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Proprioceptor Regulation of Motor Circuit Activity by
Presynaptic Inhibition of a Modulatory Projection Neuron
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Phasically active sensory systems commonly influence rhythmic motor activity via synaptic actions on the relevant circuit and/or motor neu-
rons. Using the crab stomatogastric nervous system (STNS), we identified a distinct synaptic action by which an identified proprioceptor, the
gastropyloricmusclestretchreceptor(GPR)neuron,regulatesthegastricmill (chewing)motorrhythm.Previousworkshowedthatrhythmically
stimulating GPR in a gastric mill-like pattern, in the isolated STNS, elicits the gastric mill rhythm via its activation of two identified projection
neurons, modulatory commissural neuron 1 (MCN1) and commissural projection neuron 2, in the commissural ganglia. Here, we determine
how activation of GPR with a behaviorally appropriate pattern (active during each gastric mill retractor phase) influences an ongoing gastric mill
rhythm via actions in the stomatogastric ganglion, where the gastric mill circuit is located. Stimulating GPR during each retractor phase selec-
tively prolongs that phase and thereby slows the ongoing rhythm. This selective action on the retractor phase results from two distinct GPR
actions. First, GPR presynaptically inhibits the axon terminals of MCN1, reducing MCN1 excitation of all gastric mill neurons. Second, GPR
directly excites the retractor phase neurons. Because MCN1 transmitter release occurs during each retractor phase, these parallel GPR actions
selectively reduce the buildup of excitatory drive to the protractor phase neurons, delaying each protractor burst. Thus, rhythmic proprioceptor
feedback to a motor circuit can result from a global reduction in excitatory drive to that circuit, via presynaptic inhibition, coupled with a
phase-specific excitatory input that prolongs the excited phase by delaying the onset of the subsequent phase.
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Introduction
Sensory influences on the central pattern generator (CPG) cir-
cuits that underlie rhythmic motor behaviors extend from phasic
actions that fine-tune motor output to the activation or termina-
tion of entire motor programs (Stein et al., 1997; McCrea, 1998;
Di Prisco et al., 2000; Perrins et al., 2002; Frost et al., 2003; Pear-
son, 2004; Shetreat-Klein and Cropper, 2004; Buschges, 2005).
The phasic, cycle-specific regulatory actions commonly result
from direct synaptic actions on CPG neurons and associated mo-
tor neurons. In contrast, sensory activation or termination of
CPG activity often results from its influences on upstream pro-
jection neurons.

Here, we use the stomatogastric nervous system (STNS) of the
crab Cancer borealis to document that the same proprioceptor
neuron can activate and regulate rhythmic motor activity, via

distinct synaptic actions on different regions of the same projec-
tion neuron. The STNS includes four ganglia that contain a set of
distinct but interacting CPGs controlling various aspects of the
ingestion and processing of food by the foregut (Nusbaum and
Beenhakker, 2002). The CPGs that generate the chewing (gastric
mill circuit) and filtering (pyloric circuit) motor patterns occur
in the stomatogastric ganglion (STG), whereas the projection
neurons that regulate their activity are located primarily in the
paired commissural ganglia (CoGs). The gastric mill rhythm can
be activated in the isolated STNS without sensory input
(Coleman and Nusbaum, 1994), but sensory input does regulate
this rhythm (Combes et al., 1999; Beenhakker et al., 2004; Blitz et
al., 2004).

One well defined sensory input to the gastric mill circuit is the
gastropyloric receptors (GPRs), two pairs of bilaterally symmet-
ric proprioceptor neurons that are activated by the stretch of
gastric mill protractor muscles (Katz and Harris-Warrick, 1989;
Katz et al., 1989). GPRs modulate the pyloric rhythm and activate
the gastric mill rhythm (Katz and Harris-Warrick, 1990, 1991;
Blitz et al., 2004). They elicit the gastric mill rhythm by activating
modulatory commissural neuron 1 (MCN1) and commissural
projection neuron 2 (CPN2), which occur as single copies in each
CoG (Blitz et al., 2004).

Blitz et al. (2004) studied GPR ability to activate the gastric
mill rhythm in an “open-loop” paradigm in the isolated STNS,
wherein GPR was stimulated in a gastric mill-like pattern. Here,
we created a closed-loop-like situation in the isolated STNS to
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understand how GPR influences an ongoing gastric mill rhythm
activated by either a distinct sensory pathway or direct stimula-
tion of MCN1 (Coleman and Nusbaum, 1994; Beenhakker et al.,
2004). Specifically, during these rhythms, GPR was stimulated
with a behaviorally appropriate pattern, during each retractor
phase, to close the GPR loop. With this approach, we demon-
strate that GPR slows the gastric mill rhythm by selectively pro-
longing the retractor phase. This results from GPR-mediated pre-
synaptic inhibition of the STG terminals of MCN1 and a parallel
excitation of retractor phase neurons. The latter effect appears to
enable GPR to replace a subset of the excitatory actions that it
removes by its inhibition of MCN1.

Some of these results were published in abstract form (Been-
hakker and Nusbaum, 2003).

Materials and Methods
Animals/preparation. Male crabs [C. borealis (Jonah crabs)] were ob-
tained from Commercial Lobster and Seafood (Boston, MA) and the
Marine Biological Laboratory (Woods Hole, MA). Crabs were housed in
commercial tanks containing chilled, filtered, and recirculated artificial
seawater (10°C). Before dissection, each crab was anesthetized by pack-
ing it in ice for at least 30 min. The foregut was removed and then
transferred to a dissection dish containing saline (10 –12°C) to enable
dissection of the STNS from the foregut. The isolated STNS (see Fig. 1 A)
was then transferred and pinned down in a silicone elastomer-lined (Syl-
gard 184; KR Anderson, Santa Clara, CA) Petri dish filled with saline
(10 –12°C).

Solutions. During dissection and experimentation, the STNS was sup-
plied with C. borealis saline containing the following (in mM): 440 NaCl,
26 MgCl2, 11 KCl, 13 CaCl2, 10 Trizma base, and 5 maleic acid, pH
7.4 –7.6. In some experiments, neuronal interactions were limited to
those presumed to be monosynaptic by superfusing the preparation with
saline containing five times the normal concentration of the divalent salts
(high divalent cation saline) (Blitz and Nusbaum, 1999). This saline con-
tained the following (in mM): 439 NaCl, 130 MgCl2, 11 KCl, 64.5 CaCl2,
10 Trizma base, and 5 maleic acid, pH 7.4 –7.6. During each experiment,
the STNS was continuously superfused with saline (7–12 ml/min) via a
switching manifold to enable fast solution changes and cooled (10 –11°C)
with a Peltier device.

Electrophysiology. STNS neurons were identified by their patterns of
activity, synaptic interactions with other identified neurons, and axonal
branching patterns in connecting and peripheral nerves (Beenhakker and
Nusbaum, 2004; Beenhakker et al., 2004). Standard intracellular and
extracellular recording techniques were used in this study (Beenhakker et
al., 2004). Briefly, extracellular recordings of neuronal activity were ob-
tained by electrically isolating individual sections of STNS nerves from
the bath by building a petroleum jelly-based cylindrical compartment
around a section of nerve. One of two stainless-steel electrode wires was
placed within this compartment to record action potentials propagating
through the nerve, and the second wire was placed in the bath as a
reference electrode. The differential signal was recorded, filtered, and
amplified, first through an amplifier from AM Systems (Carlsborg, WA;
model 1700), and then through an amplifier from Brownlee Precision
(Santa Clara, CA; model 410). Extracellular stimulation of a nerve was
achieved by placing the two extracellular wires into a stimulus isolation
unit (model SIU5; Astromed/Grass Instruments, West Warwick, RI)
controlled by a stimulator (model S88; Astromed/Grass Instruments).
Intracellular recordings of STNS somata were obtained with sharp glass
microelectrodes (15–30 M�) filled with either 4 M potassium acetate
(KAc) plus 20 mM potassium chloride (KCl) or 0.6 M K2SO4 plus 20 mM

KCl. Neurotransmitter release from the STG terminals of projection neu-
rons is suppressed by intra-axonal recordings with KAc-filled electrodes
positioned near the entrance to the STG (Coleman et al., 1995). There-
fore, to preserve transmitter release during these intra-axonal recordings,
we used an intracellular electrode solution of 1 M KCl (Bartos and Nus-
baum, 1997). All intracellular signals were amplified and filtered with
Axoclamp 2B amplifiers (Molecular Devices, Foster City, CA), and then

further amplified with Brownlee model 410 amplifiers. Intracellular cur-
rent injections were performed in discontinuous current-clamp mode
with sampling rates of 2–3 kHz.

