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Six neuromodulators [proctolin, Cancer borealis tachykinin-
related peptide Ia, crustacean cardioactive peptide (CCAP), red
pigment-concentrating hormone, TNRNFLRFamide, and pilo-
carpine] converge onto the same voltage-dependent inward
current in stomatogastric ganglion (STG) neurons of the crab C.
borealis. We show here that each of these modulators acts on
a distinct subset of pyloric network neurons in the STG. To ask
whether the differences in cell targets could account for their
differential effects on the pyloric rhythm, we systematically
compared the motor patterns produced by proctolin and CCAP.
The motor patterns produced in proctolin and CCAP differed
quantitatively in a number of ways. Proctolin and CCAP both
act on the lateral pyloric neuron and the inferior cardiac neuron.

Proctolin additionally acts on the pyloric dilator (PD) neurons,
the pyloric (PY) neurons, and the ventricular dilator neuron.
Using the dynamic clamp, we introduced an artificial peptide-
elicited current into the PD and PY neurons, in the presence of
CCAP, and converted the CCAP rhythm into a rhythm that was
statistically similar to that seen in proctolin. This suggests that
the differences in the network effects of these two modulators
can primarily be attributed to the known differential distributions
of their receptors onto distinct subsets of neurons, despite the
fact that they activate the same current.
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All nervous systems use a large number of different signaling
molecules as neurotransmitters and neuromodulators. In princi-
ple, voltage-dependent and ligand-gated channels, chemical syn-
apses, and electrical synapses are all subject to neuromodulation,
resulting in changes in circuit activity and output (Marder and
Calabrese, 1996). The large number of potential sites for neuro-
modulation within a circuit often makes it difficult to understand
exactly how modulation of one or more currents in one or more
neurons within a circuit results in altered circuit activity. Under-
standing how modulation at the cellular level translates into
altered circuit output can be profitably studied in relatively small
nervous systems, in which the number of neurons involved allows
the investigator to identify the neurons that are direct targets of
modulation (Marder and Eisen, 1984b; Flamm and Harris-
Warrick, 1986; Hooper and Marder, 1987). The stomatogastric
ganglion (STG) of crabs contains only 26–27 neurons (Kilman
and Marder, 1996) but is modulated by 15–20 different substances
(Marder, 1987; Christie et al., 1995; Marder et al., 1995). This
raises a series of issues about how multiple neuromodulators can
act on the same circuits to produce a variety of behaviors.

Recently we found that six modulators [proctolin, Cancer bo-
realis tachykinin-related peptide Ia (CabTRP), TNRNFLRF-
amide, crustacean cardioactive peptide (CCAP), red pigment-
concentrating hormone (RPCH), and the muscarinic agonist
pilocarpine] that elicit distinct effects on the rhythmic output of
the STG (Marder and Hooper, 1985; Marder and Weimann,
1992) converge onto the same voltage-dependent current
(Swensen and Marder, 2000). This is in contrast to the amines

serotonin and dopamine that modulate a variety of different
currents in STG neurons (Kiehn and Harris-Warrick, 1992a,b;
Harris-Warrick et al., 1995a,b, 1998; Zhang and Harris-Warrick,
1995; Zhang et al., 1995; Kloppenburg et al., 1999).

How can a network produce divergent outputs in response to
multiple substances that converge onto the same current? To
answer this question, we first determined which neurons of the
pyloric network of the STG responded to each of the convergent
modulators and found that each of the convergent modulators
acts on a different subset of neurons. This suggests that the
differential distribution of receptors onto distinct subsets of target
neurons may be responsible for the divergent effects of these
modulators on network activity. To test this hypothesis, we used
the dynamic clamp (Sharp et al., 1993a,b) to introduce an artificial
peptide current into specific neurons, to attempt to convert the
motor patterns from those characteristically produced by one set
of neuronal targets to those produced by another. Specifically, we
found that by introducing an artificial peptide-activated current
into two cells that do not respond to CCAP but do respond to
proctolin we could convert the CCAP rhythm into a proctolin-like
rhythm. This would suggest that major differences in circuit
output can result from modulators that act on the same current if
they act on different subsets of circuit neurons.

MATERIALS AND METHODS
Animals. C. borealis were obtained from Commercial Lobster (Boston,
MA) and maintained in artificial seawater until used.

