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Distinct Functions for Cotransmitters Mediating Motor

Pattern Selection

Dawn M. Blitz and Michael P. Nusbaum

Department of Neuroscience, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104-6074

Motor patterns are selected from multifunctional networks by
selective activation of different projection neurons, many of
which contain multiple transmitters. Little is known about how
any individual projection neuron uses its cotransmitters to se-
lect a motor pattern. We address this issue by using the sto-
matogastric ganglion (STG) of the crab Cancer borealis, which
contains a neuronal network that generates multiple versions of
the pyloric and gastric mill motor patterns. The functional flex-
ibility of this network results mainly from modulatory inputs it
receives from projection neurons that originate in neighboring
ganglia. We demonstrated previously that the STG motor pat-
tern selected by activation of the modulatory proctolin neuron
(MPN) results from direct MPN modulation of the pyloric rhythm
and indirect MPN inhibition of the gastric mill rhythm. The latter
action results from MPN inhibition of projection neurons that
excite the gastric mill rhythm. These projection neurons are

modulatory commissural neuron 1 (MCN1) and commissural
projection neuron 2 (CPN2). MPN excitation of the pyloric
rhythm is mimicked by bath application of proctolin, its peptide
transmitter. Here, we show that MPN uses only its small mole-
cule transmitter, GABA, to inhibit MCN1 and CPN2 within their
ganglion of origin. We also demonstrate that MPN has no
proctolin-mediated influence on MCN1 or CPN2, although ex-
ogenously applied proctolin directly excites these neurons.
Thus, motor pattern selection occurs during MPN activation via
proctolin actions on the STG network and GABA-mediated
actions on projection neurons in the commissural ganglia, dem-
onstrating a spatial and functional segregation of cotransmitter
actions.
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matogastric ganglion; proctolin;, GABA; projection neurons

Rhythmically active neuronal networks generate the motor pat-
terns underlying a wide variety of behaviors in many organisms
(Marder and Calabrese, 1996; Stein et al., 1997). Many of these
networks are multifunctional, producing different motor patterns
in response to the activity of different modulatory inputs. Mod-
ulation of network activity has been studied via bath application
of neuromodulators and by stimulation of identified modulatory
neurons (Brodfuehrer et al., 1995; Marder and Calabrese, 1996;
Perrins and Weiss, 1996; Sillar et al., 1997). Although immuno-
cytochemical studies have demonstrated the presence of multiple
transmitters in single network input neurons (Marder et al.,
1997), there are few cases in which even the partial cotransmitter
contents of identified network inputs have been characterized
(Kuhlman et al., 1985a,b; Nusbaum and Kristan, 1986; Nusbaum
and Marder, 1989a,b; Thorogood and Brodfuehrer, 1995; McCro-
han and Croll, 1997; Blitz et al., 1999). Consequently, little is
known about the contribution of individual cotransmitters toward
the motor pattern resulting from the activation of particular
modulatory neurons.

We have investigated how cotransmitters contribute to motor
pattern selection by a modulatory projection neuron in the sto-
matogastric nervous system of the crab Cancer borealis. This part
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of the crab nervous system contains four ganglia, including the
unpaired stomatogastric (STG) and oesophageal (OG) ganglia
plus the paired commissural ganglia (CoGs). The influence of
several projection neurons on the rhythmically active neuronal
network in the crab STG has been characterized, and their
transmitter contents have been determined at least partly (Nus-
baum and Marder, 1989a,b; Coleman and Nusbaum, 1994; Norris
et al., 1994, 1996; Bartos and Nusbaum, 1997; Blitz and Nusbaum,
1997a; Blitz et al., 1999). This knowledge of transmitter comple-
ment, plus the ability to study the function of individual identified
neurons, has enabled us to determine how a particular modula-
tory projection neuron uses its multiple transmitters to modulate
neural network activity.

Here, we focus on the projection neuron MPN and how it uses
its peptide transmitter (proctolin; Nusbaum and Marder, 1989a,b)
and small molecule cotransmitter (GABA; Blitz et al., 1999) to
influence the pyloric and gastric mill motor patterns. These motor
patterns are generated by the STG network (Harris-Warrick et
al., 1992). MPN excites the pyloric rhythm by acting directly on
STG network neurons (Nusbaum and Marder, 1989b), and it
inhibits the gastric mill rhythm by inhibiting projection neurons
within the CoGs (Blitz and Nusbaum, 1997a).

Previous work demonstrated that the MPN excitation of the
pyloric rhythm within the STG is mimicked by bath-applied
proctolin (Nusbaum and Marder, 1989b). We now have found
that the MPN inhibition of projection neurons within the CoGs is
mediated entirely by GABA. These projection neurons are re-
sponsive to direct application of proctolin but exhibit no
proctolin-mediated response to MPN stimulation. Thus, motor
pattern selection by MPN activity involves a segregation of co-
transmitter actions.
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Some of this work has appeared previously in abstract form
(Blitz and Nusbaum, 1995, 1997b).

