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The modulation of the pyloric rhythm of the stomatogastric
ganglion of the crab, Cancer borealis, by crustacean cardio-
active peptide (CCAP) is described. CCAP activated pyloric
rhythms in most silent preparations, and altered the phase
relationships of pyloric motor neuron firing in all prepara-
tions. In CCAP, the pyloric rhythms were characterized by
long lateral pyloric (LP) neuron bursts of action potentials.
The threshold for CCAP action was ;10210 M, with increas-
ing effects at higher CCAP concentrations. The changes in
motor pattern evoked by CCAP produced significant
changes in LP-innervated muscle movement. These move-
ments were additionally potentiated by CCAP applications to
isolated nerve–muscle preparations. Thus, enhanced motor
neuron firing and increase of the gain of the neuromuscular
junctions are likely to operate coordinately in response to

hormonally released CCAP. High CCAP concentrations
sometimes resulted in modification of the normal 1:1 alter-
nation between the pyloric dilator (PD) and LP neurons to
patterns of 2:1, 3:1, or 4:1 alternation. CCAP seems to
activate slow intrinsic oscillations in the LP neuron, as well as
enhance faster oscillations in the pacemaker group of PD/
anterior burster (AB) neurons. Simulations of fast and slow
oscillators with reciprocal inhibitory coupling suggest mech-
anisms that could account for the mode switch from 1:1
alternation to multiple PD bursts alternating with one LP
neuron burst.
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Neurons with oscillatory and plateau properties are present in
vertebrate and invertebrate nervous systems, and these processes
are known to be important in central pattern generating networks
responsible for the production of rhythmic movements (Cohen et
al., 1988; Getting, 1989; Marder and Calabrese, 1996). Oscillatory
and plateau properties are often subject to neuromodulatory
control (Harris-Warrick and Marder, 1991), which allows flexibil-
ity and variability in the behaviors that are controlled by central
pattern generating networks (Harris-Warrick and Marder, 1991;
Harris-Warrick et al., 1992; Marder and Weimann, 1992; Marder
and Calabrese, 1996).
In this paper, we describe the modulation of the pyloric rhythm

of the stomatogastric ganglion (STG) of the crab Cancer borealis
by the neuropeptide CCAP (Pro-Phe-Cys-Asn-Ala-Phe-Thr-Gly-
Cys-NH2). CCAP was first purified and sequenced from the crab
Carcinus maenas (Stangier et al., 1987), and has since been found
in a large number of arthropod species (Stangier et al., 1989;
Cheung et al., 1992; Furuya et al., 1993; Lehman et al., 1993;
Dircksen, 1994).

Many of the modulatory substances that alter the motor pat-
terns of the STG are found in neurons that project into the
neuropil of the STG from somata in the paired commissural
ganglia (CGs) and the unpaired esophageal ganglion (OG)
(Coleman et al., 1992; Harris-Warrick et al., 1992). In contrast,
CCAP is not found in neural inputs to the STG. The STG is
situated in the dorsal artery, just anterior to the heart. CCAP is
found in the pericardial organs in crabs, including C. borealis, and
is likely to reach the STG as a result of hormonal delivery through
the hemolymph from this neurosecretory structure (Stangier et
al., 1987, 1988; Dircksen and Keller, 1988; Keller, 1992; Dircksen,
1994; Christie et al., 1995).
Circulating hormones can influence the movements produced

by the stomatogastric nervous system by altering the neurally
evoked motor patterns and /or by influencing the movement elic-
ited by a given pattern of motor neuron discharge. CCAP alters
both centrally driven motor patterns and the relationship between
presynaptic discharge and muscle contraction.
Of particular interest are neuromodulatory processes that pro-

duce “mode switches” in which one pattern of activity is replaced
by another, qualitatively different mode of activity. High CCAP
concentrations sometimes produce a mode switch that illustrates
some of the interesting dynamics that occur when oscillators of
significantly different intrinsic periods are coupled synaptically.
Some of these data have appeared previously in abstract form
(Weimann et al., 1992).

MATERIALS AND METHODS
Animals and solutions. Experiments were performed with male C.
borealis purchased from Neptune Lobster and Seafood or Commercial
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Lobster (both of Boston, MA). Animals were held in Instant Ocean
filled aerated aquaria at 11–138C until use, and weighed between 300
and 750 gm. C. borealis physiological saline had the following compo-
sition (in mM): NaCl, 440; KCl, 11.3; CaCl2, 13.3; MgCl2, 26.3; Trizma
Base, 11; maleic acid, 5.2, pH 7.4–7.6. CCAP was purchased from
Bachem, Inc. (Torrance, CA).
Ganglion experiments. Physiological recordings were made as de-

scribed previously in Weimann et al. (1991, 1993) from stomatogastric
nervous systems dissected free from the animal. Extracellular pin
electrodes insulated with Vaseline were used to record from nerves.
Intracellular recordings were made with microelectrodes filled with
either 0.6 M K2SO4 and 10 mM KCl or 2 M potassium acetate and 10 mM
KCl using either a Getting amplifier or an Axoclamp 2A. Data were
collected with an eight-channel Gould thermal array chart recorder.
All preparations initially consisted of combined stomatogastric ner-

vous systems, including the paired CG, OG, and STG with their
associated motor and connecting nerves (Fig. 1). In most experiments,
the STG was acutely isolated from the anterior ganglia either by cutting
the stomatogastric nerve (stn) or by blocking impulse activity in the stn
(Russell, 1979) by placing a Vaseline well around the desheathed stn
and replacing the saline in the well with isotonic sucrose (750 mM).
All preparations were continuously superfused with chilled C. borealis

