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Abstract

Identified neurons in the cerebropleural ganglion (brain) of the mollusc Pleurobranchaea were stimulated
and recorded from intracellularly while recording the identified motor program from buccal muscles (reduced
preparation) or nerves (isolated central nervous system). Neurons studied included the metacerebral giant
neurons (MCGs), phasic paracerebral neurons (PC,’s), polysynaptic excitors of the PC,’s (PSEs), type II
electrotonic neurons (ETYy’s), type I electrotonic neurons (ETys) and several other identified neurons or
neuronal classes. Intracellular stimulation of the above identified neurons generally elicited the ingestion motor
program or its characteristic components, but never the egestion motor program and seldom its characteristic
components. Intracellular recordings from these neurons in the isolated central nervous system preparation
while eliciting the ingestion and egestion motor program generally showed cyclic membrane potential oscilla-
tions in phase with both motor programs, indicating that these neurons receive synaptic feedback from the
ingestion and egestion central pattern generator(s). This study is therefore consistent with the view that an
interrelated cluster of brain neurons is specialized to command the ingestion motor program. A neural model
of motor program switching in the buccal motor system is formulated, comprising separate command pathways

for ingestion and egestion that converge on a common central pattern generator(s).

The cerebropleural ganglion (“brain”) of the mollusc Pleu-
robranchaea contains 18 identified descending interneurons
that meet certain criteria for command neurons controlling
feeding behavior. These interneurons include the paired meta-
cerebral giant neuron (MCG) (Gillette and Davis, 1977) and
the paracerebral neurons (PCNs) (Davis et al., 1974; Gillette
et al., 1978). The PCNs are in turn subdivided into four classes:
the tonic PCNs (PCr’s) (two neurons per hemiganglion; Kovac
et al., 1982), the phasic PCNs (PC,’s) (two neurons per hemi-
ganglion; Kovac et al., 1982), the polysynaptic excitors of the
PC.’s (PSEs) (two neurons per hemiganglion; Kovac et al.,
1983a), and the type II electrotonic neurons (or ET/’s) that are
electrically coupled with the PC,’s (two neurons per hemigan-
glion; Kovac et al.,, 1983a). Intracellular stimulation of the
PCNs induces cyclic feeding movements in whole animal prep-
arations, and all PCNs except the PCy’s discharge cyclically
and in phase with feeding movements when feeding behavior
is elicited by food stimuli (Gillette et al., 1978, 1982; Kovac et
al., 1982, 1983a). Therefore, the PCNs meet two of the three
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general criteria (see Croll et al., 1985b, for discussion) for
feeding command interneurons, namely sufficiency and appro-
priateness. These neurons are not individually necessary to
feeding, presumably because the command role is distributed
over a large population of interneurons.

The conclusion that these brain neurons are command inter-
neurons for feeding behavior was reached before the discovery
of functional subdivisions within the PCN population (Kovac
et al., 1983a) and before establishing detailed criteria for distin-
guishing the ingestion motor program from the egestion motor
program on the basis of recorded parameters of motor output
(McClellan, 1980, 1982a, b; Croll and Davis, 1981, 1982; Croll
et al., 1985a). In view of these recent developments, the present
studies were undertaken to re-examine the hypothesis that
these brain neurons serve as command interneurons for feeding,
as opposed to some other buccal behavior. This re-examination
has taken two forms. First, we have studied the motor effects
of the identified brain neurons by stimulating them individually
while recording the resultant motor output patterns in the
reduced preparation and isolated central nervous system
(CNS). We applied the criteria developed earlier (Croll and
Davis, 1982; Croll et al., 1985a) to rigorously identify the motor
program(s) elicited. Second, we have recorded the activity of
these neurons individually while eliciting the motor patterns of
ingestion and egestion, using techniques developed earlier
(Croll and Davis, 1982; Croll et al., 1985a).

The results show that the identified members of the paracer-
ebral population, as well as the MCG, elicit the ingestion motor
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program or its characteristic components but never the egestion
motor program and seldom its characteristic components. That
is, these brain neurons are individually sufficient to elicit the
ingestion motor program but not the egestion motor program.
These experiments thus furnish corroborative evidence for the
role of these brain neurons in mediating feeding behavior
(ingestion) but not other buccal behaviors (e.g., egestion). In
combination with the results of the first two papers of this
series (Croll et al., 19854, b), these results permit formulation
of a neurophysiological model for motor program switching in
the buccal motor system of Pleurobranchaea based on the
activation of different command pathways that converge on a
common central pattern generator(s).

