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Summary

In the red lobster (Palinurus vulgaris), an identified neurone, the anterior
pyloric modulator neurone (APM), which has previously been shown to modulate
the output of the pyloric central pattern generator, was shown to modulate the
output of the gastric mill central pattern generator. APM activity induced a
rhythm when the network was silent and increased rhythmic activity when the
network was already active. Rhythmic activity was induced whether APM fired in
single bursts, tonically or in repetitive bursts. A single burst in APM induced a
rhythm which considerably outlasted the burst, whereas repetitive bursts effec-
tively entrained the gastric oscillator.

These modulations involved two major mechanisms. (1) APM induced or
enhanced plateau properties in some of the gastric mill neurones. (2) APM
activated the extrinsic inputs to the network, thus increasing the excitatory
synaptic drive to most of the neurones of the network. As a result, when APM was
active, all the neurones of the pattern generator actively participated in the
rhythmic activity. By its actions on two separate but behaviourally related neural
networks, the APM neurone may be able to control an entire concert of related
types of behaviour.

Introduction

Several studies in recent years have shown that the output of central pattern
generators (CPGs) can be modulated, either by the experimental application of
neurotransmitters or hormones (Grillner, 1973; Willard, 1981; Kristan & Weeks,
1983; Truman & Weeks, 1983; Hooper & Marder, 1984; O'Shea & Schaffer, 1985;
Harris-Warrick, 1987; Marder, Hooper & Siwicki, 1986; Marder, Calabrese,
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Nusbaum & Trimmer, 1987) or by the activity of modulatory neurones (Nagy &
Dickinson, 1983; Chiel, Weiss & Kupfermann, 1986; Weiss, Chiel, Koch &
Kupfermann, 1986a). This helps provide the flexibility of motor output needed for
a CPG to subserve its functions under changing internal or external conditions.
Such modulatory elements can provoke long-lasting alterations of pre-existing
nervous activity; for example, there can be changes in the levels of activity in
individual neurones, in the number of neurones actively participating in pattern
generation and even in the phase relationships between the members of a CPG
(Calabrese & Arbas, 1985; Kupfermann, 1979; Marder, 1987; Nagy & Dickinson,
1983; Nagy & Moulins, 1987).

The stomatogastric nervous system of decapod crustaceans includes several
CPGs, two of which, because the circuitry underlying the pattern generation has
been extensively studied, have frequently served as model CPGs (Miller &
Selverston, 1985; Russell, 1985ft; Selverston, Russell, Miller & King, 1976;
Selverston, Miller & Wadepuhl, 1983; Selverston & Moulins, 1985; Miller, 1987;
Mulloney, 1987; Selverston, 1987). The output of one of these, the pyloric pattern
generator, controlling the filtering movements of the pyloric stomach, is dramati-
cally altered by the activity of an identified modulatory interneurone, the anterior
pyloric modulator (APM). APM modulates the pyloric network largely via its
effects on the regenerative membrane properties of the neurones which constitute
the pyloric CPG. APM is thus able both to turn on or activate the pyloric motor
pattern and to control and alter the patterned output of an already active pyloric
network (Dickinson & Nagy, 1983; Nagy & Dickinson, 1983).

The pyloric network is also modulated by a variety of other inputs. For example,
two further modulatory neurones have recently been identified. The modulatory
proctolin neurone (MPN) activates the pyloric motor pattern, increasing its
frequency and the intensity of discharges in some of the neurones (Nusbaum &
Marder, 1987). The pyloric suppressor neurone (PS) interrupts the pyloric rhythm
by suppressing regenerative properties in pyloric neurones (Cazalets, Nagy &
Moulins, 1987). In addition, a number of transmitters which are present in the
system significantly alter the pyloric pattern when experimentally applied to the
network (Flamm & Harris-Warrick, 1986a,b; Hooper & Marder, 1984; Marder &
Hooper, 1985; Marder et al. 1986; Nusbaum & Marder, 1988). This suggests that
the pyloric CPG is subject to parallel modulation from a number of pathways.

The mechanisms for generating patterned output in the other stomatogastric
CPG, the gastric mill network, which controls the 'chewing' movements of the
gastric mill teeth, differ somewhat from those used by the pyloric network.
Historically, the gastric network was considered as a 'network oscillator', in which
the rhythmic output resulted from synaptic interactions and not from intrinsic
regenerative membrane properties or endogenous bursting (Mulloney & Selver-
ston, 1974a,6; Selverston & Mulloney, 1974; Selverston et al. 1976; Russell,
I985a,b). Recent studies have shown that synaptic relationships within the
network are important in generating the gastric rhythm, and that many of the
neurones constituting this CPG have some regenerative membrane properties
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(Hartline & Russell, 1984; Russell & Hartline, 1984). In addition, rhythmic
extrinsic inputs play a role in generating the gastric rhythm (Robertson & Moulins,
1981, 1984).

In the present study, we show that APM, the modulatory neurone which
activates the pyloric network, also activates the gastric mill network. It can induce
long-lasting activity in a silent network and can control the level of rhythmic
activity in an active network. We also show that these effects take place via
modulations of cellular properties of some neurones in the network, as is the case
for the pyloric network, and that, in addition, APM affects the gastric rhythm by
increasing the level of rhythmic excitation coming from extrinsic inputs to the
network.

Thus, modulation of central pattern generators shows not only convergence, in
which several parallel modulatory inputs impinge upon a single network, but also
divergence, in which a single modulatory neurone can influence more than one
CPG. Such a modulatory neurone may be in a position to influence an entire
behavioural sequence requiring the participation of multiple pattern generators.

Materials and methods

Experiments were conducted on male and female red lobsters, Palinurus
vulgaris, ranging in mass from 300 to 1000 g. Lobsters were maintained in aerated,
running sea water for 1-4 weeks before use.

The stomach was removed from the animal and the stomatogastric nervous
system, consisting of the motor nerves of the gastric mill, together with the
stomatogastric ganglion (STG), the paired commissural ganglia (COGs), the
oesophageal ganglion (OG) and the connecting nerves (Fig. 1A), was dissected
out. The nerves innervating the gastric muscles have been identified (Maynard &
Dando, 1974; see also Selverston etal. 1976; Claiborne & Ayers, 1987) and the
activities of the motor neurones were recorded extracellularly from them (see
Table 1). Gastric mill neurones recorded intracellularly were identified by the
presence of action potentials in the appropriate nerves and by the synaptic
interactions between the various neurones (Selverston et al. 1976; Mulloney,
1987). The anterior pyloric modulator neurone (APM), located in the oesophageal
ganglion, was identified by the presence of its axons in the inferior oesophageal
nerve (ion), the superior oesophageal nerve (son) and the stomatogastric nerve
(stn) as well as by its characteristic modulatory effects on the pyloric motor output
(Nagy & Dickinson, 1983).