In these experiments, we worked primarily with GPR2 by stimulating
the gastropyloric nerve ( gpn) through which its axon projects (Katz et al.,
1989). However, we found that the STNS response to GPR1 stimulation
was the same as to GPR2 stimulation. The gpn also contains the axons of
the lateral pyloric (LP) and medial gastric (MG) motor neurons (Katz et
al., 1989). In general, GPR2 was selectively stimulated in our experi-
ments, presumably because it has the largest diameter axon among these
three neurons (Katz et al., 1989). Additionally, antidromically propagat-
ing action potentials in STG motor neurons only spread passively into
the STG neuropil and therein only release transmitter when they occur
on a sufficiently depolarized baseline (Mulloney and Selverston, 1972).
In some of our experiments, the gpn was stimulated when the pyloric
rhythm was suppressed (see Results). At these times, the membrane po-
tentials of the LP and MG neurons were too hyperpolarized to enable
antidromic spike-mediated transmitter release.

Because GPR is activated during the retractor phase of the gastric mill
rhythm (Katz and Harris-Warrick, 1989), we stimulated the gpn during
this phase. This stimulation was performed manually by turning the
stimulator on at the beginning of the retractor phase. We tested the effect
of stimulating GPR for both a fixed duration and by terminating the
stimulation at the burst onset time of the lateral gastric (LG) neuron. In
the latter case, each stimulation was terminated by either anticipating the
onset of the protractor phase (LG neuron burst onset) based on the
trajectory of the LG neuron membrane potential, or waiting until the
start of each LG burst.

Data acquisition. Data were acquired in parallel onto a chart recorder
(MT-95000 or Everest model; Astromed) and by digitizing (�5 kHz) and
storing the data on computer with data acquisition hardware/software
(SPIKE2; Cambridge Electronic Design, Cambridge, UK). Digitized data
were analyzed with a homemade SPIKE2 program (“The Crab Analyzer,”
freely available at http://www.neurobiologie.de/). Briefly, the burst du-
ration of a neuron was defined as the elapsed time (in seconds) between
the first and last action potential in an impulse burst. The firing fre-
quency was calculated by dividing the number of action potentials minus
1 by the burst duration. The gastric mill cycle period was defined by the
duration (in seconds) between the onsets of two successive impulse
bursts in the LG neuron.

Data are presented as means � SD. Statistical analyses were performed
with SigmaStat 3.0 (SPSS, Chicago, IL). Figures were made from SPIKE2
files incorporated in the Adobe Photoshop (Adobe, San Jose, CA) and
PowerPoint graphics programs (Microsoft, Seattle, WA).

Dynamic clamp. We used the dynamic clamp (D clamp) technique
(Sharp et al., 1993; Prinz et al., 2004) to inject an artificial ionic or syn-
aptic current into the LG neuron. The dynamic clamp software uses
intracellularly recorded membrane potentials (Vm) of biological neurons
to calculate an artificial current (Idyn) using a conductance [gdyn(t)] that
is numerically computed, as well as a predetermined reversal potential
(Erev). The artificial current is computed in real time, 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 � gdynmp � hq � �V1 � Esyn�

�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 Vm. The synap-
tic currents are computed according to the same equations, where V1
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represents VPost and V2 represents VPre. The values of parameters used by
the dynamic clamp in the above equations are given in Table 1.

In the dynamic clamp experiments involving the injection of the
interneuron 1 (Int1) inhibitory synaptic current into the LG neuron,
we used a model cell to represent Int1. This model cell included a
passive leak current and Hodgkin–Huxley-like voltage-dependent in-
ward and outward currents that underlie action potential generation.
Consistent with the biological gastric mill circuit (Coleman et al.,
1995; Bartos et al., 1999), the model Int1 was inhibited by the pyloric
dilator (PD) and LG neurons, ongoing recordings of which were
maintained in the biological preparation. The activity of the model
Int1 was used to inject a simulated inhibitory current into the LG
neuron to mimic the effect of increasing the inhibitory action of the
biological Int1 (Bartos et al., 1999).

In experiments in which the modulatory action of the MCN1 projec-
tion neuron on the LG neuron was mimicked with the dynamic clamp
software, we used previously published parameters for the peptide-
elicited, voltage-dependent current, as characterized in other STG neu-
rons (Golowasch and Marder, 1992; Swensen and Marder, 2000, 2001).
In the biological network, the modulatory input from MCN1 to the LG
decays during each LG burst (Coleman and Nusbaum, 1994; Coleman et
al., 1995). To mimic this decay, we added an inactivation component to
the modeled current (see Results) (Table 1).

These experiments were performed using the version of the dynamic
clamp software developed in the Nadim laboratory (available at http://
stg.rutgers.edu/software/) on a personal computer (PC) running Win-

dows XP and a NI PCI-6070-E data acquisition board (National Instru-
ments, Austin, TX). All intracellular recordings were performed in
single-electrode discontinuous current-clamp mode.

Gastric mill model. We constructed a computational model modified
from an existing conductance-based model of the gastric mill circuit
(Nadim et al., 1998). The previously published version modeled the LG,
Int1, and MCN1 neurons as having multiple compartments separated by
an axial resistance, with each compartment possessing intrinsic and/or
synaptic conductances. We modified this model only by adding an addi-
tional single compartment cell, representing the GPR neuron, and sev-
eral additional synaptic conductances (Table 2). All other parameters
were unmodified from those previously published.

To model the GPR neuron, we added a single compartment cell with a
passive leak current plus Hodgkin–Huxley-like voltage-dependent in-
ward and outward currents to effect action potential generation. Consis-
tent with physiological measurements (see Results), this model neuron
made an inhibitory synaptic connection onto a distal compartment of the
MCN1 axon terminals (t0 compartment) (Nadim et al., 1998), as well as
an excitatory connection onto the Int1 neurite compartment. To mimic
the cumulative actions of repeated GPR stimulations, the GPR synapse
onto MCN1 was modeled as a slow activating, slow deactivating current.
The conductances and other parameters of these currents were chosen to
mimic the behavior of the gastric mill circuit in the presence of GPR
stimulation (Table 2). In these models, we only incorporated each of
these two synapses separately, because our aim was to assess their indi-
vidual contributions to the observed GPR action on the gastric mill

Table 1. Dynamic clamp parameters

Current
Vm

(mV)
Km

(mV)
TmLo

(ms)
TmHi

(ms) P
Vh

(mV)
Kh

(mV)
ThLo

(ms)
ThHi

(ms) Q
Gmax

(nS)
Erev

(mV)

Synapses
LG-Int1 �45 �0.1 5 1500 1 n/a n/a n/a n/a 0 30 �120
Int1-LG �40 �1 5 200 1 n/a n/a n/a n/a 0 100 �80
PD-Int1 �20 �1 5 1000 1 n/a n/a n/a n/a 0 10 �120

Int1 model cell currents
Leak �40 �5 50 100 0 n/a n/a n/a n/a 0 1 �60
Na �40 �10 5 5 1 �40 3.0 50 50 1 30 45
K �40 �10 100 500 1 n/a n/a n/a n/a 0 50 �80

Simulated CabTRP current in LG
CabTRP �40 �10 200 50 1 �40 0.5 12,000 8000 1 250 0

Vm, Half-maximum voltage of the activation curve; Km, the slope of the activation sigmoid at half-maximum; TmLo
, activation time constant at voltages below Vm; TmHi

, activation time constant at voltages above Vm; P, integer power of the
activation variable m; Vh, half-maximum voltage of the inactivation curve; Kh, the slope of the inactivation sigmoid at half-maximum; ThLo

, inactivation time constant at voltages below Vm; ThHi
, inactivation time constant at voltages above

Vm; Q, integer power of the inactivation variable h; Gmax, conductance value at maximum activation; Erev, reversal potential; n/a, not relevant to computation.

Table 2. Model parameters

Synapses

Synapse Gmax (nS) Erev (mV) Minf M�

MCN1-Int1 6 0

1

1 � e�45�V�70� 1

GPR-Int1 20 0

1

1 � e��V�60� 50

GPR-MCN1 40 �80

1

1 � e��V�60�

2000 �
4000

1 � eV�60

GPR intrinsic currents

Current Gmax Erev p q Minf M� Hinf H�

Leak 3 �68 n/a n/a n/a n/a n/a n/a

Na 120 50 3 1

1

1 � e�5�V�62� Inst

1

1 � e5�V�64� 1 �
5

1 � e�0.24�V�64�

K 36 �77.5 4 n/a

1

1 � e�5�V�54� 8 �
20

1 � e0.24�V�54� n/a n/a

Gmax, Conductance value at maximum activation; Erev, reversal potential; Minf, steady-state activation curve; M�, activation time constant; P, integer power of the activation variable m; Q, integer power of the inactivation variable h; Hinf,
steady-state inactivation curve; H�, inactivation time constant; Inst, instantaneous; n/a, not relevant to computation.
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rhythm. Finally, to mimic more accurately the known mechanisms of
gastric mill rhythm generation, we also added an excitatory synaptic
connection between MCN1 and Int1 (Coleman et al., 1995).