saline at 10–15 ml/min. CCAP was made up at the desired concentration

and applied by means of a switching port in the superfusion system. The
temperature was continuously monitored with a thermoelectric probe in
the bath, and maintained at ;128C with a Peltier cooling system.
Neuromuscular preparations. Two of the muscles innervated by the LP

neuron, cpv4 and cpv6 (Maynard and Dando, 1974; Weimann et al.,
1991), were dissected from the stomach and pinned at one insertion to a
small dish. The other insertion was attached by a thread to a Grass FT03
movement transducer modified to give increased sensitivity. The muscle
was stretched to its resting length in the animal. The cut end of the motor
nerve was stimulated with a suction electrode, and the resulting move-
ments were recorded. The bath volume was 3 ml, and other conditions
were as above.
Simulations. A simple mathematical model for the AB, PD, and LP

neurons was used. The AB and PD neurons were lumped together and
modeled as a single oscillator. The LP neuron was either modeled as a
tonically firing neuron or a slow intrinsic oscillator. In all cases, only the
slow envelopes of membrane potential trajectories, but not single spikes,
were modeled.
The pair vAP,n describes the dynamics for AB/PD; vAP represents the

transmembrane potential and n is the corresponding recovery variable.
The equations are based on the Morris-Lecar (1981) system, whose
modes of oscillation have been extensively studied. The equation for
vAP is the sum of three standard intrinsic membrane currents, a con-
stant injected current IAP and a synaptic inhibitory current that both
rises and decays quickly, with maximal conductance a1. The smooth
function HLP in the expression for the synaptic current is 1 if the
voltage of the LP neuron, vLP, is above a certain threshold, and 0
otherwise.
When e is small in the n equation, the oscillations generated by this system

are of the relaxation type. We worked in this regime by using e 5 0.02.
Except for IAP , sln, and a1, the parameters for AB/PD were kept constant in
all the simulations shown. Their values are as follows: C1 5 1; gLAP 5 0.007;
VLAP 5 280; g1

AP 5 70; V1 5 240, g1
AP 5 1, V2 5 260, Vsyn 5 260. We

varied IAP and sln to control the frequency and “strength” of this oscillator.
By “strength” wemean its ability to continue to oscillate in spite of inhibition.
This corresponds to the increased amplitude and frequency of the slow wave
oscillation in the biological neuron. The parameter values used have no
direct relationship to the actual physiological properties of the AB or PD
cells. This model is only intended as a simple caricature of some of the
oscillatory properties of the AB/PD pair.
The equations for the LP neuron were based on a two-dimensional

system (similar to the Hodgkin–Huxley equations) developed by Manor
et al. (1997), plus an additional current that can be thought of as a
Ca21-activated K1 current. The effect of the AB/PD group on LP was
modeled as two inhibitory synaptic currents, one fast rising and fast
decaying and the other quick-rising and slowly decaying. The dynamics
for the model LP are described by the equations for vLP , w, h, s. As
mentioned above, vLP corresponds to the membrane potential of LP, w is
an inactivation variable, h controls the additional current, and s controls
the time course of the slowly decaying synaptic current.
We have chosen this model because in the absence of the additional

current and the two synaptic currents (i.e., when g2 LP 5 0 and a2 5 0), it
has three different behaviors (stable, excitable, and oscillatory) with
varying the single parameter g1LP. In the relaxation regime (tw 5 500), the
model produces long plateaus, suitable for representing the behaviors of
LP. The effect of the additional current (with maximal conductance g2 LP)
is to make the duration of the hyperpolarized phase longer when the
depolarized plateau lengthens.
The parameter values used for LP in all the simulations were: C2 5

0.15, gLLP 5 0.25, g2 LP 5 0.5, ILP 5 20.075, f 5 1, a 5 0.001, b 5 0.08,
kf 5 2, ks 5 0.2. We changed g1LP, a2, and gsyn; their values for each
simulation are described later in the text. a2 and gsyn are the maximal
synaptic conductances for the fast rising and decaying synaptic current
and the rapidly rising and slowly decaying one, respectively. As in the
AB/PD case, this model is extremely simplified. It portrays the behaviors
of LP that we considered likely to be the most important in the mode
switch. The specific values of the parameters are not associated with any
actual physiological parameters of the LP neuron.
All simulations were performed using the package XPP (obtained

courtesy of Bard Ermentrout at ftp://ftp.math.pitt.edu/pub/bardware/
xppaut2.52.tarz), both with RK-4 (stepsize 5 0.01) and Gear methods.
Initial conditions in all cases were: vAP 5 259.5; n5 1; vLP 5 259.5;W5
0.02; h 5 0; s 5 0. The equations now follow:

Figure 1. Organization of the stomatogastric nervous system. Top, Sche-
matic of the stomatogastric nervous system showing the paired CG, OG,
STG, and the associated nerves used in the recordings in this paper. These
include the stn, mvn, dvn, lvn, and lgn. The arrow shows the position where
the stn was cut or the Vaseline well used for blocking the stn was placed
(Materials and Methods). Intracellular recordings were made from the
somata (microelectrode) and extracellular electrodes used to record ac-
tion potentials in the motor nerves. Bottom, Connectivity diagram of the
pyloric network neurons that are the focus of this paper. The resistor
symbol denotes an electrical connection, and the filled circles represent
chemical inhibitory synaptic connections.
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RESULTS
The STG of the crab C. borealis contains 25–26 neurons (Kilman
and Marder, 1996), most of which are the motor neurons that
innervate the muscles of the foregut. As in other decapod species,
these neurons, together with the terminals of several of the