Modulators. Proctolin (Sigma, St. Louis, MO), CabTRP Ia (gift from
A. E. Christie and M. P. Nusbaum), CCAP (Bachem, Torrance, CA),
RPCH and TNRNFLRFamide (American Peptide Company, Sunny-
vale, CA), and pilocarpine (Sigma) were dissolved in saline and either
pressure applied using a Picospritzer (5–15 psi; 50–1000 msec) with
100–500 mM (proctolin, CabTRP, CCAP, TNRNFLRFamide, and
RPCH) or 10–50 mM (pilocarpine) in the pressure pipette or bath
applied at the concentrations indicated in the text and figure legends.
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Solutions. C. borealis physiological saline was composed of (in mM):
NaCl, 440; KCl, 11; CaCl2, 13; MgCl2, 26; Trizma base, 11; and maleic
acid, 5, pH 7.4–7.5.

Recordings. The stomatogastric nervous systems were dissected out of
the animals and pinned out in dishes containing Sylgard (Dow Corning,
Midland, MI). During the experiments, the nervous systems were con-
tinuously superfused with chilled (11–14°C) physiological saline. Extra-
cellular recordings from nerves were made using stainless steel pin
electrodes. Intracellular recordings were made using the Axoclamp 2A
and 2B amplifiers (Axon Instruments, Foster City, CA) in either two-
electrode current clamp, single-electrode current clamp, or two-electrode
voltage clamp (TEVC). Microelectrodes used for intracellular recordings
and injections contained 0.6 M K2SO4 and 20 mM KCl, and electrode
resistances ranged from 20 to 40 MV. Data were collected and analyzed
using pCLAMP software (Axon Instruments).

For the experiments performed to identify the cell targets of the
various modulators and for the dose–response curves, neurons were
pharmacologically isolated using 10 mM picrotoxin (PTX; Sigma) to
block the inhibitory glutamatergic synapses in the STG (Bidaut, 1980;
Marder and Eisen, 1984a), 0.1 mM tetrodotoxin (TTX; Alomone Labs,
Jerusalem, Israel) to block action potential generation, and, in some
cases, 10 mM tetraethylammonium chloride (TEA; Sigma) to block some
of the K 1 currents. Photoinactivation was used to eliminate electrically
coupled neurons (Miller and Selverston, 1979). For photoinactivation,
cells were filled for 45 min with Lucifer yellow (10%) in an electrode
backfilled with 1 M LiCl (24 to 28 nA pulses). Cells sat for an additional
30–60 min before irradiation to allow the Lucifer yellow to diffuse to the
outer processes.

For the experiments performed to compare the network effects of
CCAP and proctolin, the STG was isolated from anterior modulatory
inputs by blocking the stomatogastric nerve with a well containing
sucrose (750 mM). Data analyses of the phase relationships and cell
activity measurements were done using DataMaster, version 2.0, by
William Miller. Phase relationships were calculated by dividing the time
of burst onset (or offset) by the cycle period. The onset of the pyloric
dilator (PD) neuron was defined as time 0 for each cycle.

Dynamic clamp. Artificial currents were introduced into neurons using
a version of the dynamic clamp (Sharp et al., 1993a,b) developed by
Farzan Nadim, Yair Manor, and William Miller with LabView/CVI
software (National Instruments, Austin, TX). The artificial currents were
described by the equation: I 5 g*m*(V 2 Er), where m 5 1/(1 1
exp((V 2 Vm)/Km)), Er is the reversal potential, Vm is the half-maximal
activation, and Km is the slope of the logistic function at Vm. For the
artificial current in the PD neuron, Er 5 222 mV, Vm 5 221 mV, and Km
5 28 mV. For the pyloric (PY) neuron, these values were Er 5 9 mV, Vm
5 218 mV, and Km 5 210 mV.

Current–voltage curves. To obtain current–voltage curves, cells were
voltage clamped and typically ramped from 290 to 0 mV at 75 mV/sec
(1.2 sec total). The currents elicited under control conditions were then
subtracted from those obtained in the presence of the pressure-applied
modulator. This difference current was plotted versus voltage to yield the
current–voltage curves (Swensen and Marder, 2000).

Statistics. The SigmaPlot and SigmaStat software packages (Jandel
Scientific, San Rafael, CA) were used for statistical analyses.

RESULTS
We demonstrated previously that six modulators (proctolin,
CabTRP, CCAP, RPCH, TNRNFLRFamide, and pilocarpine)
converge onto the same voltage-dependent current (Swensen and
Marder, 2000). This current is an inward nonspecific cation cur-
rent that shows strong outward rectification (Golowasch and
Marder, 1992). The peak inward current is elicited at voltages
ranging from 240 to 220 mV depending on the cell type
(Swensen and Marder, 2000). We showed that although the lateral
pyloric (LP) neuron responded to all six modulators, the ventric-
ular dilator (VD) neuron responded to only a subset of the
modulators (Swensen and Marder, 2000). To account for the
effects of these neuromodulators on the entire network, it is
necessary to determine which cell types respond to each sub-
stance. Therefore, we assayed the remaining pyloric network
neurons to determine which modulators act on each cell type.