The isolated stomatogastric nervous system was pinned in a Sylgard-covered
Petri dish and superfused with oxygenated saline (composition, in mmolF1):
NaCl, 479-12; KC1, 12-74; MgSO4, 10-0; Na2SO4, 3-91; CaCl2, 13-67; Hepes, 5-0;
pH7-45) throughout the experiments. Temperature was maintained at 17°C by
means of a Peltier cooling cell. Ganglia were desheathed to allow access to the
neuronal somata for recording. In some experiments, petroleum jelly walls were



56 P. S. DICKINSON, F. NAGY AND M. MOULINS

dlvn

Return stroke

Interneurone

Commissural
ganglia

Stomatogastric ganglion

Fig. 1



stn

amn
dgn
aln

lgn
mgn
lpgn

Interneurone

Medial tooth
Medial tooth
Medial tooth

Lateral teeth
Lateral teeth
Lateral teeth

Modulation of two CPGs by a single neurone 57

Table 1. Neurones of the gastric mill network, indicating interneurones, medial and
lateral tooth motor neurones, the number (in parentheses) of each neuronal type in
the circuit, and the nerves in which the action potentials of the various neurones were

recorded extracellularly in these experiments

Nerve
Neurone where recorded

Intl, Interneurone 1 (1)

AM, anterior median neurone (1)
DG, dorsal gastric neurone (1)
GM, gastric mill neurone (4)

LG, lateral gastric neurone (1)
MG, median gastric neurone (1)
LPG, lateral posterior gastric neurone (2)

For abbreviations see legend to Fig. 1.

placed around the COGs to allow separate supervision. Synaptic activity in the
COGs was blocked by superfusing them with saline in which Ca2+ was replaced
with Mg2*, and 24mmoir 1 Co2+ or Mn2+ was added.

Intracellular recordings were made from neuronal somata using glass microelec-
trodes (resistances 10-20MQ with thin-walled glass) filled with 3moll"1 KC1 or
2moll"1 potassium acetate. Current was injected into neurones through the
recording electrodes via a bridge circuit in the World Precision Instruments M707
amplifier. Extracellular recordings were made using platinum wire electrodes, as
previously described (see Moulins & Nagy, 1981). Data were recorded directly
onto a Gould ES1000 recorder or photographed from the stored image on a
Tektronix 5113 oscilloscope screen.

Fig. 1. The stomatogastric nervous system and the gastric mill network. (A) Schematic
diagram of the isolated preparation. (B) Circuit diagram of the gastric mill network
located in the STG. —# indicates inhibitory synapse; —0 indicates excitatory synapse;
—W- indicates electrical coupling. The circuit is similar to that determined for the

spiny lobster Panulirus (see Selverston, 1987), except for the additional electrical
coupling between LPG and LG. (C) Extrinsic inputs which play a role in the gastric
network. The P cells and CG neurones are located in the COGs. Abbreviations:
aln, anterior lateral nerve; AM, anterior median neurone; AMn, anterior median
nerve; CG, commissural gastric neurone; COG, commissural ganglion; DG, dorsal
gastric neurone; DGn, dorsal gastric nerve; dlvn, dorsal lateral ventricular nerve;
GM, gastric mill neurone; Intl, interneurone 1; LG, lateral gastric neurone;
LGn, lateral gastric nerve; LPG, lateral posterior gastric neurone; MG, median gastric
neurone; OG, oesophageal ganglion; P, P cell; STG, stomatogastric ganglion;
stn, stomatogastric nerve; vlvn, ventral lateral ventricular nerve.



58 P. S. DICKINSON, F. NAGY AND M. MOULINS

Results
The gastric mill pattern generator in Palinurus vulgaris

The neuronal network in the stomatogastric nervous system which controls the
teeth of the gastric mill has been extensively studied in the spiny lobster Panulirus
interruptus (Mulloney & Selverston, 1974a,£>; Selverston & Mulloney, 1974;
Hartline & Maynard, 1975; Selverston et al. 1976; Russell, 1985a,b). Recent
studies (e.g. Hartline & Russell, 1984; Russell & Hartline, 1984) have shown that
most of the neurones in the gastric mill network possess, at least to some extent,
membrane properties which allow them to produce 'plateau potentials' and thus
give them a certain amount of 'burstiness'. Nonetheless, the synaptic relationships
within the network [particularly the reciprocal inhibitions, notably between the
lateral gastric (LG) neurone and interneurone 1 (Int 1); Fig. IB] appear to be of
paramount importance in determining the rhythm. Although the network in the
stomatogastric ganglion (STG) alone may be capable of producing a gastric
rhythm, rhythmic inputs from neurones in the commissural ganglia (COGs) are
also important in generation of the gastric rhythm. In the red lobster, Palinurus
vulgaris, the pattern of motor output from the gastric mill network (Fig. 2), the
synaptic relationships within the network (Fig. IB), the extrinsic inputs to the
network (Fig. 1C) and the intrinsic properties of the gastric neurones appear, with
a few exceptions, to be quite similar to those previously described in Panulirus
interruptus. It must, however, be noted that none of the synaptic connections has
been extensively tested for monosynapticity; the synaptic relationships shown are
based solely on responses observed in the various neurones in normal saline.

The gastric mill network can be considered as two subsystems of motor
neurones; one controls the two lateral teeth, the other controls the single medial
tooth of the gastric mill (Fig. IB). The primary linkage between the two
subsystems is the single interneurone, Int l , although electrical coupling between
the LG and GM (gastric mill) motor neurones also plays a role.

We have observed a number of variants of the gastric rhythm in Palinurus, the
most common of which is shown in Fig. 2. The overall period of the rhythm was
approximately 5-6 s. The 'power stroke' and 'return stroke' neurones in each
subsystem discharged alternately and the two subsystems were slightly out of
phase with one another. Activity in the power stroke neurones of the lateral teeth
(MG and LG) was in antiphase with activity in the two lateral posterior gastric
(LPG) neurones, which control the return stroke of the lateral teeth (see Fig. 2A,

Fig. 2. The gastric rhythm in the red lobster, Palinurus vulgaris. (A) Extracellular
recordings of spontaneous rhythmic activity in the power stroke neurones of the medial
tooth (GM), one power stroke neurone of the lateral teeth (LG), the return stroke
neurones of the medial tooth (DG and AM) and the return stroke neurones of the
lateral teeth (LPG). Lateral tooth activity precedes medial tooth activity; power and
return stroke neurones within each subsystem fire in alternation. (B) In addition to the
phase relationships also seen in A, the nearly simultaneous firing of LG and MG is
visible. In this species, activity in LG usually slightly precedes activity in MG, as is the
case here. A and B are from different experiments.
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Fig. 3. LPG and LG are electrically coupled. Injecting hyperpolarizing (Ai) or
depolarizing (Aii) current in LPG causes hyperpolarization or depolarization,
respectively, of LG. Conversely, hyperpolarizing (Bi) or depolarizing (Bii) current
injected in LG causes hyperpolarization or depolarization, respectively, of LPG.
Action potentials in LG also provoke discrete IPSPs in LPG (Bii).