Simulations were performed on a PC with Windows XP. We used the
Network simulation software developed in the Nadim laboratory, 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. Re-
sults were visualized by plotting outputted data
points using the freely available Gnuplot software
package.

Results
GPR prolongs the retractor phase of the
ventral cardiac neuron-elicited gastric
mill rhythm
The gastric mill rhythm is a two-phase
motor pattern in which there is a rhythmic
repeating alternation in impulse bursts be-
tween teeth protraction- and retraction-
related neurons (Heinzel et al., 1993). There
are eight different gastric mill neurons in C.
borealis, of which one-half are active during
protraction and one-half are active during
retraction (Beenhakker and Nusbaum,
2004). In this study, we use LG neuron ac-
tivity to represent the protractor phase,
whereas the retractor phase is represented
by the activity of the dorsal gastric (DG)
neuron and/or Int1 (Fig. 1B). The recipro-
cally inhibitory neurons LG and Int1 com-
prise the core of the gastric mill CPG
(Coleman et al., 1995; Bartos et al., 1999).

In situ, GPRs are rhythmically activated
during each retraction phase of the gastric
mill rhythm. For GPR2, this activity pattern
results from its dendrites being embedded
in a protractor muscle (gm9a) that is
stretched during each DG retractor neuron
burst (Katz and Harris-Warrick, 1989) (Fig.
1B). The gastric mill rhythm is generally not
spontaneously active in vitro, but it can be
readily triggered by stimulation of known
sensory pathways, including transient stim-
ulation of the ventral cardiac mechanosen-
sory neurons (VCNs) (Beenhakker et al.,
2004). The VCNs are a bilateral population
of �60 sensory neurons located in the inte-
rior stomach lining of the cardiac sac (food
storage) stomach compartment, near the
entrance to the gastric mill. Application of
adequate pressure to this location, or extra-
cellular stimulation of the dorsal posterior
oesophageal nerve (dpon), through which
the VCN axons project to the CoGs, triggers
a long-lasting gastric mill rhythm via VCN
actions on CoG projection neurons (see be-
low) (Beenhakker and Nusbaum, 2004;
Beenhakker et al., 2004). To determine
what, if any, changes occurred in an ongoing
gastric mill rhythm as a result of activating
GPR at the behaviorally appropriate time,
we stimulated GPR during successive DG
neuron bursts in an ongoing VCN-elicited
gastric mill rhythm (Fig. 2).

There were three attractive features of using the VCN mech-
anosensory system to activate the gastric mill circuit. First, a rela-
tively brief (1–2 min) stimulation of the VCNs triggers a long-lasting
(tens of minutes) gastric mill rhythm (Beenhakker et al., 2004). Sec-
ond, both the VCNs and GPRs elicit the gastric mill rhythm via the
same two CoG projection neurons, MCN1 and CPN2 (Beenhakker

Figure 1. Schematic of the isolated STNS and the pathways by which two identified sensory systems influence the gastric
mill circuit. A, The STNS consists of the unpaired STG and oesophageal (OG) ganglia, the paired CoG, plus the connecting and
peripheral nerves. In each CoG, there is a single copy of each identified CoG projection neuron, including MCN1, MCN5, MCN7,
and CPN2. The STNS receives sensory information from the proprioceptor neurons GPR1 and GPR2 and the mechanoreceptor
VCNs. B, GPRs and VCNs each elicit the gastric mill rhythm by activating MCN1 and CPN2, which in turn activate the gastric mill
circuit. The gastric mill CPG neurons LG and Int1 have reciprocal inhibitory connections and are influenced by the pyloric
pacemaker neuron AB. The DG neuron is a gastric mill retractor motor neuron that innervates the gm4 muscle. Contraction of gm4
stretches the GPR-innervated muscles, thereby activating GPRs (Katz and Harris-Warrick, 1989). Synapse symbols: t-bars, excitation;
filled circles, inhibition; resistor, electrical coupling. Nerves: dgn, dorsal gastric nerve; dpon, dorsal posterior oesophageal nerve; ion,
inferior oesophageal nerve; lgn, lateral gastric nerve; lvn, lateral ventricular nerve; mgn, medial gastric nerve; mvn, medial ventricular
nerve; son, superior oesophageal nerve; stn, stomatogastric nerve; vcn, ventral cardiac nerve.

Figure 2. GPR stimulation prolongs the retractor phase of the VCN-elicited gastric mill rhythm. A, Stimulating GPR (5 Hz
intraburst frequency) in a behaviorally relevant pattern during the VCN-elicited gastric mill rhythm in the isolated stomatogas-
tric nervous system slows the rhythm by selectively prolonging the retractor phase. B, Relative to pre-GPR stimulation levels,
during each cycle when GPR was stimulated (arrows), there was a significant increase in the duration of the gastric mill retractor
phase and in the duration of the cycle period, but there was no change in the protractor phase duration (*p 	 0.05; n 
 8;
one-way repeated-measures ANOVA, Student–Newman–Keuls test). Each bar represents a single gastric mill cycle, with one
cycle shown pre-GPR, five cycles shown during GPR, and four cycles shown post-GPR stimulation. Note the rapid return to
control levels after GPR stimulation was terminated. Error bars indicate SD.
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& Nusbaum, 2004; Blitz et al., 2004), thereby confining the scope of
the pertinent circuitry to a limited number of neurons. The VCN-
and GPR-elicited gastric mill rhythms are qualitatively similar but
quantitatively distinct (Blitz et al., 2004). Third, the ability of GPRs to
influence MCN1 and CPN2 in the CoGs is suppressed during the
VCN-elicited gastric mill rhythm, thereby limiting the likely locus of
any persisting GPR actions to the STG (Beenhakker, 2004).

Stimulating GPR during each DG neuron burst slowed the
gastric mill rhythm (cycle period: pre-GPR, 7.6 � 1.8 s; during
GPR stimulation, 10.7 � 3.4 s; post-GPR, 8.2 � 1.1 s; repeated-
measures ANOVA; p 	 0.001; n 
 8) (Fig. 2). This slowing of the
rhythm resulted from a selective increase in retractor phase du-
ration that occurred during every cycle in which GPR was stim-
ulated (Fig. 2B). For example, there was a consistent increase in
the DG retractor neuron burst duration when GPR was stimu-
lated (pre-GPR, 3.3 � 1.8 s; during GPR stimulation, 6.6 � 2.9 s;
post-GPR, 3.2 � 0.5 s; repeated-measures ANOVA; p 	 0.05; n 

4) (Fig. 2B). In contrast, GPR stimulation did not alter the dura-
tion of the LG protractor neuron (pre-GPR, 3.8 � 1.1 s; during GPR
stimulation, 4.2 � 1.4 s; post-GPR, 3.6 � 1.0 s; repeated-measures
ANOVA; p � 0.05; n 
 8) (Fig. 2B). These GPR actions did not
extend far past the final GPR stimulation. For example, the DG neu-
ron burst duration was prolonged for one additional cycle, whereas
the gastric mill cycle period returned to pre-GPR levels as soon as
GPR stimulation was terminated (Fig. 2B).

The selective increased duration of the gastric mill retractor
phase by GPR stimulation also changed the relative fraction of
each cycle (duty cycle) devoted to protraction and retraction.
Specifically, GPR stimulation reduced the LG neuron duty cycle
by causing a phase advance of its burst termination (pre-GPR,
49.6 � 9%; during GPR stimulation, 39.5 � 9%; post-GPR,

43.3 � 8%; pre-GPR vs during GPR, p 	 0.05; n 
 8), and it
increased the DG neuron duty cycle by phase advancing its burst
onset (pre-GPR, 63.1 � 9%; during GPR stimulation, 49.7 � 8%;
post-GPR, 64.1 � 8%; pre-GPR vs during GPR, p 	 0.05; n 
 4).
Thus, when GPR was active, the gastric mill rhythm changed
from having a balanced participation of the protractor and re-
tractor neurons in each cycle to one in which there was relatively
more retractor phase activity.