Materials and Methods

General methods, as well as the procedures for making the reduced
and isolated CNS preparations, were identical to those described in the
first paper of this series (Croll et al., 1985a). Electrophysiological
methods used here include the extracellular techniques described pre-
viously (Croll et al., 1985a) and intracellular stimulation/recording
from identified neurons in the cerebropleural ganglion (brain). Identi-
fication and intracellular analysis of brain neurons were achieved as
described previously (Gillette and Davis, 1977; Gillette et al., 1978,
1982; Kovac et al., 1982, 1983a, b). Buccal motor programs for ingestion,
egestion, and the neutral rhythm were identified using criteria devel-
oped in the first paper of this series (Croll et al., 1985a) and enumerated
under “Materials and Methods” of the preceding paper (Croll et al.,
1985b).

Results

The metacerebral giant neuron(s)

The MCGs are an identified pair of neurons positioned
symmetrically on each side of the cerebropleural ganglion
(brain). Each soma lies on the anterior edge of the brain near
the midline (Gillette and Davis, 1977), and the neurons send
descending axons to the buccal ganglion via the ipsilateral
cerebrobuccal connective (CBC) (Gillette and Davis, 1977).
Previous work (Gillette and Davis, 1977) has shown that the
MCG can elicit cyclic motor output from the buccal ganglion
and that the MCG fires in phase with ingestion movements in
semi-intact animals. To corroborate the role of the MCQG, its
effect on motor output and its activity during motor output
were examined here in both the reduced preparation and in the
isolated CNS.
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Figure 1. Effects of depolarizing (beginning with arrowhead) one
MCG on behavior and motor output of the reduced preparation. The
position trace (pos.) shows the output of a modified Sandeman position
transducer that recorded the position of an object (a plastic worm; see
Croll and Davis, 1982; Croll et al., 1985a) placed into the buccal cavity,
with upward deflections signifying inward (ingestive) movements. M4
and M5, extracellular activity in a buccal protractor and constrictor
muscle, respectively. CBC, extracellular activity recorded from the
ipsilateral cerebrobuccal connective. The large unit in the CBC record-
ing corresponds to MCG spikes.
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Effects of intracellular stimulation. Of four trials on two
MCGs in two reduced preparations, intracellular stimulation
of the MCG caused ingestion of an object placed into the buccal
cavity in one trial (Fig. 1). The direction of movement of the
object was monitored with a position monitor (see “Materials
and Methods” in Croll et al., 1985a), providing a behavioral
confirmation of the elicited motor program. In this experiment,
stimulation of the MCG increased the cyclic activity of buccal
constrictor m 5 and decreased the activity of protractor m 4
(Fig. 1), characteristic of the ingestion motor program. Of the
remaining three trials, one showed the ingestion motor program
but no net movement of an object in the buccal cavity, one
showed increased motor activity but no cyclic output, and one
showed no effect.

The MCG was stimulated intracellularly in five trials in two
cells in two isolated CNS preparations. Such stimulation caused
cyclic motor output in three trials in two MCGs in two prepa-
rations. The salivary duct (SD) discharged cyclically in all of
these trials, but SD bursts did not occur in phase with protrac-
tion, as is characteristic of the ingestion motor program. Of the
remaining two trials, MCG stimulation enhanced motor output
but did not cause bursting in one case, and caused no effect in
the second case. From these experiments on the reduced prep-
aration and the isolated CNS it may be concluded that the
MCG can be sufficient to the characteristic components of the
ingestion motor program but not the egestion motor program
or its characteristic components.

Intracellular activity during buccal motor programs. Intracel-
lular recordings from the MCG were made only in the isolated
CNS preparation. In three trials in three MCGs in three
preparations, the MCG showed activity during the ingestion
motor program. Figure 2, for example, shows an ingestion
episode elicited by tonic extracellular stimulation of the right
CBC. The fast burster unit of the salivary nerve (SN) fired in
phase with protraction, confirming the motor program as that
of ingestion. The right MCG shows 1:1 antidromic spikes, as
expected from stimulation of its large descending axon in the
ipsilateral CBC (Gillette and Davis, 1977). Activity in the left
MCG was converted from tonic to weakly cyclic discharge,
although the phase relationship with ongoing motor activity
was variable. These results were typical of all three prepara-
tions.

