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AMER. ZOOL., 35:548-555 (1995)

The Contributions of Motor Neuronal and Muscle Modulation to
Behavioral Flexibility in the Stomatogastric System1

PATSY S. DICKINSON

Department of Biology, Bowdoin College, Brunswick, Maine 04011

SYNOPSIS. The stomatogastric nervous system of crustaceans, which con-
trols the four parts of the foregut, is subject to modulation at all levels,
sensory, central and motor. Modulation of the central pattern generators,
which are themselves made up largely of motor neurons, provides for
increased behavioral flexibility in a variety of ways. First, each of the
pattern generators can be reconfigured to give multiple outputs. Second,
the "boundaries" of the different pattern generators are in fact somewhat
fluid, so that the neuronal composition of the pattern generators can be
altered. For example, neurons can switch from one pattern generator to
another, or two or more pattern generators can fuse to generate an entirely
new pattern and thereby produce a new behavior. The mechanisms
responsible for many of these modulations include alterations of both
intrinsic properties and synaptic interactions between neurons. In addi-
tion, the alteration of membrane properties contributes more directly to
the behavioral output by changing action potential frequency. Finally, the
muscles of the stomatogastric system can themselves be modulated, with
the cpvl muscle, for example, becoming an endogenous oscillator in the
presence of either dopamine or the peptide FMRFamide.

INTRODUCTION

Behavioral flexibility and variability can
be generated on a number of levels, as is
evidenced by a number of recent studies
demonstrating neuromodulation at the sen-
sory, central and motor levels of organiza-
tion in circuits controlling defined behav-
iors (see Marder 1987 for reviews). One of
the systems that has proven most useful for
the study of modulation is the stomatogas-
tric nervous system of crustaceans. Modu-
lation has been seen at all levels in the sto-
matogastric system, but has been particularly
well studied in the central pattern generators
that control the various parts of the foregut
(Harris-Warrick et al., 1992). Unlike many
pattern generators, those of the stomato-
gastric system are made up largely of motor
neurons, so that modulation of the pattern
generators directly affects motor output.

1 From the Symposium Invertebrate Neuromuscular
Organization: Peripheral Contributions to Behavioral
Variability presented at the Annual Meeting of the
American Society of Zoologists, 27-30 December 1993,
at Los Angeles, California.

Thus, the division between central and
peripheral mechanisms of modulation is
blurred in this system.

The stomatogastric system itself controls
the four parts of the foregut in crustaceans:
the oesophagus; the cardiac sac, which serves
largely for food storage; the gastric mill,
where food is shredded by the single medial
and two lateral teeth; and the pylorus, where
food is filtered and sent on for further diges-
tion in the midgut or returned to the gastric
mill for further shredding (Fig 1A). Each of
these regions of the foregut contracts with
a characteristic period and pattern, and each
is controlled by a pattern generator located
within the four ganglia of the stomatogastric
nervous system (Fig IB). The pattern gen-
erators for both the pyloric pattern (period
0.5-2 sec) and the gastric mill pattern (period
5-10 sec) are located largely in the stoma-
togastric ganglion (STG), a ganglion that
contains only about 30 neurons; in conse-
quence, these pattern generators have been
very well studied (Harris-Warrick et al.,
1992). The pattern generator for the oeso-
phageal network (period 5-10 sec) is least
understood, but is thought to involve com-
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MODULATION IN THE STOMATOGASTRIC SYSTEM 549

B

FIG. 1. The lobster foregut (A) and stomatogastric
nervous system (B). Abbreviations: aln, anterior lateral
nerve; CG, commissural ganglion; dgn, dorsal gastric
nerve; ion, inferior oesophageal nerve; ivn, inferior
ventricular nerve, Ivn, lateral ventricular nerve; OG,
oesophageal ganglion; son, superior oesophageal nerve;
STG, stomatogastric ganglion; stn, stomatogastric nerve.

ponents in both of the paired commissural
ganglia (CG) as well as the unpaired oeso-
phageal ganglion (OG); that for the cardiac
sac pattern (period 15 sec-2 min) is widely

distributed throughout the stomatogastric
system, involving components in all four
ganglia (Dickinson et al., 1993).