GPR prolongs the retractor phase by its synaptic actions in
the STG
The GPR and VCN neurons both activate the gastric mill rhythm
by eliciting a long-lasting activation of the projection neurons
MCN1 and CPN2 (Fig. 1) (Beenhakker and Nusbaum, 2004; Blitz
et al., 2004). These two projection neurons appear to play distinct
roles, with MCN1 providing the main excitatory drive to the
gastric mill circuit and CPN2 sculpting the activity patterns of the
gastric mill neurons (Norris et al., 1994; Bartos et al., 1999; Been-
hakker and Nusbaum, 2004). Surprisingly, during the VCN-
elicited gastric mill rhythm, GPR stimulation no longer influ-
ences MCN1 or CPN2 in the CoGs, because these GPR actions are
effectively and reversibly masked by the VCN influence on these
projection neurons (Beenhakker, 2004). It therefore appeared
likely that the GPR ability to prolong selectively the retractor
phase of the VCN-elicited gastric mill rhythm resulted from di-
rect GPR actions within the STG.

We tested this hypothesis by transecting the superior (sons)
and inferior oesophageal nerves (ions) to eliminate the CoGs, and
assessing the influence of GPR stimulation on gastric mill
rhythms elicited by selective extracellular nerve (ion) stimulation
of MCN1 (Fig. 3A). Under these conditions, tonic MCN1
stimulation routinely elicits the gastric mill rhythm (Bartos et
al., 1999). Although two STG-projecting neurons, MCN1 and
MCN5, project to the STG through the ion (Coleman and
Nusbaum, 1994; Norris et al., 1996), low stimulus voltages

Figure 3. Influence of GPR on the MCN1-elicited gastric mill rhythm. A, Preparation used to
study the MCN1-elicited gastric mill rhythm. The CoGs were eliminated by transection of the
ions and sons, and selective MCN1 stimulation was accomplished by extracellular stimulation of
the ion to elicit the gastric mill rhythm (Bartos et al., 1999). B, Stimulating GPR during the retractor
phase of the MCN1-elicited gastric mill rhythm selectively prolonged that retractor phase. MCN1 stim-
ulation (black bar, 30 Hz tonic) began before the presented recording segment and persisted for the
duration of the recording shown. Most hyperpolarized Vm: LG, �75 mV.

Figure 4. Quantification of the GPR actions on the MCN1-elicited gastric mill rhythm. The
pre-GPR (white bars), during GPR (black bars), and post-GPR stimulation (gray bars) conditions
each represent the mean of five consecutive gastric mill cycles. A, GPR stimulation during the
MCN1-elicited gastric mill rhythm reversibly prolonged the gastric mill cycle period by �60%
(*p 	 0.05; n 
 6). B, C, Stimulating GPR during the MCN1-elicited gastric mill rhythm did not
alter the LG neuron burst duration ( p � 0.05; n 
 6) (B) but reduced the fraction of a gastric
mill cycle during which LG was active (LG duty cycle) by nearly 20% (**p 	 0.01; n 
 6) (C).
Error bars indicate SD.
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selectively activate MCN1 (Bartos and Nusbaum, 1997; Bartos
et al., 1999).

During MCN1-elicited gastric mill rhythms, GPR stimulation
during the retractor phase again slowed the rhythm by selectively
prolonging the retractor phase (Figs. 3B, 4). In fact, all of the GPR
actions on the VCN-elicited gastric mill rhythm also occurred
when GPR was rhythmically stimulated during the MCN1-
elicited gastric mill rhythm with the CoGs removed. For example,
these rhythmic GPR stimulations prolonged the gastric mill cycle
period (pre-GPR, 5.6 � 1 s; during GPR, 9.0 � 3 s; post-GPR,
6.4 � 1 s; p 	 0.05; repeated-measures ANOVA; n 
 6) (Fig. 4A)
without changing the LG neuron burst duration (pre-GPR, 2.4 �
0.9 s; during GPR, 1.9 � 0.3 s; post-GPR, 2.4 � 0.8 s; p � 0.05;
repeated-measures ANOVA; n 
 6) (Fig. 4B). Moreover, as in-
dicated for the VCN-elicited rhythm, by maintaining the same
LG neuron burst duration while prolonging the gastric mill cycle
period, these GPR stimulations reduced LG neuron duty cycle (pre-

GPR, 41.0 � 11%; during GPR, 22.9 � 9%;
post-GPR, 37.5 � 11%; p 	 0.01; repeated-
measures ANOVA; n 
 6) (Fig. 4C).

GPR does not slow the gastric mill
rhythm via its synapses on STG neurons
GPR has numerous synaptic actions
within the STG on both gastric mill and
pyloric neurons (Katz and Harris-
Warrick, 1989, 1990, 1991) (see below).
Among the GPR targets are several path-
ways by which GPR could slow the gastric
mill rhythm. The first of these pathways
consists of the electrically coupled pyloric
pacemaker neurons [anterior burster
(AB) and PD neurons], which have a
rhythmic bursting activity that is modu-
lated by GPR (Katz and Harris-Warrick,
1990). The pyloric pacemaker neurons
regulate the gastric mill cycle period via
their rhythmic inhibition of Int1, which in
turn provides pyloric-timed removal of
Int1 inhibition (disinhibition) to the LG
neuron (Nadim et al., 1998; Bartos et al.,
1999). These disinhibitions, which are ev-
ident during each LG interburst (Fig. 3B),
shorten the time to LG neuron burst onset
after the preceding LG burst, thereby in-
creasing the speed of the gastric mill
rhythm (Bartos et al., 1999; Wood et al.,
2004). Consequently, changing the fre-
quency of these pyloric-timed disinhibi-
tions causes a concomitant change in the
speed of the gastric mill rhythm (Bartos et
al., 1999). We tested and eliminated this
pathway as the means by which GPR reg-
ulates the gastric mill cycle period by sup-
pressing the pyloric pacemaker activity
with hyperpolarizing current injection
during an ongoing MCN1-elicited gastric
mill rhythm. Despite the absence of both
the pyloric rhythm and the disinhibitions
in the LG neuron, there was no change in
the GPR ability to slow the ongoing gastric
mill rhythm (n 
 4).

Another means by which GPR could
influence the speed of the gastric mill rhythm is by its excita-
tory action on the DG neuron (Katz and Harris-Warrick,
1989; Kiehn and Harris-Warrick, 1992), because at high firing
frequencies the DG neuron can inhibit the LG neuron. How-
ever, as was the case when the pyloric pacemaker neurons were
silenced, suppression of DG neuron activity by hyperpolariz-
ing current injection did not alter the GPR influence on the
gastric mill rhythm (n 
 3).

A third potential target of GPR that could mediate the slowing
of the gastric mill rhythm is the LG neuron. The level of LG
neuron activity and its ability to escape from Int1-mediated in-
hibition is instrumental to gastric mill rhythm generation
(Coleman et al., 1995; Bartos et al., 1999). Moreover, previous
work showed that GPR stimulation produces an initial, appar-
ently polysynaptic inhibitory response in the LG neuron, fol-
lowed by an extended period of enhanced pyloric-timed
subthreshold membrane potential oscillations (Katz and Harris-

Figure 5. GPR excites Int1 but does not alter Int1 activity during the gastric mill rhythm. A1, In the isolated STG with no ongoing
gastric mill rhythm, GPR stimulation (5 Hz) excited Int1 and produced a concomitant increase in the amplitude of the subthreshold,
pyloric-timed oscillations in the LG neuron. A2, Single GPR stimuli evoked constant latency EPSPs in Int1 in high divalent cation
saline. The EPSP represents the average of eight Int1 responses to GPR stimulation. The relatively long latency to EPSP onset results
from the �2 cm distance traveled by the GPR-elicited action potentials to reach the STG. B1, GPR stimulation (5 Hz) during an
ongoing MCN1-elicited gastric mill rhythm prolonged the retractor phase without an evident change in Int1 activity. B2, GPR failed
to enhance Int1 activity during ongoing gastric mill rhythms at times when it did prolong the gastric mill cycle period. The mean
� SD gastric mill cycle period (white symbols) and corresponding Int1 firing frequency (gray symbols) before and during GPR
stimulation for eight preparations are shown, organized by symbol shape. The dotted line represents no change between the
pre-GPR and during GPR conditions. B3, Int1 firing frequency (black bars) and gastric mill cycle period (white bars) data are
normalized to precontrol conditions. In the same preparations, GPR stimulation increased the gastric mill cycle period (40.8 �
28.9%; *p 	 0.001; n 
 8) but failed to alter Int1 firing frequency (4.5 � 5.4%; p � 0.05; n 
 8). Error bars indicate SD.
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Warrick, 1991). We also noticed the latter response (Fig. 5A1).
However, we observed no change in the LG neuron membrane
potential when GPR was stimulated during either the VCN- or
MCN1-elicited gastric mill rhythms. We nonetheless sought to
identify the neuron(s) responsible for this previously docu-
mented inhibitory action of GPR on the LG neuron, because such
a neuron could mediate the ability of GPR to prolong the retrac-
tor phase (by delaying the protractor phase) and thereby increase
the cycle period of ongoing gastric mill rhythms.

