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Parallel Regulation of a Modulator-Activated Current via
Distinct Dynamics Underlies Comodulation of Motor
Circuit Output
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The cellular mechanisms underlying comodulation of neuronal networks are not elucidated in most systems. We are addressing this issue
by determining the mechanism by which a peptide hormone, crustacean cardioactive peptide (CCAP), modulates the biphasic (protrac-
tion/retraction) gastric mill (chewing) rhythm driven by the projection neuron MCN1 in the crab stomatogastric ganglion. MCN1 acti-
vates this rhythm by slow peptidergic (CabTRP Ia) and fast GABAergic excitation of the reciprocally inhibitory central pattern generator
neurons LG (protraction) and Int1 (retraction), respectively. MCN1 synaptic transmission is limited to the retraction phase, because LG
inhibits MCN1 during protraction. Bath-applied CCAP also excites both LG and Int1, but selectively prolongs protraction. Here, we use
computational modeling and dynamic-clamp manipulations to establish that CCAP prolongs the gastric mill protractor (LG) phase and
maintains the retractor (Int1) phase duration by activating the same modulator-activated inward current (IMI ) in LG as MCN1-released
CabTRP Ia. However, the CCAP-activated current (IMI-CCAP) and MCN1-activated current (IMI-MCN1) exhibit distinct time courses in LG
during protraction. This distinction results from IMI-CCAP being regulated only by postsynaptic voltage, whereas IMI-MCN1 is also regulated
by LG presynaptic inhibition of MCN1. Hence, without CCAP, retraction and protraction duration are determined by the time course of
IMI-MCN1 buildup and feedback inhibition-mediated decay, respectively, in LG. With IMI-CCAP continually present, the impact of the
feedback inhibition is reduced, prolonging protraction and maintaining retraction duration. Thus, comodulation of rhythmic motor
activity can result from convergent activation, via distinct dynamics, of a single voltage-dependent current.

Introduction
The parallel influence of distinct modulatory inputs is likely a
common occurrence in the CNS, yet its impact on neuronal net-
work output is described in only a few systems (Dickinson et al.,
1997; Svensson et al., 2001; McLean and Sillar, 2004; Crisp and
Mesce, 2006; Kirby and Nusbaum, 2007). Such parallel inputs
might target the same, overlapping or distinct sets of network
neurons, and they could act via convergent or distinct mecha-
nisms. This level of mechanistic detail regarding comodulation,
however, is unavailable for most networks, though it is partly
established for the motor network output onto motor neurons in
some spinal locomotor systems (Svensson et al., 2001; McLean
and Sillar, 2004).

We are studying the mechanisms underlying comodulation of
motor pattern generation using the stomatogastric nervous system
(STNS) of the crab Cancer borealis (Nusbaum and Beenhakker,
2002; Marder and Bucher, 2007). Within the STNS, the stomato-

gastric ganglion (STG) contains the central pattern generator
(CPG) circuits for the gastric mill (chewing) and pyloric (filtering
of chewed food) rhythms. Modulatory projection neurons that
regulate these CPGs are located primarily in the commissural
ganglia (CoGs) (Coleman et al., 1992; Nusbaum et al., 2001).

The peptide hormone crustacean cardioactive peptide (CCAP)
modulates the biphasic gastric mill rhythm driven by the projec-
tion neuron modulatory commissural neuron 1 (MCN1), by se-
lectively prolonging the gastric mill protractor phase (Kirby and
Nusbaum, 2007). MCN1 activates the gastric mill CPG via slow,
peptidergic (CabTRP Ia) excitation of the protractor CPG neu-
ron lateral gastric (LG) and fast, ionotropic (GABA) excitation of
the retractor CPG neuron interneuron 1 (Int1) (Wood et al.,
2000; Stein et al., 2007). MCN1 cotransmitter release occurs pri-
marily during retraction, due to feedback inhibition from LG
during protraction (Coleman et al., 1995). CCAP also excites LG
and Int1 (Kirby and Nusbaum, 2007). Additionally, CCAP and
CabTRP Ia activate the same modulator-activated, voltage-
dependent inward current (IMI) in pyloric neurons (Swensen and
Marder, 2000, 2001), suggesting a comparable convergence in
gastric mill neurons.

Here we test and confirm the hypothesis that CCAP comodu-
lates the MCN1-gastric mill rhythm by convergent activation of
an ionic current (IMI) in the LG neuron. Also pivotal is that,
unlike MCN1-activated IMI (IMI-MCN1), the CCAP-activated IMI

(IMI-CCAP) is independent of LG synaptic control. The latter
distinction results in the two IMI components exhibiting dif-
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ferent dynamics during protraction, in-
cluding a sustained IMI-CCAP amplitude
and a declining IMI-MCN1 amplitude. By
manipulating IMI-CCAP in LG during the
MCN1-gastric mill rhythm, we show that
IMI-CCAP is necessary and sufficient for en-
abling CCAP to prolong protraction and
maintain retraction duration. Specifically,
protraction is prolonged by IMI-CCAP sum-
ming with IMI-MCN1 to maintain LG su-
prathreshold for a longer duration. With
protraction prolonged, however, IMI-MCN1

decays further. Without compensation,
this result would prolong retraction, be-
cause it would take longer for IMI-MCN1 to
build up sufficiently for LG to burst. How-
ever, IMI-CCAP sums with IMI-MCN1 during
retraction to prevent a change in retrac-
tion duration. Thus, comodulation of
CPG activity can result from convergent
ionic current activation, acting in part via
distinct time courses.

Materials and Methods
Animals. Male Jonah crabs (Cancer borealis)
were obtained from commercial suppliers
(Yankee Lobster; Marine Biological Labora-
tory). Crabs were housed in commercial tanks
containing recirculating, aerated, artificial sea-
water (10 –12°C). Before dissection, the crabs
were cold anesthetized by packing them in ice
for at least 30 min. The foregut was then re-
moved and maintained in chilled physiologi-
cal saline while the STNS was dissected from
it and pinned down in a saline-filled silicone
elastomer-lined Petri dish (Sylgard 184, KR
Anderson).

Solutions. The isolated STNS was main-
tained in C. borealis saline containing the fol-
lowing (in mM): 439 NaCl, 26 MgCl2, 13 CaCl2,
11 KCl, 10 Trizma base, and 5 maleic acid, pH
7.4 –7.6. During experimentation, the prepa-
ration was continuously superfused with this
solution (7–12 ml/min, 10 –12°C). For voltage-
clamp experiments, TTX (10 �7

M, Sigma), pi-
crotoxin (10 �5

M, Sigma), TEACl (10 �2
M,

Sigma), and CdCl2 (2 � 10 �4
M, Fluka Chem-

ical) were added to C. borealis saline. These
pharmacological agents were used to suppress sodium currents (TTX),
glutamatergic inhibitory synaptic transmission (picrotoxin), a subset of
potassium currents (TEACl) and a subset of calcium currents (CdCl2)
(Marder and Eisen, 1984; Golowasch and Marder, 1992a). CCAP
(Bachem Americas) and CabTRP Ia (Biotechnology Center, University
of Wisconsin, Madison, WI) were diluted from stock solutions into nor-
mal C. borealis saline or the voltage-clamp saline immediately before use.

Electrophysiology. All experiments were conducted using the isolated
STNS, from which the CoGs were removed by transecting the supe-
rior (sons) and inferior (ions) oesophageal nerves (Fig. 1A). Intracel-
lular and extracellular recordings of gastric mill neurons were made
using routine methods for the STNS (Beenhakker and Nusbaum,
2004). Sharp glass microelectrodes (current clamp: 15–30 M�; voltage
clamp: 15–20 M�), filled with 4 M K-acetate plus 20 mM KCl or 0.6 M K2SO4

plus 10 mM KCl, were used for intracellular recordings. Intracellular re-
cordings were made with Axoclamp 2 and 900A amplifiers (Molecular De-
vices), and intracellular current-clamp injections were performed in single
electrode discontinuous current-clamp (DCC) mode with sample rates of

2–5 kHz. Discontinuous single electrode voltage-clamp (dSEVC) record-
ings were performed with sampling rates of 5–15 kHz. To facilitate intra-
cellular recordings, the STG was desheathed and visualized with light
transmitted through a dark-field condenser (Nikon).