MATERIALS AND METHODS

Animals. Crabs, Cancer borealis, were obtained from commercial suppli-
ers (Commercial Lobster Co., Boston, MA) and the Marine Biological
Laboratory (Woods Hole, MA). Animals were maintained in aerated
artificial sea water at 10-12°C and were cold-anesthetized by being
packed in ice for 20—40 min before dissection. The stomach, including
the stomatogastric nervous system, was removed from the animal, and the
rest of the dissection was performed in chilled (~4°C) physiological
saline. Data were obtained from 109 male crabs.

Solutions. C. borealis physiological saline had the following composi-
tion (in mM): NaCl, 440; MgCl,, 26; CaCl,, 13; KCl, 11; Trisma base, 10;
and maleic acid, 5, pH 7.4-7.6. Low Ca?" saline had the following
composition (in mMm): NaCl, 440; MgCl,, 26; CaCl,, 1.3; KCI, 11; MnCl,,
11.7; Trisma base, 10; and maleic acid, 5, pH 7.4-7.6. This low Ca?*
saline eliminates transmitter release in the stomatogastric nervous system
(Coleman et al., 1995; Blitz and Nusbaum, 1997a). High divalent cation
saline (5X Ca?*/5x Mg?") had the following composition (in mwm):
NaCl, 440; MgCl,, 130; CaCl,, 65; KCl, 11; Trisma base, 10; and maleic
acid, 5, pH 7.4-7.6. This saline raises action potential threshold in the
stomatogastric nervous system, thereby suppressing the spontaneous
activity of many neurons and reducing the activation of polysynaptic
pathways. In the CoGs this high divalent cation saline caused an overall
reduction in spontaneous activity, as was evident in extracellular record-
ings of the output nerves (son, ion; see Fig. 1) that connect the CoGs to
the STG. This included the elimination of spontaneous activity in the
projection neurons MCN1 and CPN2. When the CoGs were superfused
selectively with high divalent cation saline, the STG rhythms were
weakened to an extent that was comparable to preparations in which the
CoG output nerves were transected (Bartos and Nusbaum, 1997).

Proctolin (Sigma, St. Louis, MO) was stored as frozen aliquots (10 ~>
M in water) and diluted to 10 > M in crab physiological saline, low Ca**
saline, or in picrotoxin (10 ~* M) in high divalent cation saline immedi-
ately before being used. GABA (Sigma) was dissolved in low Ca®" saline
(107*-10 3 ™) immediately before being used. Picrotoxin (Sigma)
(107510 ~* M) was dissolved in high divalent cation saline, low Ca*"
saline, or crab physiological saline immediately before being used.

Electrophysiology. Electrophysiological experiments were performed
with standard techniques for this system (Bartos and Nusbaum, 1997;
Blitz and Nusbaum, 1997a). The isolated stomatogastric nervous system
(see Fig. 1) was pinned down in a silicone elastomer-lined (SYLGARD
184, KR Anderson, Santa Clara, CA) Petri dish. All preparations were
superfused continuously with crab physiological saline (10-13°C). In
experiments in which the CoGs and STG were superfused separately, a
petroleum jelly wall was built across the dish at the level of the stoma-
togastric nerve (stn; see Fig. 1).

Extracellular recordings were made by pressing stainless steel pin
electrodes into the SYLGARD alongside the nerves and isolating each
area with petroleum jelly. The desheathed ganglia were viewed with light
transmitted through a dark-field condenser (Nikon, Tokyo, Japan) to
facilitate intracellular recordings. Intrasomatic recordings were made by
using microelectrodes (15-30 MQ) filled with potassium acetate (4 M)
and potassium chloride (20 mMm). Intra-axonal recordings were made by
using microelectrodes (20-30 MQ) filled with potassium chloride (1 M)
(Coleman et al., 1995). GABA was puffed into the MCN1 and CPN2
regions of the CoG neuropil by using microelectrodes (4-10 M{}) con-
nected to a Picospritzer (2-12 psi; General Valve, Fairfield, NJ). Intra-
cellular current injection was performed with Axoclamp 2 amplifiers
(Axon Instruments, Foster City, CA) in single-electrode discontinuous
current-clamp (DCC) mode. Sample rates during DCC were 2-3 kHz.

STG neurons were identified on the basis of their axonal projections,
their activity patterns, and their interactions with other STG neurons
(Weimann et al., 1991; Norris et al., 1996; Bartos and Nusbaum, 1997).
Projection neurons were identified by their axonal projection pattern and
influence on the STG network (Nusbaum and Marder, 1989a,b; Coleman
and Nusbaum, 1994; Norris et al., 1994; Bartos and Nusbaum, 1997; Blitz
and Nusbaum, 1997a). In some experiments, CPN2 activity was moni-
tored with a recording of the stomatogastric nerve axon (SNAX) of
CPN2 at the entrance to the STG (CPN2gyax). CPN2gyax Was identi-
fied on the basis of its postsynaptic actions on STG network neurons
(Norris et al., 1994). Data from CPN2 soma and axon recordings were
pooled. In a few experiments aimed at determining whether 10 > M
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picrotoxin blocked the MPN—CPN2 synapse, CPN2 activity was mon-
itored indirectly. This was achieved with an intracellular recording of an
STG neuron, the gastric mill (GM) neuron. CPN2 is the sole source of
EPSPs in GM (Norris et al.,, 1994; Blitz and Nusbaum, 1997a). Data
collected using GM neuron recordings are indicated with the designation
GM EPSPs.