modulatory neurons that project into the STG, form the networks
that generate the pyloric and gastric mill rhythms of the crab
(Weimann et al., 1991; Nusbaum et al., 1992; Coleman and
Nusbaum, 1994; Weimann and Marder, 1994; Coleman et al.,
1995). When inputs to the STG from the paired CG are left
attached, robust pyloric rhythms (Fig. 2A,B, control) are almost
always observed, and spontaneous gastric mill rhythms are often
observed. However, when the effects of the modulatory projection
neurons found in the CG and the OG are removed by either
cutting the stn or blocking impulse traffic in the stn with sucrose
(Materials and Methods), the level of activity produced by the
isolated STG is much reduced (Russell, 1979). Under these con-
ditions, an ongoing gastric mill rhythm becomes silent, and the
pyloric rhythm either becomes silent or displays low frequency
activity (Fig. 2C,D, control).
A variety of neuropeptides, including proctolin (Hooper and

Marder, 1987; Nusbaum and Marder, 1989a,b), the extended
FLRFamide-like peptides (Weimann et al., 1993), the arthropod
tachykinins (Blitz et al., 1995), and red pigment concentrating
hormone (Nusbaum and Marder, 1988), can strongly activate
pyloric rhythms when applied to isolated STGs. The application of
these substances to a preparation showing strong rhythmic activity
often shows little or no effect, although they show extremely
dramatic actions when applied to preparations that are quiescent
or only slightly active (Nusbaum and Marder, 1989a,b). There-
fore, we studied the actions of CCAP on combined preparations
showing strong activity and on isolated STG preparations with
considerably lower levels of activity.
Figure 2 compares the actions of bath application of CCAP to

a preparation showing strong pyloric activity, because the CG
were left attached (Fig. 2A,B), to the actions of CCAP on the
same preparation after the stn was cut (Fig. 2C,D). Figure 2A
shows extracellular recordings from the dorsal ventricular nerve
(dvn), median ventricular nerve (mvn), and lateral gastric nerve
(lgn). The dvn shows activity of the LP, pyloric (PY), and PD
neurons (this can be better seen in the faster chart speed expan-
sion in Fig. 2B). The repeated sequence of alternating bursts in
the LP, PY, and PD neurons is the characteristic pyloric rhythm.
The mvn shows the activity of the ventricular dilator (VD) and
inferior cardiac (IC) neurons, the activity of which is time locked
to both the pyloric rhythm and the gastric mill rhythm (Weimann
et al., 1991).
Bath application of 1026 M CCAP (Fig. 2A, right) under these

conditions produced a small decrease in the frequency of the
pyloric rhythm, and the number of LP action potentials /burst and
the LP neuron duty cycle increased (Fig. 2B). Obvious at the slow
chart speed recordings of Figure 2A are the activation of the
gastric lateral gastric (LG) neuron, and the LG-timed modifica-
tions of the IC/VD neuron alternating patterns of activity.
When the influence of the CG units on the STG was removed

by cutting the stn, the pyloric rhythm slowed down considerably
(Fig. 2C,D). At that time, application of CCAP produced an
increase in the frequency of the pyloric rhythm, as well as pro-
nounced increases in the number of LP action potentials /burst
(Fig. 2C,D). The LG activation was less pronounced than that

3

Figure 2. Comparison of the effects of CCAP on a preparation with different levels of starting activity. A and C, Simultaneous extracellular recordings
from the dvn, mvn, and lgn. B and D, Faster chart speed of the dvn recordings in A and C, respectively. In all panels, left traces are in control saline and
right traces are in the presence of 1026 M CCAP. In this experiment, CCAP was first applied to the combined preparation in which the CG and OG were
left attached to the STG (A and B). Then the stn was cut, and 1026 M CCAP was applied to the STG again (C and D).
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seen in Figure 2A, and the IC neuron again fired strongly in time
with the LG neuron.
Figure 3 summarizes the effect of CCAP on the frequency of

the pyloric rhythm in 43 preparations. In this plot, the frequency
of the pyloric rhythm before CCAP application is plotted on the
X-axis, and the frequency of the pyloric rhythm in CCAP is
plotted on the Y-axis. All points found above the 458 line repre-
sent preparations that increased in frequency in CCAP, and those
below the line represent preparations that decreased in frequency
in CCAP. Fifteen of 43 preparations were silent after the stn was
cut or blocked, and 2 of 43 were silent even with the stn intact.
CCAP activated the pyloric rhythm in 12 of 17 silent preparations
(Fig. 3). In some preparations, both 1027 M and 1026 M CCAP
were applied (see Fig. 3, legend); therefore there are more than
43 points on the plot.
Figure 3 illustrates that the effect of CCAP on pyloric frequency

is complex. When the control frequency was low (,0.5 Hz),
CCAP applications increased the frequency in 15 of 15 cases.
When the control frequency was .0.7Hz, CCAP applications
increased and decreased the pyloric frequency in about equal
numbers of cases.