For dSEVC recordings made from the LG primary neurite within the
STG neuropil, LG was first filled with Alexa 568 (Invitrogen) using an
intrasomatic recording. The LG neuropil arborization was then visual-
ized with a TXR filter set on a MZ16F epifluorescence microscope (Leica)
to enable impalement of the primary LG neurite with a second micro-
electrode, which was then used to perform dSEVC recordings of total cell
currents. The somatic impalement was maintained to verify that the
correct neurite was being recorded once action potentials were elimi-
nated with TTX. Voltage ramps (�90 to 0 mV at a rate of 75 mV/s) and
steps (�90 to 0 mV in 5 or 10 mV increments, 500 ms duration) were
applied and currents were recorded using PClamp (version 9.2; Molec-
ular Devices) and Digidata 1322A (Molecular Devices). In some experi-
ments, as noted, CabTRP Ia was applied via pressure ejection (10 psi, 5 s
duration) from a microelectrode positioned slightly above the STG neu-
ropil using a Picospritzer II (Parker Hannifin).

Figure 1. Schematics of the isolated stomatogastric nervous system and the core CPG circuit for the MCN1-elicited gastric mill
rhythm, plus examples of the MCN1-elicited gastric mill rhythm and the influence of the peptide hormone CCAP on this rhythm.
A, The STNS consists of the unpaired STG and OG plus the paired CoGs. There is a single MCN1 in each CoG. The paired lines crossing
the ions and sons indicate that these nerves were transected at the start of each experiment, isolating the STG from the CoGs.
Nerves: dvn, dorsal ventricular nerve; ion, inferior oesophageal nerve; lvn, lateral ventricular nerve; son, superior oesophageal
nerve; stn, stomatogastric nerve. B, MCN1 stimulation activates the gastric mill rhythm. Before MCN1 stimulation, LG was silent
and Int1 exhibited pyloric rhythm-timed activity. At the start of MCN1 stimulation, the retractor phase was initiated with a fast
increase in Int1 activity while LG slowly depolarized. The pyloric-timed depolarizations in LG resulted from the rhythmic inhibitory
input to Int1 from the pyloric pacemaker neuron AB (Bartos et al., 1999). When LG reached burst threshold, it inhibited Int1 (and
MCN1STG) and protraction commenced. C, Schematic of the core CPG for the MCN1-elicited gastric mill rhythm during each phase
of this rhythm. Despite the schematic representation of synapses onto somata, all synapses are located on small neuronal branches
in the STG neuropil. Active neurons have red-filled somata, while inactive neurons have gray-filled somata. Small filled circles
represent synaptic inhibition, while t-bars represent synaptic excitation; m, metabotropic; i, ionotropic. C is based on Coleman et
al. (1995) and Bartos et al. (1999). D, As shown by Kirby and Nusbaum (2007), bath-applied CCAP selectively prolongs the
protractor phase of the MCN1-elicited gastric mill rhythm. Note that CCAP did not activate the gastric mill rhythm before MCN1
stimulation. Retraction is represented by the dorsal gastric (DG) retractor motor neuron. The bar on top of the second LG burst in
each panel represents the LG burst duration in saline, to show that the LG burst is prolonged by CCAP.

12356 • J. Neurosci., September 30, 2009 • 29(39):12355–12367 DeLong et al. • CPG Comodulation via Parallel Current Regulation



Each extracellular nerve recording was made using a pair of stainless-
steel wire electrodes (reference and recording), the ends of which were
pressed into the Sylgard-coated dish. A differential AC amplifier (Model
1700: AM Systems) amplified the voltage difference between the refer-
ence wire, placed in the bath, and the recording wire, placed near an
individual nerve and isolated from the bath by petroleum jelly (Vaseline,
Lab Safety Supply). This signal was then further amplified and filtered
(Model 410 Amplifier: Brownlee Precision). Extracellular nerve stimula-
tion was accomplished by placing the pair of wires used to record nerve
activity into a stimulus isolation unit (SIU 5: Astromed/Grass Instru-
ments) that was connected to a stimulator (Model S88: Astromed/Grass
Instruments).

To elicit the gastric mill rhythm in the isolated STG, we selectively
activated MCN1 by tonic extracellular stimulation of one or both of the
transected ions, on the STG side of the transection (Fig. 1) (Bartos and
Nusbaum, 1997; Bartos et al., 1999). Individual STNS neurons were
identified by their axonal pathways, activity patterns and interactions
with other neurons (Weimann et al., 1991; Blitz et al., 1999; Beenhakker
and Nusbaum, 2004). During the MCN1-gastric mill rhythm, the LG
burst defines the protractor phase while its interburst duration, which is
equivalent to the duration of Int1 activity, defines the retractor phase
(Coleman et al., 1995; Bartos et al., 1999; Kirby and Nusbaum, 2007).

Dynamic clamp. We used the dynamic clamp to inject an artificial
version of an ionic current (IMI) into the LG neuron (Sharp et al., 1993;
Bartos et al., 1999; Prinz et al., 2004; Beenhakker et al., 2005; Goaillard
and Marder, 2006). The dynamic-clamp software uses the intracellularly
recorded membrane potential of a biological neuron to calculate an ar-
tificial current (Idyn) using a conductance [gdyn(t)] that is numerically
computed, as well as a predetermined reversal potential (Erev). The in-
jected current is based upon real time computations, updated in each
time step (0.2 ms) according to the new values of recorded membrane

potential, and injected back into the biological
neuron. The intrinsic currents are computed
according to the following equations:

Idyn � gdyn mphq�V1 � Erev�

�X�V2�
dX

dt
� X��V2� � X; X � m, h

X��V� �
1

1 � exp�V � VX

kX
�

�X�V� � �X,Lo �
�X,Hi � �X,Lo

1 � exp��V � VX

�kX� �
where V1 and V2 both represent the membrane
potential, and X stands for either m or h for
calculations involving activation or inactiva-
tion, respectively.

In our dynamic-clamp experiments, we
modeled IMI using parameters both previously
determined (Golowasch and Marder, 1992a;
Swensen and Marder, 2000, 2001) and deter-
mined during the voltage-clamp experiments
in the LG neuron (see Results). Specifically, we

set the half-maximum voltage of the activation curve (Vm) at �45 mV,
with the peak current occurring at �37 mV. We set the reversal potential
(Erev) to 0 mV, consistent with our findings and previous voltage-clamp
results for IMI (Golowasch and Marder, 1992a). IMI shows a voltage de-
pendence to its activation (Golowasch and Marder, 1992a; Swensen and
Marder, 2000, 2001). Therefore, the integer power of the activation vari-
able m (abbreviated “p” above) was set to a value of 1. The slope of the
activation sigmoid at half-maximum (Km) was �5.0 mV, the time con-
stant of activation at membrane potentials below Vm (�m,Lo) was 50.0 ms
and the activation time constant at membrane voltages above Vm (�m,Hi)
was 100.0 ms. IMI does not inactivate, so the integer power of the inacti-
vation variable h (abbreviated “q” above) was set to 0. Therefore, no
values were needed for Kh, �h,Lo, and �h,Hi, all of which are used to
calculate the inactivation of the current. The conductance value at max-
imum activation (Gmax) varied between 5 and 30 nS, depending on the
experiment. In all of our dynamic-clamp experiments, the maximum
current injected into the LG neuron never exceeded 1 nA (see Results).

We used a version of the dynamic clamp developed in the Nadim
laboratory(RutgersUniversity,Newark,NJ;availableathttp://stg.rutgers.
edu/software/) to run on a personal computer (PC) running Windows
XP and a NI PCI-6070-E data acquisition board (National Instruments).
As above, all dynamic-clamp current injections were performed while
recording in single-electrode, DCC mode (sample rates 2–5 kHz).