Data. Data were collected on chart recorder (MT-95000, Astro-Med/
Grass Instruments, Warwick, RI) and videotape (Vetter Instruments,
Rebersburg, PA). Figures were made by scanning data with an HP
ScanJetlIC, using DeskScan II (Version 2.00a) software. Final figures
were produced with CorelDraw (Version 3.0 for Windows).

RESULTS
MPN inhibits the gastric mill rhythm

When the stomatogastric nervous system is isolated in vitro from
the remainder of the crab nervous system, the STG network
regularly produces a pyloric rhythm and less frequently produces
a gastric mill rhythm. This occurs during saline superfusion
without any experimental intervention. There are two versions of
the gastric mill rhythm that are activated most commonly under
these conditions. One version is elicited by selective activity in the
projection neuron MCN1, and the other by coactivity in MCN1
and CPN2 (Coleman and Nusbaum, 1994; Norris et al., 1994;
Blitz and Nusbaum, 1997a). Intracellular stimulation of MPN
excites the pyloric rhythm (Nusbaum and Marder, 1989a,b) and
inhibits the aforementioned gastric mill rhythms (Fig. 1C) (Blitz
and Nusbaum, 1997a). The latter action results from MPN-
mediated inhibition of MCN1 and CPN2 in the CoGs (Blitz and
Nusbaum, 1997a). However, it had not been determined whether
the MPN inhibition of MCN1 and CPN2 within the CoGs is
direct. The direct targets of MPN in the CoGs needed to be
identified before it was possible to evaluate the relative contribu-
tions of proctolin and GABA to the inhibitory actions of MPN on
MCNI1 and CPN2. We therefore began by determining whether
these neurons were direct targets of MPN.

MPN inhibition of MCN1 and CPN2

MPN stimulation elicits both unitary depolarizing PSPs and a
graded hyperpolarization in MCN1 and CPN2 (Fig. 2) (Blitz and
Nusbaum, 1997a). The PSPs do not occur in response to every
MPN action potential, nor do they occur with a fixed latency after
each MPN action potential (Blitz and Nusbaum, 1997a) and
therefore were not likely to be monosynaptic. The hyperpolariz-
ing response does not consist of unitary events. To determine
whether the hyperpolarizing response was likely to be direct, we
superfused the CoGs with high divalent cation saline (see Mate-
rials and Methods). This saline raises action potential threshold,
thus decreasing the probability of MPN activating an intervening
neuron.

With the CoGs superfused with high divalent cation saline,
MPN activation still consistently inhibited MCN1 (n = 12; Fig.
2A) and CPN2 (n = 6; Fig. 2B). The general time course of this
inhibition also was unchanged. This included the relatively slow
onset of the hyperpolarization and its prolonged duration, which
outlasted MPN activity by many seconds. Note, however, that the
increase in the frequency of depolarizing PSPs that occurred
during M PN stimulation in normal saline was eliminated in the
elevated divalent cation saline (Fig. 2).

During superfusion of the CoGs with high divalent cation
saline, some tonically occurring PSPs did persist in MCN1 and
CPN2 (Fig. 2). As is evident in the CPN2 recording in Figure 2,
the frequency of occurrence of these PSPs was not changed by
MPN stimulation. We determined that these PSPs represent
synaptic input from the anterior gastric receptor neuron (AGR).
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Figure 1. Schematics of the stomato-
gastric nervous system, including somata
location and axonal pathways of the pro-
jection neurons MPN, MCNI, and
CPN2, plus a summary of MPN actions
on the gastric mill rhythm. A, There is a
pair of MPN somata located either in
the OG or in the nerve posterior to this
ganglion. Each MPN projects an axon
through each son to the CoG and
projects two axons through the st to the
STG. It also projects an axonal branch
from each son through a peripheral
nerve (dpon). For clarity, the complete
projection of only one M PN is shown. B,
There is a single MCN1 and CPN2 in
each CoG. Each MCNI1 projects
through the ion and stn to the STG.
Each CPN2 projects through the son
and stn to the STG. For clarity, the com-
plete projection of only one MCN1 and
one CPN2 is shown. Ganglia: CoG,
commissural ganglion; OG, oesophageal
ganglion; STG, stomatogastric ganglion.
Nerves: dgn, dorsal gastric nerve; dpon,
dorsal posterior oesophageal nerve; ion,
inferior oesophageal nerve; Ign, lateral
gastric nerve; lvn, lateral ventricular
nerve; mvn, medial ventricular nerve;
pdn, pyloric dilator nerve; son, superior
oesophageal nerve; stn, stomatogastric
nerve. Neurons: CPN2, commissural
projection neuron 2; MCN1, modulatory
commissural neuron 1; MPN, modula-
tory proctolin neuron. Anterior is to-
ward the fop, and posterior is toward the
bottom. C, Left, MPN inhibits an ongo-
ing gastric mill rhythm. Activity in
MCN!I1 (ion) and CPN2 (monitored with
an intracellular recording of the CPN2
axon as it enters the STG, CPN2gyax)
elicited a gastric mill rhythm, evident
from the rhythmic bursting in the GM
neuron and the gastric mill timed inhi-
bition of the inferior cardiac (IC) and
ventricular dilator (VD) neurons (mvn).
MPN stimulation (between arrowheads)
inhibited MCN1 and CPN2 in the
CoGs, thus eliminating their excitation
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Pyloric Gastric Mill
Rhythm Rhythm
(STG) (STG)