MODULATION OF THE STOMATOGASTRIC
PATTERN GENERATORS

Network reconfiguration
The output of each of the stomatogastric

pattern generators is plastic, so that the
behavior of the stomach as a whole can be
altered. In large part, this behavioral flexi-
bility derives from changes in synaptic con-
nectivity and intrinsic neuronal properties
that result in what Getting termed a "poly-
morphic network" (Getting and Dekin,
1985). Thus, the network can be reconfig-
ured to give multiple outputs, in effect mak-
ing a number of functional networks. Such
network reconfiguration can be seen both in
entire networks and within smaller subsec-
tions of each network. For example, the lat-
eral gastric (LG) and medial gastric (MG)
neurons are electrically coupled to one
another and are connected by reciprocal
inhibitory synapses. In addition, they receive
common synaptic input from the commis-
sural gastric (CG) neuron (Fig. 2A, C). Their
firing patterns result from the conflicting
connections that tend to make them fire in
phase (electrical coupling, common input)
or out of phase (reciprocal inhibition; Nagy
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FIG. 2. Modulation of mixed chemical/electrical synapses between the LG and MG neurons of the gastric mill
reconfigures the circuit. A, B. When modulatory neuron APM is silent (A) or active (B), the effective circuit
changes, so that different synapses, shown by darker lines, are more important in determining the timing of LG
and MG firing, in the two cases. C, D. Firing patterns and phase relationships that result when APM is silent
(Q or active (D) differ. When APM is silent, reciprocal inhibition dominates (Q and LG starts firing before
MG. When APM is active, inputs from the Commissural Gastric (CG) neurons and electrical coupling predom-
inate, so that LG and MG fire nearly synchronously (D). Modified from Nagy et al. (1988).
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FIG. 3. Modulation of the entire pyloric network by AMP. A, B. When APM is silent, the inhibitory chemical
synapses from AB/PD (dark lines) are important in determining the pattern, which is shown in B. C, D. When
APM is active, the functional importance of some synapses (shown by dotted lines) decreases, whereas that of
other synapses (darker lines) increases. The pattern seen when APM fires is shown diagrammatically in D. Firing
frequency of all neurons increases, and phase relationships change. From Nagy and Dickinson (1983).

et ah, 1988). Modulatory inputs, including
the Anterior Pyloric Modulator neuron
(APM), alter the balance between the two
types of connections by altering the mem-
brane properties of the LG neuron. Thus,
when the gastric mill rhythm is active, but
APM is silent, LG tends to fire before MG,
its strong burst inhibiting MG and pre-
venting it from firing until later during the
LG burst (Fig. 2A, B). However, after APM
has fired, the two neurons fire nearly syn-
chronously, the common input and the elec-
trical coupling now being the stronger forces
(Fig. 2C, D; Nagy et ai, 1988).

Modulators can also induce larger scale
reconfigurations. Activity in APM, for
example, alters the entire pyloric network,
as is summarized in Fig. 3. Pyloric cycle
frequency increases, as does action potential
frequency in all neurons of the network. In
addition, phase relationships are altered: the
lateral pyloric (LP) neuron fires earlier, and
the ventricular dilator (VD) and PD neu-
rons fire in phase when APM is activated
(compare Figs. 3B, 3D).