Dose dependence of CCAP action
The number of LP spikes /burst increased in all preparations to
which CCAP was applied (n 5 43). Figure 4 shows the number of
LP action potentials /burst in the presence of varying concentra-
tions of CCAP in one experiment. In Figure 4A the CG were left
attached (resulting in a robust pyloric rhythm before CCAP ap-
plication). In this experiment, CCAP increased the number of LP
spikes /burst at all concentrations at 10210 M and higher, with
approximately a doubling of the number of LP spikes seen at 1026

M CCAP. However, when the front end influences were removed
(resulting in a weaker pyloric rhythm in control saline), the effects
of CCAP were much more dramatic (Fig. 4B). The threshold for

action was again at or below 10210 M, with increasing effects at
higher concentrations.
We did 12 experiments in which CCAP was applied in increas-

ing concentrations starting at 10210 M. In 6 of these 12 experi-
ments 10210 M CCAP clearly increased the number of LP spikes /
burst, and in the remaining 6 experiments 1029 M CCAP did so.
Even when CCAP produced no changes in the frequency of the

pyloric rhythm, the activation of the LP neuron resulted in dose-
dependent changes in the phase relations of firing between the LP
and PY neurons, as illustrated in Figure 5. As the concentration of
CCAP was increased from 10210 to 1026 M, the onset of the LP
neuron firing was not much influenced by the application of

Figure 3. Effect of CCAP on pyloric rhythm frequency. X-axis, Frequency
in control saline; Y-axis, frequency in CCAP. Points above the line are
preparations in which the frequency was increased by CCAP. Points below
the line are decreases in frequency. f, 1027 M CCAP stn intact; F, 1026 M
CCAP stn intact; M, 1027 M CCAP stn cut or blocked; E, 1026 M CCAP
stn cut or blocked.

Figure 4. The dose dependence of CCAP action on the number of LP
neuron action potentials /burst. A, CG and OG attached. Pyloric rhythm
frequency, 0.74Hz. B, Stn cut. Pyloric rhythm frequency, 0.3 Hz. In both cases,
all concentrations of CCAP $10210 M increased the number of LP neuron
action potentials /burst. Note that the Y-axis scale is different in the two plots,
and the effect is much more pronounced with the lower starting level of
activity. Error bars indicate SEM. All values are statistically different from the
control and from each other ( p , 0.01, t test).
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CCAP. However, as the CCAP concentration was increased, the
LP neuron extended its burst to terminate later in the cycle. The
onset of PY neuron activity was phase delayed as a function of
CCAP concentration, which is likely a result of the extension of
the LP neuron burst, because LP synaptically inhibits PY.

CCAP starts the pyloric rhythm
CCAP applications activated strong pyloric rhythms in the major-
ity (12 of 17) of silent preparations. Figure 6A shows simultaneous
intracellular recordings from the PD, LP, and PY neurons in one
such preparation to show the dynamics of CCAP activation. The
CCAP reached the bath just before the onset of the traces shown
here. Note that the first effect of the CCAP was depolarization of
the LP neuron. Subsequently, the alternating pattern of LP, PY,
and PD activity started.
The LP neuron depolarization always preceded the start of the

alternating full pyloric rhythm, suggesting that the activation of
the pyloric rhythm could result entirely from the actions of CCAP
on the LP neuron, which then indirectly activates the PD/AB
neuron group by a postinhibitory rebound type mechanism. Al-
ternatively, the oscillatory properties of the AB/PD neuron group
could also be directly activated by CCAP. To distinguish between

these possibilities, we hyperpolarized the LP neuron before
CCAP applications to quiescent preparations. Figure 6B shows
the effect of hyperpolarizing the LP neuron in the same prepara-
tion as that shown in Figure 6A. With the LP neuron hyperpo-
larized, the PD neurons started to burst. However, the frequency
and regularity of the PD burst seen under these conditions was
less than that seen with the LP neuron also allowed to be active.
Figure 6C shows the effect of hyperpolarizing the PD neuron
before and during the beginning of the CCAP application. Note
here the strong activation of the LP neuron, but the lack of
rhythmic activity until the PD neurons were released from hyper-
polarization (Fig. 6C, black arrow). Together, these experiments
indicate that the CCAP activation of the pyloric rhythm occurs
because of direct effects of the CCAP on both the LP neuron and
on one or more neurons of the PD/AB neuron group.

Changes in movement associated with the effects
of CCAP
No matter how pronounced the changes in a motor pattern
produced by a modulator, it is never self-evident that these mod-
ifications of motor patterns will translate into a change in move-
ment. To determine whether the alterations in motor pattern
evoked by CCAP will produce altered movements, we stimulated
the motor nerve to several of the muscles innervated by the LP
neuron in patterns that were designed to mimic those seen in
different conditions. Figure 7 shows the results of one such exper-
iment. In this experiment the motor nerve to muscles cpv4 and
cpv6 (Maynard and Dando, 1974) was stimulated at 2, 10, and 20
spikes /burst to simulate the increase in the number of LP action
potentials /burst seen in CCAP. Under control conditions, there
was no movement evoked by the first burst of two spikes, and only
very small movements evoked by later trains of 2 spikes /burst. At
10 spikes /burst, it is evident that the contractions increased in
amplitude with successive trains of stimuli. At 20 spikes /burst, the
first burst produced a large contraction, and subsequent stimuli
produced no increase in peak amplitude.
The recordings in control saline illustrate the significant change

in muscle movement associated with the stronger LP neuron
bursts that would result from the CCAP action on the ganglion
alone. However, low concentrations of CCAP additionally amplify
the strength of nerve-evoked contractions, as is illustrated in the
recordings seen in the presence of CCAP (Fig. 7). Note that in the
presence of 5 3 10210 M CCAP, there is movement evoked by
even 2 spikes /burst, and at 10 spikes /burst enhancement of con-
traction was evident even in the first burst. However, when the
muscle was stimulated at higher frequencies, CCAP had no addi-
tional effect on peak amplitude or relaxation rates. This is not a
result of a ceiling effect, because even higher frequencies of nerve
stimulation will produce larger amplitude contractions (data not
shown). The effects of CCAP were dose dependent because 1027

M CCAP markedly increased the amplitude of the contractions
produced by 2 spikes /burst, and further enhanced those at 10
spikes /burst. Similar results were obtained in seven preparations.
The threshold for CCAP actions on these neuromuscular junc-
tions was between 10210 and 1029 M (n5 3). In addition to action
on the LP-innervated cpv4 and cpv6 muscles, CCAP also poten-
tiated the responses of the muscles innervated by the IC (n 5 3),
DG (n 5 3), and GM (n 5 3) neurons (data not shown).