Data analysis. Data analysis was facilitated by a custom-written pro-
gram (The Crab Analyzer) for Spike2 (Cambridge Electronic Design)
that determines the activity levels and burst relationships of individual
neurons (freely available at http://www.uni-ulm.de/�wstein/spike2/index.
html). Unless otherwise stated, each datum in a dataset was derived by
determining the average of 10 consecutive gastric mill-timed impulse
bursts in the biological preparation, or the average of three consecutive

Figure 2. The peptides CCAP and CabTRP Ia activate the same voltage-dependent inward current in the LG neuron.
A, B, Subtracting the total average current elicited by voltage ramps (�90 to 0 mV, 75 mV/s) in control conditions from the total
current elicited in 10 �7

M CCAP (A) or 10 �6
M CabTRP Ia (B) revealed a voltage-dependent inward current. The currents plotted are

the difference currents resulting from subtracting the average of 20 (A) or 30 (B) ramp trials in each condition. C, Voltage steps
(�90 to 0 mV, 10 mV increments, 500 ms duration) were used to measure the currents activated by pressure applied CabTRP Ia
(10 �4

M; 10 psi, 5 s; black line and symbols), CCAP (10 �6
M; bath application; red line and symbols) and CabTRP Ia in the presence

of CCAP (blue line and symbols). In each case, the control current was subtracted from the experimental condition and the
difference currents are plotted. In this example, the IPeak for CabTRP Ia alone was��0.4 nA, but with CCAP present the IPeak added
by CabTRP Ia was ��0.02 nA. Each plot is the mean steady-state current (last 200 ms of a step) at each voltage, from the average
of 5 sets of steps. The different Erev in A/B and C reflects the variability in measured Erev for IMI in this and previous work (Golowasch
and Marder, 1992a). This variability is likely due to the relatively large leak- and voltage-dependent outward currents in STG
neurons at depolarized voltages (Golowasch and Marder, 1992b; Khorkova and Golowasch, 2007). However, within each experi-
ment, Erev for IMI-CabTRP Ia and IMI-CCAP was similar, and in all experiments, the measured Erev was comparable to those previously
reported (Golowasch and Marder, 1992a). A–C were different preparations.

Table 1. Gastric mill rhythm model parameters for IMI-MCN1 and IMI-CCAP

Current Gmax Erev minf mtau mpostinf mposttau mpower

IMI-MCN1 10 0 1

1 � e�2�VMCN1�68� 8000 �
9000

1 � e�2�VMCN1�68�

1

1 � e�0.1�VLG�50�

50 n/a

IMI-CCAP 0.2 0 1

1 � e�0.1�VLG�50�
50 n/a n/a 1

The values used for IMI-MCN1 and IMI-CCAP in the computational model of the MCN1-elicited gastric mill rhythm. The other model parameters were unchanged from previous studies (Nadim et al., 1998; Beenhakker et al., 2005). Gmax ,
Conductance value at maximum activation; Erev , reversal potential; minf , steady-state activation curve; mtau , activation time constant; mpostinf, steady-state activation curve for the postsynaptic voltage dependence; mposttau, activation time
constant for the postsynaptic voltage dependence; mpower , integer power of the activation variable m; n/a, not relevant to computation. Parameter names are derived from the nomenclature used in the Network modeling software, which
was used to perform all simulations (http://stg.rutgers.edu/software/network.htm).
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cycles for the computational modeling studies.
In all experiments, the burst duration was de-
fined as the duration (in seconds) between the
onset of the first and last action potential in an
impulse burst. The average firing rate was de-
termined by the number of action potentials
minus one divided by the burst duration. Pro-
tractor phase duration was equivalent to LG
burst duration, and retractor phase duration was
equivalent to the LG interburst duration (time
between the last action potential in one LG burst
and the first action potential in the next LG
burst). The cycle period of the gastric mill rhythm
was determined by calculating the duration be-
tween the onset of successive LG neuron bursts.

Voltage-clamp data analysis was performed
using PClamp software. Total cell currents were
determined either by averaging 2–3 sets of 10
ramps or 5–10 sets of steps in each condition and
subtracting the control from the experimental
condition. The voltage-dependent inward cur-
rent originally described by Golowasch and
Marder (1992a) was identified as a proctolin-
activated current and thus designated Iproct.
However, it is now known that many modulators
activate this current (Swensen and Marder, 2000,
2001). Consequently, this current is now desig-
nated as the modulator-activated inward current
(IMI) (Grashow et al., 2009).

Data were collected onto a chart recorder
(Models MT 95000 and Everest: Astromed) and
simultaneously onto a PC computer using data
acquisition/analysis tools (Spike2; digitized at �5
kHz). Figures were made from Spike2 or PClamp
files incorporated into Adobe Illustrator (Adobe)
or Igor Pro (Wavemetrics) and CorelDraw
(Corel). Statistical analyses were performed with
SigmaStat 3.0 and SigmaPlot 8.0 (SPSS). All com-
parisons were made using the paired Student’s t
test, except where noted. Data are expressed as
the mean 	 SE.

Gastric mill model. We constructed a com-
putational model modified from an existing
conductance-based model of the gastric mill
circuit (Nadim et al., 1998; Beenhakker et al.,
2005). The previously published version mod-
eled the LG, Int1, and MCN1 neurons as having multiple compartments
separated by an axial resistance, with each compartment possessing in-
trinsic and/or synaptic conductances. To more realistically mimic the
biological system, in this version of the model we modified the MCN1-
activated synaptic conductance (GMI-MCN1) in the dendrite compart-
ment of the LG neuron to include a postsynaptic voltage dependence
(Table 1). The parameters of this model current were based on both a
previously published voltage-clamp analysis of this current in the pyloric
LP neuron and on the LG neuron voltage-clamp results obtained in this
paper (Golowasch and Marder, 1992a; Swensen and Marder, 2000, 2001)
(see Results). To mimic the effects of CCAP bath application to the
biological system, we also added to the LG neuron dendrite compart-
ment an intrinsic (nonsynaptically activated) current (IMI-CCAP) with the
same voltage dependence as IMI-MCN1 (Table 1). This approach was based
on the fact that CCAP and MCN1-released CabTRP Ia both excite LG
(Wood et al., 2000; Kirby and Nusbaum, 2007; Stein et al., 2007), and
activate IMI in STG pyloric neurons (Swensen and Marder, 2000, 2001),
as well as LG (this paper).

Simulations were performed on a PC with Windows XP. We used the
Network simulation software developed in the Nadim laboratory
(http://stg.rutgers.edu/software/network.htm), which was run using the
freely available CYGWIN Linux emulation software package. We used a
fourth-order Runge–Kutta numerical integration method with time

steps of 0.05 and 0.01 ms. Results were visualized by plotting outputted
data points using the freely available Gnuplot software package (www.
gnuplot.info). In most figures showing the model output, we present
GMI-MCN1 and/or GMI-CCAP instead of their associated IMI to more clearly
display their trajectory during the gastric mill retractor and protractor
phases. GMI parallels IMI except for the fast IMI transient that occurs
during each LG action potential (see Fig. 3). The fast transients result
from the voltage sensitivity of IMI, which is not shared by GMI. It is also
noteworthy that the presentation of IMI in the model and dynamic-clamp
figures represents different conventions. Specifically, the model output
directly reports actual current flow in the model neuron and so uses the
standard voltage-clamp convention, whereas the dynamic-clamp output
represents the current injected into the neuron and hence uses the stan-
dard current-clamp convention. Consequently, IMI is represented as an
inward (downward trajectory) current in the model output figures but is
represented as a depolarizing (upward trajectory) current in the
dynamic-clamp output figures.

Results
The gastric mill system in C. borealis
The gastric mill rhythm (cycle period 5–20 s) controls the rhyth-
mic protraction and retraction chewing movements of the teeth
in the gastric mill stomach compartment (Heinzel et al., 1993).

Figure 3. Distinct dynamics of the CCAP- and MCN1-activated IMI in LG underlie the selective prolongation of the gastric mill
protractor phase by CCAP in a computational model. A, The gastric mill rhythm driven only by MCN1. Note the pyloric-timed
buildup of IMI-MCN1 and its underlying conductance (GMI-MCN1) in LG, during each retractor phase and decay during protraction.
IMI-MCN1 was regulated by its voltage sensitivity, the proximity of the LG membrane potential to Erev for IMI (“driving force”), and the
inhibitory feedback synapse from LG to MCN1STG. GMI was unaffected by the driving force. B, The gastric mill rhythm driven by both
MCN1 stimulation and CCAP. As in the biological preparation, the LG burst (protraction) is prolonged while its interburst (retrac-
tion) is unchanged in duration. Note the distinct dynamics of GMI-CCAP and GMI-MCN1 during protraction. In this model, IMI-CCAP was
added only to LG.
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This rhythm is thus composed of alternating impulse bursts in
protractor and retractor motor neurons, plus a single retractor
phase interneuron (Int1) (Fig. 1B) (Kirby and Nusbaum, 2007).
Several gastric mill neurons coincidentally exhibit faster rhyth-
mic impulse bursts that are time locked to the pyloric rhythm
(cycle period 0.5–2 s) (Weimann et al., 1991; Kirby and Nus-
baum, 2007). The pyloric rhythm controls the filtering of chewed
food in the pylorus, which is the stomach compartment immedi-
ately posterior to the gastric mill. Int1 is one of the neurons
exhibiting this dual rhythmic firing pattern during the MCN1-
elicited gastric mill rhythm (Fig. 1B) (Bartos et al., 1999). Both
LG and Int1 are present as single neurons in the C. borealis STG.

