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Motor activity is often initiated by a population of command-like interneurons. Command-like interneurons that reliably drive programs
have received the most attention, so little is known about how less reliable command-like interneurons may contribute to program
generation. We study two electrically coupled interneurons, cerebral-buccal interneuron-2 (CBI-2) and CBI-11, which activate feeding
motor programs in the mollusk Aplysia californica. Earlier work indicated that, in rested preparations, CBI-2, a powerful activator of
programs, can trigger ingestive and egestive programs. CBI-2 reliably generated ingestive patterns only when it was repeatedly stimu-
lated. The ability of CBI-2 to trigger motor activity has been attributed to the two program-promoting peptides it contains, FCAP and CP2.
Here, we show that CBI-11 differs from CBI-2 in that it contains FCAP but not CP2. Furthermore, it is weak in its ability to drive programs.
On its own, CBI-11 is therefore less effective as a program activator. When it is successful, however, CBI-11 is an effective specifier of
motor activity; that is, it drives mostly ingestive programs. Importantly, we found that CBI-2 and CBI-11 complement each other’s
actions. First, prestimulation of CBI-2 enhanced the ability of CBI-11 to drive programs. This effect appears to be partly mediated by CP2.
Second, coactivation of CBI-11 with CBI-2 makes CBI-2 programs immediately ingestive. This effect may be mediated by specific actions
that CBI-11 exerts on pattern-generating interneurons. Therefore, different classes of command-like neurons in a motor network may
make distinct, but potentially complementary, contributions as either activators or specifiers of motor activity.
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Introduction
Command-like interneurons are activated by appropriate inputs
and in turn drive pattern-generating circuits to produce complex
outputs (Wiersma and Ikeda, 1964; Kupfermann and Weiss,
1978; Jing, 2009). These neurons have recently attracted a re-
newed interest because of the discovery of a command-like
neuron in the feeding circuit of a genetic organism, Drosophila
(Flood et al., 2013).

Initially, single command-like neurons were thought to drive
single behaviors (Wiersma and Ikeda, 1964; Frost and Katz, 1996;
Edwards et al., 1999; Jing and Gillette, 1999; Eaton et al., 2001;

Korn and Faber, 2005). However, more recent work showed that
pattern-generating networks activated by command neurons are
often multifunctional; that is, they generate multiple types of
motor programs (Nusbaum and Beenhakker, 2002; Jing and
Weiss, 2005; Marder and Bucher, 2007; Briggman and Kristan,
2008; Benjamin, 2012). Therefore, to initiate behavior, it does not
suffice to simply trigger activity in the motor network—the type
of program induced must also be specified. The question, then, is
whether command neurons themselves subserve both functions,
meaning do they both activate programs and specify their nature?
Croll et al. (1985) provided a positive answer; they applied the
simple command neuron concept to multifunctional networks
by suggesting that specialized command-like neurons drive and
specify different behaviors. However, research on other multifunc-
tional networks questions the generality of this scheme. Under dif-
ferent circumstances, one neuron drives different behaviors in
cricket, leech, and Aplysia (Nolen and Hoy, 1984; Jing and Weiss,
2001; Esch et al., 2002; Morgan et al., 2002; Jing et al., 2004).
Therefore, the latter studies suggest that command-like neurons,
especially those that drive programs reliably, may function pref-
erentially to trigger programs, rather than to specify their nature.
Here, we provide evidence suggesting that command neuron
function may be more complex. Moreover, this study differs
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from previous research that has focused on command-like neu-
rons that reliably trigger motor activity (Nolen and Hoy, 1984;
Edwards et al., 1999; Eaton et al., 2001; Esch et al., 2002; Morgan
et al., 2002; Flood et al., 2013). Not all command-like neurons fall
into this category, so the functional contribution of this type of
neuron is largely uncharacterized. We ask, could these less reli-
able command-like neurons play a role in specifying the nature of
programs?

Here, we characterize an Aplysia feeding command-like neu-
ron, CBI-11, that is weak in its ability to drive programs. We
contrast CBI-11 with CBI-2 that is electrically coupled with CBI-
11. Although CBI-2 is activated by food and reliably triggers mo-
tor activity, when it is stimulated in rested preparations, evoked
programs can be of different types. It is only with repeated stim-
ulation that CBI-2 induces ingestive activity. We show that
CBI-11 differs in that programs are immediately ingestive, both
when CBI-11 is activated on its own and when CBI-11 and CBI-2
are coactivated. CBI-11 therefore acts as an immediate specifier
of program nature. Finally, prestimulation of CBI-2 enhances the
ability of CBI-11 to drive programs through a peptidergic mech-
anism. We discuss the implications of our work for conceptual-
ization of command functions, the classification of interneurons,
and neural coding.

Materials and Methods
Subjects. Experiments were performed on Aplysia californica (100 –250 g)
obtained from Marinus. Aplysia are hermaphroditic (i.e., each animal
has reproductive organs normally associated with both male and female
sexes).

Antibodies and immunostaining. CP2 antibody (rabbit) was a gift from
Dr. P. Lloyd (Phares and Lloyd, 1996). FCAPb (ALDSLGGFQVHGW,
ALDSLGGFQVHGW; Protein Core Facility, University of Illinois, Ur-
bana, IL) was used to generate the antibodies in rabbits as described
previously (Furukawa et al., 2001; Jing et al., 2010). Briefly, the antigen
was prepared by coupling synthetic peptide to BSA (catalog #A0281;
Sigma-Aldrich) using 1-ethyl-3-(dimethylaminopropyl)carbodiimide
(catalog #E7750; Sigma-Aldrich). The coupled antigen was purified and
used to inoculate the rabbits. Testing of the rabbit FCAP antibodies
showed that immunostaining was abolished by preincubation with 10�4

M

ALDSLGGFQVHGW (data not shown).
Immunocytochemistry combined with dye injection was performed as

described previously (Furukawa et al., 2001; Jing et al., 2010). CBI-11 was
identified based on morphology and electrophysiological characteristics
(Wu et al., 2003) and injected with carboxyfluorescein (Jing et al., 2003).
Tissues were then fixed in freshly prepared fixative (4% paraformalde-
hyde, 0.2% picric acid, 25% sucrose, and 0.1 M NaH2PO4, pH 7.6). Tissue
was permeabilized and blocked by overnight incubation in blocking buf-
fer (10% normal donkey serum, 2% Triton X-100, 1% BSA, 154 mM

NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na2HPO4, pH 7.4).
The primary antibody was diluted 1:250 in the blocking buffer and incu-
bated with the tissue for 4 –7 d. The tissue was then washed twice per day
for 2–3 d with washing buffer (2% Triton X-100, 1% BSA, 154 mM NaCl,
50 mM EDTA, 0.01% thimerosal, and 10 mM Na2HPO4, pH 7.4). After
the washes, the tissue was incubated with a 1:500 dilution of secondary
antibody (lissamine rhodamine donkey anti-rabbit; Jackson Immu-
noResearch) for 2–3 d. The tissue was then washed twice with the wash-
ing buffer for 1 d and four times with storage buffer (1% BSA, 154 mM

NaCl, 50 mM EDTA, 0.01% thimerosal, and 10 mM Na2HPO4, pH 7.4) for
1 d. The preparations were viewed and photographed with either a Nikon
or an Olympus BX43 fluorescence microscope equipped with the appro-
priate filters.

Electrophysiology. Animals were anesthetized by injection of isotonic
MgCl2 (337 mM; 30 –50% of body weight). All experimental preparations
were bathed in artificial seawater (ASW). The composition of normal
ASW was as follows (in mM): 460 NaCl, 10 KCl, 11CaCl2, 55 MgCl2, and
10 HEPES, pH 7.6. To suppress polysynaptic pathways, a high-divalent

(HiDi) cation saline was used containing the following (in mM): 368
NaCl, 8 KCl, 13.8 CaCl2, 115 MgCl2, and 10 HEPES, pH 7.6. All reagents
were obtained from Sigma.

Two types of preparations were used. For Figure 1B, a semi-intact
preparation (Jing and Weiss, 2005) was prepared by excising the head
and buccal mass with cerebral and buccal innervation intact. The head
and buccal mass were placed in a larger chamber, and the cerebral gan-
glion was pinned in a smaller chamber and desheathed locally to expose
CBIs. The buccal artery was canulated to allow perfusion of the buccal
mass with ASW. Feeding behavior was elicited by touching the mouth
with cut pieces of dried seaweed (�3.5 � 24 mm) held by forceps. A
typical feeding sequence consisted of initial biting responses and late
swallowing responses that were initiated if the seaweed was successfully
grasped. Completion of swallowing was verified by the visual observation
of the seaweed moving out of the cut end of the esophagus.

The remainder of the electrophysiological data, all experiments other
than the one shown in Figure 1B, were obtained using isolated CNS
preparations. The cerebral and buccal ganglia were removed, desheathed
(ventral surface of the cerebral ganglion, caudal surface of the buccal
ganglion), and pinned in a recording chamber (14 –17°C; volume, �1
ml) perfused with ASW at 0.33 ml/min.

Initially, intracellular recordings were made using single-barrel elec-
trodes (5–10 M�) filled with 2 M K-acetate and 30 mM KCl. Later exper-
iments used electrodes (5–10 M�) filled with 0.6 M K2SO4 and 60 mM

KCl. Intracellular signals were acquired using an AxoClamp 2B amplifier
(MDS Analytical Technologies) or a Getting model 5A amplifier. Extra-
cellular signals were acquired from polyethylene suction electrodes using
a differential alternating current amplifier (model 1700; A-M Systems). A
Grass model S88 stimulator was used for stimulation. In addition to
CBI-11 (Wu et al., 2003), all other neurons were identified as described
previously (Rosen et al., 1991; Hurwitz et al., 1994; Hurwitz and Suss-
wein, 1996; Jing and Weiss, 2001, 2002; Sasaki et al., 2009).

Motor programs. Each cycle of Aplysia feeding motor programs con-
sists of two phases: a radula protraction phase, followed by a radula
retraction phase (Fig. 1C,D1). In this study, motor programs were elic-
ited via intracellular stimulation of higher-order neurons, cerebral– bu-
ccal interneuron-2 (CBI-2; Rosen et al., 1991; Jing and Weiss, 2001) and
CBI-11 (Wu et al., 2003) at 5–10 and 6 –18 Hz, respectively. Each current
pulse was set to trigger a single action potential. Stimulation of CBIs was
manually terminated after the protraction phase ended as determined by
activity in the I2 nerve.

The buccal central pattern-generator (CPG) circuit generates several
types of motor programs. The major components of these programs are
protraction–retraction and opening– closing movements of the radula.
Regardless of the type of motor program, the phasing of the protraction–
retraction sequence remains constant. Protraction was monitored by
recording from the I2 nerve, which contains the axons of protractor
motor neurons B31/32 and B61/62 (Hurwitz et al., 1994). In some exper-
iments, retraction was monitored by recording from retraction interneu-
ron B64 (Hurwitz and Susswein, 1996). In other experiments, retraction
was monitored by the sustained depolarization of the radula closing
motor neuron B8 after protraction. In contrast to the phase invariance of
the protraction–retraction sequence, the timing of radula opening– clos-
ing depends on the type of program (Morton and Chiel, 1993a, 1993b;
Church and Lloyd, 1994; Nargeot et al., 1997; Jing and Weiss, 2001;
Morgan et al., 2002; Jing et al., 2010; Wu et al., 2010). Briefly, when B8
fires predominantly during retraction and thus (in the intact animal)
helps bring food into the buccal cavity, the program is considered to be
ingestive. When B8 fires predominantly during protraction and thus
helps in removing an inedible object from the buccal cavity, the program
is considered to be egestive. When B8 fires during both protraction and
retraction, the program is defined as intermediate.