CCAP-evoked mode switch results from interactions
between fast and slow oscillators
In approximately one-third of isolated STG preparations, CCAP
applications produced a mode switch in which the normal alternating

Figure 5. The dose dependence of CCAP on the phase relationships of the
pyloric network neurons. To make these plots, the start of the PD neuron
burst was called phase 0. The phase of any event is calculated as the time from
the start of the PD burst to that event, divided by the cycle period. In all
panels, the CCAP data are shown in black bars and the control data are shown
in clear bars. Error bars indicate SD. Data correspond to the means of 10
cycles measured in each condition from a single experiment.
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Figure 6. CCAP starts the pyloric rhythm in silent preparations. All panels show simultaneous intracellular recordings from the PD, LP, and PY neurons
with an extracellular recording from the dnv. The electrically coupled AB and two PD neurons are shown in the drawings as a linked ensemble. The black
circles show the chemical inhibitory synapses in control saline. The clear circles show the synaptic connections that are presumed to be no longer active
because the presynaptic neurons were hyperpolarized below their synaptic release threshold. In each panel, 1026 M CCAP was applied to the preparation
shortly before the recordings shown were taken. A, Control. Initial membrane potential: PD, 254 V; LP, 263 mV; PY, 260 mV. B, LP was
hyperpolarized. Membrane potentials: PD,253 mV; LP,2100 mV; PY,261 mV. C, PD neuron was hyperpolarized. Membrane potentials: PD,288 mV;
LP, 264 mV; PY, 260 mV.
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pattern of 1 PD burst /1 LP burst was replaced by a pattern of 2–4 PD
bursts /1 LP burst. This pattern was characteristically produced in
those preparations in which the pyloric rhythms in control saline
were either silent or relatively weak (low frequency) before CCAP
application. Figure 8 shows an experiment in which the pyloric
rhythm had a frequency of about 0.2 Hz before CCAP application. In
the presence of 1026 M CCAP (Fig. 8, right panel), the intense LP
neuron bursts strongly inhibited the PD neurons, which then burst
several times during the LP neuron interburst interval. These “novel”
CCAP-induced modes were not seen in preparations in which a
strong pyloric rhythm was present before CCAP application. There-
fore, we hypothesized that these novel rhythms were occurring when
the oscillatory properties in the AB/PD neuron group were relatively
weak, and when CCAP applications to the LP induced slow intrinsic
oscillatory activity from the LP neuron.

To test this hypothesis, preparations were placed in 1025 M

picrotoxin to block the LP to PD inhibition and to block the AB
to LP inhibition (Eisen and Marder, 1982; Marder and Eisen,
1984). Figure 9 shows simultaneous intracellular recordings from
the LP and PD neurons in 1028 M CCAP in the presence of 1025

M picrotoxin in one such experiment. The PD neurons were
bursting in a normal pyloric manner. However, with the inhibition
from the AB neuron blocked, the LP neuron fired in slow bursts,
now uncoupled from pyloric time. In three preparations, the LP
neuron in CCAP and picrotoxin was spontaneously generating
slow oscillations. In two preparations, the LP neuron was tonically
firing in CCAP and picrotoxin, but DC hyperpolarization evoked
large amplitude slow oscillations, the frequency of which was
dependent on the level of current injection (A. Swensen and J.M.
Weimann, unpublished results). In four preparations, short depo-

Figure 7. Effects of CCAP on LP-innervated muscles. The cpv4 and cpv6 muscles with attached nerves were placed in a small dish and attached to a
movement transducer. A suction electrode was used to stimulate the motor nerve at 2 spikes every 1.5 sec, 10 spikes every 2 sec, and 20 spikes every 1.8
sec. The top trace shows the stimulus pattern used. The next three traces are movement recordings of the muscle in response to the stimulus indicated
in the top panel in control saline and in the presence of CCAP at the indicated concentrations. The preparation was washed for 2 hr between the
application of 53 10210 M CCAP and that of 1027 M CCAP. During that time, it returned to control levels (not shown). After more than 90 min of washing
after the treatment with 1027 M CCAP, the preparation had not completely returned to control values (not shown). The slight downward slope of the
baseline seen at high stimulus frequencies is a result of the elastic properties of the movement transducer at the upper portion of its operating range.

Figure 8. Altered modes of activity evoked by CCAP. Simultaneous intracellular recordings from the LP and PD neurons and extracellular recording
from the dvn. Left, Slow pyloric rhythm with 1:1 alternation between the LP and PD neurons. Right, Altered pattern of activity seen in CCAP in which
the PD neurons fire 2–3 bursts /LP burst. Most hyperpolarized point of recordings: LP, 282 mV; PD, 269 mV.

Weimann et al. • Modulation of STG by CCAP J. Neurosci., March 1, 1997, 17(5):1748–1760 1755



larizing current pulses triggered, and short hyperpolarizing pulses
terminated, plateau potentials in the LP neuron in the presence of
CCAP (data not shown). Together, these data argue that CCAP
increased the tendency of the LP neuron to generate slow voltage-
dependent oscillations and /or plateaus.

