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Control by an Identified Modulatory Neuron of the Sequential
Expression of Plateau Properties of, and Synaptic Inputs to, a
Neuron in a Central Pattern Generator
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Recordings from the lateral gastric (LG) neuron, which forms
part of the gastric mill central pattern generator in the red
lobster, Palinurus vulgaris, indicate that regenerative mem-
brane properties (plateau properties) and synaptic inputs
interact sequentially rather than simultaneously to determine
its discharge pattern. LG thus presents a composite dis-
charge, consisting of 2 separate segments of firing and one
silent period. The first firing segment depends on regener-
ative membrane properties; this is the endogenous com-
ponent, or segment, of LG’s discharge. The second firing
segment is the result of extrinsic synaptic input, forming the
synaptic component of LG’s discharge. The relative impor-
tance of these 2 components can vary, and thus LG’s dis-
charge ranges from one in which LG fires only as a result of
its endogenous component to one in which its endogenous
component is entirely absent and only the synaptic com-
ponent underlies action potentials. Activity in an identified
modulatory neuron suppresses the endogenous segment
and enhances the synaptic segment of LG’s discharge. This
long-lasting effectin turn changes phase relationships within
the gastric mill network and provides mechanisms for pro-
ducing flexibility in the gastric pattern generator and for en-
suring that a specific motor output is generated by a flexible
neural network.

In a number of systems, neurons that are members of central
pattern generators (CPGs) have been shown to possess regen-
erative membrane properties that aid in the production of bursts
of action potentials (for review, see Selverston and Moulins,
1985). Synaptic interactions, which can differ in both strength
and time course among the various neurons within a network,
are important in coordinating the firing of these neurons (Hart-
line, 1979; Eisen and Marder, 1982, 1984). Pattern generation,
including the sequence in which the various neurons fire, the
duration and intensity of their bursts, and the correct timing of
each neuron’s activity cycle, is thus determined by the inter-
action of the endogenous membrane properties and the synaptic
relations within a network (Weeks, 1981; Getting, 1988; Miller,
1987; see Selverston and Moulins, 1985, 1987, for reviews).
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We have been studying a motor neuron of the gastric mill
CPG in the red lobster, Palinurus vulgaris, in which these same
2 factors, regenerative properties and synaptic inputs, interact
in a novel way. In this neuron, the lateral gastric (LG) neuron,
the depolarizations that result from endogenous properties and
from synaptic inputs are distinct cellular events that occur se-
quentially, resulting in a “composite discharge” of the LG neu-
ron.

The gastric mill motor pattern is determined by multiple fac-
tors, including regenerative membrane properties in many of
the component neurons, extensive synaptic interactions between
these neurons and extrinsic rhythmic input from other neuronal
centers (Mulloney and Selverston, 1974a, b; Selverston and
Mulloney, 1974; Selverston et al., 1976; Robertson and Mou-
lins, 1981, 1984; Russell, 1985a, b, 1987). The motor pattern
itself can be broken down into 2 subsystems, each with 2 phases
(a power and a return stroke); the subsystems interact in such
a manner that they are generally slightly out of phase with one
another (Mulloney and Selverston, 1974b; Russell and Hartline,
1984). These subsystems control the lateral teeth and the medial
tooth of the gastric mill. The LG neuron plays a key role in the
coordination of the subsystem controlling the lateral teeth, and
in coordinating the relationships of the 2 subsystems (Russell,
1985b, 1987).

Because LG does play a key role in the coordination of the
gastric mill network, its composite form of discharge is of par-
ticular interest. The 2 components, endogenous properties and
synaptic input, which contribute sequentially to the composite
discharge, can vary in relative importance. This alteration has
profound effects on the form and timing of the LG discharge.
This variability is sufficient to account for a great deal of the
flexibility observed in the output of the motor system. Fur-
thermore, we show here that the relative importance of these 2
components of LG’s discharge can be altered by an identified
modulatory neuron, the anterior pyloric modulator (APM; Nagy
et al., 1981), which can also elicit or activate the gastric rhythm
(Dickinson et al., 1987). The APM neuron, by decreasing one
component and increasing the other, is able to provoke dramatic
changes in the form of LG’s composite discharge. Because LG
plays a key role in coordinating the rhythm, such changes in
turn produce substantial changes in the behavior controlled by
the network.

Materials and Methods

Experiments were performed on male and female red lobsters, Palinurus
vulgaris, ranging in size from 300 to 1000 gm. Lobsters were maintained
in aerated, running sea water (temperature 16-20°C) for up to 4 weeks
before use.
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Figure 1. The stomatogastric nervous system, the gastric mill network,
and the anterior pyloric modulator neuron (APM). A, Schematic drawing
of the isolated preparation. B, The gastric mill neuronal network, in-
dicating the power and return stroke motor neurons for each of the 2
subsystems (lateral, medial) and the single interneuron. C, Extrinsic
inputs to the gastric circuit. Symbeols: filled circles, inhibitory chemical
synapses; open triangles, excitatory chemical synapses; arrows, activat-
ing synapses of unspecified type; resistor symbols, electrical coupling.
Abbreviations: a/n, anterior lateral nerve; AM, anterior median neuron;
CG, commissural gastric neuron; COG, commissural ganglion; DG,
dorsal gastric neuron; GM, gastric mill neuron; /n 1, interneuron 1;
LG, lateral gastric neuron; LGn, lateral gastric nerve; LPG, lateral pos-
terior gastric neuron; MG, median gastric neuron; OG, esophageal gan-
glion; STG, stomatogastric ganglion; stn, stomatogastric nerve.