Data analysis. Electrophysiological recordings were digitized online
with Axoscope and plotted with CorelDraw. When calculating average
burst frequency of B61 upon 3 min stimulation of CBI-2 or CBI-11, we
included B61 bursts with at least 3 spikes. For B64 excitability measure-
ments, the 3 s current pulses applied to B64 induced plateau potentials
that extended B64 firing beyond the 3 s current pulses in 30% of tests in
4 preparations; however, for the data to be comparable, we only counted

Wu et al. • Complementary Interactions between Command Neurons J. Neurosci., May 7, 2014 • 34(19):6510 – 6521 • 6511



number of spikes during the 3 s current pulses. Bar graphs were plotted
using SigmaPlot. Data are expressed as mean � SEM. Statistical tests,
which included Student’s t test and repeated-measures one-way
ANOVA, were applied as appropriate using Prism software (GraphPad).
Data that showed significant effects in ANOVA were further analyzed in
individual comparisons with Bonferroni’s correction. In all statistical
tests, effects were considered statistically significant when p � 0.05.

To generate a cross-correlogram from the two intracellular recordings,
each data point of the digitized data (sampling rate of 5 kHz) was con-
verted into 0 unless at the peak of a spike, in which case, the data point
was converted into 1. The two new data arrays were then used to perform
a cross-correlation using MATLAB.

Results
Higher order interneurons CBI-11 and CBI-2
The cerebral-buccal interneurons in Aplysia are a population of
�13 neurons (Xin et al., 1999) that have their cell bodies in the
cerebral ganglion but send axons to the buccal ganglion, the locus
of the feeding CPG. The CBIs are higher-order neurons because
they activate and/or modulate feeding motor programs by pro-
viding synaptic inputs to specific CPG interneurons in the buccal
ganglion. A feature that these neurons share with each other and
with higher-order neurons in many other motor networks is that

they contain one or more neuropeptides that mediate critical
aspects of their functions (Jing and Weiss, 2001; Morgan et al.,
2002; Nusbaum and Beenhakker, 2002; Sweedler et al., 2002; Koh
et al., 2003; Friedman and Weiss, 2010). In Aplysia, peptides are
present in identifiable neurons, facilitating efforts to determine
how distinct peptidergic biochemical profiles give rise to unique
neural functions.

In this report, we study two functionally related CBIs, CBI-11
(Wu et al., 2003) and CBI-2. The two are ipsilaterally electrically
coupled (coupling ratios: from CBI-11 to CBI-2, 0.038 � 0.004;
from CBI-2 to CBI-11, 0.073 � 0.015, n � 6; Fig. 1A). Previously
(Jing and Weiss, 2005), we demonstrated that CBI-2 is active
during feeding in semi-intact preparations; that is, in prepara-
tions in which the feeding apparatus (the buccal mass) and head
sensory structure were isolated together with the CNS. We per-
formed similar experiments and found that CBI-11 was active
during biting responses (n � 3; Fig. 1B), but was inactive during
the subsequent swallowing that occurred when animals success-
fully grasped the seaweed. We also included a simultaneous re-
cording of CBI-3, which is known to be active during the
protraction phase of motor programs (Rosen et al., 1991; Jing and

A

C1

D1

D2

C2

B

Figure 1. Functional properties and interactions of CBI-11 and CBI-2. A, CBI-11 and CBI-2 are electrically coupled. Negative currents injected into either CBI-2 or CBI-11 (bars) induce hyperpo-
larization in the other CBI. The electrical coupling appears to be stronger from CBI-2 to CBI-11 than from CBI-11 to CBI-2. B, In a semi-intact preparation, dual recordings of CBI-11 and CBI-3 show
that they are activated by food stimuli during the protraction (Prot) phase of biting. Ret, Retraction. C, In an isolated CNS preparation, stimulation of either CBI-2 (C1) or CBI-11 (C2) with short current
pulses evokes a single cycle of ingestive motor program in which radula closure B8 is weakly active during the protraction phase (monitored by I2 nerve activity, open bar) but strongly active during
the retraction phase (monitored by retraction interneuron B64 activity, filled bar). CBI-11 is recruited into CBI-2-elicited program (C1), but CBI-2 is not recruited into CBI-11-elicited program (C2).
D, Continuous stimulation of CBI-2 for 3 min (D1) evokes six cycles of motor programs and CBI-11 is recruited to fire during protraction (monitored by protraction motor neuron B61). CBI-11 exhibits
progressively higher activity as more cycles are elicited. D2, Cross-correlogram of spike timing of CBI-11 and B61 in D1 shows that CBI-11 and B61 fired together in bursts, but B61 bursts preceded
CBI-11 bursts by �4 s.
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Weiss, 2001; Morgan et al., 2002). The CBI-11 firing frequency
during the protraction phase of biting responses was 6.9 � 1.4 Hz
(range 3.4 –10.8 Hz, n � 5), whereas the CBI-3 firing frequency
was 5.8 � 1.0 Hz (range 3.3–9.6 Hz, n � 6). This activity pattern
of CBI-11 and CBI-3 is similar to that exhibited by CBI-2 (Jing
and Weiss, 2005). These data are consistent with the idea that
CBI-2 and CBI-11 are functionally related.

Previous work showed that both CBI-2 (Rosen et al., 1991;
Hurwitz et al., 1997; Jing and Weiss, 2001; Morgan et al., 2002;
Hurwitz et al., 2003) and CBI-11 (Wu et al., 2003, their Figure 3)
are capable of driving motor programs. This provides us with a
means to determine whether the electrical coupling between the
two cells affects their activity during programs. We analyzed data
from the 10 preparations in which we had dual CBI-2/CBI-11
recordings. We analyzed 113 cycles of activity elicited by CBI-2.
In 55 cycles, CBI-11 did not fire or fired at �1 Hz; in 39 cycles,
CBI-11 fired between 1 and 2.5 Hz; and in 19 cycles, CBI-11 fired
at 	2.5 Hz (Fig. 1C1). We analyzed 89 cycles elicited by CBI-11.
CBI-2 never fired (Fig. 1C2). These results are expected given the
stronger coupling from CBI-2 to CBI-11.