of the gastric mill rhythm (Modified
from Blitz and Nusbaum, 1997a). C,
Right, Schematic illustrating that MPN
excites the pyloric rhythm directly (Nus-
baum and Marder, 1989a) and inhibits
the gastric mill rhythm via inhibition of
MCNT1 and CPN2 (Blitz and Nusbaum,
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1997a). Darkened cell bodies and rhythm represent active neurons. Unfilled cell bodies and rhythm represent inactive neurons. T-junctions represent

excitation, and filled circles represent inhibition.

AGR is an identified sensory neuron with a cell body and spike
initiation zone posterior to the STG (Combes et al., 1993; D. M.
Blitz and M. P. Nusbaum, unpublished observations). When the
CoGs were superfused with high divalent cation saline, each PSP
in MCN1 and CPN2 occurred with a constant latency after each
AGR action potential (MCN1, n = 4; CPN2, n = 8). In our
experiments the STG continued to be superfused in normal
saline, and the AGR action potentials propagated into the high
divalent cation saline compartment without being suppressed by
this solution.

These results are consistent with MCN1 and CPN2 being
direct targets of the inhibitory actions of MPN. The direct nature

of these connections is reinforced by the experiments described
below.

Proctolin excites MCN1 and CPN2
Nusbaum and Marder (1989b) demonstrated that the pyloric
rhythm generated by MPN stimulation is reproduced by bath-
applied proctolin. We wanted to determine whether proctolin
application also mimicked the MPN actions on MCN1 and CPN2
in the CoGs.

MCNI is often silent or weakly active in the isolated stomato-
gastric nervous system (Coleman and Nusbaum, 1994; Blitz and
Nusbaum, 1997a) (Fig. 34). Under these conditions, superfusion
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Figure 2. The MPN inhibition of MCN1 and CPN2 appears to be monosynaptic. A, Left, In normal saline MPN stimulation (13 Hz) inhibited MCN1.
This inhibition produced a smooth hyperpolarization and cessation of MCN1 action potentials. Note the depolarizing PSPs in MCN1 during MPN
stimulation. These PSPs were not time-locked to each MPN action potential. A, Right, Despite maintaining approximately the same membrane potential
as in normal saline, MCN1 was silent during superfusion of the CoGs with high divalent cation saline. This saline raises action potential threshold. Under
this condition MPN stimulation (13 Hz) still inhibited MCNI1, producing a smooth hyperpolarization. The depolarizing PSPs elicited during MPN
stimulation in normal saline were eliminated. The persisting EPSPs are from an identified sensory neuron, AGR (see Results), for which the spike
initiation zone is outside the region superfused with high divalent cation saline. B, Left, In normal saline MPN stimulation (11 Hz) inhibited CPN2,
producing a smooth hyperpolarization and cessation of CPN2 action potentials. B, Right, When the CoGs were superfused with high divalent cation
saline, MPN stimulation (8 Hz) still inhibited CPN2. The inhibition consisted of only a smooth hyperpolarization. The persisting PSPs are from the AGR
neuron (see Results). Most hyperpolarized V,,: MPN, —63 mV. Action potentials are clipped in MCN1 and CPN2. 4 and B are from different

preparations.

of the CoGs with proctolin (10 ~> M) in normal saline excited this
projection neuron. The excitation included a depolarization of
the MCN1 membrane potential and an increase in its firing
frequency (n = 18 of 19; Fig. 34). In three of these preparations,
MCNI was activated weakly. In the other 15 preparations MCN1
was activated strongly and fired high-frequency bursts of action
potentials that were time-locked to the pyloric and gastric mill
rhythms (Fig. 34) (see below). MCNI1 activity is time-locked to
these rhythms because of feedback that it receives from STG
network neurons (Coleman and Nusbaum, 1994).