The PD neurons respond to proctolin, CabTRP,
and pilocarpine
There are two PD neurons in each STG. Figure 1A shows an
example of the current–voltage curves for proctolin, CabTRP,
and pilocarpine in an isolated PD neuron. Note the similarity in
the curves and that, for each modulator, the voltage at which the
peak inward current was elicited (Vpeak) was approximately 235
mV. The PD neurons responded to proctolin (n 5 7), CabTRP
(n 5 8), and pilocarpine (n 5 7) but not to TNRNFLRFamide
(n 5 4), CCAP (n 5 5), or RPCH (n 5 3). The mean Vpeak values
for proctolin, CabTRP, and pilocarpine were statistically indis-
tinguishable (one-way ANOVA, p 5 0.162). The mean Vpeak

value for all PD neurons was 230 6 1 mV (n 5 8).

Figure 1. Modulators acting on the PD and PY neurons. A, Convergence
of proctolin, CabTRP, and pilocarpine onto the PD neuron. All three
modulators yield similar current–voltage curves with Vpeak values of
approximately 235 mV. Recordings were made from the same PD neu-
ron. The PD neuron was isolated from the electrically coupled AB and
LPG neurons by photoinactivation. B, Two of the response types exhib-
ited by PY neurons. The responses of the PY neuron fell into three
categories: those that responded to only TNRNFLRFamide (type I; top),
those that responded to TNRNFLRFamide, proctolin, and pilocarpine
(type II; bottom), and those that responded to TNRNFLRFamide, proc-
tolin, pilocarpine, and CabTRP (type III; data not shown). Note that all
three modulators converging onto the type-II neurons yield similar cur-
rent–voltage curves with Vpeak values at approximately 220 mV. Record-
ings were all made in TEVC. Modulators were pressure applied for 100
msec at 500 mM (proctolin, CabTRP, or TNRNFLRFamide) or 50 mM
(pilocarpine). The bath contained 10 mM PTX to block the inhibitory
glutamatergic synapses, 0.1 mM TTX to block action potential generation,
and 10 mM TEA to block some of the K 1 currents.
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PY neurons fall into three categories
In the lobster Panulirus interruptus, there are eight PY neurons
that have been divided into two classes on the basis of their firing
patterns and synaptic connections (Hartline et al., 1987). In the
crab C. borealis, there are approximately five PY neurons (Kil-
man and Marder, 1996), which are also likely to be heterogeneous
in terms of synaptic connectivity. Figure 1B shows the current–
voltage curves for two PY neurons that responded to different
subsets of the modulators. The PY neurons responding to only
TNRNFLRFamide (4 of 14) were classified as type-I PY neu-
rons. The other PY neurons responded either to TNRNFLRF-
amide, proctolin, and pilocarpine (type II; 6 of 14) or to TNRN-
FLRFamide, proctolin, pilocarpine, and CabTRP (type III; 4 of
14). None of the PY neurons tested responded to either CCAP
(n 5 14) or RPCH (n 5 14). In three of four experiments in which
we recorded from two PY neurons in the same preparation, we
found that the PY neurons fell into different categories on the
basis of their modulator responses. This suggests that these
different PY neuron subtypes are expressed in each individual
animal and are not simply a result of animal-to-animal variability.
The mean Vpeak values for type-I (218 6 6 mV; n 5 3), type-II
(221 6 7 mV; n 5 5), and type-III (219 6 6 mV; n 5 4) PY
neurons were statistically indistinguishable (one-way ANOVA,
p 5 0.777). In addition, the pooled Vpeak values for each individ-
ual modulator (TNRNFLRFamide, proctolin, pilocarpine, and
CabTRP) across all PY neurons were not statistically different
(one-way ANOVA, p 5 0.587).

The inferior cardiac neuron responds to five of the
six modulators
There is one inferior cardiac (IC) neuron in each STG. The IC
neuron responded to proctolin (n 5 7), CabTRP (n 5 7), CCAP
(n 5 5), TNRNFLRFamide (n 5 7), and pilocarpine (n 5 5) but
not to RPCH (n 5 4). The Vpeak measurements for the different
modulators acting on the IC neuron were not statistically different
(one-way ANOVA, p 5 0.617). The mean Vpeak value for all IC
neurons was 229 6 5 mV (n 5 7).

The lateral posterior gastric neurons
There are two lateral posterior gastric (LPG) neurons in each
STG. All isolated LPG neurons responded to CabTRP (n 5 7)
but not to proctolin (n 5 7), CCAP (n 5 3), TNRNFLRFamide
(n 5 3), or RPCH (n 5 3). Two of five LPG neurons responded
to pilocarpine as well. The Vpeak value for CabTRP in the LPG
neurons was 218 6 5 mV (n 5 5).