LG vs LPG and Fig. 2B, LG and MG vs LPG). Although the activity in LG and
MG was nearly in phase (Fig. 2B) as a result of their electrical coupling (Fig. IB),
the LG motor neurone began its discharge slightly (about 0-5 s) before the MG
motor neurone. This contrasts with the case in Panulirus, in which MG generally
begins firing slightly before LG (Mulloney & Selverston, 1974a; Russell, 1985a;
Selverston, 1987). It should be noted, however, that the phase of LG with respect
to all the other neurones of the gastric mill network is somewhat variable and can
be controlled by modulatory inputs (Nagy, Dickinson & Moulins, 1987). The
alternation of LG-MG and LPG resulted primarily from reciprocal inhibitory
synapses between the power stroke and return stroke motor neurones (Fig. IB;
see also Fig. 3Bii). In addition, however, the LG-LPG synapse is mixed; these
two neurones are also electrically coupled, as can be seen in Fig. 3A,B. This
electrical coupling has not been reported in Panulirus (Mulloney, 1987).

The medial tooth is similarly controlled by three types of motor neurones, the
four electrically coupled gastric mill (GM) neurones (power stroke) and the
electrically coupled dorsal gastric (DG) and anterior median (AM) neurones
(return stroke). The activity of the GM and DG-AM neurones was seen to
alternate (see Fig. 2A for DG, AM, GM; Fig. 2B for DG, GM). There was a silent
period of 1-2 s between the end of the GM burst and the beginning of the
AM-DG burst.
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Discharges in the neurones of the two subsystems were slightly out of phase,
with lateral tooth activity preceding medial tooth activity by several hundred
milliseconds. This can be seen clearly by comparing the power stroke neurones LG
and GM (Fig. 2A,B), as well as those in the return stroke, in which LPG leads
DG-AM (Fig. 2A,B). This delay results, at least in part, from the complex
interactions of the two subsystems with Int l (Fig. IB; Selverston etal. 1976;
Russell, 19856; see also Nagy etal. 1987).

In addition, input from two types of interneurones in the commissural ganglia
(COGs) plays an important role in the overall determination of the gastric rhythm
(Fig. 1C). First, the P cells (Selverston etal. 1976; Selverston & Miller, 1980)
synapse onto the return stroke motor neurones of both systems (i.e. DG, AM,
LPG; see Fig. 1C). The EPSPs from the P cells follow the pyloric rhythm and are
one of the elements responsible for the pyloric modulation of the gastric rhythm in
Panulirus (Selverston etal. 1976), a modulation which is also seen in Palinurus.
Second, the E neurones in Panulirus (Russell, 1976; Selverston etal. 1976) excite
the GM, LG, MG and LPG neurones and are in turn inhibited by Int 1; their EPSP
volleys therefore follow the pyloric rhythm itself. The CG neurones in Homarus
(Robertson & Moulins, 1981, 1984) are very similar. They synapse onto the same
neurones; in addition, they appear to be endogenous bursters forming part of the
commissural gastric oscillator, which is implicated in the generation of the gastric
rhythm (Robertson & Moulins, 1981). It has been suggested that the CG and E
cells are in fact homologous (Nagy & Moulins, 1987). In Palinurus, the GM, MG,
LG and LPG neurones receive volleys of simultaneous EPSPs, which come from
commissural neurones. The projections of these commissural neurones are thus
identical to those of the CG neurones in Homarus. Moreover, these EPSPs, like
those from the CG neurones, can be silenced by the firing of Intl . Although we
have not recorded directly from such commissural neurones in Palinurus, we shall
assume that the cells responsible for the rhythmic EPSP volleys in this species are
also the CG neurones, as shown in Fig. 1C. An additional line of evidence suggests
that this is the case. In Homarus, spikes in the CG neurones, and corresponding
EPSPs in the gastric motor neurones, are triggered one-for-one by spikes in the
anterior gastric receptor neurone (AGR), a sensory neurone located in the STG
(Simmers, 1987; Simmers & Moulins, 1987). AGR also exists in Palinurus. As in
Homarus, each AGR spike was found to provoke the commissural-derived EPSP
in the GM, LG and LPG neurones (MG not tested; F. Nagy, unpublished
observations), corroborating the suggestion that the neurones reponsible for these
EPSPs are also the CG neurones.

The gastric mill network was frequently inactive; when the network was active,
the pattern of activity described above was the most common one, but it was not
the only one. It is thus clear that the gastric mill rhythm can be altered. We found
that activity in a neurone of the oesophageal ganglion (Fig. 4A) had a strong and
long-lasting excitatory effect on the gastric rhythm (Fig. 4B, LGn, aln). This
neurone has been identified as the anterior pyloric modulator (APM) neurone,
which has previously been shown to modulate the pyloric network of the



62 P. S. DICKINSON, F. NAGY AND M. MOULINS
>
E

5?

s Q-
<



Modulation of two CPGs by a single neurone 63

stomatogastric ganglion (Dickinson & Nagy, 1983; Nagy & Dickinson, 1983). The
previously demonstrated modulatory effects of APM, in particular an increase in
the frequency of the pyloric rhythm and in the intensity of activity in the pyloric
neurones, especially the constrictor motor neurones, can be seen in the vlvn
recording in Fig. 4B. This modulation began after a delay of a few seconds (see
Fig. 4B) and lasted for up to a minute after a 2-5 s discharge of APM. The time
course of APM's modulations of the two networks, pyloric and gastric, can be seen
clearly in Fig. 4B (compare vlvn with aln and LGn).

Modulation of the gastric mill CPG by the anterior pyloric modulator neurone
(APM)

Induction and activation of the gastric rhythm

When the gastric mill network was silent, a brief (2-6 s) discharge of APM could
turn on the entire gastric rhythm (Fig. 5A,B). This effect had a relatively long
latency, as the first neurone to be activated (LPG) did not begin firing for
approximately 2 s after the onset of APM activity, while APM's action potentials
reached the STG within 100 ms (see Fig. 11). The duration of the activity induced
by APM was considerably longer than the duration of the APM discharge; here a
2-s discharge (Figs 5B, 6) provoked 40-45 s of gastric rhythm. The time course of
the increased gastric rhythm is shown graphically in Fig. 6, in which the frequency
of the gastric rhythm is plotted over time after a 2-s discharge of APM. Both the
long latency and the long duration of APM's induction of the gastric rhythm are
evident. Furthermore, the gastric rhythm induced by APM was complete: all the
neurones of the network were activated (Fig. 5A,B; MG and Int l not shown).