The core CPG underlying the MCN1-gastric mill rhythm in-
cludes the reciprocally inhibitory protractor phase neuron LG
and retractor phase neuron Int1, plus the STG terminals of
MCN1 (MCN1STG) (Fig. 1C) (Coleman et al., 1995; Bartos et al.,
1999). The gastric mill cycle period is also regulated by the pyloric
pacemaker neurons, via an inhibitory synapse from the anterior
burster (AB) neuron onto Int1 (Bartos et al., 1999). During re-
traction, the slow MCN1 excitation of LG builds up until LG
escapes from Int1-mediated inhibition and initiates an action
potential burst that starts the protractor phase. During protrac-
tion, the LG burst inhibits Int1 and also inhibits MCN1STG trans-
mitter release, thereby reducing or removing further MCN1
excitation of LG (Fig. 1C). Hence, the LG burst persists only until
the slowly decaying effects of the peptidergic excitation from
MCN1 no longer maintain LG at a sufficiently depolarized mem-
brane potential, at which point the protractor phase terminates
and retraction resumes.

Superfusing CCAP (�10 �10
M) to the isolated STG slows

the MCN1-gastric mill rhythm by selectively prolonging the
protractor phase (Fig. 1 D) (Kirby and Nusbaum, 2007). This
response occurs despite the fact that CCAP directly excites

both LG and Int1, while having no effect
on MCN1STG (Kirby and Nusbaum,
2007). Hence, during the CCAP-
modulated gastric mill rhythm, LG
exhibits prolonged bursts with an in-
creased firing frequency, but Int1 activ-
ity is unchanged (Kirby and Nusbaum,
2007). Additionally, despite its lack of
effect on MCN1STG, CCAP lowers the
threshold MCN1 firing frequency nec-
essary to elicit the gastric mill rhythm
(Kirby and Nusbaum, 2007). Here, our
goal was to determine the mechanism(s)
by which CCAP selectively prolongs the
protractor phase of the MCN1-gastric
mill rhythm and facilitates the ability of
MCN1 to activate this rhythm.

CCAP and CabTRP Ia both activate IMI

in the LG neuron
To determine the mechanism whereby
CCAP modulates the MCN1-gastric mill
rhythm, we first identified the ionic cur-
rents in LG that were influenced by MCN1
and CCAP using dSEVC recordings from
the LG primary neurite (see Materials and
Methods). To obtain voltage clamp of suf-
ficient quality, we conducted these exper-
iments with action potentials suppressed,
which prevented us from identifying the

MCN1-activated current(s) via MCN1 stimulation. However,
because CabTRP Ia is the sole cotransmitter by which MCN1
influences LG (Wood et al., 2000; Stein et al., 2007), we bath
applied CabTRP Ia and CCAP to identify the ionic current(s)
affected by these two pathways.

Bath-applied CCAP (10�7
M) and CabTRP Ia (10�6

M) each
caused an inward shift in the holding current at a holding poten-
tial of �60 mV (saline: �1.8 	 1.0 nA, CCAP: �2.6 	 1.2 nA,
n 
 4, p 
 0.05; saline: �1.6 	 0.7 nA, CabTRP Ia: �2.0 	 0.7
nA; n 
 4, p 
 0.003). Subtraction of the control total current
from the total current during CCAP or CabTRP Ia application
revealed a voltage-dependent inward difference current (Fig.
2A,B). The peak current amplitude (CCAP: �2.6 	 0.4 nA, n 

4; CabTRP Ia: �0.8 	 0.2 nA, n 
 4) occurred at �36.3 	 2.4 mV
in CCAP (10�7

M: n 
 4) and �36.7 	 6.2 mV in CabTRP Ia
(10�6

M: n 
 4). The half-maximal current occurred at �51.1 	
6.3 mV in CCAP (n 
 4) and at �60.9 	 4.2 mV in CabTRP Ia
(n 
 4).

The voltage dependence of these peptide-elicited currents was
comparable to one another and to that previously reported for
IMI in pyloric neurons (Golowasch and Marder, 1992a; Swensen
and Marder, 2000). To further test whether CCAP and CabTRP
Ia converged to activate the same current (IMI) in the LG neuron,
we performed occlusion experiments. Specifically, CabTRP Ia
(10�4

M) was pressure applied to the desheathed STG neuropil in
control conditions, then CCAP (10�6

M) was bath applied, dur-
ing which the influence of CabTRP Ia (10�4

M) was again assayed.
Pressure-ejected CabTRP Ia activated the aforementioned
voltage-dependent inward current in the control condition (peak
current: �0.9 	 0.2 nA, n 
 4) (Fig. 2C). Subsequent bath-
applied CCAP also activated a voltage-dependent inward cur-
rent. However, pressured-ejected CabTRP Ia in the presence of
CCAP elicited little to no additional current compared with

Figure 4. MCN1- and CCAP-activated GMI in LG exhibit different dynamics during the MCN1-gastric mill rhythm, but the total
peak GMI activated during this rhythm is the same when MCN1 is stimulated in saline and with CCAP present. Using the computa-
tional model, the GMI trajectory and amplitude during a single cycle of the gastric mill rhythm are shown when MCN1 is stimulated
without CCAP (A) and with CCAP present (B). “Sum” represents the summation of GMI-MCN1 and GMI-CCAP. C, Overlay of A and B
indicate that the summed peak GMI in B is the same as GMI-MCN1 from A.
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CCAP alone (CCAP: �1.9 	 0.2 nA;
CCAP � CabTRP Ia: �2.1 	 0.2 nA, n 

4; CCAP vs CCAP � CabTRP Ia: p 
 0.16;
CabTRP Ia alone vs CCAP � CabTRP Ia:
p � 0.001, one-way RM ANOVA followed
by Student–Newman–Keuls test) (Fig.
2C). After CCAP washout, CabTRP Ia
again elicited a current comparable to the
pre-CCAP condition (�1.0 	 0.1 nA, n 

3; wash vs control: p 
 0.91; one-way RM
ANOVA followed by Student–Newman–
Keuls test). This reversible occlusion result
indicated convergence of the two peptides
on the same voltage-dependent inward cur-
rent. Given the similar properties of this
current to those of the previously identified
IMI (Golowasch and Marder, 1992a;
Swensen and Marder, 2000), and the fact
that CCAP and CabTRP Ia activate this
current in pyloric neurons, we conclude
that these peptides also activate IMI in LG.

CCAP actions in a computational
model mimic its actions on the
biological gastric mill rhythm
We next examined the role of IMI-CCAP in
LG for mediating the selective prolonga-
tion of the gastric mill protractor phase by
bath-applied CCAP, using our previously
developed computational model of the
MCN1-gastric mill rhythm (Nadim et al.,
1998; Beenhakker et al., 2005). We mod-
eled IMI based on values obtained in our
LG voltage-clamp experiments (see above)
as well as previously determined values
(Golowasch and Marder, 1992a; Swensen
and Marder, 2000) (Table 1). Further, we
assumed that the CCAP influence was at a
steady state, comparable to its continued
presence during bath application of the
peptide in the biological experiments
(Kirby and Nusbaum, 2007), and so the IMI-CCAP amplitude and
its associated GMI-CCAP were sensitive only to changes in the LG
membrane potential.