Simulations of the interaction between fast and
slow oscillators
To gain further insight into the factors that might explain which
conditions determine when CCAP applications increased the in-
tensity of the pyloric rhythm without producing mode switches,
and which conditions facilitate the CCAP-induced mode switch,
we constructed a simple mathematical model. This model was
studied in six different parameter regimes, chosen to represent the
effects of anterior inputs and CCAP. The left panels of Figure 10
show the behavior of the isolated neurons, and the right panels of
Figure 10 show the behavior of the networks formed from these
neurons. The AB/PD group was an oscillator the frequency and
strength of which were varied to simulate the effects of anterior
inputs and CCAP on the frequency and strength of the AB/PD
oscillation. The LP neuron was modeled in three conditions: (1)
tonically firing and unable to generate oscillations, (2) tonically
firing but able to oscillate if hyperpolarized, and (3) slowly oscil-
latory. This oscillatory mode had the property that the duration of
its hyperpolarized phase depended on the duration of its depo-
larized phase. That is, if the neuron remained depolarized for a
long plateau, it required more recovery time before it could again

depolarize into another plateau. This was done because many
Ca21 currents involved in sustained plateaus show voltage-
dependent inactivation, and because Ca21-dependent K1 cur-
rents that would retard a second burst would be more fully
activated by a long burst than by a short one.
For simplicity, in both model neurons, the spike-generating

mechanisms were ignored, and we concentrated on the envelopes
of the voltage traces. Because these neurons release transmitter as
a graded function of membrane potential, and graded transmis-
sion is thought to play the major role in pattern generation
(Graubard et al., 1980, 1983; Johnson and Harris-Warrick, 1990;
Johnson et al., 1995), this allowed us to model simply the network
oscillations. Changes in oscillation amplitude were modeled by
simply increasing the strength of the synaptic conductance, be-
cause this again is a direct consequence of graded transmitter
release (Graubard et al., 1980, 1983; Johnson and Harris-Warrick,
1990, Johnson et al., 1995). The model neurons were connected
with reciprocal inhibitory connections. In the drawings that de-
scribe the circuit configurations, chemical inhibitory synapses are
shown as filled circles. The sizes of the filled circles are directly
scaled to indicate the actual sizes of the synaptic currents used in
the network simulations. Because both the AB and PD neurons
inhibit the LP neuron, but the AB-evoked inhibition is rapid and
the PD-evoked inhibition is slow (Eisen and Marder, 1982;
Marder and Eisen, 1984), these connections were modeled sepa-
rately, with different time courses.
Figure 10A is intended to simulate the pyloric rhythm with the stn

intact, in the absence of CCAP. Here the isolated PD/AB oscillator
was rapid, and the isolated LP neuron was modeled as tonically firing
but not oscillatory. When these models were coupled together, a
normal alternating pattern of activity was produced. The frequency
of this rhythm was slower than that of the isolated oscillator. To
simulate the effects of CCAP with the stn intact, two cases were
considered. In the first case (Fig. 10B), the frequency of the isolated
AB/PD neuron wasmodestly increased and the strength of the IPSPs
evoked by the AB/PD group was also modestly increased. The
parameters of the LP neuron (Table 1) were modified such that it
was tonically firing in isolation but would be oscillatory if it were
strongly hyperpolarized.When these neurons were coupled together,
a normal alternating pattern of activity was produced at a lower
frequency than that of the isolated fast oscillator.
Figure 10C shows the case in which the LP is spontaneously

oscillatory. The AB/PD neuron is the same as that in Figure 10B.
Note that with the AB/PD strongly oscillatory, the strength of the
IPSP that they evoke is sufficient to terminate the LP burst.
Therefore, although the intrinsic period of the LP is much longer
than that of the PD/AB, it can still follow the oscillator, and the
normal pattern persists.
To simulate the effect of blocking or cutting the stn (Fig. 10D),

the starting frequency of the AB/PD burst was decreased to
approximately one-third of that in Figure 10A (Table 1), and the
synaptic strength decreased accordingly. The LP was modeled as
tonically firing. When these neurons were coupled, the normal
pattern of alternation was seen, with a frequency one-half that
seen in Figure 10A. Figure 10, E and F, models the effect of
applying CCAP with the front end off. In Figure 10, E and F, the
effects of CCAP on the AB/PD oscillator were modeled by in-
creasing the frequency and strength of its oscillation. In Figure
10E, the LP was tonically firing in isolation but would generate
slow oscillations if strongly hyperpolarized. Under these condi-
tions, and if the IPSP from LP to AB/PD was weak, the normal
pattern of alternation was produced. In Figure 10F, the LP

Figure 9. Picrotoxin reveals fast and slow oscillators. Simultaneous intra-
cellular recordings from the LP and PD neurons, and extracellular record-
ing from the dvn. Preparation in 1025 M picrotoxin and 1026 M CCAP. The
most hyperpolarized membrane potentials: LP, 250 mV; PD, 271 mV.
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Figure 10. Mode switches can result from the interaction of fast and slow oscillators. The model neurons are described inMaterials andMethods. In each panel,
the left panel shows the behavior of the uncoupled cells, and the right panel shows the behavior of the coupled cells. Inhibitory synapses are shown as filled circles,
the size of which was scaled to represent the actual strengths of the inhibitory synaptic conductances. The AB- and LP-evoked synapses are fast, and the
PD-evoked synapse is slow (Materials and Methods). The numbers after each trace are the number of cycles depicted, so that it is possible to see easily the
changes in frequency. A, D, The LP neuron was modeled as tonically active (at a constantly depolarized state), and would not generate slow oscillations in
response to hyperpolarizing current. B, E, The LP neuron was tonically active with no imposed current, but would slowly oscillate if constant hyperpolarizing
current was applied. C, F, The LP neuron was a slow oscillator, with no external current applied. Parameter values are listed in Table 1.
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neuron was a slow oscillator in isolation, and the LP to AB/PD
inhibition was strong. At this time the altered mode was produced.
This altered mode depended on the ability of the LP to inhibit the
AB/PD neuron group, and thus silence it during the active phase
of the LP neuron. This allows the LP neuron to have a long active
phase, and therefore a long silent phase. The inhibition of the
AB/PD group could be accomplished by increasing the LP to
AB/PD inhibition (as in Fig. 10F) or by changing the properties
of the AB/PD oscillation to make it easier to suppress (not
shown).