The stomatogastric nervous system—including the stomatogastric
ganglion (STG), paired commissural ganglia (COGs), and the oesophage-
al ganglion (OG), together with the connecting nerves (Fig. 14)—was
dissected out in cool, aerated saline (composition in mm/liter: NaCl,
479.12; KCl, 12.74; MgSO,, 10.0; Na,SO,, 3.91; CaCl,, 13.67; HEPES,
5.0; pH 7.45) and pinned in a Sylgard-covered petri dish. (For further
details of the dissection, see Moulins and Nagy, 1981.) The ganglia were
desheathed to allow access to the neuronal somata. The preparation was
maintained at 17°C with a Peltier cooling cell and was superfused with
fresh, oxygenated saline throughout each experiment.

Intracellular recordings were made from neuronal cell bodies using
glass microelectrodes filled with 3 m KCl or 2 M K acetate (resistances,
with thin-walled glass capillary tubing, of 10-20 MQ) and World Pre-
cision Instruments microprobe systems (WPI M707). Current was in-
jected into neurons through the recording electrodes via a bridge circuit.
Platinum wire electrodes were used for extracellular recordings from
the various nerves of the preparation. Individual motor neurons were
identified by the presence of action potentials in identified motor nerves
(Maynard and Dando, 1974); a consideration of synaptic relationships
within the gastric network helped confirm the identities (Mulloney and
Selverston, 1974a, b; Selverston and Mulloney, 1974; Selverston et al.,
1976; Mulloney, 1987; Selverston, 1987; see Fig. 1, B, C). The APM
was identified by the presence of axons in the inferior esophageal nerves
(ions), the superior esophageal nerves (sons), and the stomatogastric
nerve (stn), as well as by its characteristic effects on the pyloric and
gastric networks (Nagy and Dickinson, 1983; Dickinson et al., 1987).

Results

Regenerative properties and synaptic inputs determine a
composite discharge in the lateral gastric neuron LG

In the gastric mill CPG of the stomatogastric ganglion in the
red lobster, the regenerative properties of a motor neuron, the
LG neuron, interact with synaptic input to the LG neuron in a
novel manner. The pattern of activity in the LG neuron can be
considered as a composite discharge: it results from the se-
quential occurrence of 3 cellular events, which can be used to
divide LG’s period into 3 distinct phases (Fig. 2, phases a—c).
During the first phase, L.G depolarizes rapidly; the membrane
potential reaches a peak during this phase, and a high-frequency
volley of action potentials is produced. At the end of phase a,
the membrane potential drops somewhat, though it can remain
above threshold throughout much or all of the second phase
(Fig. 24, phase b). Distinct epsps can be seen throughout this
second phase. At the end of phase b, the epsps stop and the
membrane potential always drops below threshold, producing
a silent period (Fig. 24, phase ¢). When the CPG is active, this
cycle is repeated with a period of 4-5 sec.

The first 2 of these sequential phases, both of which can give
rise to action potentials, are distinct events, as is indicated by
the fact that they are separable. This is seen in Figure 3, in which
hyperpolarizing current was injected into LG during ongoing
activity. In the absence of injected current (Fig. 34), both com-
ponents of LG’s discharge are large, and action potentials are
generated throughout both phases. However, as LG is progres-
sively hyperpolarized (Fig. 3, B, C), phase a increases in am-
plitude and continues to generate a high-frequency burst of spikes.
In contrast, the number and frequency of spikes generated dur-
ing phase b decreases (Fig. 3B); ultimately, no spikes are gen-
erated during this phase (Fig. 3C).

In an attempt to understand the composite firing pattern of
LG and its variants, we analyzed the cellular events underlying
each of these phases. The first phase appears to result largely
from endogenous membrane properties which give rise to re-
generative depolarizations, or plateau potentials (Russell and
Hartline, 1978), as is shown in Figure 4, Figure 44 shows that
the depolarization seen in phase a can be provoked earlier than
normal (i.e., during phase ¢) by the intracellular injection of
brief (100-200 msec) pulses of depolarizing current. The epsps
seen during phase b thus begin only after the plateau in LG has
terminated (compare with Fig. 2). Furthermore, similar hyper-
polarizing pulses injected during phase a can cut short this pla-
teau (Fig. 4B). Additional evidence that phase a, but not phase
b, results from an endogenous depolarization of the LG neuron
comes from the experiments described above, in which the am-
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plitude of the plateau increases but spike frequency remains
relatively constant as LG is experimentally hyperpolarized. To-
gether, these results indicate that during phase a, the depolar-
ization of the LG neuron is, in fact, a plateau potential, which
results from the activation of regenerative membrane properties.
We have therefore called phase g the endogenous segment, or
component, of LG’s discharge.