CPN2 is often silent or weakly spontaneously active in the
isolated stomatogastric nervous system (Norris et al., 1994; Blitz
and Nusbaum, 1997a). Proctolin superfusion (10 > m) of the
CoGs excited CPN2 (n = 10; Fig. 34). In two of 10 preparations

there was a slight increase in CPN2 activity. In the other eight
preparations CPN2 became rhythmically active and fired high-
frequency, gastric mill rhythm-timed bursts of action potentials
(Fig. 34) (see below). CPN2 activity is time-locked to the gastric
mill rhythm because of feedback that it receives from a gastric
mill neuron (Norris et al., 1994). The excitatory actions of proc-
tolin on MCN1 and CPN2 were not necessarily attributable to
these neurons being direct targets of proctolin. To identify and
characterize any direct proctolin actions on these projection
neurons, we next applied proctolin (10 > M) while suppressing
transmitter release in the CoGs by superfusing low Ca*" saline
(see Materials and Methods). Under this condition the proctolin
application still excited both MCN1 and CPN2. Specifically, with
transmitter release in the CoGs eliminated, proctolin superfusion
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Figure 3. Proctolin directly excites
MCNI1 and CPN2. A4, In normal saline
MCNI1 and CPN2 were silent. Super-
fusion of proctolin (107> M) to the
CoGs caused a depolarization of the
membrane potential of these neurons
and elicited rhythmic bursts of action
potentials in them. MCN1 and CPN2
recordings are from different prepara-
tions. B, With transmitter release sup-
pressed in the CoGs because of the
superfusion of low Ca" saline, MCN1
and CPN2 were weakly active. Super-
fusion of proctolin (1075 M) in this
saline to the CoGs caused a depolar-
ization of the MCN1 and CPN2 mem-
brane potential and increased their fir-
ing frequency. A and B are from
different preparations, as are the
MCNI1 and CPN2 recordings.

increased the firing frequency and depolarized the membrane
potential of both MCNI1 (Fig. 3B; n = 5) and CPN2 (Fig. 3B; n =
6). Note that under these conditions MCN1 and CPN2 fired
tonically. This was attributable to the suppression of chemical
synaptic transmission and the subsequent elimination of feedback
from STG network neurons.

When proctolin application, in normal saline, was restricted to
the CoGs, there was a gastric mill rhythm elicited from the STG
in 15 of 21 preparations (Fig. 4). In each of these 15 preparations
it was the MCN1/CPN2 version of this rhythm that was activated
(see Norris et al., 1994; Blitz and Nusbaum, 1997a). Thus, as
summarized in Figure 4C, proctolin applied to the CoGs excites
MCNI1 and CPN2 strongly enough for them to elicit the gastric
mill rhythm from the STG network. The responses of these
projection neurons to proctolin, both in normal saline and with
transmitter release suppressed, were the opposite of the MPN
actions on these same neurons. Thus, it did not appear that
proctolin was mediating the MPN actions in the CoGs. We next
examined whether these actions were mediated by GABA.

GABA inhibits MCN1 and CPN2
To determine whether GABA application mimicked the synaptic
actions of MPN activity, we focally applied GABA to the CoG
neuropil region of MCN1 and CPN2, where their synaptic inter-
actions occur. We recorded intracellularly from the MCNI1 or
CPN2 soma while superfusing low Ca?" saline to suppress trans-
mitter release. We then repeatedly positioned a GABA-
containing puffer pipette (10 *~107> M GABA in low Ca*"
saline) into the CoG neuropil until we found an MCN1 and/or
CPN2 GABA-responsive region. The MCN1 and CPN2 neuropil
is located in the anterolateral quadrant of the CoG (Coleman and
Nusbaum, 1994; Norris et al., 1994).

In low Ca*" saline, pressure (2-12 psi; 2-8 sec) application of

BCOG Low Ca2*/Mn?* Saline

ol LU
CPNZM | [|HUMJ«““J

-
86mV -56mV :@

4sec

CoG: 10°M Proctolin in
Low Ca?"/Mn* Saline

-48mV

gmV|

4sec

GABA inhibited MCNI1 (Fig. 5; n = 17) and CPN2 (Fig. 5; n =
7). This inhibition included a long-lasting hyperpolarization of
the membrane potential and a cessation of action potentials in
both neurons, as occurs during MPN stimulation. Superfusion of
the GABA antagonist picrotoxin (10 ~* M) in low Ca?* saline
reversibly suppressed the actions of focally applied GABA on
MCNT1 (Fig. 5; n = 9). Picrotoxin (10 * M) superfusion also
suppressed (Fig. 5;n = 7 of 11) or dramatically reduced (n = 4 of
11) the actions of focally applied GABA on CPN2. In the stoma-
togastric nervous system this concentration of picrotoxin sup-
presses GABA inhibition (Marder and Paupardin-Tritsch, 1978),
whereas a lower concentration of picrotoxin (10 ~> M) reversibly
suppresses  glutamate-mediated inhibition (Marder and
Paupardin-Tritsch, 1978; Golowasch and Marder, 1992b). Lower
concentrations of picrotoxin also suppress glutamate-mediated
inhibition, without interfering with GABA-mediated inhibition,
in the crayfish swimmeret system (Sherff and Mulloney, 1996).
The lower level of picrotoxin (10 > M) did not suppress the
GABA actions on MCNI1 (n = 6) or CPN2 (n = 6).

