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An Input-Representing Interneuron Regulates Spike Timing
and Thereby Phase Switching in a Motor Network
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Despite the importance of spike-timing regulation in network functioning, little is known about this regulation at the cellular level. In the
Aplysia feeding network, we show that interneuron B65 regulates the timing of the spike initiation of phase-switch neurons B64 and
cerebral-buccal interneuron-5/6 (CBI-5/6), and thereby determines the identity of the neuron that acts as a protraction terminator.
Previous work showed that B64 begins to fire before the end of protraction phase and terminates protraction in CBI-2-elicited ingestive,
but not in CBI-2-elicited egestive programs, thus indicating that the spike timing and phase-switching function of B64 depend on the type
of the central pattern generator (CPG)-elicited response rather than on the input used to activate the CPG. Here, we find that CBI-5/6 is a
protraction terminator in egestive programs elicited by the esophageal nerve (EN), but not by CBI-2, thus indicating that, in contrast to
B64, the spike timing and protraction-terminating function of CBI-5/6 depends on the input to the CPG rather than the response type.
Interestingly, B65 activity also depends on the input in that B65 is highly active in EN-elicited programs, but not in CBI-2-elicited
programs independent of whether the programs are ingestive or egestive. Notably, during EN-elicited egestive programs, hyperpolariza-
tion of B65 delays the onset of CBI-5/6 firing, whereas in CBI-2-elicited ingestive programs, B65 stimulation simultaneously advances
CBI-5/6 firing and delays B64 firing, thereby substituting CBI-5/6 for B64 as the protraction terminator. Thus, we identified a neural
mechanism that, in an input-dependent manner, regulates spike timing and thereby the functional role of specific neurons.
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Introduction
Spike timing is critical for a variety of neural functions that in-
clude pattern generation, plasticity, neuromodulation, and neu-
ral coding (Bi and Poo, 1998; Roberts and Bell, 2002; Murphy and
Rieke, 2006; Robbe et al., 2006; Sakurai et al., 2006; Cassenaer and
Laurent, 2007; Wu et al., 2007). Studies in Aplysia (Wu et al.,
2007) have shown that in the feeding central pattern generating
(CPG) network, the timing of the spike initiation of interneuron
B64 is an important determinant of its ability to terminate the
protraction and initiate the retraction phase of motor programs.
Specifically, B64 acts as a phase-switch neuron when its firing is
initiated before, but not after, the end of protraction. In turn, the
onset of B64 firing depends on the state of the network, as the
timing of B64 activity depends on whether the network generates
ingestive versus egestive motor programs. Thus, whether B64
functions as a protraction terminator does not depend on the
input used to trigger these programs. Because B64 is a phase-
switch neuron under some, but not other, circumstances there
must exist additional phase-switch neuron(s) whose spike timing
relative to B64 is likely to be regulated. Given that spike-timing
changes are regulated not only in Aplysia, but also in other sys-
tems, and yet the mechanisms of such regulation are poorly un-

derstood, we sought to examine such mechanisms in Aplysia
whose small network greatly simplifies this task.

Previous work demonstrated that similar to B64, the cerebral-
buccal interneuron-5/6 (CBI-5/6) (Perrins and Weiss, 1998) be-
gins to fire during the transition from protraction to retraction
and can terminate protraction when prematurely activated
(Sasaki et al., 2007). These findings led us to hypothesize that
CBI-5/6 may be one of the missing phase-switch neurons. Here,
we show that CBI-5/6 is not a protraction terminator in ingestive
programs elicited by a command-like neuron, CBI-2. Impor-
tantly, however, we show that CBI-5/6 functions as a protraction
terminator in egestive programs elicited by stimulation of the
esophageal nerve (EN), but not in egestive programs elicited by
CBI-2 stimulation. Thus, CBI-5/6 functions appear to depend on
the input to the CPG, but not the program type elicited by this
input, i.e., CBI-5/6 is a phase-switch neuron when programs are
elicited via EN, but not via CBI-2 stimulation. Additionally, the
selection of B64 versus CBI-5/6 as a phase-switch neuron is reg-
ulated by an input-representing CPG interneuron, B65 (Proekt et
al., 2007). B65 is strongly active during EN-elicited egestive pro-
grams, but not during CBI-2-elicited ingestive or egestive pro-
grams. B65 advances the firing of CBI-5/6 and delays the firing of
B64 relative to protraction termination. These characteristics al-
low B65 to regulate the relative spike timing of CBI-5/6 versus
B64, thereby altering their phase-switching functions in an input-
dependent manner. Thus, our study underscores the importance
of those CPG elements that represent inputs rather than those
that represent responses/outputs. By regulating the timing of ac-
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tivity of other CPG elements, such neurons may well play an
important role in regulating, in an input-dependent manner, the
functional configuration of the CPG.