Modulators can also activate specific
behavioral patterns by selecting only a sub-
set of the neurons in a given pattern gen-
erator. Thus, not only the interactions
between the neurons in a pattern generator,
but also the functional composition of a net-
work can be changed by modulators. For

example, in the presence of dopamine, only
4 of the 6 neuronal types that make up the
pyloric pattern generator are active (Flamm
and Harris-Warrick, 1986a, b). Proctolin
likewise produces a pattern involving 4 neu-
ronal types, but the specific subset of 4 dif-
fers from that seen in dopamine (Hooper
and Marder, 1987). Thus, each modulatory
compound configures the network in a dif-
ferent way by activating or silencing certain
neurons, by altering the membrane prop-
erties of specific neurons, and by altering
the synaptic interactions between specific
neurons within the pattern generator. The
motor output of these functionally different
circuits is then transformed into movement,
but it is important to recognize that this
transformation may not be linear. It is also
important to recognize that even neurons
that are not actively participating in the
motor pattern may contribute to the behav-
ior. Certain muscles will not be activated,
which in itself alters movements. In addi-
tion, silent neurons that are electrically cou-
pled to oscillatory neurons can increase or
decrease the frequency and amplitude of
those oscillations (Hooper and Marder,
1987; Kepler et al, 1990).

Changes in the boundaries or
membership of pattern generators

It is clear from the discussion of network
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FIG. 4. The gastric mill and cardiac sac networks fuse to produce a novel pattern when RPCH is bath-applied
to the isolated STG. (A) When the stn is intact and both cardiac sac (CD2) and gastric mill (aln, LPG) rhythms
are active, the two patterns show dramatically different periods. There are slight interruptions of gastric mill
activity during cardiac sac dilator bursts. (Bl) When the stn is blocked, rhythmic activity in both systems stops,
suggesting that such rhythmicity is dependent on modulatory inputs that enter the STG via the stn. (B2) When
RPCH (10"' M) is bath applied, both gastric mill and cardiac sac neurons become rhythmically active in a
single, conjoint pattern that differs from either of the two individual patterns. Modified from Dickinson et al.
(1990).

reconfiguration above that all the neurons
in a pattern generator are not always active
members of that pattern generator. Recent
work has shown that neurons can partici-
pate in more than one pattern generator,
and that entire pattern generators can merge.
Thus, the boundaries between the 4 pattern
generators of the stomatogastric system are
not fixed, but are instead fluid, so that neu-
rons can move from one to another, singly
or en masse. For example, Hooper and
Moulins (1989) showed that the ventricular
dilator (VD) neuron, which is normally a
member of the pyloric pattern generator,
begins to fire in cardiac sac time when a
defined sensory input is stimulated. At this
time, it no longer fires the short, frequent
bursts that characterise the pyloric pattern,
but instead fires in longer, less frequent
bursts that are typical of cardiac sac pat-
terns.

The boundaries between two (or more) of
the stomatogastric pattern generators can
also be virtually eliminated, as occurs when

the peptide red pigment concentrating hor-
mone (RPCH) is applied to the isolated STG.
In the intact system, the neurons of the gas-
tric mill pattern generator, such as the gas-
tric mill (GM) and lateral posterior gastric
(LPG) fire with a period of 5-10 sec, whereas
cardiac sac neurons such as the cardiac sac
dilator 2 (CD2), fire with a period of min-
utes (Fig. 4A). Blocking the single input
nerve to the STG, the stomatogastric nerve,
blocks all rhythmic activity in both pattern
generators, pointing to the importance of
modulatory inputs in not only altering but
also maintaining rhythmic activity (Fig. 4B).
When the STG is then bathed with RPCH,
both the gastric mill and cardiac sac neurons
again fire rhythmically. However, all of the
neurons fire in a single pattern, which is
different from either of the original patterns
(Fig. 4C).