The trajectory of the model GMI-MCN1 in the LG neuron
steadily increased in amplitude during retraction due to contin-
ual MCN1 release of CabTRP Ia, and decayed during protraction
due to feedback inhibition from LG onto MCN1STG (Figs. 1C,
3A,B) (Coleman and Nusbaum, 1994; Coleman et al., 1995;
Beenhakker et al., 2005). As is evident in Figure 3, the GMI-MCN1

peak amplitude occurred at LG burst onset, from which point it
decayed until it could no longer sustain the LG burst. The trajec-
tory of the GMI-CCAP amplitude in LG during retraction was sim-
ilar to that of GMI-MCN1, but was distinct during protraction
where it exhibited a sustained maximal amplitude (Fig. 3B).
The model IMI trajectory in LG tracked that of GMI for both
MCN1 and CCAP, except at LG burst onset where IMI ampli-
tude diminished because the LG membrane potential ap-
proached Erev for IMI.

We used this model to test whether we could mimic the
CCAP-mediated selective increase in protractor phase duration
by adding IMI-CCAP to (1) Int1 and LG, (2) Int1 alone, or (3) LG
alone. We did not document the presence of IMI-CCAP in the bio-

logical Int1, but for use in the model we assumed it to be the
current responsible for the CCAP excitation of Int1. This as-
sumption was based on the fact that it is the relevant current in all
CCAP-responsive pyloric circuit neurons as well as LG (Swensen
and Marder, 2000; this study).

In the model, adding IMI-CCAP to both Int1 and LG prolonged
the protractor phase relative to the control gastric mill rhythm
(control: 11.0 	 0.4 s; CCAP: 14.0 	 0.3 s; n 
 3 cycles, p � 0.05)
without altering the retractor phase duration (control: 7.0 	
0.2 s; CCAP: 7.3 	 0.3 s; n 
 3 cycles, p 
 0.39). When instead
IMI-CCAP was added only to Int1, there was no change in the
protractor phase duration (control: 11.0 	 0.4 s; CCAP: 10.4 	
0.2 s; n 
 3 cycles, p 
 0.15) or retractor phase duration (control:
7.0 	 0.2 s; CCAP: 7.3 	 0.5 s; n 
 3 cycles, p 
 0.21). Despite the
lack of effect on the gastric mill rhythm, the CCAP-activated
conductance was effective at increasing the Int1 intraburst firing
frequency in the absence of a gastric mill rhythm (control: 6.9 	
0.04 Hz; CCAP: 9.2 	 0.08 Hz, n 
 3 cycles, p � 0.001), similar to
what was previously observed with biological CCAP superfusion
(Kirby and Nusbaum, 2007). Last, providing IMI-CCAP only to LG
was comparable to adding this current to both Int1 and LG. Spe-
cifically, the gastric mill protractor phase was prolonged (control:

Figure 5. Injection of an artificial IMI-CCAP into LG mimics the influence of bath-applied CCAP on the biological MCN1-gastric mill
rhythm. A, A control gastric mill rhythm, represented by an intracellular LG recording, driven by tonic MCN1 stimulation (15 Hz)
with no dynamic-clamp-mediated IMI-CCAP injected into LG. Most hyperpolarized Vm: LG, �65 mV. B, In the same LG recording as
A, injection of an artificial IMI-CCAP into LG with the dynamic clamp selectively prolonged the gastric mill protraction phase. MCN1
stimulation was the same as in A. Note the relatively constant amplitude of the artificial IMI-CCAP during each LG burst. Most
hyperpolarized Vm: LG, �66 mV. C, Dynamic-clamp-mediated injection of artificial IMI-CCAP into LG consistently prolonged the LG
burst without altering the retraction duration, and thereby increased the gastric mill cycle period. Data are from 10 preparations.
Black bars, MCN1 stimulation only; gray bars, MCN1 plus artificial IMI-CCAP; ***p � 0.005; n.s., not significant.
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11.0 	 0.4 s; CCAP: 13.8 	 0.3 s; n 
 3 cycles, p � 0.05), without
altering the retractor phase duration (control: 7.0 	 0.2 s; CCAP:
6.8 	 0.1 s; n 
 3 cycles, p 
 0.27) (Fig. 3).

In both models that exhibited an increased protractor phase
duration with CCAP present, there was no change in the summed
peak IMI amplitude in LG despite the parallel activation of this
current by MCN1 and CCAP. For example, in the model where
IMI-CCAP was added only to LG, the summed peak IMI amplitude
was unchanged at both the start (MCN1: �48.3 	 1.4 pA; MCN1
plus CCAP: �47.4 	 0.7 pA; n 
 3 cycles, p 
 0.35) and end
(MCN1: �15.2 	 0.5 pA; MCN1 plus CCAP: �16.2 	 0.4 pA;
n 
 3 cycles, p 
 0.14) of each LG burst (Fig. 4). Consequently,
the membrane potential at which the LG burst terminated was
the same whether or not IMI-CCAP was present (MCN1: �31.1 	
1.28 mV; MCN1 plus CCAP: �29.78 	 1.14 mV, n 
 4 cycles,
p 
 0.15). Despite the fact that the total peak IMI was unchanged,
the component contributed by MCN1 (IMI-MCN1) was decreased
at LG burst onset (w/o CCAP: �48.3 	 1.4 pA; w/CCAP:
�41.6 	 0.6 pA; n 
 3 cycles, p � 0.05) and offset (w/o CCAP:
�15.2 	 0.5 pA; w/CCAP: �9.4 	 0.3 pA; n 
 3 cycles, p � 0.05),
although the net decrease of IMI-MCN1 was essentially unchanged
(�32 pA). The decreased contribution from MCN1 is shown for
GMI levels in Figure 4.

The IMI-CCAP amplitude was approximately constant across
the duration of the LG burst and so appeared responsible for the
prolonged LG burst in CCAP (Fig. 3). This IMI-CCAP effect re-
sulted from its replacing a portion of the decaying IMI-MCN1 dur-
ing the LG burst with a nondecaying IMI component (Figs. 3, 4).
In the CCAP condition, the total IMI amplitude (i.e., IMI-MCN1

plus IMI-CCAP) was equal to the IMI-MCN1 amplitude without
CCAP at both LG burst onset and offset (Fig. 4). However, the
presence of the nondecaying IMI-CCAP component reduced the
overall decay rate of IMI, and thus prolonged the LG burst (Fig. 4C).
Furthermore, because some IMI-MCN1 was replaced by IMI-CCAP,

the IMI-MCN1 amplitude at LG burst off-
set in the CCAP condition was reduced
compared with the control condition
(Figs. 3, 4C).

The unchanged retractor phase dura-
tion in the versions of the model with
CCAP present in either LG and Int1 or
LG alone was also consistent with our
previous results from the biological
preparation, in which CCAP selectively
prolonged the protractor phase (Kirby
and Nusbaum, 2007). In these models, the
IMI-MCN1 amplitude was smaller at LG
burst offset with CCAP present (Figs. 3,
4). However, the continued presence of
IMI-CCAP throughout the retractor phase
apparently compensated for the reduced
IMI-MCN1 amplitude, resulting in the re-
tractor phase remaining unaltered by the
presence of CCAP (Figs. 3, 4).

Injecting artificial IMI-CCAP into LG
selectively prolongs protractor phase
activity
We used the dynamic clamp to inject
artificial IMI-CCAP selectively into the bi-
ological LG neuron and thereby test the
prediction from our computational model
that the CCAP action on LG is pivotal for

its influence on the gastric mill rhythm. During the MCN1-
gastric mill rhythm, injecting artificial IMI-CCAP into LG over a
range of conductance values (10 –30 nS) elicited a CCAP-like
selective prolongation of the protractor phase. For example, us-
ing a 20 nS conductance value, this current injection consistently
increased the duration of the gastric mill cycle period (control:
9.6 	 1.0 s; IMI-CCAP: 12.2 	 1.4 s, n 
 10, p 
 0.003) (Fig. 5). This
slowing of the rhythm resulted from a selective increase in the
protractor phase (LG burst) duration (control: 4.9 	 0.5 s; IMI-

CCAP: 6.8 	 0.8 s; n 
 10, p 
 0.001), insofar as there was no
change in the retractor phase duration (n 
 10, p 
 0.09) (Fig. 5).
Artificial IMI-CCAP injections also selectively prolonged the pro-
tractor phase at lower (10 nS: protraction, p 
 0.02; retraction,
p 
 0.22, n 
 5) and higher (30 nS: protraction, p 
 0.01; retrac-
tion, p 
 0.28, n 
 5) conductance values. When we injected
IMI-CCAP into LG at 5 nS, there was no consistent change across
preparations in either phase of the rhythm (protraction, p 
 0.07;
retraction, p 
 0.14, n 
 5). The maximal amplitude of these
CCAP-like IMI injections (range: 0.3–1.0 nA, mean: 0.64 	 0.05
nA, n 
 16) was less than the maximal IMI-CCAP amplitude deter-
mined in voltage-clamp experiments in both pyloric neurons
and the LG neuron (Golowasch and Marder, 1992a; Swensen
and Marder, 2000) (this study). They were also comparable to
previous dynamic-clamp IMI injections used to study neu-
ropeptide actions on the pyloric circuit (Swensen and Marder,
2001) and those injected into LG to drive a MCN1-like gastric
mill rhythm (Beenhakker et al., 2005).