Materials and Methods
Experiments were performed on Aplysia californica (100 –200 g) ob-
tained from Marinus (Long Beach, CA). Animals were anesthetized by
injection of an isotonic MgCl2 solution (30 –50% of body weight). The
cerebral and buccal ganglia were removed, desheathed, and pinned in a
recording chamber (14 –17°C; volume, �1.1 ml) perfused at 0.3– 0.35
ml/min. The composition of normal artificial seawater (ASW) was (in
mM) 460 NaCl, 10 KCl, 11CaCl2, 55 MgCl2, and 10 HEPES at pH 7.6. The
composition of a high-divalent-cation (Hi-Di) ASW was (in mM) 348
NaCl, 8 KCl, 23.4 CaCl2, 116 MgCl2, and 10 HEPES at pH 7.6.

Electrophysiology. Intracellular recordings were made using single-
barrel electrodes (4 –10 M�) filled with 2 M KAc and 30 mM KCl. Intra-
cellular signals were acquired using an AxoClamp 2B amplifier (Molec-
ular Devices, Union City, CA) or Getting Model 5A amplifier (Getting
Instruments, San Diego, CA). Extracellular signals were acquired from
polyethylene suction electrodes using a Differential AC Amplifier (model
1700; A-M Systems, Carlsborg, WA). A Grass Stimulator (model S88;
Grass Medical Instruments, Quincy, MA) was used for stimulation.

Neurons were identified as described previously (Rosen et al., 1991;
Hurwitz and Susswein, 1996; Kabotyanski et al., 1998; Perrins and Weiss,
1998).

To elicit individual egestive programs, unless otherwise indicated, the
EN was stimulated with 5 Hz, 2 ms trains of current pulses for 4 s (see Fig.
1 B2). In biasing experiments, EN was stimulated continuously at 1.5–2
Hz with 2 ms current pulses, the amplitude of which was adjusted to elicit
four to five successive cycles of motor programs. A S48 stimulator (Grass
Medical Instruments) was used to generate current pulses that were in-
jected into the extracellular polyethylene suction electrode into which the
esophageal nerve had been aspirated.

Motor programs were also elicited via stimulation of CBI-2. To pre-
vent activation of CBI-3 via electrical coupling we did not use a DC
predepolarization of CBI-2 (Morgan et al., 2002). Motor programs were
elicited by stimulation of CBI-2 (8 –10 Hz). Each current pulse was set to
trigger a single action potential. CBI-2 stimulation was manually termi-

nated after the protraction phase has ended as
determined on the basis of the activity of the I2
nerve (I2N).

Statistics. Data were plotted using SigmaPlot 8
(SPSS, Chicago, IL), and statistics were per-
formed in Prism 4 (GraphPad Software, San Di-
ego, CA). Data are presented as mean � SEM.
Data were analyzed using a repeated one-way
ANOVA or Student’s t test. Data that showed
significant effects in ANOVA were further com-
pared using Bonferroni’s multiple-comparison
tests. Difference is considered significant when
p � 0.05.

Results
The multifunctional feeding CPG of Aply-
sia generates several types of motor pro-
grams which can be elicited through activa-
tion of external inputs (e.g., CBI-2 and EN)
(Fig. 1) (Rosen et al., 1991; Morton and
Chiel, 1993b). The major components of
these programs are the ones that generate
the protraction/retraction and the open-
ing/closing movements of the radula. Inde-
pendent of the type of output that the CPG
generates, the protraction/retraction com-
ponents occur in a fixed sequence in which
the protraction phase precedes the retrac-
tion phase (Fig. 1). The protraction phase is
initiated when protraction interneurons

(PIs) begin to fire because of excitation from inputs such as CBI-2
and EN (Fig. 1A). The PIs drive a number of protraction mo-
toneurons (PMs), and inhibit the retraction interneurons (RIs)
and retraction motoneurons (RMs). The RIs, which fire during
retraction, inhibit the PIs and a number of PMs. The protraction
phase was monitored (Fig. 1B, open bar) by the activity in the
I2N, which contains axons of bilateral B31/32s and B61/62s that
are active only during the protraction phase and are actively in-
hibited during the retraction phase (Hurwitz et al., 1994, 1996).
Because of this feature, the I2N provides an integrated readout of
the protraction phase. The retraction phase was monitored (Fig.
1B, filled bar) by intracellular recordings from B64 or CBI-5/6,
both of which fire throughout the retraction phase of both inges-
tive and egestive programs. Consistent with other studies in the
field (Hurwitz et al., 1996; Nargeot et al., 1997), we operationally
defined the time at which the protraction phase ended as the time
at which the last spike was recorded in the I2N.