When a gastric rhythm was present before an APM discharge, APM further
activated the system (Fig. 5C). The overall frequency of the rhythm increased, the
amplitude of oscillations increased in most of the neurones (e.g. see DG, GM in
Fig. 5C) resulting in an increased intensity of the bursts in these motor neurones
(again, see DG and GM in Fig. 5C), and neurones which were previously silent
began to fire (see LG in Fig. 5C). In the case shown here, the network was
relatively inactive before the APM discharge. In cases in which it was more active,
similar changes were seen, although the evolution of action potential frequency in
LG was unusual and could in some cases decrease. This phenomenon is considered
more fully elsewhere (Nagy etal. 1987).

Fig. 4. The modulatory neurone APM lastingly activates both the pyloric and gastric
rhythms. (A) Diagram of the experimental preparation showing APM. (B) A 5s
discharge of APM (induced by current injection) increases activity of the pyloric
network, recorded on the vlvn (motor nerve) and, with a longer delay, activates the
gastric rhythm, here recorded in the power stroke neurones LG and GM. The latency
to onset of gastric activity is exaggerated because LG and GM are the last gastric
neurones to fire when APM activates the rhythm (see text).
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Fig. 6. APM's activation of the gastric rhythm is long-lasting. Frequency of the gastric
rhythm is plotted as a function of time after a 2s APM discharge (bar; elicited by
current injection) for four trials in the same preparation (four symbols on graph).
Frequency was calculated as the inverse of the period of bursts in the GM neurone;
each value for frequency is plotted at the time of the start of the second burst used in
that calculation. The frequency of the first burst, which occurred at nearly the same
time after the APM burst in all four trials, is therefore zero. In all cases, the gastric
rhythm continued for 40s after the APM burst.

Control by tonic and rhythmic activity of APM

APM could spontaneously fire in bursts similar to those seen in Fig. 5 (Fig. 7A)
or it could fire tonically (Fig. 7B). In addition, it could fire spontaneously in
repeated bursts (Fig. 7C), thus providing a rhythmic input to the gastric network.
All these patterns of spontaneous activity led to increased activity of the gastric
mill network.

As is the case with a single burst in APM, tonic activity could induce a gastric
rhythm in a previously silent system (Fig. 8). In this case, the intensity of the bursts
in the motor neurones was a function of the frequency of firing in APM (shown
here for LG and GM, Fig. 8B,C,D). The frequency of the overall rhythm also
increased with increased APM frequency, but to a much smaller extent. Here an

Fig. 5. APM can induce a gastric rhythm or enhance an ongoing gastric rhythm.
(A,B) When the gastric network is silent, a brief (5 s in A, 2 s in B) discharge of APM
(provoked by current injection) induces long-lasting rhythmic activity in all the gastric
neurones (LG, LPG and GM shown in A; GM, AM, DG and LG shown in B). The
order in which the neurones begin firing is constant: (1) LPG, (2) DG and AM,
(3) MG, LG and GM. (C) When the network is already active, a burst in APM
(generated by current injection) increases rhythmic activity. The overall frequency of
the rhythm increases, as does firing intensity in the gastric neurones (DG, GM, LG
shown).



66 P. S. DICKINSON, F. NAGY AND M. MOULINS

APM
50 mV

50mV

APM

50 mV

2s

Fig. 7. Patterns of spontaneous activity in APM. APM can fire (A) in single bursts,
(B) tonically or (C) in repetitive short bursts.

increase from 5 to 15 Hz in APM caused the frequency of the gastric bursts to
increase by 14 %; i.e. the period decreased from 4-35 s to 3-85 s.

When APM fired spontaneously in repeated bursts or when this firing pattern
was simulated by repeated depolarizations, a gastric rhythm was again induced
(Figs 9,10A). Fig. 9 shows that when APM was bursting spontaneously (Fig. 9A),
silencing it by hyperpolarization caused a cessation of the gastric rhythm (Fig. 9B).
This indicates that spontaneous rhythmic activity in APM is, in itself, capable of
driving a gastric rhythm. Further, whether APM fired in bursts spontaneously or
was driven experimentally, the frequency of the induced gastric rhythm appeared
to be the same as that of the APM bursts. To determine whether APM could
entrain the gastric rhythm, we depolarized APM at different burst frequencies,
and found that the gastric rhythm effectively followed the rhythm of APM bursts
(Fig. 10). Furthermore, the phase of the gastric bursts in the period of APM
[seen here in MG, for example, and calculated as (latency to the onset of
the MG burst)/(period of APM)] varied as a function of that period (for
MG, period = 5-3 s, phase = 0-79; period = 6-5 s, phase = 0-57; period = 10s,
phase = 0-45), indicating that APM is not simply phasically activating the system,
but is truly entraining the gastric oscillator.

Fig. 8. Tonic activity in APM induces a gastric rhythm, the intensity of which is a
function of spike frequency in APM. (A) Silent gastric network in the absence of APM
activity. As APM is driven (by current injection) to fire at 5 Hz (B), 8 Hz (C) and 15 Hz
(D), a gastric rhythm is induced and progressively increases in intensity. Spike
frequency in LG and GM increases considerably; the overall frequency of the rhythm
increases slightly (from 0-23 Hz in B to 0-26 Hz in D; i.e. the period decreases from 4-35
to 3-85 s) as APM spike frequency increases.
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10 mV

50 mV

APM
Period = 6-5 s

Fig. 10. APM can entrain the gastric mill rhythm. (A) Rhythmic bursting activity in
APM (with a period of 5-3 s, produced by current injection) initiates and drives activity
of the gastric mill network. Gastric bursts follow APM bursts one-for-one. Note that
the LPG neurone is the first to begin firing, as is the case when APM is made to fire
tonically or in single longer bursts. (B,C) As the period of APM bursts is increased (to
6-5 s in B, 10 s in C), the gastric rhythm follows, retaining one-for-one bursting.
However, the phase of the gastric neurones (see MG, GM) in the period of APM is a
function of the APM period (for calculations see text).

10 mV

50 mV

Mechanisms underlying APM's modulation of the gastric rhythm

Synaptic projections of APM

We noted that synaptic events were correlated one-for-one with APM spikes in
all of the gastric neurones, although they were clearly not all monosynaptic. These
synaptic events, coupled with known synaptic relationships within the network,
can explain a part of APM's effects, notably the events which occur during an
APM discharge and the order in which the different neurones are activated by
APM. This order is constant, with LPG always starting first, followed by DG and
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Table 2. Postsynaptic potentials from APM which were recorded in the gastric mill
neurones

Postsynaptic potential
from APM

Neurone EPSP IPSP

Int 1 d Interneurone

Medial tooth
x Medial tooth

Medial tooth

n Lateral teeth
Lateral teeth
Lateral teeth

Synapses are indicated as d, for direct (not blocked by blocking COG synapses); n, for not
direct (blocked when COG synapses are blocked); and x, for present, but unknown whether
direct or not direct.

AM, and with MG, LG and GM starting last, generally after the end of the APM
burst (see Fig. 5A,B).