The increased LG neuron burst duration resulting from
IMI-CCAP injection presumably resulted from the associated in-
creased depolarizing current, which was largest at the depolarized
membrane potential that occurs during the LG burst (Fig. 5B).
The LG burst nonetheless still terminated, despite the presence of
the additional drive from IMI-CCAP. As shown above in the com-
putational model, LG burst termination presumably resulted

Figure 6. Dynamic-clamp-mediated subtraction of IMI-CCAP in LG during bath application of CCAP eliminates the CCAP prolon-
gation of the gastric mill protractor phase. A, The MCN1-gastric mill rhythm without CCAP application. B, Bath-applied CCAP
selectively prolonged the gastric mill protractor phase. C, Injection of a negative conductance version of IMI-CCAP into LG during CCAP
application eliminated the prolongation of the protractor phase by CCAP without altering the retractor phase duration. All three
panels are from the same intracellular LG recording.
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from the fact that despite IMI-CCAP pro-
longing the LG burst, it did not prevent
the continued decay of IMI-MCN1 during
each LG burst to the point where LG
could no longer sustain its activity (Fig.
4) (Coleman et al., 1995; Beenhakker et
al., 2005).

To test whether IMI-CCAP alone was suf-
ficient to elicit a LG burst, we used the
dynamic clamp to inject the same simu-
lated CCAP conductance described above
into the LG neuron without MCN1 stim-
ulation. Under this condition, injecting
IMI-CCAP did not activate spiking in LG or
change its membrane potential (control:
�61.9 	 2.3 mV; IMI: �59.0 	 3.6 mV;
n 
 3, p 
 0.09). The lack of an evident LG
response to IMI-CCAP injection presumably
resulted from the relatively small ampli-
tude of this voltage-dependent current
near the resting potential (Golowasch and
Marder, 1992a; Swensen and Marder,
2000; see above). Thus, IMI-CCAP alone was
not sufficient to elicit a LG burst.

Injecting artificial IMI-CCAP into LG
(GMI: 20 nS) during the gastric mill
rhythm also increased the number of ac-
tion potentials during the LG burst (con-
trol, 33.7 	 4.5 spikes; IMI: 51.2 	 8.5
spikes; n 
 10, p 
 0.002) as well as its
intraburst firing frequency (control: 6.6 	
0.5 Hz; IMI: 9.6 	 1.7 Hz; n 
 10, p � 0.05)
(Fig. 5A,B). These changes in LG activity
were comparable to those observed dur-
ing CCAP bath application (Kirby and
Nusbaum, 2007).

Subtracting IMI in LG eliminates CCAP
prolongation of the protractor phase
We further tested the hypothesis that the
CCAP-mediated selective prolongation of
the gastric mill protractor phase resulted
from CCAP activation of IMI in the LG
neuron by selectively subtracting this cur-
rent in LG during CCAP bath application.
Specifically, during bath-applied CCAP
(10�7

M), we reversed the sign of the arti-
ficial IMI-CCAP conductance (i.e., from
�20 nS to �20 nS) injected into LG while
leaving all other dynamic-clamp parame-
ters unchanged.

Injecting the negative conductance
version of IMI-CCAP into LG during CCAP
application eliminated the CCAP prolon-
gation of the gastric mill protractor phase
(control: 3.8 	 0.6 s; CCAP: 5.2 	 0.3 s;
CCAP plus Neg. IMI: 4.3 	 0.3 s, n 
 4;
one-way ANOVA, p � 0.05; Holm-Sidak
post hoc test: CCAP vs control, p � 0.05; all other pairwise com-
parisons, p � 0.05) (Fig. 6). These injections had no unexpected
effects on the motor pattern. For example, there was no concom-
itant change in the retractor phase duration (control: 5.2 	 1.0 s;
CCAP: 4.7 	 0.5 s; CCAP plus Neg. IMI: 6.6 	 1.3 s, n 
 4, p 


0.13). This result also confirmed the prediction of our compu-
tational model that IMI-CCAP in LG alone is sufficient to mimic
the influence of bath-applied CCAP on the gastric mill
rhythm. If the influence of IMI-CCAP was necessary in both LG
and Int1, then selectively eliminating IMI-CCAP in LG alone

Figure 7. Limiting the influence of IMI-CCAP in LG to the protractor phase does not mimic the action of bath-applied CCAP on the
gastric mill rhythm in a computational model. A, Gastric mill rhythm, driven only by MCN1 stimulation. The black bar represents the
retractor phase duration. B, Gastric mill rhythm resulting from MCN1 stimulation during the continually present influence of CCAP.
Note the prolongation of the LG burst (protraction) and unchanged duration of the LG interburst (retraction) relative to A. The black
bar represents the retractor phase duration in A. C, Selectively providing IMI-CCAP to the gastric mill protractor phase changed the
CCAP influence on the MCN1-gastric mill rhythm by prolonging retraction as well as protraction. Note that the retractor phase is
prolonged relative to the black bar that represents the retractor phase duration in the control conditions. Most hyperpolarized Vm

(A–C): LG, �73 mV. D, Providing IMI-CCAP during protraction consistently prolongs both gastric mill phases, causing an increased
gastric mill cycle period relative to the saline and continually present IMI-CCAP conditions. Black bars, Saline condition; gray bars,
continually present IMI-CCAP; white bars, IMI-CCAP present during protraction only; *p � 0.05, **p � 0.01, ***p � 0.005; n.s., not
significant.
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would not have returned the gastric mill rhythm to the control
condition.

IMI-CCAP in LG maintains a constant retractor phase duration
It was initially surprising to learn that bath-applied CCAP did not
alter the retractor phase duration (Kirby and Nusbaum, 2007).
Our expectation was that, despite the fact that the IMI-CCAP am-
plitude in LG was likely to be relatively small during retraction, it
would still summate with the MCN1-activated current. We an-
ticipated that this summation would result in the burst threshold
onset for LG occurring sooner, thereby reducing the duration of
this phase. Both our model and dynamic-clamp injections did
show that IMI-CCAP was indeed activated during retraction, but
was smaller in amplitude than the parallel buildup of IMI-MCN1.
The model, however, also suggested that the retractor phase du-
ration was unchanged by CCAP because the IMI-CCAP compen-
sated for the reduced level of IMI-MCN1 during retraction when
CCAP was present (Fig. 4). It thus remained to be determined
whether the relatively small amplitude of IMI-CCAP during retrac-
tion was nonetheless sufficient to influence the retractor phase
duration.

We first used our computational model to test the hypothesis
that the presence of IMI-CCAP only during protraction was suffi-
cient to mimic the ability of bath-applied CCAP to selectively
prolong protraction. To this end, we compared simulations of the
MCN1-gastric mill rhythm with IMI-CCAP in LG being absent or
continually present vs being present only during protraction
(Fig. 7). In contrast to the ability of continually present IMI-CCAP

to selectively prolong protraction (Fig. 7A,B), simulations where
IMI-CCAP was present only during the protractor phase still pro-
longed protraction (control: 11.0 	 0.4 s; CCAP during protrac-
tion: 14.5 	 0.3 s; n 
 3 cycles, p � 0.05), but it also increased the
retractor phase duration (control: 7.0 	 0.2 s; CCAP during pro-
traction: 8.1 	 0.1 s; n 
 3 cycles, p � 0.05) (Fig. 7C,D).