In contrast to the phase-fixed characteristics of the protrac-
tion/retraction sequence, the timing of the radula closing de-
pends on the type of program. Basically, when the radula clo-
sure motoneuron B8 fires predominantly during retraction
and, thus, helps bring the food into the buccal cavity, the
program is considered to be ingestive. When B8 fires predom-
inantly during protraction and, thus, helps in removing a non-
edible object from the buccal cavity, the program is considered
to be egestive (Church and Lloyd, 1994; Nargeot et al., 1997;
Sanchez and Kirk, 2000; Jing and Weiss, 2001; Morgan et al.,
2002). Examples of ingestive and egestive motor programs are
shown in Figure 1 B. Figure 1 B1 is an example of an ingestive
program in which the radula nerve (RN), containing axons of
bilateral B8s (Morton and Chiel, 1993a), is active predomi-
nantly during retraction. Figure 1 B2 is an example of an eges-
tive program in which RN is active predominantly during
protraction.

Figure 1. The schematic diagram of the core circuitry that mediates the protraction-retraction sequence of Aplysia feeding
motor programs and activity patterns of CBI-5/6 and B64 in different types of programs. A, Two inputs, CBI-2 and EN, were used
to activate the CPG. A single cycle of the Aplysia feeding motor programs consists of two phases, a radula protraction phase
followed by a radula retraction phase. During protraction, PIs drive PMs, which in turn activate protraction muscles. PIs also
inhibit RIs and RMs. During retraction, RIs drive RMs, which in turn activate retraction muscles. RIs also inhibit PIs and PMs.
Protraction/retraction phase transitions are triggered, at least partly, through slow excitation of RIs by PIs, which, at a delay,
overcomes inhibition of RIs by PIs. MNs, Motorneurons. Connections: Open triangle, excitation; filled circle, inhibition; broken
line, polysynaptic connection. B, Examples of activity patterns of CBI-5/6 and B64 in ingestive motor programs elicited by CBI-2
stimulation (B1) or in egestive motor programs elicited by EN stimulation (B2). Protraction (Prot; open bar) is monitored by
activity in the I2N. Retraction (Ret; filled bar) is monitored by robust activities of CBI-5/6 and B64, both of which are active
throughout the retraction phase in both types of motor programs. Radula closure activity is monitored on the basis of activity in
the RN, which contains the axons of the radula closer motoneurons B8. In the CBI-2-elicited ingestive program (B1), RN activity
primarily occurred during the retraction phase; in the EN-elicited egestive program (B2), RN activity primarily occurred during
the protraction phase. Each neuron is labeled with a prefix such as ipsilateral (Ipsi-) and contralateral (Contra-) related to the side
on which CBI-2 or EN was stimulated. In subsequent figures, neurons are also labeled this way.
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Activity of the soma and the axon of CBI-
5/6 in ingestive and egestive programs
CBI-5/6 is a pair of bilaterally symmetrical
interganglionic interneurons: the soma of
CBI-5/6 is located in the cerebral ganglion,
and its axon projects to the buccal ganglion
which contains the feeding CPG (Fig. 2A)
(Perrins and Weiss, 1998). Previous studies
suggested that the axonal region, but not
the somatic region of CBI-5/6 can act as an
element of the buccal CPG (Perrins and
Weiss, 1998; Sasaki et al., 2007). These
studies also suggested that during the re-
traction phase of motor programs, action
potentials of CBI-5/6 may be initiated in
the CBI-5/6 axon within the buccal gan-
glion, and then propagate toward the soma
of the cerebral ganglion (Perrins and Weiss,
1998; Sasaki et al., 2007). However, al-
though the indirect evidence supported the
above suggestions, direct evidence in the
form of intracellular recordings from axons
was missing. Given the relevance of this
point to the role of CBI-5/6 as an element of
the CPG, we sought to determine whether
during motor programs the action poten-
tials in CBI-5/6 originate in the buccal or in
the cerebral ganglia.