In each of the gastric neurones, it was possible to record discrete synaptic events
associated with APM spikes (Table 2). Because APM's axons cross the commissu-
ral ganglia (Fig. 11A), it is possible that some of these synaptic events were due to
commissural neurones activated by APM. To test this possibility, we experimen-
tally blocked synapses in the commissural ganglia by superfusing the COGs with
0Ca2 + + Co2+ saline (see Materials and methods). Some of the synaptic events
associated with APM action potentials were clearly not the result of APM
synapses on the motor neurones in the STG, because they were blocked by this
treatment. However, even these indirect synaptic potentials (marked n, for not
direct, in Table 2) followed APM spikes one-for-one. Other synaptic potentials
were not blocked when all synaptic activity in the COGs was blocked and are thus

Fig. 11. APM provokes discrete synaptic events in all of the gastric neurones. The
oscilloscope sweep in B-F was triggered by the current pulse injected into APM to
provoke its action potential. (A) The preparation, showing superfusion of the COGs
with Ommol I"1 Ca2+ + 24mmoll~1 Co2+ saline to block synaptic activity in B and D.
(B) With the COG synapses blocked, APM provokes an EPSP, which triggers a spike,
in Intl. Four superimposed oscilloscope sweeps. (C) APM provokes an apparently
double EPSP in DG and an IPSP in LG. Three superimposed oscilloscope sweeps.
(D) With synapses in the COGs blocked, APM provokes a small, single EPSP in DG
and an EPSP in LPG. Three superimposed oscilloscope sweeps. (E) APM provokes an
EPSP in GM. Two superimposed oscilloscope sweeps. (F) APM provokes an EPSP in
MG. Three superimposed oscilloscope sweeps. (G) In DG, a slower IPSP follows the
fast EPSP. It is most visible when APM fires (current injection) at higher frequencies,
here 5 and 7 Hz. The initial membrane potential of DG was the same in all three traces;
compare the potentials at the end of the APM discharge. Each APM spike was induced
by a brief current pulse injected into APM.
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considered to be direct; since no neurones in the STG are known to produce such
synaptic potentials, it seems likely that these direct events are in fact monosynap-
tic. We cannot, however, rule out the possibility that other neurones in the COGs
are activated by APM via electrotonic synapses and that these neurones in turn act
on the gastric neurones.

APM provoked a direct EPSP in Intl (Fig. 11B). In this recording, in which
synaptic activity in the COGs was blocked, each EPSP was sufficient to cause an
action potential in Int 1.

In both of the return stroke neurones of the medial tooth, DG and AM, APM
provoked both a direct EPSP and an indirect EPSP. Under normal conditions, an
APM spike evoked a large, apparently double EPSP (Fig. 11C); when commissu-
ral ganglion synapses were blocked, an EPSP remained, but it was now single and
considerably smaller (Fig. 11D). In DG, this synaptic event was even more
complex, for it was followed by a slower inhibitory phase. This is not shown in
Fig. 11C or D, but it appeared clearly when APM fired repetitively (Fig. 11G).
The inhibition was most visible when APM fired at higher frequency (e.g. 7 Hz in
the example shown), and thus appears to be a function of spike frequency in APM.
It is not yet clear whether this inhibition is direct or indirect. When APM fired a
burst at relatively high frequency, such as that shown in Fig. 5B, it was clear that
DG was transiently excited and subsequently inhibited, the inhibition lasting until
the end of the APM burst.

In GM, the power stroke neurone of the medial tooth, APM also evoked an
EPSP (Fig. HE). It is not clear whether this EPSP is direct or indirect because,
when the COGs were blocked, GM was bombarded by IPSPs from In t l , which
fired tonically under these conditions. These IPSPs were much larger than the
EPSPs coming from APM, so we could not tell whether the EPSP was still present.
Although GM was excited by APM, it was always amongst the last of the gastric
neurones to begin firing after an APM discharge (see Fig. 5A,B). Inhibition from
Int 1 (itself activated by APM) apparently was sufficient in this case to mask the
excitation from APM.

Although LG and MG are frequently considered together in the gastric circuit
and they are both involved in the power stroke of the lateral teeth, APM provoked
an IPSP in LG (Fig. 11C) and an EPSP in MG (Fig. 11F). Both of these PSPs were
indirect. When APM was excited, LG was inhibited both by Int 1 and by APM
itself, and thus fired very late in the sequence. MG, though excited by APM, was
also inhibited by Int 1 and by the electrical coupling with LG, and thus it, too, fired
only after the end of the APM burst.

The LPG neurone (lateral tooth return stroke) was seen to receive a direct
EPSP from APM. This, coupled with the fact that the only neurone within the
gastric network which inhibits LPG is LG (which was silent), explains the
observation that LPG was always the first to fire when APM induced the gastric
rhythm.

Although these synaptic events can explain the order in which the gastric
neurones begin to fire when activated by APM, they are insufficient to explain the
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long-term activation of rhythmic activity in all the gastric neurones. Instead, this
appears to be due to effects of APM on at least two additional factors involved in
the production of the gastric rhythm: plateau properties in the gastric neurones
and extrinsic excitatory inputs to the gastric network.

Induction of plateau properties in gastric motor neurones

It has been shown that most neurones in the gastric network are capable under
some conditions of producing plateau potentials (Russell & Hartline, 1984). We
first examined the effects of APM on MG, a neurone known to possess the
regenerative membrane properties which underlie plateau potentials. Like the
other gastric neurones, MG did not display these regenerative membrane
properties when the network was silent. In this case, APM could induce such
properties. Before activity was induced in APM, the MG neurone responded
passively to a brief pulse of depolarizing current (Fig. 12). When APM fired, the
same pulses injected into MG produced long regenerative depolarizations which
held its membrane potential above threshold, generating bursts of action
potentials (Fig. 12). The APM neurone thus induced plateau properties in MG
and thereby increased MG's firing when APM was active.

APM was likewise able to induce plateau properties in the lateral tooth neurone
LPG (Fig. 13). Again, when the gastric rhythm and APM were both silent, LPG
responded passively to the injection of a depolarizing current pulse (Fig. 13Ai),
but produced a plateau potential in response to the same size (or a smaller) current
pulse during activity in APM (Fig. 13Aii). (In the case shown, APM was induced
to fire in repetitive bursts.) Because the presence of plateau properties in LPG has
not previously been demonstrated (see Selverston, 1987, for a review), we
examined this phenomenon more thoroughly. Two additional lines of evidence
confirmed that the induction of plateau properties by APM was at least partially
responsible for the increased rhythmic firing of LPG when APM was active. First,
when APM fired, the membrane potential of the previously silent LPG neurone
(Fig. 13Bi) began to oscillate rhythmically, producing rhythmic bursts of action
potentials (Fig. 13Bii). Hyperpolarization of LPG increased the amplitude and
decreased the duration of these depolarizations (Fig. 13Biii,iv), indicating that
these were endogenous plateaus (Russell & Hartline, 1984) which had been
unmasked by APM. Second, under the same conditions, when APM was firing, it
was possible to advance the beginning of these plateaus by the injection of brief
depolarizing current pulses (Fig. 13C). Thus, the modulatory neurone APM can
unmask or induce regenerative plateau potentials even in the LPG neurone, which
does not commonly exhibit such properties.