We tested the hypothesis that Int1 was responsible for the
observed GPR influence on the LG neuron. As mentioned above,
the LG neuron and Int1 constitute the pair of reciprocally inhib-
itory neurons at the core of the gastric mill CPG, and Int1 is
responsible for the subthreshold, pyloric-timed membrane po-
tential oscillations that occur in the LG neuron (Coleman et al.,
1994; Bartos et al., 1999). We found that GPR did indeed consis-
tently excite Int1, during which there was an increased hyperpo-
larization in the LG neuron (n 
 5) (Fig. 5A1). This GPR action
appeared to be monosynaptic, because GPR action potentials
elicited constant-latency EPSPs in Int1 that persisted in the pres-
ence of high divalent cation saline (Fig. 5A2).

It was possible that GPR excitation of Int1 also explained the
GPR-mediated prolongation of the retractor phase of the gastric
mill rhythm. Specifically, if GPR enhanced Int1 activity during
the gastric mill rhythm, then this would likely strengthen Int1
inhibition of the LG neuron, thereby slowing the LG neuron
escape from Int1 inhibition and prolonging the retractor phase. It
was not possible to test this hypothesis directly by suppressing
Int1 activity, because its activity is necessary for gastric mill
rhythm generation (Bartos et al., 1999). Therefore, as a first step,
we determined whether GPR stimulation did indeed increase
Int1 activity during the gastric mill rhythm. Surprisingly, GPR
stimulation did not increase the Int1 firing frequency during ei-
ther the VCN- or MCN1-elicited gastric mill rhythms (VCN
rhythms: pre-GPR, 19.3 � 1.4 Hz; during GPR, 19.6 � 0.9 Hz;
p � 0.05; n 
 6; MCN1 rhythms: pre-GPR, 17.6 � 0.9 Hz; during
GPR, 19.1 � 1.3 Hz; p � 0.05; n 
 2) (Fig. 5B1–B3). Despite the
lack of change in Int1 firing frequency during these GPR stimu-
lations, the gastric mill rhythm was slowed as usual (n 
 8) (Fig.
5B1–B3).

There remained two possible mechanisms by which GPR
excitation of Int1 could increase Int1 inhibition of the LG
neuron. First, GPR might selectively enhance the graded com-
ponent of Int1 transmitter release. STG circuit neurons ex-
hibit both spike-mediated and graded release (Hartline and
Graubard, 1992). The second possibility was that GPR could
increase the amount of transmitter release per Int1 action
potential.

We assessed the possibility that a GPR-mediated strengthen-
ing of the Int1 inhibition of the LG neuron was responsible for the
GPR actions on the gastric mill rhythm in two ways. First, we
implemented a modified version of our previously developed
computational model of the MCN1-elicited gastric mill rhythm
(Nadim et al., 1998) (see Materials and Methods). Using this
model, we found that, when the Int1 inhibitory input to the LG
neuron was strengthened by GPR excitation of Int1, the gastric
mill rhythm was measurably slowed (cycle period: control,
11.2 � 0.02 s; with GPR stimulation, 15.2 s) (Fig. 6). However, in
contrast to the biological condition, both the retractor and pro-
tractor phases of these cycles were prolonged (protractor phase
duration: control, 7.4 � 0.02 s; with GPR stimulation, 9.7 s; re-
tractor phase duration: control, 3.7 � 0.01 s; with GPR stimula-
tion, 7.8 s).

To understand the consequences of increasing the strength
of Int1 inhibition of the LG neuron, it is helpful to know the
previously documented interactions between MCN1, Int1,
and LG. Specifically, each LG neuron burst initiates after a
period during which it steadily depolarizes to escape from
Int1-mediated inhibition because of the buildup of excitatory
drive that LG receives from MCN1 during this phase of the
rhythm (Coleman et al., 1995; Bartos et al., 1999) (Fig. 6).
Thus, when Int1 inhibition of LG was strengthened, the LG
neuron required more time to build up more excitatory drive
from MCN1 to enable it to escape from Int1 inhibition. When
the LG burst finally was initiated, it inhibited the STG termi-
nals of MCN1 (as well as Int1) (Coleman and Nusbaum, 1994;
Coleman et al., 1995), causing the excitatory drive it had re-
ceived from MCN1 to decay.

The strengthened Int1 inhibition of LG thus caused an in-
creased LG neuron burst duration for the following reason. The
excitatory drive from MCN1 not only mediates LG escape from
Int1 inhibition but is responsible for the LG neuron burst. Spe-
cifically, the LG neuron has no intrinsic ability to generate a
prolonged burst without synaptic input such as that from MCN1
(Coleman and Nusbaum, 1994; Bartos et al., 1999). Conse-
quently, when the duration of a constant level of MCN1 input is
prolonged, as it was to enable the LG neuron to escape from the
strengthened Int1 inhibition, it builds up more excitatory drive in
LG. Because the level of excitatory drive at the time of burst onset
was higher than in the control rhythm, and the rate of decay from
MCN1 excitation was unchanged by strengthening Int1 input,
the time needed for this increased level of modulatory drive to
decay to the LG burst termination point was prolonged (Fig. 6).

To test the predictions of this model, we returned to the bio-
logical system and used the dynamic clamp technique to inject an
additional Int1-like inhibitory conductance into LG during each
Int1 period of activity (i.e., during the time when GPR would be
active) (for details, see Materials and Methods) (Bartos et al.,
1999). As a result of this increased inhibitory conductance, there
was an increased hyperpolarization in the LG neuron (by �7.8 �
1.2 mV; n 
 6). LG nonetheless remained able to escape the

Figure 6. Increasing the strength of Int1 inhibition of the LG neuron during GPR stimulation
prolongs both phases of the MCN1-elicited gastric mill rhythm in a computational model. GPR
was stimulated during a retractor phase, as occurs in the biological system. In this version of the
model, the strength of Int1 inhibition of LG was explicitly enhanced by GPR stimulation. The
result was an increase in the duration of that retractor phase (Int1 active) as well as an increase
in the subsequent protractor phase (LG active). Note that the rhythm returned to control levels
in the next cycle. The modulatory current (IMod ) trace represents the cycle-by-cycle buildup and
decay of MCN1 excitation of the LG neuron. When GPR is silent, the LG neuron burst initiates
when the level of modulatory current attains the level designated as “normal LG burst thresh-
old.” Most hyperpolarized Vm: Int1, �65 mV; LG, �55 mV.
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combined biological and dynamic clamp-mediated inhibition,
and the gastric mill rhythm was maintained (Fig. 7). Under these
conditions, the retractor phase was reversibly prolonged (pre-D
clamp, 5.6 � 1.8 s; D clamp, 12.1 � 4.7 s; post-D clamp, 6.9 �
1.5 s; two-way ANOVA; p 	 0.01; Tukey’s pairwise comparison: D

clamp vs pre-D clamp, p 	 0.01; D clamp vs
post-D clamp, p 	 0.05; post-D clamp vs
pre-D clamp, p � 0.05; n 
 6), as was the
gastric mill cycle period (pre-D clamp, 9.7 �
2.5 s; D clamp, 18.3 � 6.0 s; post-D clamp,
11.2 � 2.0 s; two-way ANOVA; p 	 0.005;
Tukey’s pairwise comparison: D clamp vs
pre-D clamp, p 	 0.005; D clamp vs
post-D clamp, p 	 0.05; post-D clamp vs
pre-D clamp, p � 0.05; n 
 6) (Fig.
7A,B). Additionally, as predicted by the
modeling results, the LG (protractor
phase) neuron burst duration was also re-
versibly prolonged (pre-D clamp, 4.1 �
1.2 s; D clamp, 6.2 � 2.6 s; post-D clamp,
4.3 � 1.5 s; two-way ANOVA; p 	 0.005;
Tukey’s pairwise comparison: D clamp vs
pre-D clamp, p 	 0.005; D clamp vs
post-D clamp, p 	 0.01; post-D clamp vs
pre-D clamp, p � 0.05; n 
 6) (Fig. 7A,B).
These results, combined with the fact that
GPR stimulation did not change the Int1
firing frequency during the gastric mill
rhythm, led us to conclude that the GPR-
mediated selective prolongation of the gas-
tric mill retractor phase and associated slow-
ing of the rhythm was not likely to result, at
least exclusively, from its excitation of Int1.