We obtained simultaneous intracellular
recordings from the soma and the axon of
CBI-5/6. The location of the recording sites
is shown in Figure 2A. In Figure 2B1, a
depolarizing current (2.0 nA) was injected
into the soma of CBI-5/6. Orthodromic
spikes that were recorded in the axon fol-
lowed the spikes in the soma and occurred
without any previous depolarizing deflec-
tion. Similarly, as shown in Figure 2B2,
axon-initiated spikes were elicited by cur-
rent injection (2.3 nA) into the axon of
CBI-5/6. These spikes propagated anti-
dromically toward the soma and preceded
one-for-one the antidromic spikes re-
corded in the soma (Fig. 2B2). The anti-
dromic spikes recorded in the soma were
much smaller than the spikes recorded in
the axon. This result is consistent with the
previous finding that the amplitude of the
action potentials recorded in CBI-5/6 soma
tends to be �20 mV (Perrins and Weiss,
1998) (Fig. 2B2, top). Also, consistent with
the idea that the depolarizations recorded
in the soma of CBI-5/6 represented anti-
dromic spikes, these depolarizing poten-
tials became even smaller when the soma
was hyperpolarized (Fig. 2B2, bottom). Fi-
nally, the mean latency from an axon-
initiated spike to an antidromic spike re-
corded in the soma was 43.2 � 1.9 ms (n �
11), whereas the mean latency from a spike
elicited by current injection into the soma
to an orthodromic spike recorded in the
axon was 27.0 � 3.6 ms (n � 11). This dif-

Figure 2. Spike propagation and activity of CBI-5/6 soma and axon. A, The schematic drawing of CBI-5/6 illustrates the sites
at which our recordings were obtained. One electrode was used to impale the soma of CBI-5/6 in the cerebral ganglion (dorsal
surface). The second electrode was used to impale the axon of CBI-5/6 in the buccal ganglion (rostral surface). The distance
between the recording sites was �10 mm. B, Simultaneous recordings from the soma and the axon of CBI-5/6. B1, A somatic
current injection (gray bar) elicited action potentials in the soma and these were followed by action potentials in the axon. B2,
Axon-initiated spikes elicited by current injection were followed one-for-one by antidromic spikes in the soma (top).
Hyperpolarization (�18 mV) of CBI-5/6 soma dramatically reduced the amplitude of antidromic spikes (bottom). Note
that antidromic spikes in the soma were smaller than the axon-initiated spikes. Membrane potential of CBI-5/6 axon or
soma is shown at the left (in millivolts). C, CBI-5/6 was recruited in both CBI-2- and EN-elicited programs. Simultaneous
recordings from the axon and the soma of CBI-5/6 during a CBI-2-elicited ingestive program (C1) and an EN-elicited
egestive program (C2). These recordings were obtained from ipsilateral CBI-5/6 to the side on which CBI-2 or EN was
stimulated. The protraction and retraction phases of motor programs are marked by open and filled bars, respectively. In
CBI-2-elicited programs, RN was predominantly active during retraction, indicating that the program was ingestive,
whereas in EN-elicited programs, RN was predominantly active during protraction, indicating that the program was
egestive. Note that in both programs, during the protraction phase, CBI-5/6 soma received excitatory synaptic inputs, but
no spikes were present in the axon. However, during the retraction phase, a barrage of action potentials is present both
in the axon and in the soma of CBI-5/6. D, Expanded views of the transition between the protraction and the retraction
phases (C1, C2, arrowheads) in CBI-2-elicited ingestive programs (D1 is from C1) and in EN-elicited egestive programs
(D2 is from C2). In both programs, spikes in the axon were followed one-for-one by antidromic spikes in the soma,
indicating that when programs are generated, the spikes of CBI-5/6 originate in the axonal region and propagate toward
the soma. BN, Buccal nerve; CBC, cerebral-to-buccal connective; ULAB, upper labial nerve; AT, anterior tentacular nerve;
LLAB, lower labial nerve; CPC, cerebral-to-pedal connective; CPlC, cerebral-to-pleural connective.
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ference was statistically significant ( p � 0.001), suggesting that
the spike initiation zone, which is responsible for the attenuated
spikes recorded in the soma, is located far from the soma. This
zone may be located near or even within the buccal ganglion as
distally initiated spike would have to traverse a longer distance to
reach the soma than to reach the buccal ganglion.