The anterior burster neuron
There is one anterior burster (AB) neuron in each STG. The AB
neuron is electrically coupled to the PD neurons and often has a
very small soma with a narrow neck, partially isolating the soma
from its major neurite and its electrically coupled partners. In
voltage-clamped isolated AB neurons, we were not able to see any
modulator-elicited currents in response to voltage ramps. In
current-clamp recordings of isolated AB neuron activity, how-
ever, the modulators increased the frequency and/or enhanced
the amplitude of the membrane potential oscillations of the AB
neuron (proctolin, n 5 5; CabTRP, n 5 3; CCAP, n 5 3;
pilocarpine, n 5 2; TNRNFLRFamide, n 5 2; and RPCH, n 5 2;
data not shown).

Summary of the cellular targets for each modulator
Figure 2 summarizes the cell targets of each modulator, and
Table 1 reports the measured Vpeak values of the modulator

responses in each cell type. In Figure 2, neurons that displayed
multiple response types are shaded according to the subpopula-
tion of those neurons that showed responses.

Figure 2 shows that each of the modulators acted on a different
subset of the neurons in the pyloric rhythm. On one end of the
spectrum, CabTRP activated all cell types, whereas at the other
end of the spectrum, RPCH had only two cell targets. To deter-
mine experimentally whether the differences in cell targets can
account for differences in the motor patterns evoked by the
different modulators, we wanted to select a pair of substances that
differed in cell targets sufficiently to be interesting (more than one
cell different) but were close enough so that we could later apply
artificial peptide currents with the dynamic clamp. Therefore, we
chose to compare the actions of proctolin and CCAP. The logic of
the remainder of this paper is first to compare quantitatively the
motor patterns evoked by proctolin and CCAP and then to
determine whether we can convert a CCAP pattern to a proctolin
pattern by application of the modulator current, using the dy-
namic clamp, to those cells that do not respond to CCAP but do
respond to proctolin.

Proctolin and CCAP elicit distinct effects at the
network level
The physiological actions of bath-applied proctolin and CCAP
have been reported previously (Hooper and Marder, 1984;
Marder et al., 1986; Nusbaum and Marder, 1989a,b; Weimann et

Figure 2. Pyloric circuits summarizing the target neurons (shaded) for
each of the convergent modulators. Each modulator targets a different
subset of cells. Neurons that exhibited multiple responses are shaded
according to the percentage of the cells that did respond to a given
modulator.
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al., 1997). However, in the previous work proctolin and CCAP
were studied separately, and each was compared with control
saline, and there were no direct quantitative comparisons of the
motor patterns evoked by these modulators. Figure 3 shows an
example of proctolin and CCAP (at two concentrations) applied
to the same preparation. Previous work had shown that both
modulators strongly excited the LP neuron but that CCAP has a
more potent action on the LP neuron at a given concentration
(Hooper and Marder, 1984; Marder et al., 1986; Nusbaum and
Marder, 1989a,b; Weimann et al., 1997). This can be seen in
Figure 3, where the LP neuron is more strongly activated in
CCAP than in proctolin at a given concentration. In 5 3 102 7 M

CCAP, the LP neuron fired at a higher spike frequency ( p ,
0.041, paired t test) and for a longer duration ( p , 0.001, paired
t test) than in 102 6 M proctolin (n 5 8 experiments). We wanted
to ask whether there were significant differences in the pyloric
rhythm in the two peptides because of effects on other target
neurons, independent of differences in the activation of the LP
neuron. Therefore we used LP neuron activity to normalize for
potency differences between proctolin and CCAP and studied the
rhythms at concentrations of the two peptides that produced
equivalent spike frequency in the LP neuron.

Figure 4 shows the dose–response curves for proctolin- and
CCAP-evoked currents in the LP neuron. On the basis of the best

fits, at concentrations of 102 6 M, proctolin was at 83% of its
maximal current, and CCAP was at 94% of its maximal current.
To compensate for the difference in potency, as calculated from
the inward currents measured in the peptides, we started by
comparing the effects of 102 6 M proctolin with a CCAP concen-
tration of 3 3 102 7 M. At these concentrations (102 6 M proctolin
and 3 3 102 7 M CCAP) the spike frequencies of the LP neuron
in the intact network were approximately equivalent but still
varied slightly depending on the preparation. To compensate for
this, in each individual experiment we adjusted the CCAP con-
centration until the LP neuron fired at the same frequency in
CCAP as in 102 6 M proctolin. The CCAP concentrations for the
six experiments were the following: 1.5 3 102 7, 2.0 3 102 7,
3.0 3 102 7, 3.5 3 102 7, 5.0 3 102 7, and 5.0 3 102 7 M.