GPR stimulation inhibits the STG
terminals of MCN1
We next examined the possibility that the

GPR ability to prolong selectively the gastric mill retractor phase
resulted from GPR inhibition of the STG terminals of MCN1.
Depending on its strength, such a synaptic action would slow or
prevent the LG neuron escape from Int1 inhibition. MCN1 drive
to the gastric mill circuit, including its slow excitation of the LG
neuron, occurs primarily during each retractor phase, because its
transmitter release is reduced by presynaptic inhibition from the
LG neuron during each protractor phase (Coleman and Nus-
baum, 1994; Coleman et al., 1995). We therefore tested the hy-
pothesis that the GPR-mediated prolongation of the retractor
phase, and the associated slowing of the gastric mill rhythm, re-
sulted from GPR inhibition of the STG terminals of MCN1. To
this end, we recorded intra-axonally from MCN1 in the stoma-
togastric nerve (stn) (MCN1stn), near the entrance to the STG
(Fig. 8A). This recording site is electrotonically close to the
MCN1 terminals in the STG (MCN1STG) and electrotonically
distant from its arborization and spike initiation zone in the CoG
(MCN1CoG) (Coleman and Nusbaum, 1994).

GPR stimulation consistently evoked a hyperpolarizing re-
sponse in MCN1stn (n 
 5) (Fig. 8B). This hyperpolarization was
graded in amplitude, correlated with the frequency of GPR stim-
ulation (data not shown). Unlike the LG-mediated presynaptic
inhibition of MCN1, which includes the presence of unitary
IPSPs (Coleman and Nusbaum, 1994), however, we did not
record any unitary IPSPs in MCN1stn in response to GPR stimu-
lation. Instead, the GPR-mediated inhibition exhibited a rela-
tively slow rise and decay, taking several seconds to repolarize
after GPR stimulation was terminated (Fig. 8B). This inhibitory
action was likely to occur within the STG neuropil, from which it
spread passively to the MCN1stn recording site, as is the case for
the LG inhibition of MCN1STG (Coleman and Nusbaum, 1994).

Figure 8. GPR stimulation hyperpolarizes the STG terminals of MCN1. A, Schematic of the
isolated STNS (left) with an expanded view of the STG (right) to indicate the location of the
intra-axonal recording site for MCN1stn. B, Intracellular recording of MCN1stn revealed a hyper-
polarizing response to GPR stimulation (5 Hz). Note the subthreshold pyloric-timed oscillations
in MCN1stn. The thickened MCN1stn trace during GPR stimulation represents the stimulus
artifact.

Figure 7. Increasing the strength of Int1 inhibition of the LG neuron with the dynamic clamp in the biological preparation slows
the gastric mill rhythm by prolonging both phases of the rhythm. A, During an ongoing MCN1-elicited gastric mill rhythm, the
dynamic clamp was used to increase the strength of Int1 inhibition of the LG neuron ( Idyn,Int1). This increased inhibition led to a
prolonged retractor phase, as well as a longer duration of each subsequent protractor phase. The vertical lines occurring periodi-
cally during the LG burst (rising above and below the action potentials) and interburst represent artifacts that occur when
recording in discontinuous current-clamp mode while performing nerve (ion) stimulation. B, Quantitative analysis supporting the
result represented in A. Under these conditions, GPR stimulation reversibly prolonged the LG burst duration, LG interburst dura-
tion, and gastric mill cycle period ( p 	 0.01; n 
 6). Error bars indicate SD.
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This expectation was based on the fact that
the GPR-mediated hyperpolarization nei-
ther suppressed nor reduced in amplitude
or duration the ion-elicited action poten-
tials recorded at MCN1stn. Instead, as also
occurs during LG inhibition of MCN1STG

(Coleman and Nusbaum, 1994), these ac-
tion potentials were either unchanged or
increased slightly in amplitude. A compa-
rable increase in the amplitude of ion-
elicited action potentials occurred at
MCN1stn when the MCN1 axon was com-
parably hyperpolarized by current injec-
tion (data not shown).

We could not assess the functional
consequences of the GPR-mediated pre-
synaptic inhibition of MCN1 by using an
STG target of MCN1 as a reporter neuron,
as we did in characterizing the LG presyn-
aptic inhibition of MCN1 (Coleman and
Nusbaum, 1994). This was because every
STG target of MCN1 was also a direct
and/or indirect target of GPR (Katz and Harris-Warrick, 1990,
1991; this study). Therefore, we instead used several alternative
means to assess the impact of the GPR inhibition on MCN1
transmitter release within the STG. First, to determine more di-
rectly whether this GPR-mediated inhibition could effectively
influence MCN1STG activity, we took advantage of the fact that
injecting depolarizing current into MCN1stn evokes action po-
tentials that are initiated within the STG neuropil (Coleman and
Nusbaum, 1994). Consequently, we assessed how GPR stimula-
tion affected MCN1 spike initiation within the STG. To this end,
we either injected tonic depolarizing current to elicit tonic MCN1
activity or else repeatedly (1 Hz) injected 100 ms duration
depolarizing-current pulses into MCN1stn such that each control
pulse elicited several MCN1 action potentials. During tonic
MCN1STG stimulation, GPR stimulation reversibly suppressed
MCN1 activity (n 
 3). During rhythmic MCN1STG depolariza-
tions, GPR stimulation consistently and reversibly reduced the
number of MCN1 action potentials produced during each depo-
larizing pulse (pre-GPR, 3.9 � 0.1 spikes; during GPR, 1.6 � 1.1
spikes; post-GPR, 3.5 � 0.1 spikes; p 	 0.05; n 
 2) (Fig. 9).

Although GPR stimulation effectively inhibited the spike-
initiating ability of MCN1STG, the GPR influence on incoming
MCN1 action potentials was more complex. Specifically, when
MCN1 action potentials propagated through the stn into the STG
during the GPR-mediated hyperpolarization, the electrical EPSPs
from MCN1 to LG persisted (data not shown). This result left
unresolved the issue of whether the GPR inhibition of MCN1STG

was ineffective at regulating the influence of MCN1 or, as in the
case of the LG inhibition of MCN1STG (Coleman and Nusbaum,
1994; Coleman et al., 1995), this GPR-mediated inhibition af-
fected MCN1 transmitter release without suppressing the electri-
cal synapses made by MCN1.

To address this issue, we returned to our computational
model of the gastric mill system and assessed therein the conse-
quences of GPR inhibition of MCN1STG (Table 2). As shown in
Figure 10, this model predicted that, within a given range of
inhibitory conductances, GPR inhibition of MCN1STG could
mimic the actions of GPR on the biological gastric mill rhythm.
Specifically, within this conductance range, GPR inhibition of
MCN1STG selectively prolonged the gastric mill retractor phase
and thereby slowed the rhythm. However, when inhibitory con-

ductances larger than this range were used, LG could not escape
from Int1 inhibition and the gastric mill rhythm was terminated.

The results from the model supported the hypothesis that the
GPR ability to prolong selectively the gastric mill retractor phase
involved the reduction, but not elimination, of MCN1 transmit-
ter release. This is evident in Figure 10 from the reduced but
persisting MCN1 modulation in the LG neuron during GPR
stimulation. In this version of the model, we maintained the same
level of Int1 inhibition of LG during the rhythm, with and with-
out GPR stimulation, to reflect the unchanged Int1 activity level
during GPR stimulation in the physiological situation (Fig. 5B).
If MCN1 transmitter release was eliminated, the LG neuron
would not have been able to escape from Int1 inhibition as
long as GPR activity continued. However, when GPR inhibi-
tion of MCN1STG only reduced MCN1 excitation of LG (peak
synaptic conductance during GPR, �50% of control peak),
then the retractor phase of the model rhythm was prolonged.
This extended retractor phase occurred because it took more
time to build up the same level of excitatory drive in LG that
normally occurs in the absence of GPR activity, which is the
amount needed by LG to escape a constant level of Int1 inhi-
bition and generate a burst (Fig. 10). Once that level was at-
tained, the LG neuron fired its burst, inhibiting MCN1, and
thereby starting the downregulation of its own activity. Unlike
the situation in which Int1 inhibition of LG was strengthened
(Figs. 6, 7), here the same amount of excitatory drive from
MCN1 was attained by LG at the time of its burst onset. Thus,
the modulatory effect decayed with the same time course as
occurred before GPR stimulation, leaving the LG burst dura-
tion unchanged.