During the egestion motor program (Fig. 3), elicited by ap-
propriate stimulation of the stomatogastric nerves (SGNs) and
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Figure 2. Intracellularly recorded activity of both the left and right
MCGs (LMCG and RMCG, respectively) during production of the
ingestion motor program by tonic stimulation of the right CBC (begin-
ning with arrowhead) in the isolated CNS. sn, extracellular recording
from the salivary nerve (the small unit that discharges in bursts is the
salivary burster). r1 and r3, extracellular recordings from buccal pro-
tractor root 1 and retractor root 3, respectively.
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Figure 3. Intracellularly recorded activity of both the left and right
MCGs (LMCG and RMCG, respectively) during production of the
egestion motor program (between arrowheads) by tonic stimulation of
the SGNs in the isolated CNS. sn, extracellular recording from the
salivary nerve (the small unit that discharges in bursts is the salivary
burster). r1 and r3, extracellular recordings from buccal protractor root
1 and retractor root 3, respectively.

identified by suppression of the fast burster unit in the SN,
MCG discharge was also slightly increased after an initial
inhibition (four trials, four MCGs, three isolated CNS prepa-
rations). It may be concluded that, in the isolated CNS, the
MCGs fire during both the ingestion and egestion motor pro-
grams.

The phasic paracerebral neurons.

The PC,’s are two re-identifiable neurons on each side of the
brain that send descending axons to the buccal ganglion via
the ipsilateral CBC (e.g., Kovac et al., 1982). Intracellular
stimulation of the PC.’s elicits ingestion but not egestion
behavior in the whole animal preparations (Gillette et al., 1978,
1982), and the PC.’s discharge cyclically and in phase with
ingestion but not with egestion movements in the whole animal
preparation (Gillette et al., 1978, 1982). In the present work we
have performed experiments designed to assess the role of these
neurons in the isolated CNS preparation.

Effects of intracellular stimulation. The effects of depolarizing
the soma of a single PC, were examined in 21 trials in 13 PC,’s
in 12 isolated CNS preparations. Cyclic motor activity was
elicited in 10 trials in 7 PC,’s in 7 preparations. Of these 10
trials, 4 showed cyclic bursts of activity in the fast burster unit
of the SN in phase with protractor r 1, as is characteristic of
the ingestion motor program (Fig. 4). In the remaining 6 of
these 10 trials, cyclic SN activity occurred, but not in phase
with protractor activity. In no case was the SN silent, as is
characteristic of the egestion motor program. In 7 of the 10
trials, the duty cycle of protractor r 1 discharge was 33 to 50%,
as is characteristic of the ingestion motor program. It may be
concluded that intracellular stimulation of single PC,’s in the
isolated CNS elicits the ingestion motor program or its char-
acteristic components but never elicits the egestion motor
program, and seldom its components.

Intracellular activity during buccal motor programs. PC,activ-
ity was recorded intracellularly during the ingestion motor
program in 23 trials in 13 PC}’s in 13 isolated CNS prepara-
tions. In these experiments the ingestion motor program was
elicited by one of three different means: tonic extracellular
stimulation of the ipsilateral CBC, which contains the descend-
ing axon of the PC, (8 trials, 6 PC,’s, 6 preparations); extracel-
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Figure 4. Effects of depolarizing (between arrowheads) a single PC,
on an ETy and buccal nerves in the isolated CNS. sn, extracellular
recording from the salivary nerve (the small unit that discharges in
bursts is the salivary burster). r1 and r3, extracellular recordings from
buccal protractor root 1 and retractor root 3, respectively.
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Figure 5. Intracellularly recorded activity of a PC,and a PSE during
production of the ingestion motor program by tonic stimulation of the
contralateral CBC (between arrowheads) in the isolated CNS. sn,
extracellular recording from the salivary nerve (the small unit that
discharges in tight bursts is the salivary burster). rI and r3, extracel-
lular recordings from buccal protractor root 1 and retractor root 3,
respectively.

lular stimulation of the contralateral CBC (12 trials, 6 PC,’s, 6
preparations); and intracellular stimulation of other command
interneurons in the brain (3 trials, 1 PC,, 1 preparation).

When the ingestion motor program was elicited by ipsilateral
CBC stimulation (not shown), the stimulus pulses caused 1:1
antidromic spikes in the impaled PC,, as well as a simultane-
ously impaled PSE of the PC, (Kovac et al., 1983a). The narrow
voltage window effective in eliciting the ingestion motor pro-
gram by CBC stimulation (Croll et al., 1985a) usually encom-
passed the threshold for extracellular activation of the PC,
axon. Thus, antidromic spikes in the impaled PC, were evident
in five of the eight trials involving ipsilateral CBC stimulation.