Focal application of GABA in the CoG neuropil also mimicked
the MPN-mediated suppression of the gastric mill rhythm. For
example, in some preparations during superfusion of low Ca*"
saline to the CoGs, a gastric mill rhythm was elicited in the STG.
This presumably resulted from the increased level of spontaneous
activity in CoG projection neurons that is a consequence of
suppressing ongoing levels of synaptic inhibition (Blitz and Nus-
baum, 1997a). When the gastric mill rhythm was elicited under
these conditions, focally applied GABA in the CoG neuropil
inhibited this rhythm, concomitant with its inhibition of MCN1
and CPN2 (n = 5 of 5) (Fig. 6). The gastric mill rhythm did not
always persist for the duration of these experiments, but when it
did so, the GABA inhibition of this rhythm was eliminated by
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Figure 4. The proctolin excitation of MCN1 and CPN2 in the CoGs is sufficient to elicit a gastric mill rhythm from the STG. A4, Left, In normal saline
MCNI1 was weakly active, and there was no gastric mill rhythm (note the lack of rhythmic bursting in the lgn and dgn). A, Right, Superfusion of proctolin
(10~ M) selectively to the CoGs increased the MCNI1 activity and elicited a gastric mill rhythm in the STG. This rhythm includes alternating bursting
in the lateral gastric (LG; lgn) and dorsal gastric (DG; dgn) neurons. The additional presence of the GM neuron bursts (dgn) is characteristic of the
MCN1/CPN2 version of the gastric mill rhythm (Norris et al., 1994; Blitz and Nusbaum, 1997a). In C. borealis the dgn contains the axons of the DG,
GM, and AGR neurons. AGR is the tonically active unit in the dgn. B, Left, In normal saline CPN2 was silent, and there was no gastric mill rhythm.
B, Right, Superfusion of proctolin (10 > M) selectively to the CoGs activated rhythmic CPN2 bursting that is time-locked to the elicited MCN1/CPN2
gastric mill rhythm. C, Summary schematic indicating that proctolin bath application to the CoGs activates MCN1 and CPN2 sufficiently for them to elicit

a gastric mill rhythm from the STG network. Labeling is as in Figure 1.

picrotoxin (10 ~* m) superfusion (n = 3 of 3; Fig. 6). Given these
results, we next determined whether the MPN inhibition of
MCNT1 and CPN2 was sensitive to this GABA antagonist.

MPN uses GABA to inhibit MCN1 and CPN2

We tested whether picrotoxin suppressed the MPN actions on
MCNI1 and CPN2 in high divalent cation saline (see Fig. 2),
where the potential interference of polysynaptic pathways is re-
duced. In this condition, picrotoxin (10 ~* M) indeed reversibly
eliminated the MPN inhibition of MCN1 (Fig. 74; n = 8) and
CPN2 (Fig. 7B; n = 4). Note that, whereas the MPN actions in
the CoGs were suppressed by picrotoxin, MPN still excited the
pyloric thythm in the STG, which was superfused with normal
saline (mvn; Fig. 7). We also applied picrotoxin at 10 > M to
determine whether the actions of picrotoxin on these MPN syn-
apses had a separable threshold from the antagonist actions on
glutamatergic synapses in this system. This lower picrotoxin con-
centration did not interfere with the MPN inhibition of MCN1

(n = 5) or CPN2 (n = 2; GM EPSPs, n = 3) in high divalent
cation saline.

During superfusion of picrotoxin (10 ~* M) in high divalent
cation saline, neither MCN1 nor CPN2 exhibited any response to
MPN stimulation (Fig. 7). This suggested that there was no
proctolin contribution to the MPN actions on these projection
neurons. There were three possible mitigating factors, however,
that might have masked a proctolin action on MCN1 and CPN2
by MPN. First, it was possible that picrotoxin also interfered with
the actions of proctolin. Second, the high divalent cation saline
might itself have been suppressing a proctolin-mediated influence
in MCN1 and CPN2. In the STG the ionic current elicited by
proctolin is reduced by most divalent cations, including Ca®*,
although elevated Mg?* levels instead enhance this current
(Golowasch and Marder, 1992a). To test these possibilities simul-
taneously, we superfused proctolin (10 > M) to the CoGs in the
presence of picrotoxin (10 ~* M) in high divalent cation saline. In
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Figure 5. GABA inhibits MCN1 and
CPN2 directly, and this inhibition is
blocked by picrotoxin. Left, With trans-
mitter release suppressed by low Ca?*
saline, MCN1 and CPN2 are weakly ac-
tive. Pressure application of GABA in
low Ca?* saline to the MCN1 and CPN2
CoG neuropil caused a hyperpolariza-
tion of their membrane potentials and a
cessation of action potentials. Right,
When picrotoxin (10 ~* M) in low Ca?*
saline was superfused to the CoGs, the
same GABA puff had no influence on
MCNI1 or CPN2 at similar membrane
potentials. MCN1 and CPN2 recordings
are from different preparations.

soma

Figure 6. GABA inhibition of MCNI1 is
sufficient to inhibit the gastric mill
rhythm, and this inhibition is blocked by
picrotoxin. Left, When the CoGs were
superfused with low Ca?* saline, MCN1
activity increased and a gastric mill
rhythm was elicited (dgn). GABA (10 *
M) puffed onto the MCN1 neuropil in the
CoG inhibited MCNI1 and terminated
the gastric mill rhythm. The rhythm re-
sumed after the end of the puff, coinci-