In addition, we observed that, when CBI-2 was stimulated and
CBI-11 did fire, CBI-11 firing appeared to coincide with the occur-
rence of the protraction phase of the motor program. During pro-
traction, molluscan CBIs receive excitatory feedback (Gillette et al.,
1978; Rosen et al., 1991). This positive feedback could act in con-
junction with the electrical coupling to promote CBI-11 activity. To
determine more formally the phase at which CBI-11 is activated, we
stimulated CBI-2 continuously for 3 min to induce multiple cycles of
programs (Fig. 1D1). We then performed a cross-correlation of
spike timing of CBI-11 with the radula protraction motor neuron
B61. Multiple peaks in the cross-correlogram (Fig. 1D2) demon-
strated that CBI-11 and B61 fired together in bursts, but B61 burst-
ing activity preceded CBI-11 activity by �4 s, because the largest
peak is at ��4 s. Therefore, although the coupling between CBI-2
and CBI-11 is relatively weak, CBI-2 appears to be capable of driving
CBI-11 during protraction, when there is excitatory feedback to the
CBIs from the buccal CPG.

Previous work also showed that CBI-2 contains the motor-
program-inducing neuropeptide FCAP (Sweedler et al., 2002;
Koh et al., 2003). CBI-11 is also capable of inducing programs
(Wu et al., 2003), which suggests that it might also contain FCAP.
Consistent with this idea, previous CBC backfill experiments
(Sweedler et al., 2002) located an FCAP-immunoreactive CBI in
the region medial to the upper labial nerve. Based on its location,
this cell could be CBI-11. To determine whether CBI-11 contains
FCAP, we identified it physiologically, injected it with carboxy-
fluorescein (Fig. 2A1), and then performed FCAP immunocyto-
chemistry (n � 4). CBI-11 was immunopositive (Fig. 2A2),
suggesting that CBI-2 and CBI-11 are functionally similar in that
both are command-like neurons containing FCAP.

Next, we sought to determine the extent to which the trans-
mitter phenotypes of CBI-2 and CBI-11 are similar. This is an
important question, because previous work has shown that CP2
is present in CBI-2 and is critical for its function (Morgan et al.,
2000). We performed immunocytochemistry experiments to ad-
dress this question (n � 3). Figure 2B shows one such experiment
in which a physiologically identified CBI-11 was injected with
carboxyfluorescein (Fig. 2B1) and then processed for immuno-
cytochemistry (Fig. 2B2). CBI-11 was not immunoreactive to
CP2. Therefore, our data suggest that, although in some respects
they are functionally similar, CBI-2 and CBI-11 do not contain
the same complement of peptide modulators. These findings
provide us with an opportunity to determine how distinct pep-

tide complements contribute to functional differences between
command-like neurons.

Command-like interneurons CBI-11 and CBI-2: motor
program generation
Although both CBI-2 and CBI-11 can induce motor programs
when stimulated intracellularly, CBI-11 is less effective than
CBI-2. This is reflected in two ways. First, CBI-11 must be stim-
ulated at a higher frequency to drive a motor program and 47 out
of 143 programs elicited by CBI-11 were incomplete (i.e., missing
a retraction phase). The threshold frequency for CBI-11 to drive
incomplete cycles of programs was, on average, 8.5 � 0.5 Hz (n � 8),
whereas the threshold frequency to drive full-cycle programs av-
eraged 9.5 � 0.3 Hz (n � 8). Note that these frequencies are
somewhat higher than the CBI-11 firing frequency observed in
semi-intact preparations. However, in these experiments, we are
only stimulating a single CBI-11, whereas in semi-intact prepa-
rations, both CBI-11s would be activated by food. In contrast, the
threshold frequency for CBI-2 to drive full-cycle programs was,
on average, 5.3 � 0.2 Hz (n � 7), which is statistically different
from even the lower value for CBI-11 (i.e., the threshold fre-
quency for CBI-11 to drive incomplete programs; unpaired t test,
p � 0.0001, t � 5.7).

Second, the latency to initiation of the protraction phase of
full-cycle programs elicited by repeated stimulation of CBI-11
was long and variable. In contrast, program articulation has been
shown to progressively improve with repeated CBI-2 stimulation
(Proekt et al., 2004, 2007; Friedman and Weiss, 2010; Dacks et al.,
2012). Under these conditions, both FCAP and CP2 are released
(Koh and Weiss, 2005) and persistently enhance program gener-
ation by the buccal CPG. Therefore, the ingestive character of
programs evoked later in a series is stronger despite the fact that
CBI-2 stimulation parameters remain constant throughout the
series. In addition, the latency to initiation of protraction be-
comes shorter (Koh et al., 2003).

This persistent effect of CBI-2 stimulation suggests that CBI-2
promotes its own ability to induce programs. We therefore hy-
pothesized that CBI-2 might also influence the ability of other
command-like neurons such as CBI-11 to induce programs. To
test this hypothesis, we first stimulated CBI-11 2–5 times at 8 –10
Hz for 3 min to characterize the baseline CPG activity evoked by

A1

B1

A2

B2

Figure 2. Immunocytochemistry of CBI-11. A, CBI-11 (arrows) is immunoreactive to FCAP.
Arrowheads from left to right in A2 point to CBI-2, CBI-12, and CBI-1, respectively, which are
also immunoreactive to FCAP. B, CBI-11 (arrows) is not immunoreactive to CP2, but CBI-2 (thick
arrows) is. Scale bars: A, 250 �M; B, 100 �M.
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CBI-11 (Fig. 3A). We then stimulated CBI-2 once at 8 –9 Hz for 3
min (Fig. 3B). Finally, we stimulated CBI-11 several more times
(Fig. 3C) until CPG activity returned to control levels (Fig. 3D).
The intertrial interval between stimulations was set to 20 –50 s.
CPG activity was monitored via intracellular recordings from the
radula protraction motor neuron B61, and the radula closing
motor neuron B8. Additionally, we used extracellular recordings
from the I2 nerve to monitor aggregate activity of protraction
motor neurons B61 and B31 (Hurwitz et al., 1994). Group data
show that prestimulation of CBI-2 enhanced the ability of CBI-11
to induce CPG activity: the average B61 burst frequency (F(2,4) �
30.1, p � 0.01, n � 3; Fig. 3G1) and frequency of full-cycle motor
programs (F(2,4) � 38.2, p � 0.01, n � 3; Fig. 3H1) were higher.