Using the dynamic clamp to mimic peptide actions
The artificial peptide currents that we used were derived from
currents measured in a PD and a PY neuron. Figure 5A shows the
artificial peptide currents we used for the PD and PY neurons
along with the actual current–voltage curves from which they
were fit. Examples of the artificial currents applied to a PD
neuron and a PY neuron are shown in Figure 5B. The lef t panels
show control recordings for a PD and a PY neuron, and the right
panels show recordings from these two cells with the addition of

Table 1. Summary of modulators converging onto each pyloric cell type

LP VD IC PY PD LPG AB

I II III

Proctolin Yes Yes Yes N Y Ya Yes No Yes
CabTRP Yes Yes Yes N N Y Yes Yes Yes
TNRN Yes Yes Yes Y Y Y No No Yes
CCAP Yes No Yes N N N No No Yes
RPCH Yes No No N N N No No Yes
Pilocarpine Yes Yes Yes N Y Y Yes Yes/no Yes
Vpeak 238 6 5 220 6 3 229 6 5 220 6 6 230 6 1 218 6 5 N/Ab

(mV) n 5 35 n 5 13 n 5 7 n 5 12 n 5 8 n 5 5

Summary of targets for each modulator and the Vpeak values for each of the different cell types comprising the pyloric network. The LP and AB neurons demonstrate the
largest degree of convergence; all six modulators elicit responses in them. The PY type-I neurons, on the other hand, only respond to TNRNFLRFamide. The Vpeak values
demonstrate that there were differences across different cell types.
aN, No; Y, yes.
bN/A, Not applicable.

Figure 3. Proctolin- and CCAP-elicited pyloric rhythms at two different concentrations (10 26 and 10 27 M). Extracellular recordings are from STG
motor nerves. These recordings show the activity of the pyloric neurons as labeled. Both sets of recordings are from the same preparation.
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artificial current. Below each intracellular recording is a current
trace showing the amount of artificial current being injected at
any given time. Because of the voltage dependence of the peptide
currents, the dynamic-clamp current oscillates with the voltage
swings of the cell. Moreover, because there is more inward
current when the cells are depolarized, the peptide current en-
hances the amplitude of the oscillations and causes an increase in
the number of spikes fired in each burst.

Comparison of the proctolin, CCAP, and
artificial rhythms
For these experiments, we first applied proctolin (102 6 M) to the
STG to elicit a control proctolin rhythm. After extensive rinsing,
CCAP was applied to the STG to obtain a CCAP rhythm. While
still in CCAP, we then used the dynamic clamp to inject varying
amounts of the artificial peptide current into the PD and PY
neurons simultaneously to see how these neurons influenced the
background CCAP-elicited rhythm. We then analyzed the
rhythms produced with these artificial peptide currents to see
whether they had become more proctolin-like. We refer to these
rhythms as the “artificial rhythm.”

To assess the extent to which the CCAP rhythm became more
proctolin-like, we measured the following parameters of the mo-
tor patterns: (1) the cycle frequency, (2) the burst duration of
each neuron, (3) the phase of onset and termination of the burst
of each neuron, (4) for single neurons (LP and IC neurons) the
spike frequency within the burst, and (5) for neurons with mul-
tiple copies (PD and PY neurons) the number of spikes per burst.

In preliminary experiments we found that the artificial peptide
current in the PY neuron had a pronounced effect on the burst
duration of the LP neuron and that the artificial peptide current
in the PD neuron influenced the cycle frequency. Therefore, the

tuning strategy we used in these experiments was first to adjust
the size of the artificial peptide-activated conductance in the PY
neuron until the LP burst duration was similar to what was
observed in proctolin. We then adjusted the size of the artificial
peptide-activated conductance in the PD neuron until the cycle
frequency was similar to the observed proctolin frequency. The
resulting rhythm was then compared with the proctolin rhythm
across all rhythm parameters. The peak current values for the PD
and PY neurons that were used in the six experiments were
21.7 6 0.33 nA (PD neuron) and 21.4 6 0.3 nA (PY neuron).
These values are similar to the maximal current amplitudes in the
current–voltage relationships for these cells (see Fig. 5A). The
mean experimental values for the peak currents elicited from
pressure applications of the peptides were 21.2 6 0.7 nA (n 5 8)