CoGs, GABA no longer had any effect
on MCNI1 or the gastric mill rhythm.

this condition, both MCN1 and CPN2 were excited consistently
by proctolin application (MCNI1, n = 4; CPN2, n = 4). Third, the
proctolin actions in the STG are voltage-sensitive, and proctolin
has little or no influence at relatively hyperpolarized potentials
(Hooper and Marder, 1987; Golowasch and Marder, 1992a).
Therefore, during picrotoxin (10 * M) superfusion, we stimu-
lated MPN while holding MCN1 and CPN2 at various membrane
potentials at which proctolin effectively excites STG neurons
(from —60 to —40 mV). At none of these holding potentials did
MCN1 or CPN2 exhibit any response to MPN stimulation
(MCN1, n = 8 CPN2, n = 3).

We also determined whether the MPN inhibition of the gastric
mill rhythm was sensitive to the GABA antagonist. Superfusion
of 10 > M picrotoxin to the CoGs eliminates glutamatergic inhi-
bition and increases the activity of MCN1 and CPN2 (D. M. Blitz
and M. P. Nusbaum, unpublished observations). We used this
method of increasing MCN1 and CPN2 activity to elicit a gastric
mill rhythm (Fig. 8). In the presence of this concentration of
picrotoxin, MPN stimulation still inhibited the gastric mill rhythm
(Fig. 8; n = 6). However, superfusion of the CoGs with 10 * m
picrotoxin, which blocks GABA synapses, reversibly eliminated the
MPN inhibition of this gastric mill activity (Fig. 8; n = 6).

DISCUSSION

We have found that a modulatory projection neuron uses pre-
dominantly its peptide transmitter to influence one rhythmic
motor pattern, whereas it uses exclusively its small molecule
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transmitter to influence a related but distinct motor rhythm.
These distinct actions of the MPN cotransmitters on the pyloric
circuit in the STG and on identified projection neurons in the
CoGs combine to produce a specific STG motor pattern (Fig. 9).

Bath application of neuromodulators commonly is used to
study the modulation of network activity (Kiehn and Kjeerulff,
1996; Marder, 1997; McCormick and Bal, 1997; Sillar et al., 1997,
Parker and Grillner, 1998). These studies have provided consid-
erable information about how modulatory transmitters can re-
shape neural network activity to produce multiple neural activity
patterns. However, in few cases has it been possible to determine
how well bath application mimics a neuronal network response to
neurally released transmitter(s) (Kuhlman et al., 1985a,b; Nus-
baum and Kristan, 1986; Acevedo et al., 1994; McCrohan and
Croll, 1997). Here, we show that bath-applied proctolin and MPN
stimulation have opposite actions on MCN1 and CPN2 in the
CoGs, although bath-applied proctolin does mimic the MPN
actions in the STG (Nusbaum and Marder, 1989b). This demon-
strates some of the problems that can arise in using bath appli-
cation studies to understand the neuronal modulation of neural
network activity. Bath application studies remain a valuable tool
for examining the modulation of cellular and synaptic properties
(Calabrese and Feldman, 1997; McCormick and Bal, 1997; Mc-
Dearmid et al., 1997; Weimann et al., 1997; Ayali et al., 1998).
However, our study indicates that caution should be exercised in
relating the anticipated actions of a particular modulatory neuron
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Figure 7. Picrotoxin blocks the direct MPN inhibition of
MCNI1 and CPN2. A4, Left, With the CoGs superfused
with high divalent cation saline to reduce the possibility
of MPN activating an intervening neuron, MPN stimu-
lation (12.5 Hz) inhibited MCN1, producing a smooth

hyperpolarization. MPN stimulation also excited the py-
loric rhythm in the STG, which was superfused with
normal saline. Excitation of the pyloric rhythm was evi-
dent from the increased activity in the IC and VD neu-

B2mV

A Al

B
CoG: BXCa%*/5XMg?* Saline

CoG: 10*M Picrotoxin in
5XCa2+/5XMg?2+ Saline

7mV rons (mvn). Most hyperpolarized V,,,: MPN, —46 mV. A4,
2 4FM Right, When the CoGs were superfused with picrotoxin
4sec (10 ~* m) in high divalent cation saline, MCN1 displayed
no response to MPN stimulation (10 Hz) despite main-

taining the same membrane potential. However, the py-
loric rhythm (mvn) was still excited by MPN stimulation
under these conditions. Most hyperpolarized V,,: MPN,
—33 mV. B, Left, MPN stimulation (7 Hz) inhibited
| CPN2, producing a smooth hyperpolarization when the

mvn el LI TN th hyperpc when
I BRI RR R -|C (1T | CoGs were superfused with high divalent cation saline.
CPN2 S—————— - - MPN stimulation also excited the pyloric rhythm (mvn)
A42mvV A1mV  in the STG, which was superfused with normal saline.
F Most hyperpolarized V,,;: MPN, —77 mV. B, Right: When
MPN _ ] ﬂ—-— the CoGs were superfused with picrotoxin (10 ~* M) in
A v A v 5mV high divalent cation saline, MPN stimulation (7 Hz) had
30m_| no influence on CPN2. The pyloric rhythm (mvn) was
still excited by MPN stimulation under these conditions.