The second phase (b) of the LG discharge relies heavily upon
excitatory synaptic input. This phase, during which a barrage
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Figure 2. Composite discharge of the

LG neuron. Three phases, labeled a—c,

are clearly distinguishable. The spike

frequencies that characterize each firing
10 phase (high in phase @, moderate in
mv phase b) are more obvious in the ex-

tracellular (upper) trace. Calibrations:

horizontal bar, 1 sec; vertical bar, 10
1s mV.

of epsps can be seen, always occurs at the same time as a barrage
of epsps in another neuron of the gastric pattern generator, the
gastric mill (GM) motor neuron (Fig. 54). These epsps are also
seen simultaneously in 2 other gastric neurons, the median gas-
tric (MG) and lateral posterior gastric (LPG) neurons (Fig. 5, B,
Q). Such a rhythmic barrage of simultaneous epsps in these 4
neurons is known to come from the commissural gastric (CG)
neuron, a member of the commissural gastric oscillator which
helps drive the gastric rhythm (Robertson and Moulins, 1981,
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Figure 3. The 2 phases of LG’s dis-

tally hyperpolarizing LG. Constant hy-
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perpolarizing current injected into LG
causes an increase in the amplitude of
phase g, but no change in the duration
or firing frequency of the resultant burst
of action potentials, indicating that this
phase is an endogenous depolarization.
In contrast, spiking in phase b decreases
with increasing hyperpolarization. A,
No current injected. B, —2 nA current
in LG. C, —4 nA current in LG. Cali-
brations: horizontal bars, 2 sec; vertical
bars, 10 mV.
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Figure 4. A plateau potential underlies phase a of LG’s discharge. 4,
Phase a can be triggered by a brief (200 msec, 2 nA) pulse of depolarizing
current (i, ;) injected into the soma of LG. After the termination of the
plateau, a small barrage of synaptic potentials occurs, causing 4 addi-
tional action potentials. LGn, extracellular trace. B, Similar hyperpo-
larizing pulses (i,, 300 msec, —2.8 nA) injected during phase a can cut
short the plateau. (Compare the total lengths of the plateaus in B/ and
B2; dotted lines.) Calibrations: horizontal bars, 1 sec; vertical bars, 10
mV,2nAin 4, 3 nAin B.

1984) and which may be homologs of the E cells previously
described in Panulirus (Russell, 1976; see also Dickinson et al.,
1987). The synaptic nature of phase b of LG’s discharge is
corroborated by the hyperpolarization of LG (Fig. 3). As LG is
hyperpolarized (Fig. 3, B, C), the synaptic potentials no longer
bring it above threshold during phase b; action potentials de-
crease in frequency and finally cease altogether, and the synaptic
potentials underlying LG’s discharge during this phase become
evident. Thus, the most important cellular event underlying
phase b of LG’s discharge is the barrage of excitatory synaptic
potentials it receives from the CG neuron or E cell. We therefore
called phase b the synaptic segment, or component, of LG’s
discharge.

The third phase (c), which constitutes the silent phase of LG’s
cycle, is also largely the result of synaptic input. During this

phase, LG is inhibited By another neuron within the network,
Int 1 (Selverston et al., 1976). Although the ipsps are difficult
to distinguish individually, they can be seen in some recordings;
in these cases they correspond to the concomitant inhibition of
the GM neuron by Int 1 (see Fig. 54). We will not consider this
phase further.

One important aspect of LG’s composite discharge is the fact
that the relative importance of the endogenous and synaptic
components that support this discharge can vary (Figs. 3, 6). As
is shown in Figure 6, A~-D, LG’s discharge can vary sponta-
neously from one in which the endogenous component strongly
predominates (Fig. 64), through a range of intermediates (Fig.
6, B, (), to one in which the plateau phase is entirely absent
and action potentials occur only during the synaptic segment
(Fig. 6D). Here, it can be seen that changes in the relative im-
portance of the 2 components influence not only the shape of
the depolarization in LG, but also the duration of its burst of
action potentials, spike frequency within the burst, and the pat-
terns or changes in spike frequency that take place during a
burst. These patterns range from a moderately uniform spike
frequency (seen when a single component strongly dominates
the other; Fig. 6, 4, D) to patterns in which spike frequency
decreases gradually or abruptly during the burst (Fig. 6, B, C)
to a completely double burst (Fig. 6F). In the latter case, the
endogenous and synaptic components are separated in time to
the extent that a silent period intervenes and LG presents a
double burst (Fig. 6F). As in the other patterns, spike frequency
is higher during the endogenous segment than during the syn-
aptic segment of LG’s discharge.