We then assessed whether the outcomes of the model were
likely to reflect the related biological events by using two ap-
proaches. First, we tested the model prediction that the rate at
which the MCN1 excitation of the LG neuron developed during
the retractor phase selectively regulates the retractor phase dura-
tion. We did this by tonically stimulating MCN1 at different fre-
quencies and assessing the resulting duration of the retractor and
protractor phases. As shown qualitatively by Bartos et al. (1999),
the MCN1 firing frequency determines the speed of the gastric
mill rhythm primarily by its control of the retractor phase dura-
tion. Our quantitative analysis showed that this is indeed the case.

Figure 9. GPR stimulation inhibits MCN1 action potential initiation within the STG neuropil. A, Injecting depolarizing current
into MCN1stn initiates action potentials within the STG neuropil (Coleman and Nusbaum, 1994). Constant duration (100 ms) and
amplitude (�2 nA) depolarizing pulses injected into MCN1stn produced a regular number (3– 4) of action potentials per pulse. This
number was reversibly reduced during GPR stimulation (5 Hz). Note the delay of several seconds after GPR stimulation before the
number of MCN1 action potentials per pulse returns to control levels. B, Expanded traces from A of single pulses before (1), during
(2), and after (3) GPR stimulation.
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Specifically, the gastric mill cycle period consistently decreased as
MCN1 firing frequency increased [cycle period, MCN1 (6 –7
Hz), 14.5 � 5.3 s; MCN1 (10 Hz), 10.7 � 3.5 s; MCN1 (15 Hz),
9.4 � 2.7 s; MCN1 (20 Hz), 7.7 � 1.9 s; two-way ANOVA; p 	
0.005; n 
 7]. This change in cycle period was primarily attribut-
able to the parallel change in retractor phase duration [retractor
phase duration, MCN1 (6 –7 Hz), 9.7 � 4.8 s; MCN1 (10 Hz),
5.7 � 2.4 s; MCN1 (15 Hz), 3.6 � 1.2 s; MCN1 (20 Hz), 3.0 �
1.0 s; two-way ANOVA; p 	 0.005; n 
 7]. Under these condi-
tions, the protractor phase duration was unchanged [protractor
phase duration, MCN1 (6 –7 Hz), 4.8 � 1.9 s; MCN1 (10 Hz),
5.0 � 2.0 s; MCN1 (15 Hz), 5.8 � 2.2 s; MCN1 (20 Hz), 4.7 �
1.5 s; two-way ANOVA; p � 0.05; n 
 7].

Second, we used the dynamic clamp to generate a gastric mill-
like rhythm by selectively introducing and manipulating the
likely MCN1-mediated conductance into the LG neuron. For this
purpose, we used the peptide-activated current that was first
characterized in the C. borealis STG to mediate the actions of the
peptide proctolin on the pyloric circuit (Golowasch and Marder,
1992) (see Materials and Methods). This current, termed the
“proctolin current,” was subsequently shown to also mediate the
actions of other neuroactive peptides on the pyloric circuit in C.
borealis (Swensen and Marder, 2000, 2001). One of these peptides
is C. borealis tachykinin-related peptide Ia (CabTRP Ia), which is
the peptide transmitter used by MCN1 to excite the LG neuron
(Wood et al., 2000).

For these experiments, we used preparations in which the
STG remained in communication with the CoGs, to ensure a
relatively high rate of spontaneous activity in Int1. As com-
monly occurs in the isolated STNS, Int1 exhibited spontane-
ous, pyloric-timed activity, whereas the LG neuron was silent
(Bartos et al., 1999). Injection of a sufficient level of the proc-
tolin conductance into the LG neuron (Table 1) enabled LG to
escape from Int1 inhibition and fire action potentials. To ter-
minate each LG burst and thereby mimic the gastric mill
rhythm-related burst pattern of the LG, we added a slow inac-
tivation variable to the proctolin current to mimic the LG
presynaptic inhibition of MCN1 that normally regulates that
current (Coleman and Nusbaum, 1994) (see Materials and
Methods) (Fig. 11). Consequently, the proctolin current was

effectively increasing in amplitude during each LG interburst
and decaying during each LG burst.

We then implemented different rates of increase for this mod-
ulatory current to determine whether this rate could selectively
regulate the duration of the retractor phase. To this end, we com-
pared gastric mill-like rhythms with relatively slow (� 
 160 –320
s) and fast (� 
 8 –16 s) rates of rise for this excitatory drive.
Consistent with the model predictions, the relatively slowly de-
veloping dynamic clamp excitation of LG caused a slower rhythm
(cycle period: fast rise, 10.97 � 4.4 s; slow rise, 18.49 � 5.2 s; t test;
p 	 0.005; n 
 5) with a selectively prolonged retractor phase
relative to the faster developing excitation (retractor phase dura-
tion: fast rise, 6.62 � 2.7 s; slow rise, 14.19 � 4.3 s; t test; p 	
0.005; n 
 5; protractor phase duration: fast rise, 4.36 � 2.1 s;
slow rise, 4.30 � 1.0 s; t test; p � 0.05; n 
 5) (Fig. 11). Thus, these
results support the hypothesis that the selective prolongation of
the retractor phase by GPR stimulation can result from its pre-
synaptic inhibition of MCN1STG, slowing the buildup of modu-
latory excitation from MCN1 to the LG during the retractor
phase.

Discussion
Sensory inputs shape rhythmic motor activity via direct and in-
direct actions on the underlying CPG (Pearson, 2004; Buschges,

Figure 10. The GPR action on the MCN1-elicited gastric mill rhythm is best mimicked by GPR
inhibition of MCN1STG in a computational model of the MCN1-elicited gastric mill rhythm. In this
version of the model, GPR stimulation presynaptically inhibited MCN1STG , thereby reducing
MCN1 actions onto the LG neuron. As a result, the amplitude of the modulatory current (IMod )
induced in the LG neuron by MCN1 is reduced during GPR stimulation. This effect persists after
GPR stimulation because of the slow time constant of the GPR action. The GPR inhibition of
MCN1STG slowed the LG escape from Int1 inhibition, prolonging the retractor phase. Note that,
in contrast, the protractor phase duration was not altered. Most hyperpolarized Vm: Int1, �65
mV; LG, �55 mV.

Figure 11. The rate of rise of MCN1-like modulation of the LG neuron selectively regulates
the retractor phase duration. A, In this experiment, in place of MCN1 stimulation, the biological
LG neuron was injected with a dynamic clamp version of the modulatory current (Idyn,mod) that
likely represents the current provided by MCN1 (Swensen and Marder, 2000) (see Materials and
Methods). The only parameter that differed during the dynamic clamp current injection in the
two traces shown was the rate of rise of the current amplitude during each LG interburst. Note
that the slower rate of rise (bottom trace) caused a slower rhythm, which resulted primarily
from a selectively prolonged LG interburst (retractor-like phase). Both LG traces are from the
same preparation. B, Injecting the dynamic clamp version of the modulatory current into LG,
with a relatively long time constant for its rise in amplitude, consistently elicited gastric mill-like
activity in LG that was slower (because of a selective increase in LG interburst duration) than that
resulting from injection of the same current with a briefer time constant ( p 	 0.005; n 
 5).
Error bars indicate SD.
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2005). Although the significance of these inputs to rhythmic mo-
tor activity is well documented, the mechanisms through which
sensory actions reshape motor output have not been elucidated
in most systems. Here, we show that the phasically activated mus-
cle stretch receptor neuron GPR regulates the gastric mill rhythm
at least partly by presynaptically inhibiting the modulatory pro-
jection neuron MCN1 (Fig. 12). In parallel, GPR postsynaptically
excites the retractor phase neurons Int1 and DG (Katz and
Harris-Warrick, 1989; this study) (Fig. 12). The presynaptic in-
hibition reduces the excitatory drive from MCN1 to all gastric
mill neurons, whereas the postsynaptic excitation appears to
function as a replacement for the reduced drive from MCN1 to
the retractor neurons. The consequence for the gastric mill
rhythm is a selectively prolonged retractor phase and a slower
cycle period.

GPR regulation of the gastric mill system via presynaptic
inhibition of a modulatory projection neuron represents a
novel mechanism for phasic sensory regulation of ongoing
motor activity. Most previous studies of phasic sensory regu-
lation have instead highlighted CPG and motor neurons as the
sensory neuron targets (Hooper and Moulins, 1990; Katz and
Harris-Warrick, 1990, 1991; Buschges and el Manira, 1998;
Rosen et al., 2000; Pearson, 2004; Shetreat-Klein and Cropper,
2004; Buschges, 2005). However, rhythmic stimulation of the
anterior gastric receptor, a muscle tendon receptor in the lob-
ster STNS, does reconfigure an ongoing gastric mill rhythm
via synaptic actions in the CoGs on projection neurons
(Combes et al., 1999).