Figure 4. Dose–response curves for proctolin and CCAP in the LP
neuron. The proctolin dose–response curve is adapted from Swensen and
Marder (2000). For proctolin, 90% of the maximal current was reached at
1.8 3 10 2 6 M, and for CCAP, 90% maximal was reached at 6 3 10 2 7 M.
Plotted points represent the normalized peak inward current elicited
(6SE) in the LP neuron while voltage clamped to 240 mV. The bath
contained 10 mM PTX and 0.1 mM TTX. Points were fit to the equation:
y 5 (Imax )x/(Kd 1 x), where x is the concentration of the applied peptide,
Imax is the normalized maximal current, and Kd is the dissociation con-
stant. For proctolin, Imax 5 1.06 6 0.01, and Kd 5 2.02 (6 0.01) 3 10 2 7

M. For CCAP, Imax 5 0.99 6 0.02, and Kd 5 6.7 (6 1.1) 3 10 2 8 M.

Figure 5. The artificial peptide-elicited currents for the PD and PY
neurons. A, Proctolin currents recorded from a PD and a PY neuron and
the fits that were used as the artificial peptide currents. Recordings were
made using TEVC in the presence of 10 mM PTX and 0.1 mM TTX.
Values obtained from the fits were used in the dynamic-clamp program
(see Materials and Methods). B, Left, The control activity of a PD and a
PY neuron. Right, How the activity of the PD and the PY neurons change
with the introduction of the artificial current. Below each intracellular
trace is a current trace showing the amplitude of the artificial current being
injected at any given time. The horizontal line indicates 250 mV. In these
two examples the peak current values were set at 21.8 nA (PD neuron)
and 21.6 nA (PY neuron).
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for the PD neuron and 21.1 6 0.5 nA (n 5 12) for the PY neuron.
The values used for the artificial currents are a little larger than
these because we were introducing the artificial current into only
one of the two PD neurons and one of the PY neurons.

Figure 6A shows a representative example of the proctolin-
elicited, CCAP-elicited, and artificial rhythms. To the right of
these traces in Figure 6A, we plotted the measurements that are
statistically different for the proctolin- and CCAP-elicited
rhythms across all experiments (see below). Figure 6B shows the
phase relationships for the rhythms shown in Figure 6A.

Figure 7A shows the mean values for the activity-related mea-
surements that had statistically significant differences for the
proctolin- and CCAP-elicited rhythms (n 5 6). These values were
as follows: the duration of the PD neuron ( p , 0.03), the number
of spikes per burst of the PD neuron ( p , 0.001), the duration of
the LP neuron ( p , 0.001), the number of spikes per burst of the
PY neuron ( p , 0.01), and the overall frequency of the rhythm
( p , 0.01). After the introduction of the artificial peptide cur-
rents into the PD and PY neurons, these values were statistically
indistinguishable from those of the proctolin-elicited rhythm.

The phase plot of the average values for all experiments (n 5
6) is shown in Figure 7B. The phase measurements that were
statistically different between the proctolin and CCAP rhythms
were the following: the off-phase of the PD neuron ( p , 0.01),
the off-phase of the PY neuron ( p , 0.01), the on-phase of the IC
neuron ( p , 0.005), and the off-phase of the IC neuron ( p ,
0.05). With the introduction of the artificial peptide currents into

the PD and PY neurons, only the differences in the off-phase of
the PY neuron ( p , 0.05) and the off-phase of the IC neuron
( p , 0.01) remained statistically significant compared with the
values for the proctolin-elicited rhythm. The values that were not
statistically different between the proctolin- and CCAP-elicited
rhythms were also not different in the artificial rhythm.

Rhythm changes because of the individual effects of
the PD and PY neurons
The application of the peptide current to both the PD and PY
neurons can change a CCAP-elicited rhythm into a proctolin-like
rhythm. Which of the modifications in circuit output are a result
of altered activity in each of the two neurons? To address this
question, we also introduced the artificial peptide currents into
the PD and PY neurons individually to determine which circuit
parameters each neuron affected.

As might be expected, the introduction of the artificial current
into the PD neuron (n 5 6), in the presence of CCAP, signifi-
cantly changed the activity of the PD neuron. The off-phase of the
PD neuron increased from 0.12 to 0.17 ( p , 0.05), the burst
duration of the PD neuron increased from 0.18 to 0.24 sec ( p ,
0.03), and the number of spikes per burst of the PD neuron
increased from 3.1 to 7.0 ( p , 0.001). The spike frequency of the
LP neuron also showed a slight decrease (26.0–25.1 Hz; p ,
0.05), and the on-phase of the PY neuron was delayed (0.59–0.67;
p , 0.05). No other parameters changed significantly.