An example of the ingestion motor program elicited by con-
tralateral CBC stimulation is shown in Figure 5. In 10 of the
12 trials performed, oscillation of the PC, membrane potential
occurred, with depolarization simultaneous with the protrac-
tion phase of the ingestion motor program (Fig. 5). In 3 of these
trials, action potentials accompanied the cyclic PC, depolari-
zations (see Fig. 9). These results are similar to those reported
earlier from the whole animal preparation (Gillette et al., 1978,
1982).

An example of the ingestion motor program elicited by intra-
cellular stimulation of another command interneuron in the
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brain (the PSE; see below) is shown in Figure 7. In all three of
the trials performed, the PC, showed strong oscillation of the
membrane potential, and bursts of action potentials occurred
in phase with protractor discharge. These data collectively
demonstrate that in the isolated CNS preparation, the PC,’s
receive cyclic feedback from the ingestion central pattern gen-
erator.

The activity of individual PC,’s was recorded intracellularly
during the egestion motor program in 14 trials in six PC,’s in
six isolated CNS preparations. In all cases the membrane
potential of the PC, showed strong oscillation, with depolari-
zation again in phase with protractor r 1 bursts. In 5 of the 14
trials in three preparations the cyclic PC, depolarization was
accompanied by action potentials (e.g., Fig. 6). These data
demonstrate that in the isolated CNS the PC;’s also receive
cyclic feedback from the egestion central pattern generator, as
suggested also from experiments on the whole animal prepa-
ration (Gillette et al., 1982).

The polysynaptic excitors

The PSEs are two identified interneurons on each side of the
brain that deliver chemical polysynaptic inputs to the PC.’s
(Kovac et al., 1983a). The PSEs share in common with the
PC,’s the presence of a descending axon in the ipsilateral CBC,
and also the capacity to elicit cyclic motor output that exhibits
at least some of the characteristics of the ingestion motor
program (Kovac et al., 1983a). In the present work we have
performed experiments on these neurons in the isolated CNS
preparation.

Effects of intracellular stimulation. The effects of depolarizing
the soma of a single PSE were examined in nine trials in four
PSEs in four preparations. Cyclic motor activity was elicited
in seven of these trials in three PSEs in three preparations. Of
these seven trials, six showed cyclic bursts of activity in the
fast burster unit of the SN in phase with protractor r 1 dis-
charge, as is characteristic of the ingestion motor program (F'ig.
7). In the remaining one of these seven trials, cyclic SN activity
also occurred, but not in phase with protractor activity. In no
case was the SN silent, as is characteristic of the egestion motor
program. In six (86%) of the seven trials the duty cycle of
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Figure 6. Intracellularly recorded activity of a PC,and a PSE during
production of the egestion motor program (indicated by suppression of
SD activity, between arrowheads) by tonic stimulation of both SGNs
in the isolated CNS. The egestion motor program occurs in the middle
of an ongoing neutral thythm(s) elicited by the stimulus and is identi-
fied by suppression of extracellularly recorded activity from the salivary
duct (sd). rI and r3, extracellular recordings from buccal protractor
root 1 and retractor root 3, respectively.
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Figure 7. Effects of depolarizing (between arrowheads) a single PSE
on a PC, and buccal nerves in the isolated CNS. sn, extracellular
recording from the salivary nerve (the small unit that discharges in
tight bursts is the salivary burster). rI and r3, extracellular recordings
from buccal protractor root 1 and retractor root 3, respectively.

protractor r 1 discharge was less than 50%, as is characteristic
of the ingestion motor program. In the seventh trial the pro-
tractor duty cycle was 52%, but all other parameters of motor
output were characteristic of the ingestion motor program. PSE
stimulation never elicited the egestion motor program and
seldom elicited individual characteristic components of the
program. It may be concluded that intracellular stimulation of
a PSE induces the ingestion motor program or its characteristic
components but not the egestion motor program and seldom
its characteristic components.

Intracellular activity during buccal motor programs. PSE ac-
tivity was recorded intracellularly during the ingestion motor
program in four trials in four PSEs in four isolated CNS
preparations. The ingestion motor program was elicited by
tonic extracellular stimulation of the ipsilateral (two trials, two
PSEs, two preparations) or contralateral (two trials, two PSEs,
two preparations) CBC. In the former case (ipsilateral CBC
stimulation), the threshold for the ingestion motor program
was near the threshold for PSE activation, and in both trials
1:1 antidromic action potentials were recorded from the PSE
in association with each stimulus puise (not shown). Thus, PSE
activation may contribute to elicitation of the ingestion motor
program by CBC stimulation. In the latter case (contralateral
CBC stimulation), the membrane potential of the PSE fluc-
tuated in phase with the ingestion motor program, with depo-
larizations occurring during protractor discharge (Fig. 5). These
results indicate that PSEs receive synaptic feedback from the
central pattern generator that underlies the ingestion motor
program, as suggested earlier (Kovac et al., 1983a).