Sensory regulation of neural circuit activity
To optimize the understanding of how sensory systems influence
their targets by manipulating them in the isolated CNS, it is im-
portant to implement the biologically appropriate activity pat-
tern for that sensory system. This experimental approach has led
to an improved understanding, albeit not yet at the level of iden-
tified circuit neurons, of phasic sensory influence on both intral-
imb and interlimb coordination during locomotion (Pearson,
2004; Buschges, 2005). We therefore recapitulated a behaviorally
relevant scenario for the GPR neurons by replicating their previ-
ously documented response to stretch of the muscles in which
their dendrites are embedded (Katz et al., 1989; Birmingham et
al., 1999). Our approach is likely to approximate events occurring
in the feeding animal because the VCN neurons are thought to be
activated during stomach distention (Beenhakker et al., 2004),
and the VCN-triggered chewing motor pattern would involve
rhythmic stretch of the GPR-innervated muscles. Under some
conditions, however, GPR either exhibits a modest activation
during the protractor phase or is spontaneously rhythmic (Katz
et al., 1989; Birmingham et al., 1999). We did not study these situa-
tions, but our results suggest that GPR activation during the protrac-
tor phase would have, at most, a small impact on the gastric mill
rhythm, because at this time MCN1 receives strong presynaptic in-
hibition from the LG neuron (Coleman and Nusbaum, 1994).

Acute activation of the GPR neurons when there is no gastric
mill rhythm evokes a reflex response that includes a relatively
long-lasting activation of gastric mill retractor neurons and a
modulation of the pyloric rhythm (Katz and Harris-Warrick,
1989, 1990, 1991). The gastric mill response is a reinforcing reflex
because activation of the retractor neuron DG stretches the muscle
in which the GPR dendrites are embedded, and GPR, in turn, evokes
a burst of activity in DG (Katz and Harris-Warrick, 1989; Kiehn and
Harris-Warrick, 1992). During the gastric mill rhythm, the pro-
longed reflex response is eventually terminated because the LG neu-
ron escapes from Int1 inhibition and terminates retractor neuron
activity (Coleman et al., 1995; this study).

The GPR effect of prolonging the retractor phase of the
gastric mill rhythm is not achieved by directly or indirectly
increasing the level of synaptic inhibition in the protractor
CPG neuron LG. As elucidated by our computer model and
supported by our dynamic clamp experiments, prolonging the
retractor phase via any synaptic influence on the LG neuron
increases the duration of the subsequent LG burst, contrary to
the GPR actions on the gastric mill rhythm. Thus, to prolong
selectively the retractor phase, GPR instead reduces the MCN1
influence on the entire gastric mill circuit to delay the onset of
the next protractor phase and, in parallel, helps maintain the
retractor phase by substituting its own excitatory drive to the
retractor neurons.

It may seem surprising that GPR stimulation did not increase
the level of Int1 activity during the gastric mill rhythm, given its
ability to excite Int1 directly. However, although we did not di-
rectly test the effectiveness of this synaptic action during the gas-
tric mill rhythm, GPR is likely to use this synapse to compensate
for the reduced MCN1 excitation of Int1 that results from GPR
inhibition of MCN1STG. Drawing the conclusion that GPR exci-
tation of Int1 was responsible for the ability of GPR to delay the
onset of the protractor phase would have been reasonable given
the key role played by the Int1 inhibition of LG in gastric mill
rhythm generation (Coleman et al., 1995; Bartos et al., 1999). The
fact that this synapse was not pivotal for the GPR-mediated selec-
tive prolongation of the retractor phase provides a valuable lesson in
understanding circuit operation. If we had not examined the GPR

Figure 12. Working model of the GPR actions on the gastric mill system. Gastric mill-like
rhythmic GPR stimulation can elicit the gastric mill rhythm (Blitz et al., 2004) by exciting the
projection neuron MCN1 (and CPN2) in the commissural ganglia. During the gastric mill rhythm
elicited by MCN1 (either directly or via activation of the VCN mechanosensory neurons), stimu-
lating GPR in a behaviorally appropriate manner (during each retractor DG neuron burst) slows
the gastric mill rhythm by selectively prolonging the retractor phase. This latter GPR action
results from GPR inhibition of the axon terminals of MCN1 in the stomatogastric ganglion, in
concert with its excitation of the retractor neurons Int1 and DG. Synapse symbols: t-bars, exci-
tation; filled circles, inhibition. Activity symbols: filled boxes, LG action potential bursts; open
boxes, Int1 action potential bursts.
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effect on Int1 activity during the gastric mill rhythm and had not
considered the consequences of changing Int1 activity in terms of the
buildup of MCN1 excitation of the LG neuron, we might not have
searched for GPR influences on MCN1STG.

Regulation of circuit activity at multiple sites on the same
projection neuron
There are not many systems in which it has been possible to
document the presence and function of spatially separate synap-
tic actions by a single neuron onto the same target neuron. Our
work with GPR illustrates such an example in that GPR causes a
long-lasting excitation of MCN1CoG and a shorter-lasting inhibition
of MCN1STG (Blitz et al., 2004; this study) (Fig. 12). GPR also excites
CPN2 in the CoGs, and its coactivation of these two projection neu-
rons initiates the gastric mill rhythm (Blitz et al., 2004). When GPR
stimulation elicits the gastric mill rhythm, it also appears to be effec-
tively inhibiting MCN1STG, because this version of the gastric mill
rhythm is slower than that elicited by the VCN mechanosensory
neurons, resulting from a prolonged retractor phase (Blitz et al.,
2004). It will be instructive to determine whether the opposing GPR
actions on MCN1CoG and MCN1STG are mediated by the same or
different GPR cotransmitters, which include acetylcholine, seroto-
nin, and the peptide allatostatin (Katz and Harris-Warrick, 1989;
Skiebe and Schneider, 1994).

The excitatory actions of GPR on MCN1 and CPN2 in the CoG
are state dependent in that they are absent when these projection
neurons have been recently activated by the VCNs (Beenhakker,
2004). This state-dependent excitation of MCN1CoG and CPN2CoG

by the GPR facilitates the ability of GPR to slow this rhythm via its
actions in the STG. Specifically, if GPR continued to excite
MCN1CoG during the VCN-elicited gastric mill rhythm, then the
increased MCN1 firing frequency would likely result in a reduced
effectiveness of the GPR inhibition of MCN1STG.

Presynaptic inhibition enables sensory signals to dynamically
regulate neural circuit activity
The role of presynaptic inhibition in the context of sensori-
motor integration is commonly discussed with regard to the
gating in or, more commonly, gating out of sensory informa-
tion (Nusbaum et al., 1997; Buschges and el Manira, 1998;
Evans et al., 2003; Katz, 2004). One frequently documented
example of this gating mechanism is the primary afferent de-
polarization that occurs on sensory axon terminals to reduce
sensory input to CPG networks. This has been particularly
well studied for presynaptic inhibition of sensory input to the
locomotor network of both vertebrates and invertebrates
(Buschges and el Manira, 1998; Rudomin and Schmidt, 1999;
Cattaert et al., 2001; Frost et al., 2003). This presynaptic inhi-
bition can be regulated in a spinal segment-specific manner
(Lomeli et al., 1998; Rudomin et al., 2004). Presynaptic inhi-
bition of projection neuron terminals also occurs at reticu-
lospinal axon terminals relevant to lamprey swimming, but its
role in motor pattern generation remains to be elucidated
(Svensson et al., 2003). The findings described herein extend
these studies by showing that proprioceptor-mediated presyn-
aptic inhibition of a modulatory projection neuron can con-
tribute to phase-specific regulation of rhythmic activity.

The parallel presynaptic and postsynaptic actions of the GPR
proprioceptor neuron enable it to mediate simultaneously its re-
flex function of prolonging teeth retraction without terminating
ongoing CPG activity. If GPR instead terminated CPG activity to
mediate its reflex function, then, once GPR activity ceased, it
would take several gastric mill cycles until the rhythm was back to

its steady-state level (Bartos et al., 1999). Instead, as shown here,
the gastric mill rhythm returns to its pre-GPR activity level as
soon as GPR activity terminates.

Another level of control in this system is suggested by the fact
that the sensitivity of GPR to muscle stretch is itself modulated
(Birmingham, 2001; Birmingham et al., 2003). We therefore an-
ticipate that our appreciation for how sensory signals regulate
neural circuit activity will be extended further as we assess the
consequences resulting from modulation of GPR sensitivity for
its influence on the gastric mill motor circuit.
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