Interactions of neuromodulators
The stomatogastric nervous system con-

tains a plethora of neurotransmitters and
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FIG. 5. Bath application of RPCH before application of proctolin alters the response of the cardiac sac pattern
generator to proctolin. (A) Diagrammatic view of the stomatogastric nervous system, showing the sites of
recording (ivn extracellular, CD2 intracellular) and of superfusion with proctolin or RPCH (dashed box). (B) In
the control (sons and ions cut), there is no cardiac sac motor pattern. (C) Bath application of proctolin (10~6 M)
does not induce rhythmic activity in either the ivn or CD2. (D) Bath application of RPCH (10"' M) activates
the cardiac sac pattern generator, resulting in rhythmic activity (ivn, CD2). (E) Rhythmic activity ceases when
RPCH is washed out. (F) When proctolin is applied after the wash, 10-15 minutes after the end of the last
cardiac sac burst, rhythmic activity is once again induced.

modulators, many of which are located in
the neuropile, where they are in an appro-
priate position to modulate the activity of
the system (Marder, 1987). One question
that arises is how these transmitters interact
with one another to influence the output of
the pattern generators. It is becoming clear
that some modulatory neurons contain more
than one transmitter; the Gastro-Pyloric
Receptor (GPR), for example, appears to
use both serotonin and acetylcholine (Katz
et al, 1989; Katz and Harris-Warrick, 1989).
In addition, the same modulator can have
different effects when applied alone than
when applied with or after another modu-
lator. For example, when the peptide proc-
tolin is applied to the isolated STG, it has
no effect on the cardiac sac pattern, as
recorded in CD2 (Fig. 5A, B). However, if
the ganglion has been previously bathed with
RPCH, which induces cardiac sac activity,
application of proctolin likewise induces
rhythmic activity in the cardiac sac network
(Fig. 5C-F). The mechanisms underlying
this interaction are not yet understood, but

it is clear that not only the presence of dif-
ferent neurotransmitters, but also the pre-
vious history of the system, is important in
determining the response of the pattern gen-
erators to modulators, as well as in gener-
ating behavioral flexibility.

Changes in membrane properties cause
changes in spike frequency

In considering how modulation of the sto-
matogastric pattern generators translates
into behavioral changes, we must consider
not only the changes in the patterns them-
selves, but also the ways they are likely to
affect muscle contractions. One important
consideration is that the properties of the
muscle membrane are not necessarily con-
stant, as we shall see later. In addition, the
muscles of the crustacean foregut do not
generate all-or-none twitches, but instead
show graded contraction. The degree and
rate of contraction is determined largely by
summation and facilitation, which is in turn
dependent on spike frequency. Thus, any
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MODULATION IN THE STOMATOGASTRIC SYSTEM 553

factors that profoundly alter spike fre-
quency will also affect behavior.

A major mechanism by which modula-
tions in the stomatogastric system are
effected is changes in the plateau properties
of the stomatogastric neurons. In the pres-
ence of an appropriate neuromodulator, they
have two stable membrane potentials, and
synaptic inputs can trigger the transitions
between these levels. Spike frequency is high
during plateaus, and is thus highly depen-
dent on the plateau properties of individual
neurons (Russell and Hartline, 1978, 1981,
1984). Consequently, modulatory inputs
that induce or suppress plateau properties
simultaneously change not only the neu-
ron's role in generating the pattern, but also
its spike frequency and hence the contrac-
tion of the muscles it controls. For example,
the firing of the LG neuron, shown in Fig.
2, has two components, the first a plateau,
the second due to synaptic input. When
APM fires, the synaptic component is
enhanced; but plateaus are suppressed, and
so the firing frequency drops considerably,
presumably leading to changes in muscle
contraction as well.

MODULATION OF MUSCLE
MEMBRANE PROPERTIES

At the level of the muscle itself, Meyrand
and Moulins (1986) and Meyrand and Mar-
der (1991) showed that one of the pyloric
muscles in the shrimp can be converted into
an endogenous oscillator by either dopa-
mine or FMRFamide-like peptides. When
either modulator is bath applied, the muscle
membrane potential oscillates spontane-
ously (Fig. 6). This oscillation is accompa-
nied by rhythmic contractions of the mus-
cle. Early in a bath application of YGGF-
MRFamide, the membrane oscillates only
when depolarized; in this state, the muscle
displays regenerative properties, but does
not oscillate spontaneously. Later it oscil-
lates spontaneously, with the oscillation fre-
quency increasing when depolarizing cur-
rent is injected, as would be expected from
an endogenous oscillator (Fig. 6).