The activity of the individual PSEs was recorded intracellu-
larly during the egestion motor program in a single trial, in
which the egestion motor program was elicited by high voltage
tonic extracellular stimulation of the SGNs. The membrane
potential of the PSE oscillated in phase with the egestion motor
program, with action potential bursts coincident with the pro-
tractor activity (Fig. 6). Therefore, the PSEs also receive cyclic
feedback from the egestion central pattern generator.

Class II electrotonic neurons

The ETy/’s are two re-identifiable neurons on each side of
the brain that are electrically coupled with the PC.’s (Kovac et
al., 1983a). One of the two identified ET\y’s also delivers chem-
ical polysynaptic inputs to the PC,’s. In the present experi-
ments we did not differentiate between the two ETy’s. The
ETy’s share in common with the PC.’s and the PSEs the
presence of a descending axon in the ipsilateral CBC, and they
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exhibit a weak capacity to elicit cyclic buccal motor output
showing at least some characteristics of the ingestion motor
program (Kovac et al., 1983a). In the present work we have
studied these neurons in the isolated CNS preparation.

Effects of intracellular stimulation. The effects of depolarizing
the soma of a single ET}; were examined in 14 trials in four
ETy’s in four preparations. Cyclic motor output was elicited in
only 1 of these 14 trials. In this single case (Fig. 18 of Kovac et
al., 1983a), the SN discharged intense bursts of activity, but
these occurred in phase with retractor discharge, characteristic
of the neutral rhythm(s). More typically, in 5 of the 14 trials
stimulation of an ET} increased the extracellular discharge
recorded from buccal nerve roots but did not induce obvious
oscillatory motor activity (Fig. 8). In all of these trials protrac-
tor and retractor activity appeared equally activated, and in no
case was SD or SN activity suppressed as is characteristic of
the egestion motor program. The available data therefore in-
dicate that the ETy; neurons alone play a weak role in eliciting
motor output, as previously reported (Kovac et al., 1983a). In
the rare cases when oscillatory output results from ETy; stim-
ulation, the pattern is that of the neutral rhythm(s).

Intracellular activity during buccal motor program. ETyy activ-
ity was recorded intracellularly during the ingestion motor
program in eight trials in six ETy’s in six isolated CNS prepa-
rations. The ingestion motor program was elicited by tonic
extracellular stimulation of the ipsilateral CBC, stimulation of
the contralateral CBC, and intracellular stimulation of another
command interneuron in the brain.

When the ingestion motor program was elicited by ipsilateral
CBC stimulation (three trials, three ETy’s, three preparations),
the ETy was activated antidromically at approximately the
same voltage threshold as the motor rhythm, resulting in 1:1
antidromic spikes recorded from the ETy soma (two of three
preparations; not shown). In the third trial, antidromic spikes
were absent, but the ETy; membrane potential oscillated, with
depolarization occurring in phase with protraction activity (not
shown). When the ingestion motor program was elicited by
stimulation of the contralateral CBC (four trials, two ETy/’s,
two preparations), the membrane potential typically oscillated
in phase with protractor activity (three of four trials), with
action potentials occurring during the depolarizing phase (one
of four trials; Fig. 9). When the ingestion motor program was
elicited by stimulating a PC,, (one trial, one ETy;, one prepara-
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Figure 8. Effects of depolarizing (between arrowheads) a single ETq
on a PC, and buccal nerves in the isolated CNS. sgn, extracellular
recording from the ipsilateral stomatogastric nerve; sn, extracellular
recording from the ipsilateral salivary nerve (the small unit that dis-
charges in tight bursts is the salivary burster). r1 and r3, extracellular
recordings from buccal protractor root 1 and retractor root 3, respec-
tively.
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Figure 9. Intracellularly recorded activity of an ETy and a PC,during
production of the ingestion motor program by tonic stimulation of the
contralateral CBC (throughout record) in the isolated CNS. sn, extra-
cellular recording from the salivary nerve (the small unit that dis-
charges in bursts is the salivary burster). rI and r3, extracellular
recordings from buccal protractor root 1 and retractor root 3, respec-
tively.
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Figure 10. Intracellularly recorded activity of a PC, and an ETy
during production of the egestion motor program (indicated by r 1 duty
cycle >50% and suppression of SN bursts) by tonic stimulation of both
SGNs (beginning at the arrowhead) in the isolated CNS. CBC, extra-
cellularly recorded activity from the ipsilateral cerebrobuccal connec-
tive; sn, extracellular recording from the salivary nerve (the small unit
that discharges in bursts is the salivary burster). rI and r3, extracellular
recordings from buccal protractor root 1 and retractor root 3, respec-
tively.