Because CBI-11 does not contain the peptide CP2 that is pres-
ent in CBI-2 (Fig. 2B), we sought to determine whether the effects
of CBI-2 prestimulation could be mimicked by application of
exogenous CP2. To accomplish this, we stimulated CBI-11 for 3
min repeatedly and tested the effects of 10�6

M CP2 (n � 4; Fig.
3E). Effects of CP2 were similar to those of CBI-2 stimulation: the
average B61 burst frequency (F(2,6) � 15.8, p � 0.01, n � 4; Fig.
3G2) and frequency of full-cycle motor programs (F(2,6) � 14.7,
p � 0.01, n � 4; Fig. 3H2) were higher.

Effects of CBI-11 versus CBI-2/CP2 on the CPG
The enhancing effect of prior CBI-2 stimulation on CBI-11-
elicited programs was particularly apparent in effects exerted on
protraction motor neuron B61. Therefore, we sought to deter-
mine whether CBI-11 synapses directly on B61. We found that
CBI-11 elicited monosynaptic one-for-one EPSPs in B61 (Fig.
4A) that persisted in high-divalent saline (Fig. 4B). However,
EPSP amplitude in normal saline was small (�2 mV even after a
burst of CBI-11 spikes) and often did not drive B61 to spike (Fig.
4A), consistent with weak firing of B61 during CBI-11-elicited
network activity (Fig. 3A). We also found that 10�3

M hexame-
thonium blocked the EPSP from CBI-11 to B61 (Fig. 4B), sug-
gesting that CBI-11 may be cholinergic.

The weak input from CBI-11 to B61 suggests that, under con-
trol conditions, CBI-11 is not likely to induce significant spiking
in B61 (see also Fig. 3A). We hypothesized that prior CBI-2 stim-
ulation might modify this situation by directly enhancing B61
excitability. To test this possibility, B61 excitability was measured
with 3 s constant current pulses every 60 s before and after stim-
ulation of CBI-2 (9 Hz, 20 s). Our data indicate that CBI-2 stim-
ulation significantly increases B61 excitability (F(2,4) � 31.4, p �
0.01, n � 3; Fig. 5A). To determine whether this effect is mediated
in part by CP2, we applied CP2 to B61 in high-divalent saline. We
found that excitability was significantly increased (F(2,6) � 15.5,
p � 0.01, n � 4; Fig. 5B).

Together, these data show that prior CBI-2 stimulation en-
hances the ability of CBI-11 to drive CPG activity. This effect may
be at least partly mediated by the actions of CP2, a peptide that
CBI-2 contains but CBI-11 lacks.

Program specification by CBI-11 and its effects on CBI-2-
driven motor programs
Although the ability of CBI-11 to drive programs is relatively
weak, we noticed that, when programs are induced in rested
preparations (i.e., preparations with no stimulation for 10 min or
longer), they are mostly ingestive. We analyzed data quantita-
tively from 27 animals by determining the B8 firing frequency
during protraction and retraction in cycles of programs induced
by CBI-11. We analyzed 96 full-cycle programs to determine
whether they are ingestive, egestive, or intermediate (Fig. 6A). In

addition, we analyzed 47 incomplete cycles (i.e., cycles without an
obvious retraction), although they are not considered full-
featured programs. In these latter programs, B8 activity during
“retraction” is counted for a maximum of 10 s. We plotted all data
together (Fig. 6A). We found that 80 of 96 full cycle programs
were ingestive, whereas 36 of 47 incomplete programs were in-
termediate. More importantly, no programs were egestive. These
data suggest that CBI-11-elicited programs are biased toward in-
gestion. CBI-11 therefore differs from both CBI-2 and another
command-like neuron, CBI-4. In rested preparations, CBI-2 and
CBI-4 can evoke both ingestive and egestive programs (Morgan
et al., 2002; Jing et al., 2004).

We therefore sought to determine whether CBI-11 activity
could bias CBI-2-elicited programs toward ingestion (Fig. 6B). In
the example shown, direct stimulation of CBI-11 did not initially
evoke any activity (Fig. 6B1). However, when CBI-11 and CBI-2
were costimulated, a full cycle was induced showing parametric
features that differed from those of motor programs induced by
CBI-2 stimulation alone (Fig. 6B3 vs B2). Specifically, motor pro-
grams were more ingestive in that radula closer motor neuron B8
was less active during protraction (F(2,14) � 5.89, p � 0.05, n � 8;
Fig. 6C) and more active during retraction (F(2,14) � 15.09, p �
0.001, n � 8; Fig. 6C). In addition, the protraction duration was
longer (F(2,14) � 12.32, p � 0.001, n � 8; Fig. 6D). Importantly,
these effects of CBI-11 stimulation did not persist: the motor
program elicited by CBI-2 alone immediately after costimulation
of CBI-11 and CBI-2 was identical to the control.

Our data suggest that CBI-11 acts to bias CBI-2-elicited motor
programs toward ingestive patterns. Questions remained
whether CBI-11 activity is required for CBI-2 to generate inges-
tive patterns. To investigate this, we analyzed a subset of data in
which we had dual recordings of CBI-2 and CBI-11, stimulated
CBI-2 to evoke programs, and additionally recorded from B8
(data taken from 8 preparations). We divided each cycle of CBI-
2-elicited programs into 3 groups based on CBI-11 firing fre-
quency: weaker than 1 Hz (48 cycles), between 1 Hz and 2.5 Hz
(26 cycles), and stronger than 2.5 Hz (17 cycles), and plotted the
data in Figure 6E. First, the data show that, when CBI-11 fired at
	2.5 Hz, 16 of 17 cycles of CBI-2-elicited programs were inges-
tive. This is consistent with the idea that CBI-11 plays a role in
promoting ingestive programs. However, in the absence of sig-
nificant CBI-11 firing (�1 Hz), 40 of 48 cycles of CBI-2-elicited
programs were ingestive. Therefore, although CBI-11 is sufficient
to convert CBI-2-elicited intermediate/weakly ingestive pro-
grams to ingestive ones, it is not necessary for CBI-2 to generate
ingestive activity. Therefore, other cells, such as CBI-3 (Jing and
Weiss, 2001; Morgan et al., 2002), may also contribute to the
ability of CBI-2 to induce ingestive programs.