Behaviorally, the consequences of this
modulation are a function of the level of
activation of both the muscle and the pylo-
ric dilator (PD) motor neuron that inner-

.23 uM YGGFMFRomide

t:0

J10mV
40nA

2s

FIG. 6. Bath application of the peptide YGGFMRF-
amide (0.25 uM) alters membrane properties of the
cpvl muscle in the shrimp, so that it becomes an
endogenous oscillator. Identical pulses of current (i)
were injected into a cpvl muscle fiber while the mem-
brane potential was recorded. (A) In the control, the
current caused a passive response. (B) During bath
application of YGGFMRFamide, the membrane ini-
tially oscillated only during current injection (t = 20
sec, t = 40 sec, t = 60 sec). After 1 min in the peptide,
the muscle membrane potential oscillated spontane-
ously; at this time, current injection increased the fre-
quency of oscillations. (C) Spontaneous activity and
responses to current injection returned to control levels
in the wash. From Meyrand and Marder (1991).

vates it. Meyrand and Marder (1991) divide
the activation of the muscle into 3 possible
states (Fig. 7): quiescent (no regenerative
properties), oscillator, and "amplifier"
(regenerative properties, no spontaneous
oscillations). When the muscle is in the con-
trol or quiescent state, it does not move
unless the motor neuron fires, and then it
follows passively with small amplitude
oscillations. When the muscle is in the oscil-
lator state, it oscillates spontaneously, with
large amplitude oscillations occurring reg-
ularly in the absence of any motor neuronal
input. When PD does fire, it entrains the
myogenic rhythm if the motor neuronal
cycle frequency is close to the spontaneous
muscle frequency; otherwise, it disrupts the
myogenic rhythm. When the muscle is in
the "amplifier" mode, it does not move
unless the motor neuron fires. However,
when PD is active, the muscle follows, over
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FIG. 7. The shrimp muscle shows three distinct states
of activity: quiescent (left column), oscillator (middle
column), and "amplifier" (right column). (A) In the
absence of motor neuronal input (stimulations of Ivn),
no movement occurs when the muscle is in the control
or the amplifier state. However, when it is in the oscil-
lator state, large amplitude oscillations occur rhyth-
mically. (B) A single burst of activity in the motor
neuron provokes a single small amplitude movement
in the control state; it provokes a single large amplitude
movement in the amplifier state. In the oscillator state,
the same motor input provokes an additional large
movement, and resets the rhythm. (C) A series of bursts
in the motor neuron provokes a similar series of small
movements when the muscle is in the control state.
When the muscle is in the oscillator state, this same
series of bursts, at a frequency that differs considerably
from the muscle's oscillation frequency, disrupts the
rhythmic movements. When the muscle is in the
amplifier state, a series of large amplitude movements
results. From Meyrand and Marder (1991).

its entire range of cycle frequency, with large
amplitude oscillations. Thus, the induction
of regenerative properties in the muscle can
serve either to generate a rhythm or to
enhance the magnitude of the muscle
response to a constant motor neuronal input
(compare Fig. 7A3, C3).

CONCLUSIONS

Modulation both at the motor neuronal
level and at the level of the muscle itself
makes important contributions to behav-
ioral flexibility and control in the stoma-
togastric system. Modulators acting at these
levels, as well as at the intemeuronal and
sensory levels, can alter individual motor
patterns by reconfiguring networks. They can

likewise alter or even erase the boundaries
between networks so that neurons switch
from one network to another or entire net-
works fuse. Finally, they can alter the move-
ments that result from the same motor neu-
ronal input. Thus far, in investigations of
the mechanisms that are responsible for all
of these modulations, only two major classes
of changes have been seen: alteration of the
membrane properties of individual neurons
or muscles, and alteration of the synapses
that connect specific neurons.
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