tion), the ETy showed cyclic bursts of excitatory polysynaptic
potentials (EPSPs) in phase with protractor discharge (Fig. 4).
These results collectively indicate that in the isolated CNS
preparation, the ETy’s receive cyclic feedback from the inges-
tion central pattern generator.

The activity of individual ET\/’s was recorded intracellularly
during the egestion motor program in six trials in three ETy/’s
in three preparations. In all cases the ETY; received cyclic bursts
of EPSPs or produced bursts of action potentials (Fig. 10) that
occurred in phase with protractor activity. Therefore, the ETy’s
also receive cyclic feedback from the egestion central pattern
generator.

The class I electrotonic neuron

The class I electrotonic neuron (ET)) is a re-identifiable
neuron on each side of the brain that is electrically coupled
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with the PC,’s (Kovac et al., 1983a). Unlike the ETy’s, ETy
lacks a descending axon in the CBC and does not alone elicit
cyclic motor output from the buccal ganglion or the brain
(Kovac et al., 1983a). In the present work we have studied this
neuron in the isolated CNS.

Effects of intracellular stimulation. The effects of depolarizing
the soma of a single ET; were examined in 13 trials of six ETy’s
in five preparations. Cyclic motor output was never elicited,
corroborating previous findings (Kovac et al., 1983a). Usually
(6 of 13 trials), there was no visible effect of stimulation. In
some cases (5 of 13 trials), however, ET stimulation caused a
single burst of motor output from the buccal ganglion, with SD
activity in phase with retractor r 3 discharge, as is characteristic
of the neutral rhythm(s) (Fig. 11). In a few cases (2 of 13 trials),
stimulation of the ETy accelerated an ongoing rhythm, but in
these cases recordings were not made from the SD. On these
grounds it appears that ET; may weakly bias the motor output
toward the neutral rhythm(s), which is similar to the ingestion
motor program (Croll et al., 1985a).

Intracellular activity during buccal motor program. ET; activ-
ity was recorded intracellularly only during the ingestion motor
program (seven trials, four ETy’s, four preparations) (Fig. 12).
In all cases the membrane potential of the neuron oscillated in
phase with the motor output, with depolarizations occurring
during retractor activity, as reported earlier (Kovac et al,,
1983a). Therefore, the ET; neuron receives synaptic feedback
from the ingestion central pattern generator, but the sign of
the feedback is paradoxically opposite to that received by PC,’s,
PSEs, and ETYy/s, resulting in oscillations in antiphase with
these other brain neurons.

Other identified brain neurons

The effects on motor output in the isolated CNS of depolar-
izing several additional identified neurons that are associated
with the paracerebral command system have been examined in
the course of the present studies. Tonic paracerebral neurons
(PCr’s) (Kovac et al., 1982), for example, were studied in eight
trials on five PCy’s in five preparations. In seven of these trials
there was no effect on motor output, whereas in one trial PCy
stimulation accelerated an ongoing neutral rhythm(s). Dorso-
medial polysynaptic inhibitors (Kovac et al., 1983a) were stim-
ulated in three trials in one MSE in one preparation with no
effect. Monosynaptic inhibitors (MSIs) (Kovac et al., 1983b)
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Figure 11. Effects of depolarizing (between arrowheads) a single ET;
on a PC; and buccal nerves in the isolated CNS. CBC, extracellularly
recorded activity from the ipsilateral cerebrobuccal connective; sd,
extracellular recording from the ipsilateral salivary duct; rI and r3,
extracellular recordings from buccal protractor root 1 and retractor
root 3, respectively.
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Figure 12. Intracellularly recorded activity of an ET; during produc-
tion of the ingestion motor program (throughout record) by tonic
stimulation of the contralateral CBC in the isolated CNS. sd, extracel-
lular recording from the ipsilateral salivary duct; rI and r3, extracellular
recordings from buccal protractor root 1 and retractor root 3, respec-
tively.

were stimulated in seven trials in three MSIs in three prepa-
rations with no effect on motor output. Therefore, these addi-
tional identified brain neurons appear to play little or no direct
role in causing ingestion or egestion motor output, although
these neurons presumably modulate the respective motor pro-
grams by their documented actions on the brain command
interneurons.