Because of the magnitude of the changes that result when the
relative importance of the endogenous and synaptic components
of LG’s composite discharge are altered, we have begun to con-
sider both the control of LG’s discharge and the functional
implications of changes in such a composite discharge.

Functional implications of LG’s composite discharge

We first consider the functional consequences of LG’s composite
discharge. In this context, it is important to remember that LG
is both a motor neuron and a member of the gastric mill CPG.
The gastric mill CPG is composed of 2 subsets of neurons, one
subsystem driving the movements of the 2 lateral teeth, the
other controlling the single medial tooth (see Fig. 1B; Mulloney
and Selverston, 1974a; Selverston and Mulloney, 1974). The
LG motor neuron is 1 of 2 neurons driving the power stroke of
the lateral teeth. Synapses within each neuronal subset ensure
alternation of the power and return stroke motor neurons; in-
teractions between the 2 subsystems via the interneuron, Int 1,
are largely responsible for determining the phase relationships
between the 2 subsystems (Mulloney and Selverston, 1974b;
Russell, 1985b, 1987). These relative phases can, however, vary
over a considerable range, as is shown in Figures 7 and 8. Chang-
ing the form of LG’s composite discharge from one in which
the endogenous component is strong (Figs. 7B, 84) to one in
which it is absent (and the synaptic component is thus dominant;
Figs. 7C, 8B) alters phase relationships of neuronal discharges
both within the lateral tooth subsystem and between the lateral
and medial tooth subsystems.

The LG motor neuron interacts with the other power stroke
neuron for the lateral teeth, the median gastric neuron, MG, via
both electrical coupling and reciprocal inhibition (Fig. 74; Mul-
loney and Selverston, 1974a). In addition, both LG and MG
are activated by the CG neuron (see Figs. 1C, 74), which to-
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gether with the electrical coupling, tends to synchronize their
firing. At the same time, the reciprocal inhibition promotes out-
of-phase firing. When the endogenous component of LG’s dis-
charge is strong (Fig. 7B), the inhibitory connections predom-
inate, and LG firing considerably precedes MG firing. During
its endogenous segment, LG is considerably depolarized and
fires at a high enough frequency to silence MG entirely. At the
end of LG’s endogenous segment, MG is again able to fire; it
rebounds, and in some cases can temporarily silence LG. This
further separates LG’s endogenous and synaptic firing segments
and produces a slight double burst in LG. In contrast, when
LG’s endogenous component is absent, and it fires only during
its synaptic segment, spike frequency is never high enough to
inhibit MG effectively (Fig. 7C). In this case, the electrical cou-
pling and common synaptic input functionally predominate and
the 2 neurons fire synchronously. Thus, when LG’s discharge
includes an endogenous segment, the 2 neurons LG and MG
are out of phase; when the endogenous component is absent,
they fire in phase.

A similar phase shift between the lateral and medial tooth
subsets also results from a change in the relative importance of
the 2 components of LG’s composite discharge. When the en-
dogenous component predominates, the lateral tooth neuron
LG begins firing nearly 1 sec before the corresponding medial
tooth neuron, GM (Fig. 84). When the synaptic phase predom-
inates, however, the power stroke neurons (LG and GM) of the
2 subsystems begin firing together (Fig. 8B). Because the evo-
lution of spike frequency within LG bursts is changed when the

Figure 5. Phase b of LG’s discharge
results largely from synaptic activation
of the LG neuron; it represents the syn-
aptic component of LG’s discharge. A4,
Phase b occurs concurrently with the
barrage of epsps in the GM neuron. The
2 neurons receive the same epsps; the
last 4 synchronous epsps are particu-
larly evident. aln, extracellular record-
ing of the activity of the 4 GM neurons.
B and C, the epsps that underlie the
synaptic phase (b) of LG’s discharge oc-
cur simultaneously in the LG, GM,
LPG, and MG neurons, indicating that
they come from the CG neuron (Rob-
ertson and Moulins, 1981), which helps
drive the gastric rhythm. These record-
ings (simultaneous in each panel) were
taken during phase & of the LG dis-
charge. Calibrations: horizontal bars, 1
sec in 4, 0.1 sec in B, 0.2 sec in C;
vertical bars, 10 mVin 4, 2 mVin B
and C.

0.2s

relative importances of the endogenous and synaptic compo-
nents are altered, the LG-GM phase shift may be functionally
even more important than would be predicted on the basis of
the shift in the beginnings of the LG and GM bursts. Although
there is some overlap between the LG and GM discharges, when
LG’s endogenous component is strong, its maximum spike fre-
quency occurs during its endogenous depolarization, before GM
has begun to fire (Fig. 84). When the synaptic component pre-
dominates, however, LG’s maximum spike frequency occurs
later, after GM has begun to fire (Fig. 8B; see also Fig. 130).
Correlatively, the phase relationships of LG and DG (a medial
tooth return stroke motor neuron, the antagonist of GM) are
altered. When LG’s endogenous component is apparent, LG
and DG firing overlaps considerably (Fig. 84); when the synaptic
component underlies all of LG’s firing, these 2 neurons are
completely out of phase and show little overlap (Fig. 8B).