Artificial current applied to the PY neuron (n 5 5), in the

Figure 6. The proctolin-elicited, CCAP-elicited, and artificial pyloric rhythms. The artificial rhythm is the rhythm produced in the presence of CCAP
while the artificial “peptide” currents were being applied to the PD and PY neurons simultaneously. A, Extracellular recordings from STG motor nerves.
Spike units for the different pyloric neurons are labeled. Some of the measured values from this experiment are shown to the right. These values are
averages over longer portions of the traces shown. In this experiment, the number of spikes per burst of the PY neuron was measured directly from a
PY neuron. All three sets of recordings are from the same preparation. lvn, Lateral ventricular nerve; pdn, pyloric dilator nerve; mvn, medial ventricular
nerve. B, Phase relationships of the PD, LP, PY, and IC neurons derived from the traces in A. Measurements are the means 6 SD. For this experiment,
the peak current values for the artificial peptide currents were set at 21.8 nA for the PD neuron and 21.6 nA for the PY neuron. The CCAP
concentration was 2 3 10 2 7 M.
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presence of CCAP, significantly altered the measured values for
the duration of the LP neuron (0.60–0.47 sec; p , 0.03), the
off-phase of the LP neuron (0.72–0.66; p , 0.02), the duration of
the PY neuron (0.42–0.57 sec; p , 0.05), and the number of spikes
per burst of the PY neuron (8.3–14.8; p , 0.01).

The VD neuron was only weakly affected by proctolin
in ongoing rhythms
Although the isolated VD neuron responds to proctolin, the VD
neuron appeared to be affected only weakly by it during ongoing
rhythms (data not shown). In 12 of 13 preparations, the VD
neuron was silent under control conditions. With the addition of
proctolin, the VD neuron remained silent in six of these prepa-
rations and started firing weakly (one to two spikes per cycle) in
the other six. In the preparation in which the VD neuron was
active under control conditions, the spiking in the VD neuron
only increased from one to two spikes per burst.

DISCUSSION
Convergence, divergence, and redundancy
Why do nervous systems use a vast array of neuropeptides and
amines to modulate the neural circuits that control behavior? The
simplest assumption might be that each substance might have a
dedicated role, to modulate either a certain current or synapse. It
is now abundantly clear, however, that this simple assumption is
not true. In many nervous systems, multiple neuromodulatory
substances converge onto the same current (Dunlap and Fisch-
bach, 1978; Jones, 1985; Christie and North, 1988; Nicoll et al.,
1990; Brezina et al., 1994a,b; Sodickson and Bean, 1998; Swensen
and Marder, 2000), and many neuromodulators have actions on
multiple currents (Levitan, 1988, 1994; Nicoll et al., 1990; Kiehn
and Harris-Warrick, 1992b; Kloppenburg et al., 1999).

To what extent are convergent neuromodulatory actions redun-
dant for circuit dynamics? In this paper we demonstrate that a

number of neuropeptides that converge onto the same current in
an individual neuron each activates a different subset of neurons
within the pyloric circuit of the stomatogastric ganglion. A com-
parison of two of these neuropeptides, proctolin and CCAP,
shows that they evoke significantly different effects on the pyloric
rhythm, as a consequence of their acting on different target
neurons within the pyloric network. This demonstrates clearly
that physiological effects that appear to be redundant under
certain assay conditions may elicit quite different actions when
assayed on systems of interacting neurons.

Direct and indirect effects of modulator action
It is no surprise that neurons, which are directly excited by
proctolin and CCAP when isolated, change their activity patterns
when these substances are applied to the whole network. For
example, the LP neuron markedly increases its firing in both
substances, as noted previously (Hooper and Marder, 1984;
Marder et al., 1986; Weimann et al., 1997; Swensen and Marder,
2000), and is a direct target of the peptides. However, even
neurons that are not direct targets of a neuromodulator can
change their activity pattern as a consequence of circuit interac-
tions (Hooper and Marder, 1987). This point is made very clearly
in the dynamic-clamp experiments in which addition of the arti-
ficial peptide current to only the PD and PY neurons results in
major changes in the activity of the LP neuron.

Intuitively, the later off-phase of the PY neuron seen in the
proctolin-elicited rhythms would appear to be caused directly by
the proctolin current in the PY neuron. Individually introducing
the artificial current into the PY neuron, however, did not have
any effect on the off-phase of the PY neuron, but the introduction
of the artificial current into the PD neuron did cause a small delay
in the off-phase of the PY neuron, although its effect was not
strong enough to be statistically significant. The simultaneous
addition of the artificial current to both the PD and PY neurons

Figure 7. Comparison of proctolin-elicited, CCAP-elicited, and the artificial rhythms. A, Comparison of the activity-related measurements across all
experiments. Only the values found to be significantly different for the CCAP rhythm, as compared with the proctolin rhythm, are shown. B, The phase
relationships averaged across all experiments. The on-time of the PD neuron was defined as phase zero. Measurements are the means 6 SD (n 5 6).
All comparisons were made using a paired t test. * denotes p , 0.05. The concentrations of CCAP used in the experiments were the following: 1.5 3
10 2 7, 2 3 10 2 7, 3 3 10 2 7, 3.5 3 10 2 7, 5 3 10 2 7, and 5 3 10 2 7 M.
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was necessary to get a robust delay in the off-phase of the PY
neuron. This suggests that the PD and PY neurons are acting
synergistically to bring about some of the changes.