The retractor phase was prolonged when CCAP was absent
during retraction because, during the CCAP-prolonged protrac-
tor phase, IMI-MCN1 decayed to a lower level relative to rhythms
without any CCAP (control: �15.2 	 0.5 pA; CCAP during pro-
traction: �9.7 	 0.5 pA; n 
 3 cycles, p � 0.05) (Fig. 7A,C).
Thus, when there was no CCAP present during retraction, it took
the MCN1-activated current longer to build up to the point
needed to initiate the next LG burst (Fig. 7A–C). When CCAP
was present continuously, the additional CCAP conductance
during the retractor phase offset this effect (see above). Thus,
although continuous application of the CCAP conductance to
LG in our model selectively changed the protractor phase dura-
tion, its presence during retraction was also necessary for main-
taining the control retractor phase duration (Fig. 7D).

We next used dynamic-clamp injections of IMI-CCAP to test the
computational model prediction that IMI-CCAP during retraction
was also necessary to enable CCAP to maintain the retraction
duration unchanged from the control condition. Specifically, we
injected IMI-CCAP (GMI: 20 nS) either continuously or selectively
during the protraction phase of the MCN1-gastric mill rhythm
(Fig. 8A–C). The protraction-specific injections reproducibly
prolonged the protractor phase (control: 7.4 	 1.3 s; protraction-
only IMI-CCAP: 12.7 	 2.2 s; n 
 5, p 
 0.006) (Fig. 8). As pre-
dicted by the model, injecting IMI-CCAP only during protraction
also prolonged the retractor phase (control: 6.3 	 1.0 s;
protraction-only IMI-CCAP: 8.7 	 1.3 s; n 
 5, p 
 0.007). Hence,
the gastric mill cycle period was increased (control: 13.7 	 2.0 s;
protraction-only IMI-CCAP: 21.3 	 3.2 s; n 
 5, p 
 0.002) (Fig. 8).
Concomitant with these manipulations, there was a significant

increase in the number of LG action potentials per burst (control:
58.1 	 13.1 spikes; protraction-only IMI-CCAP: 119.5 	 24.1
spikes; n 
 5, p 
 0.003).

Artificial IMI-CCAP injection into LG reduces the MCN1 firing
frequency threshold for gastric mill rhythm initiation
CCAP superfusion also reduces the threshold MCN1 firing fre-
quency necessary to elicit the gastric mill rhythm (Kirby and
Nusbaum, 2007). The magnitude of this action ranged from
�25% at higher CCAP concentrations (10�7

M to 10�8
M) to

�20% at lower CCAP concentrations (10�9
M to 10�10

M) (Kirby
and Nusbaum, 2007). This effect occurred despite the fact that
MCN1STG is not CCAP-responsive (Kirby and Nusbaum, 2007).
We were therefore interested to learn whether the addition of
IMI-CCAP in LG was not only pivotal for altering the gastric mill
motor pattern but also tuned the ability of MCN1 to activate this
rhythm. Thus, we tested, first in the computational model and
then in the biological preparation, whether the reduced MCN1
firing rate threshold resulted from IMI-CCAP in LG.

We first used our computational model to test whether the
presence of IMI-CCAP in the LG neuron was sufficient to reduce the
threshold of MCN1 stimulation needed to elicit the gastric mill
rhythm. Adding IMI-CCAP to LG did reduce the MCN1 stimula-
tion threshold by 25% (Fig. 9). Specifically, when CCAP was
absent, the minimum effective MCN1 stimulation rate was 8 Hz
for eliciting the gastric mill rhythm, while under the same condi-
tions 6 Hz stimulation produced no gastric mill rhythm. How-

Figure 8. Limiting the influence of artificial IMI-CCAP in LG to the protractor phase does not
mimic the action of bath-applied CCAP on the gastric mill rhythm in the biological preparation.
A, The MCN1-gastric mill rhythm during saline superfusion. The black bar represents the retrac-
tor phase duration. B, Continual injection of artificial IMI-CCAP into LG via the dynamic clamp
selectively prolonged the protractor phase. The black bar represents the retraction duration
during saline superfusion. C, Protraction-only injection of artificial IMI-CCAP into LG prolonged
both phases of the gastric mill rhythm. Note prolonged retractor phase, evident by comparison
to the black bar, which indicates the control duration of retraction. All panels are from the same
LG recording. Most hyperpolarized Vm: LG, �68 mV.
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ever, when IMI-CCAP was added to LG, 6 Hz
MCN1 stimulation did elicit the gastric
mill rhythm (Fig. 9).

In the biological preparation, when
MCN1 was stimulated in the absence of
the dynamic-clamp injections and at sub-
threshold frequency levels for activating
the gastric mill rhythm, it still effect-
ively elicited electrical coupling EPSPs
(Coleman et al., 1995) and occasional ac-
tion potentials in LG (Fig. 10A). In con-
trast, stimulating MCN1 either at a faster
frequency or at the previously subthresh-
old frequency with IMI-CCAP injected into
the LG neuron activated the gastric mill
rhythm (Fig. 10B,C).

Injecting the artificial IMI-CCAP (GMI:
20 nS) into LG consistently reduced the
MCN1 threshold firing frequency for elic-
iting the gastric mill rhythm. As shown
previously (Kirby and Nusbaum, 2007),
under control conditions the minimum
MCN1 firing frequency at which the gas-
tric mill rhythm was elicited was 6.1 	 1.1
Hz (n 
 8). IMI-CCAP injection into LG
reduced this minimum frequency value
by �20% (5.1 	 1.1 Hz; n 
 8, p � 0.001).
To control for the possibility of time-
dependent changes in the effectiveness of
MCN1 stimulation at near-threshold fir-
ing levels, we performed a parallel set of
experiments in which we determined the
threshold MCN1 firing frequency for gastric mill rhythm activa-
tion at successive time points that were equivalent to those used
in the dynamic-clamp experiments. There was no change in the
threshold MCN1 firing frequency value in these control experi-
ments (n 
 9, p 
 0.20).

Discussion
We have established that peptide hormone modulation of a neu-
ronally modulated motor circuit results from the convergent
hormonal and neuronal activation of the same ionic current,
albeit with distinct dynamics, in a single CPG neuron. These
results provide a novel mechanism by which comodulation reg-
ulates the activity of both a single neuron and its associated cir-
cuit. At the circuit level, the convergent activation of IMI in the LG
neuron enabled the peptide hormone CCAP to buoy the decaying
influence of IMI-MCN1 during the LG burst and thereby prolong
the protractor phase of the MCN1-elicited gastric mill rhythm. It
was surprising to discover that the continual presence of IMI-CCAP

was also necessary and sufficient for preventing a change in the
retractor phase duration, and that the same mechanism, addition
of IMI-CCAP to the LG neuron, played the distinct role of reducing
the threshold firing rate at which MCN1 activates the gastric mill
rhythm.

Based on our computational model, the presence of IMI-CCAP

during retraction was necessary due to the reduced IMI-MCN1 am-
plitude at the start of retraction (i.e., LG burst offset) in the pres-
ence of CCAP, relative to the control condition (Fig. 4). Without
compensation from CCAP, a reduced amount of IMI-MCN1 at the
start of retraction would prolong that phase. This is because more
time would be needed to build up sufficient IMI-MCN1 to enable
LG to escape from Int1 inhibition and initiate its burst, as we

verified by providing dynamic-clamp-injected IMI-CCAP only dur-
ing protraction.

It was anticipated from previous studies that IMI-CCAP would
be regulated only by voltage, whereas IMI-MCN1 would also be
regulated by rhythmic feedback inhibition (Golowasch and
Marder, 1992a; Swensen and Marder, 2000, 2001; Beenhakker et
al., 2005). However, circuit dynamics are often nonintuitive, and
it was our computational modeling results that led us to appreci-
ate the potential role of these distinct dynamics specifically in the
LG neuron for regulating the gastric mill rhythm, and for devel-
oping the testable predictions that we subsequently verified with
our dynamic-clamp manipulations.

The necessity and sufficiency of the CCAP action in LG for
regulating the gastric mill rhythm was not a foregone conclusion,
because CCAP also excites other gastric mill neurons, including
Int1 (Kirby and Nusbaum, 2007). CCAP actions appear to be
tuned for selectively prolonging the gastric mill protractor phase,
insofar as this action occurs across at least four orders of magnitude
for bath-applied CCAP (10�10 to 10�6

M) (Kirby and Nusbaum,
2007) and across at least a threefold range of dynamic-clamp
injected CCAP-like GMI (10 –30 nS) (this paper).