Discussion

The ingestion command system. Previous work on the PCNs
in the brain of Pleurobranchaea has shown that in each hemi-
ganglion these neurons are subdivided into four classes of two
identified neurons each: the PCr’s, the PC,’s, the PSEs, and
the ETy/’s (Kovac et al., 1982, 1983a). Each of these categories
of brain neurons, as well as the previously studied MCGs
(Gillette and Davis, 1977) is capable of eliciting cyclic motor
output from the buccal ganglion when intracellularly stimu-
lated, although as reported previously (Kovac et al., 1983a),
some classes are more efficacious than others. In previous
studies on the PCNs in whole animal preparations, it was found
that these neurons are capable of inducing cyclic ingestion
movements when depolarized, and that the same neurons dis-
charge in cyclic bursts of action potentials that are phase locked
with ingestion (but not egestion) movements in response to
presentation to the animal of food stimuli (Gillette et al., 1978,
1982). Those studies were performed before the functional
subdivisions within the PCN population had been established,
however (Kovac et al., 1982, 1983a), and before criteria for
rigorously distinguishing the different buccal motor patterns
had been developed (McClellan, 1980, 1982a, b; Croll and Davis,
1981, 1982; Croll et al., 1985a).

In the present study we have reassessed the functional roles
of each of these neurons in light of the new information
available on their functional subdivisions, and in light of newly
developed criteria for distinguishing the buccal motor programs
in the reduced preparation and in the isolated CNS (Croll et
al., 1985a). This study has confirmed that each of the above
classes of brain neurons is sufficient to induce the ingestion
motor program or its individual characteristic components but
is never sufficient to induce the egestion motor program and
seldom its characteristic components. These findings are sub-
ject to the qualifications detailed in the preceding paper (Croll
et al., 1985b) regarding the unavoidable limitations of drawing
behavioral inferences from analysis of single neurons in dis-
sected preparations. This study therefore corroborates our pre-
vious conclusions regarding the role of the paracerebral neurons
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and supports the view that the ingestion behavior of Pleuro-
branchaea is controlled by an interrelated population of com-
mand interneurons located in the brain.

In contrast to our conclusions, McClellan (1983) recently
reported that MCG stimulation elicits a relatively weak motor
pattern “of uncertain function,” and that stimulation of PCNs
during ongoing motor activity sometimes (20%) elicited “vom-
iting-like motor patterns.” However, examination of the pub-
lished records on which McClellan’s (1983) conclusions were
based shows that MCG stimulation never resulted in the sup-
pression of SD discharge that is characteristic of the egestion
motor program. Instead, in McClellan’s single published record
of continuous MCG stimulation (McClellan, 1983, Fig. 1B), the
SD discharges biphasically or monophasically near the end of
retractor (r 3) discharge, characteristic of the neutral rhythm(s)
(Croll and Davis, 1982; Croll et al., 1985a). In McClellan’s nine
published recordings of motor patterns elicited during stimu-
lation of PCNs (McClellan, 1983, Figs. 2, A to D), and 3, A to
E), the SD shows bursting activity in eight of nine (89%) cases,
indicative of the ingestion motor program or the neutral
rhythm(s), but not the egestion motor program (Croll and
Davis, 1982; Croll et al., 1985a). Of these eight cases the motor
pattern elicited during PCN stimulation can be positively iden-
tified as the ingestion motor program in four (50%) cases, on
the basis of the concurrence of SD discharge with protractor (r
1) activity (McClellan, 1983, Figs. 2, A and B, and 3, A and C).
Therefore, although McClellan’s (1983) conclusions differ from
ours, his published data are in accord with the interpretations
presented here.

Activity in the command system during motor activity. Intra-
cellular recordings from these same command neurons have
shown that they oscillate in phase with both the ingestion and
egestion motor programs elicited from the reduced preparation
and/or isolated CNS. However, both the ingestion and egestion
motor programs can occur in the absence of action potentials
in any individual command neuron, showing that no individual
command cell is necessary for the expression of the correspond-
ing motor program. This result is consistent with the finding
that the command role is distributed over a relatively large
population of interneurons.