4sec Most hyperpolarized V,;: MPN, —78 mV.

or neuronal population to the neural network responses to bath-
applied neuromodulators.

We do not know the circumstance under which MCN1 and
CPN2 might receive proctolinergic input and whether this input
indeed would mimic what we have found with our proctolin bath
application experiments. However, the CoGs contain an exten-
sive proctolin immunoreactive neuropil as well as several immu-
noreactive somata (Marder et al., 1986). In fact, MCNL1 itself is
proctolin immunoreactive (Blitz et al., 1999), and MCNI1 stimu-
lation can recruit CPN2 to produce the MCN1/CPN2 gastric mill
rhythm (D. M. Blitz and M. P. Nusbaum, unpublished observa-
tions). Thus, perhaps MCNI1 is an endogenous source of procto-
lin excitation to CPN2.

It remains uncertain whether GABA is used by MPN in the
STG. However, we have now documented a role for GABA as an
MPN transmitter in the CoGs. GABA mediates the MPN inhi-
bition of MCN1 and CPN2 within the CoGs, thereby suppressing
the gastric mill rhythm in the STG. Thus, the predominant
functions of the MPN cotransmitters appear to be segregated
both by the rhythm that they target as well as by the spatial
location of their target neurons.

MPN appears to contain proctolin and GABA in the STG,
because its axon in the stomatogastric nerve exhibits both proc-
tolin and GABA immunoreactivity (A. E. Christie, D. M. Blitz,
and M. P. Nusbaum, unpublished observations). Although we
have documented that MPN has GABAergic actions in the CoGs,
we do not yet know if MPN contains proctolin within its CoG
arbor. The lack of a proctolin-mediated action by MPN on MCNI1
and CPN2 may result from MPN releasing proctolin into the
CoG neuropil, but MPN-released proctolin not having access to
the proctolin receptors on these projection neurons. Although
neurally released peptides can diffuse considerable distances to
their receptors (Jan et al., 1980; Hokfelt, 1991; Zupanc, 1996),
neurally released proctolin may be restricted spatially. There is,
for example, extracellular peptidase activity that cleaves and
inactivates proctolin in the crab nervous system (Coleman et al.,

CoG: 10°M Picro. Normal Saline ic
| ||
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Figure 8. MPN inhibition of the gastric mill rhythm is blocked by 10 ~*
M picrotoxin, but not by 10 ~> M picrotoxin. Top, Superfusion of the CoGs
with 10 > M picrotoxin in normal saline increased the activity of MCN1
and CPN2 (data not shown) and elicited gastric mill timed bursting in the
LG neuron. MPN stimulation (13 Hz) terminated the gastric mill timed
bursting in the LG neuron and the gastric mill timed inhibition of the VD
neuron (mvn). Bottom, When the CoGs were superfused with 10 ™% M
picrotoxin in normal saline, MPN stimulation (13 Hz) had no influence
on the gastric mill rhythm. Most hyperpolarized V,: LG, —68 mV; MPN,
—74 mV. Scale bars are for top and bottom.
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Figure 9. Schematic of the roles of the MPN transmitters in mediating
selection of the MPN-elicited motor pattern. MPN uses proctolin to
excite the pyloric rhythm within the STG (Nusbaum and Marder, 1989b).
The role of GABA in the STG is unknown. MPN uses GABA in the
CoGs to inhibit MCN1 and CPN2, removing their excitation of the gastric
mill rhythm. MPN does not have a proctolin-mediated influence on these
neurons. Labels are as in Figure 1.

1994; Nusbaum and Wood, 1999). Alternatively, MPN may not
contain proctolin in its CoG terminals. If MPN either does not
release proctolin from all of its CoG terminals or contains no
proctolin within the CoG, then this would contradict a long-
standing principle in neuroscience known as Dale’s principle.
Dale’s principle originated before the knowledge of cotransmit-
ters. However, in its modernized form it dictates that all trans-
mitters of a neuron are contained within and released from all of
its terminals (Dale, 1935; Eccles, 1986). It has been daunting to
support or reject Dale’s principle in any system because of the
difficulty of determining the transmitter content of individual
neurons at all of their terminals. There is one example of ana-
tomical segregation of cotransmitters, within the Aplysia bag cells.
In these neurons there is differential transport of two peptides to
spatially separate arbors (Sossin et al., 1990).

The modulation of network neuron membrane and synaptic
properties underlies the functional flexibility of neural networks
(Marder and Calabrese, 1996; Stein et al., 1997). In addition to
these direct actions on network neurons, motor pattern selection
from multifunctional networks can occur in part via indirect
actions such as those occurring among parallel network inputs
(Brodfuehrer and Burns, 1995; Faumont et al., 1996; Blitz and
Nusbaum, 1997a). This study demonstrates that these direct and
indirect actions on network activity can be mediated by different
transmitters of a single modulatory neuron. Future work aimed at
understanding how network inputs select their distinct motor
patterns will certainly require a greater understanding of the roles
of cotransmitters.
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