Thus far, the motor circuit response to the simultaneous ac-
tion of different neuromodulators is documented in only a few
systems (Dickinson et al., 1997; Katz and Edwards, 1999; Svens-
son et al., 2001; McLean and Sillar, 2004; Crisp and Mesce, 2006;
Koh and Weiss, 2007). However, many and perhaps all neural
systems receive multiple modulatory inputs, suggesting that co-
modulation is a prevalent mode of network regulation (Proekt et
al., 2005; Grillner, 2006; Huguenard and McCormick, 2007; Jing
et al., 2007; Marder and Bucher, 2007; Doi and Ramirez, 2008;
Jordan et al., 2008).

Figure 9. The presence of IMI-CCAP in LG lowers the threshold MCN1 firing frequency for activating the gastric mill rhythm in a
computational model. A, Modest MCN1 stimulation in the absence of CCAP did not activate the gastric mill rhythm. Note the small
effect of GMI-MCN1 on the LG membrane potential. B, A slightly faster MCN1 stimulation frequency, without CCAP present, did elicit
the gastric mill rhythm. C, The previously subthreshold MCN1 stimulation frequency did drive the gastric mill rhythm when IMI-CCAP

was present in LG. Most hyperpolarized Vm (A–C): LG, �73 mV.
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At the single-neuron level, Swensen and Marder (2000)
showed that coapplying two peptide modulators with convergent
actions on the same ionic current has an additive effect on that
current, similar to the convergent MCN1 and CCAP action in the
LG neuron. Unlike the latter case, though, both modulators were
bath applied, and hence their individual actions on the shared
target current were coregulated solely by the membrane potential
of the target neurons (Swensen and Marder, 2000). The conver-
gent postsynaptic action of two inputs onto an intrinsic current
via distinct dynamics also suggests a mechanistic explanation for
the observation that the same modulatory substance is often
present as both a circulating hormone and locally released mod-
ulator (Kristan et al., 2005; Marder and Bucher, 2007; Israel et al.,
2008). Specifically, in addition to these two modes of delivery
likely resulting in overlapping but distinct access to their shared
receptors and their acting via different concentrations, these
two delivery modes could enable a single modulator to evoke
the same type of differential dynamics that we found for the
convergent actions of hormonal CCAP and neuronally re-
leased CabTRP Ia.

Nontargets of a neuromodulator can play key roles in the
neuronal circuit response to that modulator, while strongly
affected targets sometimes play minimal roles (Hooper and
Marder, 1987; Ayali and Harris-Warrick, 1999; Thirumalai et al.,
2006). Similarly, two CCAP actions appeared to have little impact
on the gastric mill rhythm. First, the excitation of the retractor
CPG neuron Int1 by CCAP did not alter either Int1 activity dur-
ing this rhythm or the retractor phase duration in either the
biological preparation (Kirby and Nusbaum, 2007) or our com-

putational model (this paper). This result
was supported by the ability of our
dynamic-clamp subtraction of IMI-CCAP in
LG during bath-applied CCAP to return
the gastric mill rhythm to the control con-
dition. Presumably the CCAP excitation
of Int1 becomes effective under other
conditions, such as other versions of the
gastric mill rhythm (Beenhakker et al.,
2004; Blitz et al., 2004; Saideman et al.,
2007; Blitz et al., 2008).

Second, as discussed above, CCAP ap-
peared to have no effect on the retraction
phase, but in fact it was necessary to pre-
vent a change in the duration of this phase
(Fig. 4). Without our computational model
and dynamic-clamp manipulations, we
would have concluded that CCAP did not
influence this phase of the rhythm. The
influence of IMI-CCAP on the retractor
phase duration may well have an explicit
consequence in the presence of parallel in-
puts to the gastric mill CPG. For example,
the GPR proprioceptor neuron selectively
prolongs the gastric mill retractor phase
during saline superfusion (Beenhakker et
al., 2005). It may be that the presence of
CCAP will alter the influence of this sen-
sory feedback system.

It was surprising that adding IMI-CCAP

in LG was also sufficient to mimic the abil-
ity of bath-applied CCAP to lower the
threshold MCN1 firing frequency for ac-
tivating the gastric mill rhythm. In gen-

eral, the ability of neuromodulation to influence a synaptic action
could result from a presynaptic and/or postsynaptic site of action
(LeBeau et al., 2005; Brill et al., 2007; Marder and Bucher, 2007;
Doi and Ramirez, 2008; McDonald et al., 2008). For example, pre-
synaptically, modulation can alter neuronal firing rate, action
potential duration and/or the amount of transmitter released per
action potential. Postsynaptically, modulation can alter the re-
sponse to a synaptic action by changing intrinsic conductances
and/or the responsiveness or availability of neurotransmitter re-
ceptors. Our results indicate that modulation can also alter neu-
ronal responsiveness, and consequently circuit responsiveness,
via a postsynaptic convergent activation of an ionic current. This
result also further supports the hypothesis that IMI activation
exclusively in LG is pivotal for MCN1 activation of the gastric mill
rhythm.

The ability of hormonal CCAP levels to lower the MCN1 fir-
ing threshold for gastric mill rhythm activation also has a poten-
tial behavioral correlate. First, even in the absence of a recent
feeding episode, the steady-state level of CCAP in the hemo-
lymph is likely to be at or above threshold for the CCAP modu-
lation of the gastric mill rhythm (Phlippen et al., 2000; Kirby and
Nusbaum, 2007). Additionally, recent work by Chen et al. (2009)
suggests that several identified peptides, including CCAP, are
present in the C. borealis hemolymph at higher levels in hungry
than recently fed crabs. This observation supports the hypothesis
that, in hungry crabs, what would normally be too low a MCN1
firing rate would be sufficient to initiate chewing. One source of
long-term activation of MCN1 is the ventral cardiac neurons
(VCNs), which are mechanosensory neurons embedded in the

Figure 10. Injection of artificial IMI-CCAP into LG lowers the threshold MCN1 firing frequency for activating the gastric mill rhythm
in the biological preparation. A, Modest MCN1 stimulation in the absence of IMI-CCAP did not activate the gastric mill rhythm, but did
elicit unitary EPSPs and action potentials in LG. Most hyperpolarized Vm: LG, �60 mV. B, A slightly faster MCN1 stimulation
frequency, without IMI-CCAP injection, did elicit the gastric mill rhythm. Most hyperpolarized Vm: LG, �64 mV. C, The previously
subthreshold MCN1 stimulation frequency did drive the gastric mill rhythm when artificial IMI-CCAP was injected into LG. Most
hyperpolarized Vm: LG, �64 mV.
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internal epithelium of the cardiac sac stomach compartment
(Beenhakker et al., 2004). The cardiac sac is a food storage com-
partment just anterior to the gastric mill. This leads to the possi-
bility that, in hungry crabs, modest activation of the VCNs by
residual food in the cardiac sac could trigger sufficient MCN1
activity to initiate an episode of chewing. Thus, comodulation via
convergence onto a single ionic conductance, as we demonstrate
here, could serve as a cellular mechanism for altering a behavioral
threshold.

In conclusion, the peptide hormone CCAP influences the
MCN1-elicited gastric mill rhythm by its convergent activation,
with MCN1-released CabTRP Ia, of a voltage-dependent inward
current (IMI) in a single CPG neuron (LG neuron). The distinct
dynamics of IMI activation and decay by these parallel inputs is
pivotal to the resulting motor pattern. Paradoxically, in the pres-
ence of CCAP, the amplitude of the MCN1-activated IMI in LG is
reduced relative to saline controls (Fig. 4), yet the CCAP contri-
bution enables the same MCN1 activity to elicit prolonged LG
bursts. Last, although the gastric mill protractor phase is selec-
tively altered by CCAP, in reality CCAP-activated IMI is also nec-
essary for the fact that the retractor duration is not altered. Future
experiments will determine whether the presence of this peptide
hormone alters the sensitivity of the gastric mill CPG to inputs
that influence the apparently unchanged retractor phase.
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