediated by GABA. Our rationale for using exoge-
nously applied GABA was to mimic the effects of putative
GABAergic inputs extrinsic to the pyloric network. This ap-
proach would not have been possible if GABA was implicated
in the synaptic relationships within the network.

Inactivation of pyloric rhythmicity

Numerous studies on the pyloric network have reaffirmed the
notion that modulatory control is exerted by superior centers
on the pyloric network. Russell (1979) initially observed that
sucrose blockade of the unique afferent nerve (stn) to the STG
produced a considerable decrease in activity of the pyloric neu-
rons. Subsequent reports (Miller and Selverston, 1982; Moulins
and Cournil, 1982; Nagy and Miller, 1987) have shown that
suppression of afferent extrinsic inputs to the network caused
the loss of the regenerative properties of the pyloric neurons,
i.e., their ability to produce regenerative bursts of action poten-
tials. Moreover, bath-application experiments have established
that numerous putative neuromodulators, such as acetylcholine,
dopamine, serotonin, octopamine, and peptides (proctolin,
FMRFamide, substance P), have an activating effect on the
pyloric neural network (for a review, see Marder, 1987). Parallel
with this, an identified cholinergic neuronal input (Dickinson
and Nagy, 1983; Nagy and Dickinson, 1983) that is able to
induce or enhance, in a long-term manner, the BPP ability of
the pyloric neurons has been described. Thus, all evidence to
date has shown that the higher centers exert activating control
of pyloric neurons.

However, in vivo, the pyloric muscles do not always operate
at the relatively high and regular cycle frequencies observed in

vitro (Rezer and Moulins, 1983), but instead exhibit activities
with a wide range of low and irregular frequencies. It is possible
that, in the intact animal, diminished pyloric frequency could
be due to a corresponding decrease in the activating modulatory
inputs. Here we suggest that a decrease in pyloric rhythmicity
may be due not only to a reduction of activating systems, but
to the existence of an inactivating system operating antagonis-
tically. A strong argument for the latter is the presence in the
stomatogastric nervous system of fibers whose stimulation leads
to a loss of bursting properties in the pyloric pacemaker neurons
(Fig. 9).

A strong candidate as mediator of this suppressive role is
GABA. Our data show that GABA can exert a suppressive
action on the BPP production of pyloric neurons (Figs. 5, 6),
and that this effect is direct (Fig. 8). Moreover, the existence of
GABA-like fibers in the stn, as determined by immunohisto-
fluorescence (Fig. 2), reinforces the idea of a suppressive role
for this molecule on pyloric neurons of the stomatogastric gan-
glion.

Although we do not yet know whether GABA’s effect on the
pyloric pacemaker neurons is due to ‘“‘attacks™ on conductances
directly involved in the generation of BPPs or whether it causes
a shunt by conductance increase, it is clear that, functionally,
the pyloric pacemakers lose their bursting ability in its presence.
We also do not yet know if the inactivation of oscillations in
the other pyloric neurons is due to a direct action of GABA or
is the result, in part at least, of the loss of the drive by the PD—
AB neuron pacemaker group.

One possible problem stems from the relatively high GABA
concentrations needed to obtain a complete cessation of the
pyloric rhythm., We have found that, depending on the prepa-
ration, although GABA begins to act at 10~* M, a concentration
of 5 x 10~* M is generally required to stop cycling. Even though
a dose-response relation (frequency of cycling versus GABA
concentration) is seen (data not shown), the range of concen-
tration over which this can be observed is too small to establish
a dose-response curve. It is possible that the bath-application
technique used in our experiments could be responsible for the
apparently high concentrations of GABA needed. GABA ap-
plied with this technique on the well-studied GABA neuro-
muscular junction of the crayfish starts to induce conductance
increases only at 105 M, and maximal effects are reached at
5 x 10-4 M (Takeuchi, 1976). As has been proposed by other
authors (Deisz et al., 1984), the existence in crustaceans of a
highly efficient glial uptake system for GABA could limit the
access of GABA to postsynaptic receptors when it is bath-ap-
plied. The observation that muscimol, a poor substrate for up-
take, acts at concentrations 10 times lower than GABA supports
this idea.

The role of such an inactivating system in the overall control
of the pyloric network could be multiple. First, it could operate
in a dynamic equilibrium with permissive influences, so as to
finely adjust the membrane properties and level of activity of
the pyloric neurons. Second, by acting in a more drastic manner,
this suppressive system could cause cessation of pyloric activity,
as happens during ‘“nonfeeding” periods in the intact animal
(Rezer and Moulins, 1983). A third role of such inactivation,
and one we have observed occurring spontaneously in some in
vitro preparations (unpublished data), could be to “liberate”
certain pyloric neurons from the pyloric network to allow par-
ticipation in other rhythmic activities (for example, cardiac ac-
tivity; Moulins and Vedel, 1977).



In conclusion, suppressive control of the pyloric network of
the lobster can be exerted by modifying the ability of the pyloric
pacemakers to produce BPPs. Experiments are now in progress
to show if this control extends as well to the pyloric constrictor
neurons. We also intend to define the conductances implicated
in this GABAergic suppression of BPP ability and to charac-
terize the afferent inputs responsible for this inactivation of the
pyloric output.
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