Modulation of LG’s composite discharge by APM

We have found that an identified modulatory interneuron, the
APM (Nagy et al., 1981), can control LG’s composite discharge
by separately and selectively altering LG’s 2 firing segments.
Through these alterations of LG’s discharge, APM shifts the
phase relationships within the gastric mill network.

Regardless of the preexisting pattern of activity in LG, a dis-
charge of APM always results in a pattern in which the synaptic
component overwhelmingly predominates, the endogenous
component generally being entirely absent. A brief discharge of
APM which occurs during gastric activity in which LG is ex-
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Figure 6. Variations in the relative
importance of the endogenous and syn-
aptic components can markedly change
the form of the LG discharge. 4-D,
These recordings (4-C from the same
preparation) demonstrate the range of
variation, from almost complete dom-
inance of the endogenous component E

(A) to the total absence of the endoge- LGn ———."'mmwmw . ﬁ i i i
nous component (D). E, A case in which

the endogenous and synaptic compo-
nents are sufficiently separated in time
that LG presents a double burst. Spike
frequency is always higher during the
endogenous segment than during the LG
synaptic segment. Calibrations: hori-
zontal bar, 2 sec; vertical bars, 10 mV.

hibiting both the endogenous and synaptic segments of its dis-
charge produces a long-lasting switch to an LG activity in which
the endogenous segment is absent (Fig. 9). Thus, APM appears
to suppress the endogenous component of LG activity and si-
multaneously to enhance the synaptic component (Figs. 9, 10).

When LG is active, but the endogenous component of its
discharge is absent (Fig. 1047; note that LG is firing in phase
with GM), APM activity, while accelerating and enhancing the
overall gastric rthythm (Dickinson et al., 1987), does not alter
the form of LG’s discharge; instead, it simply increases the
intensity of LG’s synaptic component (Fig. 1042). This en-
hancement comes about through the activation of the presyn-
aptic elements, the CG neurons which produce the epsps re-
sponsible for the synaptic excitation of LG (Fig. 10, B, C; see
also Dickinson et al., 1987). In Figure 10C, for example, a
considerable increase in the frequency of the epsps recorded
simultaneously in LG and in the GM neurons is seen 1.5 sec
after an APM discharge (compare Figs. 10CI and 10C2).

Finally, when the gastric network is silent, a single burst in
APM induces a gastric rhythm in which the endogenous segment
of LG’s discharge is conspicuously absent, and the synaptic
component alone underlies the rhythmic bursts of action po-
tentials recorded in LG (Fig. 11). This corresponds to the fact
that, when APM induces rhythmic gastric activity, the volleys
of epsps which LG receives from the CG neurons become
rhythmic and increase in intensity.

Activity in the modulatory neuron APM thus leads to a par-
ticular type of LG discharge, specifically one in which the en-
dogenous component is absent and the synaptic component is
quite strong.

Because the type of discharge seen in LG plays an important
role in determining the phase relationships within the gastric
mill network, the modulatory neuron APM, by controlling the
form of L.G’s discharge, is able to exert control over the phase
relationships in the network (Figs. 12, 13). By switching LG’s

W .
mV

composite discharge from one with an important endogenous
component to one in which the synaptic component predomi-
nates, APM provokes changes in phase relationships both within
the medial tooth subsystem (Fig. 12) and between the medial
and lateral tooth subsystems (Fig. 13). Before the discharge of
APM (Fig. 12A), firing in LG precedes the onset of the burst in
MG; the phase of MG in the LG period is 0.1. After APM fires
(Fig. 12B), LG starts firing afier MG, the phase of MG in the
LG period now being —0.1. Likewise, in the absence of APM
firing, the lateral tooth power stroke neuron LG begins to fire
well ahead of the power stroke neuron of the medial tooth, GM
(Fig. 13, 4, B). Activity in APM, however, by altering the form
of LG’s discharge, changes these relative phases such that the
2 power stroke neurons fire in synchrony (Fig. 13, 4, C).

Consequently, by selectively altering specific components of
the sequential composite discharge of a single neuron (the LG
motor neuron) in the gastric pattern generator, APM can ex-
tensively modify the gastric motor pattern and can, in effect,
switch it from one type of motor output to another.

Discussion

LG’s composite discharge and flexibility in the gastric mill
pattern

Modifications of both cellular properties and synaptic interac-
tions have been implicated in the control and modulation of
rhythmic motor patterns (Selverston and Moulins, 1985; Kacz-
marek and Levitan, 1987). However, the contributions of en-
dogenous properties and synaptic potentials to the discharge of
a neuron are often difficult to distinguish because they occur
more or less simultaneously. The case of the LG neuron, de-
scribed here, differs from those previously described in that the
2 components, regenerative membrane properties and synaptic
input, contribute to its discharge sequentially rather than si-
multaneously. Each component thus clearly contributes to the
generation of action potentials and helps determine the timing



of its bursts of action potentials. Because the 2 components of
LG’s discharge can be separately modulated, a wide range of
firing patterns can be generated by this neuron. Such composite
discharges likely exist and increase the flexibility of other pat-
tern-generating networks as well.