DISCUSSION
A large number of neuroactive substances are known to modulate
the motor patterns produced by the stomatogastric nervous system
(Marder and Hooper, 1985; Harris-Warrick and Marder, 1991;
Harris-Warrick et al., 1992; Marder and Weimann, 1992). Unlike
most of the substances thus far known to modulate STG motor
patterns, CCAP is not present in projection neurons that deliver the
peptide directly to the STG neuropil. Rather, CCAP is released from
neurosecretory structures such as the pericardial organs and there-
fore must reach the STG neuropil hormonally (Stangier et al., 1988;
Christie et al., 1995). Because the pericardial organs release sub-
stances close to the heart, and the STG is found in the artery directly
anterior to the heart, substances released by the pericardial organs
are likely to reach the STG rapidly.
Biochemical studies in Carcinus maenas suggest that the release

of only 1% of the CCAP in the pericardial organs would raise the
bulk hemolymph concentration to more than 10210 M (Stangier et
al., 1988), indicating that local concentrations significantly greater
than 10210 M are likely to exist transiently. The threshold for
CCAP in the studies reported here was in the 10210 M range, both
for actions on the STG motor patterns and on the musculature.
Therefore, we expect that circulating CCAP levels are likely to
influence both the motor patterns produced by the STG and the
movements evoked by these motor patterns. Obviously, the higher
concentrations we used here were useful to characterize the
CCAP responses, although it is unlikely that circulating CCAP
levels would reach those concentrations, even transiently. How-
ever, it is possible that in the animal, other modulatory substances
could act synergistically with CCAP, and that the effective CCAP
thresholds and actions could be conditioned by other circulating
or neurally delivered modulatory substances. This kind of en-
hancement of the action of one peptide by another is seen in
Dickinson et al. (1997), demonstrating the enhancement of syn-
aptic potentials in the stomatogastric nervous system.

We show here that CCAP alters both themotor patterns produced
by the STG and the gain of the motor neuron to movement transfer
function. CCAP is not unique in this; many other modulatory sub-
stances, including dopamine, serotonin, octopamine, proctolin, alla-
tostatin, and FLRFamide-like peptides also have actions both on the
pattern generating circuitry within the STG (Harris-Warrick et al.,
1992; Marder and Weimann, 1992; Skiebe and Schneider, 1994) and
on one or more of the neuromuscular junctions of the stomach
(Lingle, 1981;Meyrand andMarder, 1991; Jorge-Rivera andMarder,
1995, 1996). However, in crabs, CCAP is unique in that it is only
hormonally delivered to both its peripheral and central targets. From
this, it is perhaps fair to argue that circulating levels of CCAP are
likely to modify coordinately the STGmotor patterns and to upregu-
late the gain of some of the neuromuscular junctions of the same
motor neurons, the activity of which is enhanced by CCAP. Figure 7
shows clearly that the increased number of LP spikes/burst would, by
itself, increase movement in the LP-innervated muscles, and that this
is likely to be even further enhanced by the peripheral actions of
CCAP. In this context, it would be interesting to determine how
many and which of the approximately 40 muscles of the crab stomach
are regulated by CCAP, to determine whether it acts to increase the
general tone and strength of the whole musculature, or whether it
selectively targets those muscles innnervated by motor neurons that
are activated strongly in the peptide.
Although there is now an extensive literature documenting the

presence of CCAP-like immunoreactivity in a large number of
arthropod species (Cheung et al., 1992; Keller, 1992; Davis et al.,
1993; Furuya et al., 1993; Lehman et al., 1993; Dircksen, 1994;
Trube et al., 1994; Breidbach et al., 1995; Groome and Lehman,
1995; Würden and Homberg, 1995), the physiological actions of
CCAP have been considerably less intensively studied. Although
CCAP was initially named because of its cardioexcitatory actions
on semi-isolated heart preparations of the crab C. maenas
(Stangier et al., 1987), not all crustacean hearts seem to be
sensitive to CCAP (McGaw et al., 1995). Moreover, the few
physiological studies that are now available show that CCAP is
likely to act on numerous other target organs, such as the retina
(Gaus and Stieve, 1992) and midgut (Groome and Lehman, 1995),
and now the STG and associated stomach muscles. Preliminary
experiments studying the effects of CCAP injections into intact
and behaving crayfish (Nieben et al., 1995; Bo#hm et al., 1996)
show that CCAP accelerates the heartbeat, ventilation, and pylo-
ric rhythm, and can initiate the gastric rhythm. Because CCAP is
found in a number of neurons in the crustacean nervous system,