Diverse actions of CBI-11 on the buccal CPG
To determine potential mechanisms by which CBI-11 may spec-
ify ingestive programs and make CBI-2-elicited programs imme-
diately ingestive, we first examined the direct effects of CBI-11 on
B8. We found that CBI-11 elicited fast IPSPs and slow EPSPs in
B8 (Fig. 7). Fast IPSPs followed presynaptic spikes one-for-one
when they facilitated to be large enough to be distinguishable
(Fig. 7B). Figure 7C shows that a burst of CBI-11 activity inter-
rupted B8 spontaneous firing. Immediately after the CBI-11
burst, B8 fired at higher frequency. Because CBI-11 is normally
active during protraction and weakly active or inactive during
retraction, this dual-component synaptic input to B8 would pro-
mote stronger activity of B8 during retraction, an essential feature
of an ingestive pattern.
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Figure 3. A, Control network activity evoked by CBI-11 stimulation (9 Hz for 3 min). Prior CBI-2 stimulation (B, 8 Hz for 3 min) enhances the ability of CBI-11 (9 Hz for 3 min) to evoke CPG activity
as reflected in the activity of the protraction motor neuron B61 (C). D, Network activity evoked by CBI-11 after C. E, CBI-2 effect is mimicked by application of exogenous CP2 (the peptide that CBI-2
contains). F, Network activity evoked by CBI-11 after E. G, H, Group data showing effects of prior CBI-2 stimulation on B61 burst frequency (G1) and frequency of full-cycle programs (H1) and effects
of CP2 on B61 burst frequency (G2) and frequency of full-cycle programs (H2). Bonferroni post hoc tests: *p � 0.05; **p � 0.01; ***p � 0.001. Error bars indicate SEM.
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Next, we sought to determine whether CBI-11 acts on buccal
CPG elements that are important for the expression of different
types of motor programs. We first recorded from B40 (Jing and
Weiss, 2002; Jing et al., 2003), an interneuron that is critical for the
expression of ingestive programs, by promoting more B8 activity
during retraction and less B8 activity during protraction. We found
that CBI-11 elicited monosynaptic EPSPs on B40, which persisted in
high-divalent saline (Fig. 8A). CBI-11 also enhanced B40 excitability
(F(3,6) � 34.93, p � 0.001, n � 3; Fig. 8B).

In addition, we examined the effects of CBI-11 on B4/5
(Kabotyanski et al., 1998; Jing and Weiss, 2001), which inhibits
B8 during retraction, thereby promoting egestive motor pro-
grams. We found that CBI-11 elicited IPSPs in B4/5 that persisted
in high-divalent saline (Fig. 9A). CBI-11 also inhibited B4/5 ex-
citability (F(3,9) � 139.2, p � 0.0001, n � 4; Fig. 9B). Therefore,
the actions of CBI-11 on B8, B40, and B4/5 may all promote the
generation of programs of an ingestive nature.

To determine how CBI-11 may lengthen program duration,
we examined the effects of CBI-11 on B64, an interneuron that
terminates protraction and is critical for the initiation of retrac-
tion (Hurwitz et al., 1994; Wu et al., 2007). We found that CBI-11
elicited IPSPs in B64 that persisted in high-divalent saline, sug-
gesting that the connection is monosynaptic (Fig. 10A). In addi-
tion, CBI-11 suppressed B64 excitability (F(3,9) � 26.78, p �
0.0001, n � 4; Fig. 10B). Effects of CBI-11 on B64 are consistent
with the idea that CBI-11 activity promotes programs with a
relatively long protraction duration.

Discussion
Program activation versus specification
Our goal was to explore how a population of command-like neu-
rons contributes to motor program generation. Specifically, we
show that different command-like neurons may function prefer-
entially as either activators (CBI-2) or specifiers (CBI-11) of mo-
tor programs. More importantly, functional differentiation of
command-like neurons allowed us to uncover complementary
interactions between these two classes of neurons.

CBI-2 was one of the first command-like neurons to be iden-
tified in Aplysia (Rosen et al., 1991). A large body of work indi-
cates that CBI-2 provides strong, fast synaptic inputs to many
critical buccal CPG elements and is the most powerful activator
of feeding-related motor programs (Rosen et al., 1991; Jing and
Weiss, 2001; Morgan et al., 2002; Hurwitz et al., 2003). We now
study CBI-11, a weak activator of programs. Similar to other
multifunctional networks, the Aplysia feeding CPG produces sev-
eral types of programs (ingestive, intermediate, and egestive;
Morton and Chiel, 1993a). Under resting conditions, CBI-2

(Morgan et al., 2002) and at least one other command-like neu-
ron, CBI-4 (Jing et al., 2004), can drive different types of motor
program, suggesting that their activation does not represent
an immediate commitment to one type of program or another.
Indeed, CBI-2 needs to be stimulated repeatedly to generate an
ingestive program (Proekt et al., 2004, 2007; Friedman and
Weiss, 2010). Here, we found that CBI-11 differs from both
CBI-2 and CBI-4 in that, although it is weak in activating
programs, programs are mostly ingestive when it is successful.
These results support the notion that, in rested preparations,
CBI-2 may function primarily as an activator of programs,
whereas CBI-11 acts primarily as a specifier of the type of
programs articulated. Importantly, the program-specifying
action of CBI-11 is immediate. In contrast, the program-
specifying action of CBI-2 is dynamic because it depends on
the history of its activity.

Why does the feeding network need at least two distinct classes
of command-like neurons to produce motor programs? The an-

A1

A2

B1

B2

Figure 5. CBI-2 and CP2 enhances B61 excitability. A, CBI-2 activity (9 Hz for 20 s) enhances
B61 excitability (10 s after CBI-2 stimulation). A1, Representative examples; A2, Group data
(n � 3). B, 10 �6

M CP2 enhances B61 excitability. B1, Representative examples; B2, Group
data (n � 4). All recordings were made in a high divalent saline. Bonferroni post hoc tests:
**p � 0.01. Error bars indicate SEM.