A number of recent studies have suggested that motor patterns
are flexible not only in the frequency, duration, and intensity
of bursts in individual elements of the pattern, but also in the
phase relationships that exist among those elements (Nagy and
Dickinson, 1983; Marder, 1984; Moulins and Nagy, 1985; Get-
ting, 1988; Harris-Warrick, 1988; Marder et al., 1987). Several
mechanisms for altering phase relationships within a pattern
generator have already been demonstrated. The factor ulti-
mately responsible for these modifications is a change (or changes)
in the relative importance of specific synapses. In the stoma-
togastric system, for example, when 2 neurons are connected
by both inhibitory synapses and electrical coupling, changes in
the relative importance of the 2 types of synapse can substan-
tially alter the phase relationships of those 2 neurons, and con-
sequently of other neurons that rely on them for timing. Such
changes were predicted on theoretical grounds by Mulloney et
al. (1981) and were first demonstrated in the pyloric network
of the stomatogastric system, for the AB and VD neurons. After
a brief discharge of the modulatory neuron APM, the efficacy
of the electrical coupling between these 2 neurons is lastingly
increased, leading to prolonged phase shifts (Nagy and Dick-
inson, 1983).

A second previously described mechanism for producing phase
shifts in the stomatogastric nervous system also involves the
pyloric network. Eisen and Marder (1984) showed that the phas-
es of certain neurons can be altered by a change in the relative
activity of 2 co-active presynaptic neurons that are electrically
coupled but release different transmitters. Flexibility derives
from the facts that (1) the time courses of the response to these
2 transmitters differ and (2) the relative levels of activity of the
2 coupled presynaptic neurons can be selectively altered by
modulatory inputs. Thus, even in the absence of a change in
the timing of transmitter release, the timing of the inhibition
can change, resulting in phase shifts (Eisen and Marder, 1984;
Marder and Eisen, 1984a, b).

Changes in the relative importance of the 2 components de-
termining the composite discharge of the LG neuron provide a
third mechanism that can produce phase shifts between the
discharges of 2 neurons. Because the 2 components of LG’s
discharge produce substantially different spike frequencies, the
modulatory neuron APM, by altering the magnitudes of those
components, effectively alters the relative importance of the
electrical versus inhibitory synapses between LG and MG, the
2 power stroke neurons of the lateral teeth. When the plateau
phase is stronger, spike frequency is higher and the inhibition
predominates; when the synaptic phase is predominant, action
potential frequency is low and the electrical coupling is stronger.
This results in shifts in the phases of the 2 neurons’ activities.
In this case, the characteristics of the presynaptic discharge,
more than its timing, determine the changes in phase relation-
ships.

In the gastric mill CPG, the LG neuron plays a pivotal role
in the coordination both of the lateral tooth subsystem and of
the 2 subsystems with respect to one another (Russell, 1985b,
1987). Because of this, changes in its phase can affect a variety
of other phases; not only are the 2 power stroke neurons of the
lateral teeth (LG and MG) phase-shifted, but relations of the
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Figure 7. Changes in the relative importance of the endogenous and
synaptic components of LG’s discharge lead to changes in phase rela-
tionships within the lateral tooth subsystem of the gastric motor pattern.
A, Schematic diagram of the synaptic relationships of the 2 power stroke
neurons of the lateral teeth, MG and LG, and the CG neuron. For
explanation of symbols, see legend of Figure 1. B, When the endogenous
component is strong, LG fires rapidly and inhibits MG. After the en-
dogenous segment of LG firing, MG is released and can inhibit LG. LG
and MG then receive common synaptic input from the CG neuron and
fire together. LG firing leads MG by approximately 0.5 sec. C, When
the endogenous component in LG is absent, LG fires at lower frequency
and its inhibition of MG is ineffective. LG and MG fire more or less
together during LG’s synaptic segment, with MG leading slightly. Cal-
ibrations: horizontal bars, 1 sec in B, 2 sec in C; vertical bars, 10 mV.

lateral to the medial teeth are simultaneously shifted (Dickinson
et al., 1987). Thus, the inherent flexibility provided by a com-
posite discharge like that found in LG is particularly important
in that changes in the balance between its components can con-
tribute substantially to alterations of the entire motor pattern.