APM does not, however, appear to induce plateau properties in the other
gastric neurones. So far, we have seen no evidence for the induction of plateaus in
the DG or AM neurones, which have been shown to have inducible regenerative
properties (Russell & Hartline, 1984), or in the GM neurones, which do not
normally show plateau potentials (Russell & Hartline, 1984). Furthermore, APM
can actually suppress plateau properties in the LG neurone (see Nagy et al. 1987).
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Fig. 13. APM induces plateau properties in the LPG neurone. (A) Before an APM
discharge, LPG responds passively to the injection of a 150 ms depolarizing current
pulse (3-2 nA in Ai); during APM activity (repetitive bursts in the case shown) the
same or a smaller (1-0 nA in Aii) current pulse provokes a plateau potential in LPG.
(B) When the gastric network is silent (Bi), activity in APM leads to rhythmic bursts of
firing in LPG (Bii-Biv). The depolarizations which underlie LPG activity during APM
activity increase in amplitude and decrease in duration when LPG is progressively
hyperpolarized (by 0-5 nA in Biii, by 1-5 nA in Biv). (C) During APM activity (trace
not shown), the depolarizing waves in LPG can be advanced by injecting depolarizing
current pulses (400 ms, 2 nA) into LPG. The expected times of the start of LPG bursts
are marked with triangles.
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Activation of extrinsic inputs to the gastric network

APM appears to activate excitatory synaptic input to the gastric network from
the commissural ganglia; activity in both the P cells and the CG neurones,
monitored indirectly via their EPSPs on gastric neurones, was enhanced.

In most cases, the AM neurone was constantly bombarded by trains of EPSPs
which followed the pyloric rhythm (Fig. 14). Previous studies (Selverston etal.
1976; Selverston & Miller, 1980) have shown that these come from the P cells in the
COGs. A burst of action potentials in APM provoked a strong and long-lasting
activation of these EPSPs (Fig. 14A,B). At the beginning of an APM discharge the
P cells appeared to be inhibited but, after 1-2 s, the EPSPs from the P cells
reappeared in distinct bursts. Both the frequency of the bursts and the frequency

APM
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of the EPSPs within each burst were considerably increased. It has been shown
(Selverston et al. 1976) that the P cell burst frequency is determined largely by
feedback from the anterior burster (AB) neurone in the pyloric network. Since the
pyloric network is also activated by APM (Nagy & Dickinson, 1983), the increased
frequency of P cell bursts is likely to be an indirect effect of this feedback loop.
However, the frequency of EPSPs within each P cell burst is not controlled by such
feedback, and therefore is probably a more direct effect of APM, one which may
occur within the COGs, where the P cells are located.

Activation of the P cells in turn activated the gastric neurones onto which they
synapse (i.e. AM, DG and Int l ; Fig. 14A), as is shown for AM in Fig. 14B and
DG in Fig. 14C. When APM was prevented from firing by the injection of
hyperpolarizing current, EPSPs derived from the P cells occurred at low frequency
(Fig. 14Di). When the hyperpolarization was released and APM was allowed to
fire spontaneously in bursts, an overall activation of the P cells was once again seen
as an increase in the frequency of the EPSPs (Fig. 14Dii). In this case, the
combination of the transient inhibition and the longer-lasting excitation by APM
led to a double rhythmicity in the P cells; they followed both the pyloric and gastric
rhythms. This, in turn, could divide the gastric bursts of AM and DG into pyloric
sub-bursts (Fig. 14Cii; see also Fig. 5B for DG).

The other known commissural inputs to the gastric network, the CG neurones,
were also activated by APM. When the gastric network was silent, the GM
neurone was constantly bombarded by EPSPs which occurred synchronously with
EPSPs in the LG, MG and LPG neurones. As discussed above, the only
commissural neurones known to synapse on all these gastric neurones are the CGs
(Fig. 15A); we therefore assume that the EPSPs recorded in these gastric
neurones can be used as indicators of CG activity. These EPSPs in a silent gastric
network could occur either in bursts or tonically (see Fig. 15). When APM fired,
either in a single burst or in repetitive bursts, the frequency of the EPSPs from the

Fig. 14. Activity in APM increases the rhythmic input to the gastric network from the
P cells of the COGs. (A) Schematic diagram of the gastric network cells which receive
EPSPs from the P cells. —<1 indicates an excitatory synapse; — • indicates activation
of an unspecified type. (B) When APM discharges (due to the injection of current
pulses), the volleys of rhythmic EPSPs (due to the P cells which follow the pyloric
rhythm) recorded in the AM neurone are first inhibited and then increased when APM
discharges. Both the frequency of the bursts and the frequency within each burst
increase. (C) When APM fires (due to current injection), the frequency of P cell EPSPs
in the DG neurone also increases, leading to action potentials in this neurone (Cii).
(D) When APM fires rhythmically (spontaneous APM activity) and induces rhythmic
gastric activity, the P cells (monitored by their EPSPs in AM) are rhythmically
inhibited and excited. (Di) When APM is prevented from firing by the injection of
hyperpolarizing current, the P cell EPSPs in APM occur at low frequency in bursts
following the pyloric rhythm. (Dii) When APM is released from hyperpolarization, it
fires in bursts and induces rhythmic gastric activity; the P cell EPSPs take on this gastric
rhythmicity as a result of the inhibition during APM bursts and the excitation which
follows them; the pyloric rhythmicity of the P cells is also accentuated.
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CG neurones increased considerably (compare Fig. 15Ci and Cii, Di and Dii, Ei
and Eii). Furthermore, when APM induced rhythmic activity in the gastric
network, the volleys of EPSPs from the CG neurone were also rhythmic
(Fig. 15Eii). It is conceivable that the induction of rhythmicity in the CG neurones
was indirect, due to inhibitory rhythmic feedback from the gastric network via
Int l (see Fig. IB; see also Russell, 1976). However, the strong increase in firing
frequency of the CG neurones (as seen in the high frequency of EPSPs recorded in
GM) could not occur via such feedback, but must instead be the result of an effect
of APM in the commissural ganglia. This activation of the CG neurones by APM
could result in a considerable increase in the activity of the neurones they excite,
notably GM.