One of the most thorny problems in systems neuroscience is
trying to evaluate the extent to which changes in circuit output
are a result of specific changes in one element or component of
the circuit. Dynamic-clamp experiments, such as those reported
here, can provide a tool with which to assess the significance of
any one portion of a circuit for the function of that circuit. For
example, the pyloric frequency is higher in proctolin than in
CCAP. The PD neurons, which are electrically coupled to the AB
pacemaker neuron, are direct targets for proctolin but are insen-
sitive to CCAP, suggesting that the frequency difference could be
simply attributable to the difference in the peptide action directly
on the PD–AB neuron pacemaker ensemble. Injecting the artifi-
cial current into the PD neuron individually, however, did not
significantly affect the overall rhythm frequency, but simulta-
neous injections into the PD and PY neurons did significantly
increase the overall frequency. This again suggests a synergistic
effect of the activation of the PD and PY neurons on the rhythm
frequency and illustrates that the PY neurons, which have no
direct input to the pacemaker, can influence its frequency by
virtue of their interactions with the LP neuron and other circuit
elements.

How different are the proctolin and CCAP rhythms?
Previous work on the individual effects of proctolin and CCAP on
the pyloric rhythm in C. borealis found that both peptides increase
the burst duration and the number of action potentials per burst
in the LP neuron (Marder et al., 1986; Nusbaum and Marder,
1989a,b; Weimann et al., 1997). Both peptides have state-
dependent effects on the pyloric frequency, generally speeding up
the rhythm for slower initial pyloric frequencies (0–0.7 Hz) and
having little or no effect for faster initial frequencies (0.7–1.5 Hz).
Despite all these similarities, the rhythms produced by proctolin
and CCAP are quantitatively different. The LP neuron is more
strongly activated in CCAP than in proctolin, and the PD neuron
is strongly activated only in proctolin. In this study, we normal-
ized for the stronger activation of the LP neuron (by adjusting the
concentration of CCAP) and quantitatively described the remain-
ing differences by comparing a number of rhythm parameters.
Thus, the statistical differences we report here for these two
neuropeptides are an underestimate of the actual differences
between the two rhythms if they were compared at the same
concentrations. Nonetheless, this procedure allowed us to focus
on those effects not attributable simply to the different extent of
activation of the LP neuron in the two peptides.

Bath application of neuromodulators
In this study we used bath application of neuropeptides to evoke
“canonical” peptide rhythms. To what extent are these likely to be
the same as those rhythms induced in response to physiological
release of these neuropeptides? Figure 2 shows the cell targets for
each of the convergent peptides. These cell target diagrams would
be those relevant to any substances released either from local
neurohemal-like terminals (Kilman and Marder, 1996) or hor-
monally through the hemolymph (Christie et al., 1995). In these
cases all of the target neurons within the STG will “see” the
released modulator. All five of the peptides studied here are
present hormonally, and CCAP is not found in modulatory pro-
jection neurons to the STG but acts only as a neurohormone
(Dircksen and Keller, 1988; Christie et al., 1995; Johnen et al.,

1995; Dircksen, 1997). In contrast, proctolin is released from
three pairs of identified modulatory projection neurons that each
evoke a characteristic and different motor pattern when active
(Blitz et al., 1999). Recent work argues that these different effects
are not simply attributable to the different cotransmitters found in
these cells but also result from differential access of proctolin to
the proctolin receptors on different neurons (Wood et al., 2000).

Conclusions
It remains puzzling that the STG contains only 30 neurons,
generates relatively simple motor patterns, but is modulated by at
least 20 different substances (Marder and Weimann, 1992;
Marder and Calabrese, 1996; Marder et al., 2001). Understanding
fully the manner in which physiologically different motor patterns
are encoded in convergent and divergent modulator action will
require considerably more work. Nonetheless, the present results
suggest that understanding the mechanisms by which modulators
with apparently redundant actions influence the larger circuits
found in vertebrates will require understanding, as in the STG,
when modulator actions result from direct actions on specific
target neurons and when changes in circuit function are an
emergent property of modulator action at many sites within the
circuit that together account for the final circuit output.
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