As noted previously, however (Croll et al., 1985b), the activity
of neurons in dissected preparations during artificially elicited
motor programs may be expected to vary significantly from the
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Figure 13. A partial, hypothetical neural model for how motor
program switching is accomplished in the buccal motor system of
Pleurobranchaea. According to this model, separate command systems
for ingestion (top left) and egestion (top right) converge on a common
central pattern generator, which provides oscillatory feedback (excita-
tion and inhibition) to the command neurons. The command pathways
also provide appropriate biases to the motor pools. Solid triangles,
excitatory connections; solid circles, inhibitory connections. VWC, ven-
tral white cell; AV, anterior ventral neuron. See the text for further
description.

Salivary
Motoneurons

Vol. 5, No. 1, Jan. 1985

activity that accompanies the same motor program in the intact
animal. In the reduced preparation, the only “normal” input to
the neurons during motor pattern is the feedback received from
the central pattern generator(s). The finding that brain neurons
in the dissected preparation oscillate during both ingestion and
egestion means either that these neurons receive feedback from
both pattern generators, or that both behaviors are generated
by a common pattern generator. We propose the latter hypoth-
esis, largely because the motor programs are similar, based
upon recordings from muscles in the intact animals and from
single neurons in the reduced preparation and isolated CNS.
In all cases the different motor programs entail cyclic alterna-
tion between antagonistic motor pools, with biases toward
ingestion or egestion furnished by separate command popula-
tions.

Specialization within the command population. Previously we
showed that the PCNs are specialized to perform different
functions correlated in part with differences in neuronal size.
Thus, the smaller PCy’s have a relatively weak effect upon the
ingestion motor output compared to the larger PC.’s, which
have a much stronger effect on ingestion motor output (Kovac
et al., 1982). The present experiments corroborate and partially
quantify our previous qualitative impressions regarding the
relative efficacy of the different elements of the ingestion
command system. Based upon the frequency of eliciting cyclic
ingestion motor output in the present experiments, the com-
mand efficacy within the population of identified brain neurons
declines in the sequence PSE > PC,> ETy; > MCG > PCy.

A neural model of motor program switching. A primary pur-
pose in undertaking this study was to determine how the same
muscles can be used in different patterns of coordination or
motor programs. The data now available permit formulation of
a hypothetical model that can account for motor program
switching in this “model” system. According to this model (Fig.
13), food stimuli activate exteroreceptors in the oral veil, rhin-
ophore, and tentacles (Davis and Matera, 1982; Matera and
Davis, 1982) and are conveyed via partially understood che-
mosensory pathways (Bicker et al., 1982a, b) to the brain.
Emetic stimuli activate interoreceptors, including presumed
chemoreceptors in the buccal cavity and presumed stretch
receptors in the esophagus (Croll and Davis, 1982), both of
which areas are innervated by buccal nerves. The corresponding
ingestion command system is located in the brain, while the
egestion command system originates in the buccal ganglion
(Croll et al., 1985b).

The corresponding ingestion and egestion command path-
ways are hypothesized to converge upon a common pattern
generator in the CNS. This is the simplest testable hypothesis
consistent with presently available data; direct evidence for it
is lacking, inasmuch as the pattern-generating system has not
vet been identified. The present data indicate that command
neuron collaterals (or interposed interneurons) bias the pro-
tractor and retractor motor pools as appropriate to the respec-
tive motor output. Thus, the MCG biases for retractor activity
(Gillette and Davis, 1977), characteristic of the ingestion motor
program (Croll and Davis, 1981, 1982; Croll et al., 1985a),
whereas buccal command interneurons bias for protractor mo-
tor activity (Croll et al., 1985b). By means of these synaptic
influences, the changes in amplitude, duration, and timing of
motor activity that have been documented to underlie motor
program switching in the buccal motor system (Croll and Davis,
1981, 1982; Croll et al., 1985a) could be realized.

The hypothetical model proposed here for motor program
switching in the buccal motor system of Pleurobranchaea is
consistent with most available data on this motor system. A
possible exception is the synaptic organization of PC,’s, which
generally excite protractor motoneurons and inhibit retractor
motoneurons (Gillette et al., 1982). This model is similar to
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one proposed to account for different kinds of limb movements
in cats (Berkinblit et al., 1981). According to that model,
stepping and scratching are produced by the same central
pattern generator but are elicited by different command sys-
tems. Rigorously testing this model in Pleurobranchaea will
require elucidating the buccal pattern generator(s), which has
not yet been identified.
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