APM thus induces rhythmic activity in the gastric network using at least three
mechanisms: (1) it provokes one-for-one PSPs, either direct or indirect, in all the
neurones of the gastric mill network; (2) it induces or unmasks plateau properties
in at least two neurones, the MG and LPG motor neurones; (3) it activates the two
known extrinsic excitatory inputs to the gastric network, the P cells and the CG
neurones. The latter two effects are both long-lasting and apparently underhe the
long-term activation of the gastric network by APM.

Discussion

APM modulates the gastric mill central pattern generator

We have shown here that an identified modulatory neurone, known to alter the
rhythmic output of a central pattern generator in decapod crustaceans, can also
activate and modulate a second pattern generator. This neurone, the anterior
pyloric modulator (APM), modulates the output of the pyloric pattern generator
of the stomatogastric nervous system by inducing and altering the regenerative
membrane properties, or plateau properties, of the neurones which make up the

Fig. 15. Activity in APM increases the activity of the CG neurones, which provide
excitation to neurones of the gastric mill network. (A) Schematic diagram of the
synaptic relationships of the CG neurones and the gastric mill neurones with which
they interact. —< indicates an excitatory synapse; — • indicates activation of an
unspecified nature. (B) The EPSPs are recorded simultaneously in the LPG, GM and
MG neurones, indicating that they come from the CG neurones. (C) An APM
discharge (4 s, driven by current injection) increases the frequency of the CG EPSPs,
here recorded simultaneously in GM and LG 1-5 s before the APM discharge (Ci) and
1-5 s after the end of that discharge (Cii). (D) Time course of the activation of CG
neurone PSPs in the GM neurone after a single 2s APM discharge (Dii). This
activation can be sufficient to cause spiking in GM. (Compare with Di, before the
APM discharge.) (E) The PSPs from the CG neurones are tonic in a silent gastric
network (Ei), but become rhythmic when activated by APM. When APM induces
rhythmicity by repetitive bursting (repetitive current injection similar to that in
Fig. 10), the bursts of EPSPs follow the same rhythm (Eii).
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pattern generator (Dickinson & Nagy, 1983; Nagy & Dickinson, 1983). We have
shown here that the same neurone can provoke rhythmic activity in a silent gastric
mill network and that it can increase the level of gastric activity in an already
oscillating gastric network. Furthermore, input from the APM neurone can
entrain the cycling gastric oscillator.

Activation of the gastric mill rhythm by APM occurs with a long latency (several
seconds) and considerably outlasts the duration of APM's discharge. Such a slow
onset and long time course are typical of neuromodulation (Kupfermann, 1979).
Similar 'slow modulating synaptic actions' (Kandel etal. 1987), which have been
increasingly documented in recent years (Harris-Warrick, 1987; Kaczmarek &
Levitan, 1987), have been shown to play a role in a variety of phenomena,
including the presynaptic control of transmitter release underlying certain forms of
learning (Kandel etal. 1987), the control of neuronal excitability (Hartzell, 1981;
Adams, Brown & Constanti, 1982; Nicoll, 1982), the control of bursting properties
in neurones (Barker & Gainer, 1974; Wilson & Wachtel, 1978; Russell & Hartline,
1982; Dickinson & Nagy, 1983; Adams & Benson, 1985) and the control of
myogenic activity in muscles (Evans & O'Shea, 1978; Benson, Sullivan, Watson &
Augustine, 1981; Calabrese & Maranto, 1984; Calabrese & Arbas, 1985; Meyrand
& Moulins, 1986). However, relatively few identified neurones have been shown
to modulate the activity of an entire group of neurones involved in motor pattern
generation. In the leech, the serotonergic Retzius cells are known to modulate the
swim CPG (Kristan & Nusbaum, 1983) and the heartbeat CPG (Calabrese &
Arbas, 1985). However, the mechanisms of action at the cellular level are not yet
well-established in either of these cases. In Aplysia, neurones involved in the
control of feeding are modulated by the metacerebral cells (Weiss et al. 1981) and
by the C2 interneurone (Chiel etal. 1986; Weiss etal. 1986a; Weiss, Chiel &
Kupfermann, 19866). The mechanisms by which these modulations take place are
well-understood, but the organization of the network controlling the behaviour is
still relatively unknown. Because the pyloric and gastric mill CPGs are fairly well-
understood (see Selverston & Moulins, 1987) and the resulting behaviour patterns
can now be analysed in the intact animal (Heinzel, 1987), studies of the
modulation of the pyloric and gastric networks by APM may be fruitful. In
particular, a comparison of the mechanisms used by APM in modulating the
pyloric and gastric rhythms may enable us to shed light on the relationships
between the mechanisms of modulation and the functional results of that
modulation.

The mechanisms involved in modulating the gastric system are considerably
more extensive and complex than the mechanisms which enable APM to modulate
the pyloric rhythm. All of APM's effects on the pyloric rhythm can be explained by
alterations of the plateau properties of the pyloric neurones, specifically by an
induction or enhancement of these properties and by a slowing of the regenerative
repolarization which terminates the plateau potential (Dickinson & Nagy, 1983).
In contrast, APM uses at least three mechanisms to activate and modulate the
gastric mill CPG.
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APM simultaneously alters several building blocks underlying gastric mill pattern
generation

One way of considering the mechanisms that underlie pattern generation is as
building blocks, which can be put together in different ways to generate various
motor outputs (Getting, 1987). Several such building blocks are thought to
contribute to the generation of the gastric mill motor pattern: (1) the synaptic
relationships within the network (Mulloney & Selverston, 1974a,b; Selverston &
Mulloney, 1974; Selverston etal. 1976), (2) plateau properties in some of the
gastric neurones (Russell, 1985ft; Russell & Hartline, 1978,1984) and (3) rhythmic
volleys of EPSPs from the commissural CG neurones (Robertson & Moulins,
1981, 1984). We have shown here that APM directly alters the latter two building
blocks. These alterations can, in turn, alter the functional expression of the first
(i.e. the synaptic relationships within the network; Nagy et al. 1987). In addition,
APM provokes one-for-one EPSPs in all the gastric neurones; these might be
considered as another building block involved in generating the gastric rhythm.

The role of the one-for-one PSPs mediated by APM cannot be in long-term
modulation of the gastric rhythm, for both the direct and the indirect one-for-one
PSPs, unlike other indirect PSPs, occur only during the firing of APM. There
remain at least two possibilities as to the function of these PSPs in the overall
effects of APM on the gastric mill network. First, together with the synaptic
interactions within the network itself, they determine the order in which the
gastric neurones start to fire when APM activates the rhythm. This order is
constant (see Figs 5,10), with LPG always starting first, followed by DG and AM.
The power stroke neurones MG, LG and GM fire at nearly the same time and are
last in the sequence. Consequently, whenever the rhythm is turned on by APM, it
will start with the same sequence of movements: opening of the lateral teeth (due
to firing of LPG) followed by retraction of the medial tooth (due to DG and AM).
The return strokes of both the lateral and medial teeth will thus precede any power
strokes. Functionally, this may be of considerable importance.