Pattern generators in general may be capable of producing
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Figure 8. Changes in the relative im- LGn

portance of the endogenous and syn-

aptic components of LG’s discharge lead

to changes in phase relationships be-

tween the neurons of the lateral and me-

dial tooth subsystems. A4, When the en-

dogenous component of LG’s discharge GM
is strong, LG begins firing well before
the medial tooth neuron GM and over-
laps considerably with the medial tooth
return stroke neuron DG. aln, extra-
cellular recording of the activity of the
4 GM neurons. B, When only the syn-
aptic component of LG’s discharge is
present, LG and GM start firing si-
multaneously, and no overlap between
LG and DG occurs. 4 and B, from the
same experiment. Calibrations: hori-
zontal bars, 1 sec; vertical bars, 10 mV.

multiple outputs, and thus may be relatively flexible networks
(Marder, 1984; Getting and Dekin, 1985; Marder et al., 1987;
Sossin et al., 1987). A useful concept in this light is the notion
that pattern generators may be constructed of ““building blocks”
(Getting, 1988), which, under the influence of different modu-
latory substances, can be put together in a number of ways to
generate a variety of motor outputs. Several such building blocks,
including synaptic relations within the network, cellular prop-
erties of individual neurons, rhythmic synaptic inputs from out-
side the network, and postinhibitory rebound, have been con-
sidered in past examinations of the gastric mill network (Mulloney
and Selverston, 1974a, b; Selverston and Mulloney, 1974; Rus-
sell, 1976; Selverston et al., 1976; Russell and Hartline, 1978,
1984; Robertson and Moulins, 1981, 1984; Dickinson et al.,
1987, Selverston, 1987). The flexible composite discharge of LG
might be considered as an additional building block. The form
of the discharge in LG, in parallel with the synapses, can de-
termine to a large extent the manner in which synaptic relations
are expressed and must therefore be considered as one of the

DGW __.,/w

mV

determinants of phase relationships both within the lateral tooth
system and between the lateral and medial tooth subsystems.

Modulation of LG’s composite discharge by APM: a possible
mechanism for switching between 2 gastric mill behaviors

Regardless of the initial activity pattern in LG, its firing pattern
after an APM discharge is always similar. Its plateau phase is
suppressed, presumably by an effect on the LG neuron itself
(although we cannot rule out the possibility of an interposed
interneuron); and the synaptic phase is emphasized, by an aug-
mentation of the presynaptic input to the pattern generator.
This, in combination with effects of APM on the other gastric
mill neurons (see Dickinson et al., 1987), leads to a particular
gastric motor pattern, characterized by a given set of phase
relationships. Specifically, the LG, MG, and GM neurons are
nearly in phase, and the DG and AM are out of phase with the
first group. Consequently, APM activity always generates a spe-
cific variant of the gastric pattern.

Recent work of Heinzel and Selverston (Heinzel, 1987, 1988a,
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Figure 9. The modulatory neuron
APM can change the LG discharge from

one in which both the endogenous and
synaptic components are evident to one
in which only the synaptic component
is present. 4, Diagram of the prepara-
tion, showing the APM neuron. B, The
LG discharge before APM fires; spike

LGn l»H.}

frequency is first high (during the en-
dogenous segment), then low (during the
synaptic segment). The plateau phase
clearly predominates. C, When APM
fires (current injection, arrows), the en-
dogenous component is suppressed and
10 the synaptic component is enhanced.

LG mv The spike frequency in LG is now lower

and is uniform throughout the burst.

__m This change is long-lasting. Calibra-

APM ' ¥ ! tions: horizontal bars, 2 sec; vertical
2s bars, 10 mV.,

b; Heinzel and Selverston, 1988) suggest a possible behavioral
significance of these effects of APM. In studies of California
spiny lobsters (Panulirus interruptus), Heinzel (1988a, b) was
able to discern 2 major patterns of gastric mill tooth activity,
which he called the “squeeze” and the “cut and grind.” The
neuronal discharges expected to produce these movement pat-
terns roughly correspond to the 2 major variants of the gastric
rhythm that we record (e.g., Fig. 8). To aid in understanding
the role APM’s modulation of LG might play in behavioral
control, we briefly summarize the 2 behavioral modes seen by
Heinzel (1988a, b).

In the “squeeze” mode, the 3 teeth (2 lateral, 1 medial), come
together simultaneously, with the lateral teeth showing only
transverse movement (no anterior—posterior movement) and
the medial tooth moving forward. This entails simultaneous
contraction of the muscles associated with the LG, MG, and
GM neurons. The 3 teeth stay together briefly, then return more
or less synchronously to their original positions, driven by the
synchronous contractions of the muscles controlled by DG, AM,
and LPG. They remain in this position until the start of the
next cycle (Heinzel, 1988a, b).

The *“cut and grind” mode of gastric mill movements begins
with forward and medial movements of the 2 lateral teeth. They
move to the point of touching (at the anterior end), then rotate

so as to bring the posterior part of the teeth together as well.
This would be accomplished by contraction of the LG muscle,
followed by co-contraction of the LG- and MG-controlled mus-
cles. The 2 lateral teeth then move caudally (still touching), while
the medial tooth moves forward, scraping across them. During
this phase, the muscles controlled by LG, MG, and GM would
all contract. Finally, they return to their resting, open position,
driven by contraction of the return stroke muscles, controlled
by DG, AM, and LPG (Heinzel, 1988a, b).