A B

Figure 4. Weak excitatory input from CBI-11 to B61. A. CBI-11 action potentials elicited fast
one-for-one EPSPs in the ipsilateral B61. B, The fast EPSPs in B61 persist in a HiDi solution,
suggesting that they are monosynaptic. In addition, the fast EPSP is blocked by 10 �3

M hexa-
methonium, suggesting that CBI-11 acts on B61 through the release of acetylcholine.
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swer emerges from experiments aimed at examining how the two
neurons differ and how they interact to produce motor pro-
grams. The powerful actions of CBI-2 have been attributed to the
strong modulatory—and largely excitatory—actions of its two
neuropeptides, FCAP and CP2 (Koh et al., 2003; Friedman and
Weiss, 2010). FCAP and CP2 have been thought to act as a unit

A

B

C

E

D

Figure 6. CBI-11 promotes ingestive motor programs elicited by CBI-2, but is not required
for CBI-2 to evoke ingestive programs. A, Motor programs elicited by CBI-11. Most full-cycle
programs were ingestive, whereas incomplete cycles of programs were intermediate. Dotted
lines indicate ingestive and egestive clusters as described previously (Morgan et al., 2002, Jing
et al., 2004). B1, CBI-11 at 7 Hz does not trigger a motor program (Note the absence of activity
in I2 and B8). B2, CBI-2 stimulation elicited an intermediate motor program in which B8 was

4

weakly active during both protraction and retraction. B3, Costimulation of CBI-2 and CBI-11
results in increased B8 firing during retraction and an increase in protraction duration. C, Group
data showing changes in B8 firing frequency during protraction and retraction in CBI-2-elicited
motor programs upon stimulation of CBI-11 (n � 8). Bonferroni post hoc tests: *p � 0.05;
***p � 0.001. Error bars indicate SEM. D. Group data show a statistically significant increase in
the duration of the protraction phase of CBI-2-elicited motor programs upon costimulation of
CBI-11 (n � 8). E, Motor programs elicited by CBI-2, with simultaneous recordings of CBI-11.
Programs are divided into three groups based on CBI-11 firing frequency recruited by CBI-2
stimulation. When CBI-11 frequency is 	2.5 Hz, 16 of 17 programs are ingestive. Conversely,
when the CBI-11 frequency is �1 Hz, 40 of 48 CBI-2-elicited programs are ingestive.

A

B

C

Figure 7. CBI-11 produces fast IPSPs and slow EPSPs in B8. A, CBI-11 firing elicits hyperpo-
larizing synaptic potentials in B8. B, An expanded view showing fast and slow IPSPs in B8. C,
Stimulation of CBI-11 decreases B8 firing. B8 firing is higher after termination of CBI-11
stimulation.
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because both enhance program generation. We therefore exam-
ined the possibility that the difference in the ability of CBI-2 and
CBI-11 to evoke programs may originate at least in part from a
difference in the peptide content of the two CBIs. Indeed, al-
though CBI-11 contains FCAP, as does CBI-2, CBI-11 lacks CP2,
providing a partial explanation for why CBI-11 drives programs
less reliably than CBI-2. Furthermore, a 3 min prestimulation of
CBI-2, which releases CP2 (Koh and Weiss, 2005), can enhance
the ability of subsequent CBI-11 stimulation to drive motor out-
put (including activity in B61). Importantly, this effect is mim-
icked by CP2, and both CBI-2 activity and CP2 can directly
enhance B61 excitability (Fig. 11A). Therefore, our data suggest
that CBI-2 can exert persistent, probably peptide-mediated ac-
tions that promote the ability of CBI-11 alone to induce motor
programs. We note that our work primarily studied motor pat-
terns rather than behavior. Although our experiments uncovered
modulatory actions of CBI-2, we do not yet know of any circum-
stances in which CBI-11 is activated alone. We speculate that this
may occur during ingestion of different types of food.

Next, we tested the converse possibility that CBI-11 affects
CBI-2-elicited motor programs. We found that, when CBI-11 is
coactivated with CBI-2, CBI-2-elicited programs immediately
become ingestive. Protraction duration also becomes longer. Our
study indicates that these effects of CBI-11 are implemented in
part by its ability to enhance the activity of the ingestion-
promoting CPG element B40 and suppress the activity of the
protraction terminator B64 (Fig. 11B). Therefore, the program-

specifying function of CBI-11 complements the actions of CBI-2
by making CBI-2-elicited programs immediately ingestive, thus
rendering the slow dynamics unnecessary.

Functional classification of interneurons
One lesson that can be drawn from this work is that the model
system approach can be very effective at revealing mechanistic
nuances that are difficult to uncover in more complex systems.

A

B1

B2

Figure 8. CBI-11 excites B40. A, CBI-11 action potentials elicit fast one-for-one EPSPs in the
ipsilateral B40. The fast EPSPs in B40 persist in a HiDi solution, suggesting that they are mono-
synaptic. B1, CBI-11 increases B40 excitability in a frequency-dependent manner. B2, Group
data (n � 3). Bonferroni post hoc tests: *p � 0.05; ***p � 0.001. Error bars indicate SEM.

A

B1

B2

Figure 9. CBI-11 activity hyperpolarizes B4. A, CBI-11 elicits hyperpolarizing synaptic poten-
tials in B4, which persists in a HiDi solution, suggesting that they are monosynaptic. B1, CBI-11
decreases B4 excitability of in a frequency-dependent manner. B2, Group data (n � 4). Bon-
ferroni post hoc tests: **p � 0.01; ***p � 0.001. Error bars indicate SEM.