The second possible role of the one-for-one PSPs is in the entrainment of the
rhythm by APM. We have shown here that spontaneous bursting in APM does
occur in isolated preparations, and that this bursting activity entrains the gastric
rhythm. We have not examined this role of the APM-induced PSPs in detail, but
have noted, for example, that when APM drives the rhythm at a high frequency its
firing can prematurely terminate activity in LG (via the APM-to-LG IPSP). This,
together with the activation of Int l , may contribute to the entrainment process.
The other one-for-one PSPs, by providing a discrete temporal signal, are also
probably important. In this context, it is interesting to note that APM, which does
not appear to produce discrete PSPs in the pyloric neurones (Nagy & Dickinson,
1983), does not entrain that rhythm.

As noted above, the second mechanism (synaptic interactions within the
network being the first) involved in the generation of the gastric rhythm is the
endogenous membrane properties (plateau properties) of the gastric neurones
(Russell, 1985a,b; Russell & Hartline, 1978). These authors showed that plateau
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properties were readily inducible in some of the neurones, but were apparently
absent in others, suggesting that the membrane properties of certain neurones
might allow them a relatively more important role in generating the rhythm
(Russell & Hartline, 1984). We have shown in this paper and elsewhere (Nagy
etal. 1987) that APM can selectively control these properties in some gastric
neurones and, therefore, may alter therelative importances of these neurones in
determining the final output of the gastric CPG.

APM alters the plateau properties of at least three gastric neurones. First,
APM's discharge can induce plateau properties in the MG neurone. Previous
studies have shown that plateau properties can be induced in MG by input from
premotor centres (Russell & Hartline, 1984); APM appears to be one such input.
Second, APM can suppress plateau properties in the LG neurone (Nagy etal.
1987). Previous studies have shown that the plateau properties of LG, like those of
MG, can be modulated (Russell & Hartline, 1984). In Palinurus, LG's discharge
has two components, one of which is due primarily to LG's plateau properties.
Suppression of this endogenous component of LG's discharge by APM leads to
extensive and long-lasting changes in the phase relationships of neuronal dis-
charges in both the lateral and medial tooth subsystems (Nagy et al. 1987). Such a
suppression of plateau properties is not common in the stomatogastric nervous
system; it has been reported only in the present case and in the control of bursting
pacemaker potentials in three pyloric neurones by the pyloric suppressor neurone
(Cazalets etal. 1987). Third, we have shown here that APM induces plateau
properties in the LPG neurone, which normally does not exhibit them (Russell &
Hartline, 1984; Selverston, 1987). That LPG's plateau properties were not seen in
previous studies suggests the possibility that all the gastric neurones (with the
possible exception of the GMs) might be capable, given the correct conditioning
input, of exhibiting regenerative membrane properties, and thus of assuming a
more important role in rhythm generation.

Finally, APM modulates the gastric network by activating both of its known
extrinsic inputs, the P cells and the CG neurones. Our evidence suggests that APM
activates these inputs both indirectly via feedback from the stomatogastric CPGs
(AB for P cells; Int 1 for CG neurones) and, more directly, by acting at a premotor
level in the commissural ganglia.

APM thus controls motor pattern generation at both the motor and premotor
levels, which is to some extent reminiscent of the modulation of feeding by the
metacerebral cells and the C2 neurone in Aplysia (Chiel etal. 1986; Weiss etal.
1986a). These neurones also act on both premotor (pattern-generating) and motor
neurones. In contrast to the Aplysia neurones, however, APM does not appear to
modulate muscle activity directly (unpublished observations).

The CG neurones are autorhythmic, generating rhythmic plateau potentials
(Robertson & Moulins, 1984) which are correlated with the gastric rhythm,
probably via feedback by way of Int 1. We have not recorded directly from the CG
neurones in Palinurus, so do not know the mechanism responsible for their
activation by APM. However, the increase in their firing frequency is considerable
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and is long-lasting, which would be consistent with an enhancement of their
regenerative properties.

Although both the P cells and the CG neurones synapse on a number of gastric
neurones, neither of them synapses on all the gastric neurones. As a result, when
APM activates the P and CG neurones, it indirectly activates a particular subset of
the gastric neurones. By so doing, it not only activates the gastric rhythm itself, but
may also alter the functional circuit for generating that rhythm, and thus modify
the expression of the gastric pattern.

APM modulates several functionally related pattern generators

The modulatory effects of APM on both the pyloric and the gastric network
have been examined in considerable detail (Nagy & Dickinson, 1983; Dickinson &
Nagy, 1983; Nagy et al. 1987; present paper). In addition, it appears likely that
APM also modulates the cardiac sac network, which controls the cardiac sac, or
storage component of the stomach. We have observed (unpublished observations)
that in Palinurus vulgaris, APM synapses both directly and indirectly onto one of
the cardiac sac dilator neurones, CD2 (Vedel & Moulins, 1977, 1978). Bursts in
APM thereby drive bursts in CD2. Furthermore, at least in the related species
Jasus lalandii, bursts in APM can provoke entire bursts of the cardiac sac rhythm
(F. Nagy & P. Cardi, unpublished observations), suggesting that APM exerts some
control over this part of the lobster stomach as well as over the gastric mill and the
pylorus.

By acting simultaneously on several distinct but functionally related CPGs,
APM might control an entire concert of related behavioural sequences. This is
particularly interesting because it occurs in a system in which multiple and parallel
modulatory inputs act upon each of the networks. It has been shown that such
modulatory inputs converge extensively onto the pyloric network, where a number
of transmitters alter the rhythm (e.g. proctolin, Hooper & Marder, 1984; Marder
et al. 1986; FMRFamide, Hooper & Marder, 1984; Marder, Calabrese, Nusbaum
& Trimmer, 1987; amines, Beltz et al. 1984; Flamm & Harris-Warrick, I986a,b;
see also Harris-Warrick, 1987), and where three modulatory neurones (APM,
Nagy & Dickinson, 1983; MPN, Nusbaum & Marder, 1987; PS, Cazalets etal.
1987) have been identified. Although it has been studied in less detail, it appears
that a similar number of modulatory inputs converge on the gastric mill network,
where it has been shown that the peptide proctolin can turn on and modulate the
gastric rhythm (Heinzel, 1987; Heinzel & Selverston, 1985) and where there is
some evidence for the existence of a neurone which can terminate the gastric
rhythm (Turrigiano & Selverston, 1986). Therefore, in the stomatogastric nervous
system, several related CPGs are under the control of both divergent and
convergent modulatory pathways.

Although the modulations provoked in the different networks by the same
modulatory neurone are not identical, either in their functional results or in their
mechanisms, it is clear that the patterns themselves can be altered, and that such
alterations can occur in parallel in several related circuits. This may allow for more



84 P. S. DICKINSON, F . NAGY AND M. MOULINS

complete control over a complex behaviour pattern which is made up of several
separable components.
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