In the isolated Palinurus (red lobster) nervous system studied
here, we see 2 common variants of the gastric motor pattern;
they correspond to what would be expected to produce a
“squeeze” and a “cut and grind” mode in the resulting behav-
ioral sequence. These 2 modes correspond respectively to the
gastric patterns in which LG’s composite discharge includes only
the synaptic phase and in which both the plateau and synaptic
phases are present. When LG has no plateau phase, the LG,
MG, and GM neurons fire in phase, which would be expected
to produce a “squeeze’ movement. In contrast, when the plateau
and synaptic phases are both strong, LG fires at a high frequency
before either of the other neurons begins to fire. MG then joins
it, followed shortly by the GM neurons, so that the LG, MG,
and GM neurons show a period of coactivation. Such a pattern
would be expected to produce a “cut and grind” movement.
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Figure 10. Activity in APM enhances the synaptic component of LG’s
discharge. A, The LG neuron can spontaneously present a discharge in
which only the synaptic component of its discharge is present (47). The
barrage of epsps it receives from the CG neuron occurs simultaneously
in a GM neuron. A brief discharge of APM (elicited by current injection,
arrows) considerably increases the frequency of the simultaneous epsps
(from the CG neuron) in LG and in GM (42; see also CI and C2).
During the depolarization of APM, the amplifier was saturated and
APM’s discharge was not recorded. B, Schematic diagram of the syn-

aln

In the intact animal (Panulirus), Heinzel (1988a, b) has seen
spontaneous transitions between the 2 modes, as well as other
variants of these movement patterns, indicating that on the
behavioral level, the gastric mill system is highly flexible. A
comparable variety of patterns has been recorded in the gastric
mill muscles of freely moving Palinurus (E. Rezer, personal
communication). On the neuronal level, this flexibility can be
at least partly explained by the flexible nature of the composite
discharge in LG. In the LG neuron, we see not only the 2
common patiterns of discharge (synaptic phase only; plateau and
synaptic phases), which correspond to the 2 major modes of
gastric mill movement, but also a variety of intermediate cases
(see Fig. 6), which might correspond to the other behavioral
patterns recorded in the intact animal. For example, Heinzel
(1987, 1988a, b) reports cases in which the lateral teeth close
twice during a single medial tooth movement; this would require
a double burst in the lateral tooth power stroke neurons. Such
a double burst in LG is seen in a number of recordings (e.g.,
Fig. 6E), in which the plateau and synaptic phases of LG’s
discharge are separated more than usual.

The functional result of activity in the APM neuron can now
be considered more fully. Activity in the APM neuron can ac-
tivate the entire gastric rhythm. APM can also modulate an
ongoing gastric rhythm. But the specific variant of the rhythm
that is produced when APM fires is always the same, that is, a
pattern in which LG’s plateau phase of firing is minimal or
absent and in which the synaptic phase is substantial. We thus
suggest that in the intact animal, activity in APM provokes a
“squeeze” mode of behavior, whether starting from a gastric
mill that is resting, one that is already “‘squeezing,” or one that
is “cutting and grinding.” Because previous studies have sug-
gested that APM is cholinergic (Nagy and Dickinson, 1983), we
suggest that the switches between behavioral outputs of this
system can be controlled by at least 2 neuromodulators: ACh
(acting in large part on LG) might produce a “squeeze” mode,

—

aptic relations of the APM, CG, LG, and GM neurons. For explanation
of symbols, see legend of Figure 1. C, Higher-speed recordings of the
simultaneous epsps in LG and GM before (C1, corresponds to A7) and
after (C2, corresponds to 42) an APM discharge. Calibrations: hori-
zontal bars, 2 sec in 4, 0.1 sec in C; vertical bars, 10 mV in 4, 2 mV
in C.
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Figure 11. When the gastric network

is silent, a brief discharge of APM (elic-

ited by current injection, arrows) last-

ingly activates the rhythm, but the LG LG
discharge is still sustained entirely by
the synaptic component. The firing pat-
tern in LG resembles that seen when
APM acts on an already active rhythm
(compare with Fig. 9C). aln, extracel-
lular recording of the activity of the 4
GM neurons. Calibrations: horizontal
bars, 2 sec; vertical bars, 10 mV.
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Figure 12. Activity in APM, by altering LG’s discharge, changes the
phase relationships between the 2 lateral tooth power stroke neurons,
LG and MG. 4, Before APM fires, L.G’s discharge has a strong endog-
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whereas proctolin (Heinzel, 1987, 1988a) would cause a “cut
and grind” mode.

Consequently, the inherent variability of a composite dis-
charge in a neuron of a CPG provides a means by which that
pattern generator can produce 2 or more distinct behavioral
patterns. The ability of a modulatory neuron to exert selective
control over those different phases provides a mechanism by
which the motor output can be switched from one pattern, and
hence one behavior, to another.
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