A

B1

B2

Figure 10. CBI-11 elicits slow hyperpolarization in B64. A. CBI-11-elicited IPSPs in B64 per-
sist in a high-divalent saline. B1, CBI-11 reduces B64 excitability in a frequency-dependent
manner. B2. Group data (n � 4). Bonferroni post hoc tests: **p � 0.01; ***p � 0.001. Error
bars indicate SEM.
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For example, CBI-2 and CBI-11 are similar in that both are pep-
tidergic command-like neurons, are electrically coupled, and
have similar activity patterns during feeding (Jing and Weiss,
2005; Fig. 1B). This similarity might imply that the two neurons

function as one unit. However, the experimentally advantageous
features of the Aplysia feeding network enabled us to perform
mechanistic analyses that identified functional differences be-
tween the two neurons. Specifically, we found that the two
command-like neurons differ importantly in that one functions
preferentially, but not exclusively, as an activator and the other as
a specifier of network output. In addition, we characterized
novel, complementary interactions that contribute to motor pro-
gram generation and specification. Moreover, we showed that the
difference in the ease with which the two command-like neurons
drive programs may be attributable to their different peptide
complements.

The peptidergic mechanisms revealed here may have implica-
tions for approaches to functionally classify interneurons, partic-
ularly projection neurons in other systems. Many projection
neurons are peptidergic. This is the case in many model systems
(Blitz et al., 1999; Morgan et al., 2002; Nusbaum and Beenhakker,
2002) and in regions of the mammalian brain such as the brain-
stem, striatum, and hypothalamus (Kandel et al., 2000). In these
more complex circuits, many interneurons contain more than
one peptide (McBain and Fisahn, 2001; Klausberger and Somo-
gyi, 2008) and, similar to CBIs in Aplysia, it is likely that these
neurons may also contain partially overlapping sets of peptides.
Therefore, our findings provide novel insights that may be used
to characterize peptidergic functions, to classify interneurons,
and ultimately to understand network functioning in more com-
plex animals.

Neural coding
Work in a number of model systems has shown that both sensory
features and motor parameters are commonly encoded by pop-
ulations of neurons (Georgopoulos et al., 1986; Lee et al., 1988;
Lewis and Kristan, 1998; Pouget et al., 2000; Nicolelis, 2001). It is
instructive to consider neural coding on more than one level. For
example, the Aplysia feeding circuit is composed of at least two
levels: pattern-generating neurons in the buccal ganglia and
command-like neurons in the cerebral ganglion. Overall, current
evidence supports the notion that population coding is used at
both levels. However, each level likely encodes something differ-
ent. Namely, pattern-generating neurons encode low-level
movement parameters of a behavior using both behavior-specific
and behavior-independent modules (Jing et al., 2004). In con-
trast, command-like neurons drive and thus encode a whole se-
quence of movements; that is, a behavior.

Despite the progress that has been made in understanding
command neuron functions, it is still not completely resolved
whether individual neurons within a single network encode one
type of behavior or multiple types. Earlier work in the mollusk
Pleurobranchaea suggested that each command neuron drives a
single type of motor pattern (Croll et al., 1985). However,
pattern-generating elements that are activated by command neu-
rons in this system still await a detailed characterization. There-
fore, this finding remained to be verified. In contrast, more recent
work in Aplysia suggests that command-like neurons such as
CBI-2 (Jing and Weiss, 2001; Morgan et al., 2002) and CBI-4
(Jing et al., 2004) drive more than one type of program, which is
consistent with findings on command-like neurons in the cricket
and leech (Nolen and Hoy, 1984; Esch et al., 2002). Furthermore,
work in Aplysia showed that population coding helps specify the
type of program expressed. For example, CBI-3, a higher-order
interneuron that does not drive programs and therefore is not a
command neuron, can convert CBI-2-elicited egestive programs
into ingestive ones (Jing and Weiss, 2001; Morgan et al., 2002).

A

B

C

Figure 11. Schematic diagram of temporally distinct interactions between command-like
interneurons CBI-2 and CBI-11. A, CBI-2 effects on CBI-11-elicited programs. Under control
condition (left) CBI-11 activation elicits weak activity in the CPG, as expressed in the activity of
protraction motor neuron (PM) B61. However, after prior CBI-2 stimulation (right), the CP2 that
is present in CBI-2 has a persistent enhancing effect on B61 excitability, which allows CBI-11 to
elicit strong CPG activity (red). PI, Protraction interneuron; RI, retraction interneuron. B, CBI-11
effects on CBI-2-elicited programs. When only CBI-2 is stimulated (left), the ingestive nature of
the programs is weak, as expressed as a closure motor neuron (CM): B8 activity during retraction
(filled bar) and a relatively short protraction phase (open bar). When both CBI-2 and CBI-11 are
activated (right), CBI-11 promotes closure interneuron (CI): B40 activity and suppresses RI: B64
activity, thereby making programs more ingestive (blue). Protraction duration is also increased
(purple). Arrows, Excitatory; circles, inhibitory. C, Parameter space illustrating the frequency of
programs versus their ingestiveness. When activity in CBI-2 and CBI-11 is combined, a larger
parameter space is covered. High-frequency ingestive programs can be achieved in multiple
ways, such as repeated stimulation of CBI-2 (previous work) and combined activation of CBI-2
and CBI-11 (prestimulation of CBI-2; A; costimulation of CBI-11 with CBI-2; B). Stim,
Stimulation.
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Here, we found that the command-like neuron CBI-11 acts as a
specifier of programs because it primarily elicits ingestive pro-
grams and does not drive egestive programs, which is more con-
sistent with the findings in Pleurobranchaea. Combined with
previous work in Aplysia, the present study indicates for the first
time that, within one network, command-like neurons differ in
their specificity with respect to program specification.

More generally, Aplysia findings demonstrate a network orga-
nization in which a variety of command-like neurons exist: some
function primarily as activators of multiple behaviors, whereas
others act like specifiers. To specify a behavior at any given mo-
ment, different combinations of neurons that exert differing lev-
els of program activating and specifying influences may be used.
This population coding scheme is highly flexible, because net-
work activity patterns driven by a population of command-like
neurons may cover a larger parameter space than that which can
be covered by single neurons and thus allow a specific type of
program to be generated in multiple ways (Fig. 11C). Given that
activation of neurons in the motor cortex of monkeys can also
evoke distinct outputs and behaviors (Graziano et al., 2002;
Overduin et al., 2012), we expect that the coding scheme in Ap-
lysia may be applicable to other systems, including vertebrates.
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