Table 1. Parameter values for the simulations shown in Figure 10

Parameter IAP sln g1
LP a1 a2 gsyn

A left 0 6.0 0.9 0 0 0
A right 0 6.0 0.9 0.5 0.12 0.045
B left 1.0 6.0 0.86 0 0 0
B right 1.0 6.0 0.86 0.6 0.135 0.06
C left 1.0 6.0 0.8 0 0 0
C right 1.0 6.0 0.8 0.6 0.135 0.06
D left 21.63 8.5 0.9 0 0 0
D right 21.63 8.5 0.9 0.02 0.06 0.0225
E left 21.0 8.5 0.86 0 0 0
E right 21.0 8.5 0.86 0.1 0.075 0.0375
F left 21.0 8.5 0.8 0 0 0
F right 21.0 8.5 0.8 1 0.075 0.0375
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future work will almost certainly show that it functions as a
neurally released neuromodulator, as well as a hormone.
At high concentrations, CCAP can produce an interesting mode

switch, which we account for on the basis of a variable set of
interactions between fast and slow oscillators. We speculate that
the mode switch described here for the LP neuron may aid in
coordinating stomach movements needed to move food from one
area of the foregut to another. It is not clear whether this mode
switch is representative of the actions of CCAP in the intact
animal, but future endoscopic investigations should illuminate this
point. Nonetheless, it raises a number of interesting issues about
the interactions of oscillators with different properties on network
dynamics. Similar looking switches can be produced by a variety of
biophysical mechanisms (e.g., LoFaro et al., 1994). Our simple
model was designed to capture the spirit of the biological data
reported here. Although a significant body of theoretical litera-
ture is accumulating on the action of coupled oscillators in net-
works (Kopell, 1988; Wang and Rinzel, 1992; Skinner et al., 1994;
Somers and Kopell, 1995; Marder and Calabrese, 1996), the bulk
of this literature deals with networks formed from similar oscil-
lators coupled in various architectures. Much less theoretical work
has been done modeling oscillatory networks in which dissimilar
neurons are coupled (LoFaro et al., 1994). The simulations in-
cluded in this paper illustrate that the question, “Which neuron is
most critical for controlling the frequency of the pyloric rhythm
(or, for that manner, any other similar rhythmic circuit output)?”
is difficult to answer. These simulations support the contention
that different neurons are dominant in setting the frequency of the
pyloric rhythm under different conditions, and that modulation,
such as that provided by CCAP, may shift the primary pacemaker
from one locus of control to another.
The simulations shown in Figure 10 are consistent with the inter-

pretation that when the AB/PD group is strongly oscillatory, the
normal pyloric rhythm will result, regardless of whether the LP
neuron is tonically active or oscillatory. On the other hand, if the
AB/PD group is only weakly oscillatory, and the LP neuron is
strongly oscillatory, then the altered mode of activity will result. In
the simulations in Figure 10, the LP oscillator had the property that
the duration of the plateau phase determined the duration of the LP
silent phase, so that if the AB/PD were unable to inhibit the LP
plateau, then the LP silent phase would be long, allowing the AB/PD
to burst several times during that silent phase. Thus, in this scenario,
the LP neuron in CCAP was essentially identical with or without the
stn blocked, but the difference in the behavior of the network comes
from the strength of the oscillation in the AB/PD. It is not biologi-
cally implausible to assume that the LP neuron can recover from
inhibition more rapidly if it is depolarized for a short time, but has a
longer interburst interval if depolarized for a longer period of time.
This could occur with either a Ca21-activated K1 current or a
voltage-dependent Ca21 current that requires hyperpolarization to
recover from inactivation.
The mechanism used in Figure 10 to account for the mode switch

seen in high CCAP concentrations is not the only one that can do so.
In other simulations (not shown), we obtained a similar mode switch
by directly changing a parameter (gCa), thus lengthening the silent
period of the LP, without the Ca21-activated K1-like current. In
both cases, the mode switch depended on the LP to AB/PD synapse
being strong enough to shut down the AB/PD during the active
phase of LP, and on a long LP silent phase. In the simulations shown
in Figure 10, the LP is the same in both stn blocked and unblocked;
removing the effects of the anterior inputs is modeled by changing
synaptic strengths and the frequency of the AB/PD group. Alterna-

tively, it is possible that the oscillatory properties of the LP neuron
are different in the blocked or unblocked stn, with a longer silent
period when the stn is blocked. In that scenario, CCAP would
strengthen the LP to AB/PD synapse, and the alternative mechanism
for the mode switch described above would produce results similar to
those in Figure 10. Therefore, these simulations and their underlying
assumptions make testable predictions about the oscillations that the
LP generates under different conditions, and the role of these in
network behavior. In particular, it will be crucial to determine how
the period and interburst interval of the LP neuron oscillation are
affected by hyperpolarizing and depolarizing perturbations.
The present study is the first to document the potential role of

CCAP as an important modulator of central neuronal circuits in
arthropods. The action of CCAP is similar to those evoked by
proctolin in that both peptides can initiate strong pyloric rhythms
in quiescent preparations and that both peptides strongly activate
the LP neuron (Hooper and Marder, 1984, 1987). However, high
proctolin concentrations do not produce the kind of mode
switches seen in CCAP. Proctolin is known to strongly activate the
burst generating mechanism in the AB neuron, but does not
usually induce slow oscillatory action in the LP neuron, although
it greatly enhances its spike rate (Hooper and Marder, 1987;
Golowasch and Marder, 1992). In contrast, CCAP seems less
effective than proctolin in activating the AB neuron burst, and
more effective in eliciting slow bursts in the LP neuron. Thus,
although a casual inspection might call the actions of CCAP and
proctolin “redundant,” the actual dynamics of the networks in the
two peptides are likely to be different, with the proctolin-activated
network more dependent on strong oscillatory properties in the
AB neuron, and the CCAP-activated network more dependent on
strong rebound and oscillatory properties in the LP neuron.
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