We next examined the activities of both the soma and the axon
of CBI-5/6 during the motor programs elicited by stimulation of
CBI-2 or EN (Fig. 2C,D). When motor programs are repeatedly
elicited by stimulation of CBI-2, the feeding CPG tends to gener-
ate ingestive programs in which motoneuronal activity in RN is
higher during the retraction phase than during the protraction
phase (Fig. 2C1). However, when EN is repeatedly stimulated, the
CPG generates egestive programs in which the level of activity in
RN is higher during the protraction phase than during the retrac-
tion phase (Fig. 2C2). In both types of motor programs, CBI-5/6
axon fired spikes during retraction. More importantly, the atten-
uated antidromic spikes recorded in CBI-5/6 soma were preceded
one-for-one by spikes of its own axon (Fig. 2D1,D2), indicating
that indeed the action potentials originated in the buccal region
of CBI-5/6. The average spike frequencies during the first second,
the first four seconds, and for the whole duration of the retraction

phase were, respectively, 20.8 � 2.2 Hz,
17.9 � 1.6 Hz, and 11.1 � 1.6 Hz (n � 4) in
CBI-2-elicited ingestive programs, and
22.3 � 1.8 Hz, 18.3 � 0.8 Hz, and 14.4 �
1.7 Hz (n � 4) in EN-elicited egestive pro-
grams. There was no significant difference
between the average firing frequencies in
the ingestive versus egestive programs in
any of the three periods for which the firing
frequency was measured ( p � 0.63, p �
0.84, and p � 0.10 for the first second, the
first four seconds, and the whole duration,
respectively). These results show that CBI-
5/6 is recruited at high frequency in both
CBI-2-elicited ingestive programs and EN-
elicited egestive programs, and that in both
programs spikes recorded in the axon pre-
cede those recorded in the soma.

CBI-5/6 functions as a protraction
terminator in EN-elicited egestive
programs, but not in CBI-2-elicited
ingestive programs
Previous study showed that somatic stimu-
lation of CBI-5/6 early in the protraction
phase prematurely terminated the protrac-
tion phase and advanced the transition to
the retraction phase (Sasaki et al., 2007).
Thus, this study indicated that CBI-5/6
could potentially act as a protraction ter-
minator in motor programs. However, it
remained unknown whether CBI-5/6 actu-
ally acts as a protraction terminator in mo-
tor programs, and if so in what types of
motor programs. To characterize the
potential contribution of CBI-5/6 to pro-
traction termination in different types of
motor programs, we bilaterally hyperpo-
larized CBI-5/6 somata. If CBI-5/6 were to
function as a primary protraction termina-
tor, then hyperpolarization of CBI-5/6

could be expected to delay the termination of the protraction
phase and thus extend the protraction duration.

We first examined effects of CBI-5/6 hyperpolarization on the pro-
traction duration of EN-elicited egestive programs. Specifically, we hy-
perpolarizedeitherCBI-5orCBI-6oneachsideofthecerebralganglion.
Ipsilateral CBI-5 and CBI-6 are electrically coupled (Perrins and Weiss,
1998). The hyperpolarization was accomplished by a direct current
(�20 nA) injection. Figure 3 illustrates representative recordings ob-
tained in this type of experiment. Recordings in Figure 3A2 were ob-
tained while bilateral CBI-5/6s were hyperpolarized. Recordings in Fig-
ure 3, A1 and A3, were obtained respectively before and after the
recordings in which CBI-5/6s were hyperpolarized. Hyperpolarization
of CBI-5/6 increased the amplitude of the small potentials recorded in
CBI-5/6 during protraction (Fig. 3, compare B1, B2). These potentials
were previously identified as EPSPs (Perrins and Weiss, 1998; Sasaki et
al., 2007). In contrast, the potentials recorded in CBI-5/6 during the
retraction phase became smaller as a result of CBI-5/6 hyperpolariza-
tion. This is consistent with our data showing that these potentials rep-
resent antidromic spikes (Fig. 2).

Despite the fact that hyperpolarization of CBI-5/6 did not
appear to block completely the ability of CBI-5/6 to generate
spikes, somatic hyperpolarization of CBI-5/6 was effective in ex-

Figure 3. Effect of CBI-5/6 hyperpolarization on the duration of the protraction phase in EN-elicited egestive programs. A1, An
EN-elicited egestive program in control condition. A2, Bilateral hyperpolarization (gray bars) of ipsilateral CBI-5/6 and contralat-
eral CBI-5/6 extended protraction duration. A3, The program after the hyperpolarization was released. B, Expanded views of the
transition between the protraction and retraction phases (A1, A2, arrowheads) without CBI-5/6 hyperpolarization (B1 is from
A1) and with CBI-5/6 hyperpolarization (B2 is from A2). Vertical dashed lines are drawn just above the last spike in I2N, to
facilitate the visualization of the difference between the end of the protraction phase and the onset of the antidromic spikes in
bilateral CBI-5/6 somata (arrows). Antidromic spikes in one CBI-5/6 appear before the end of I2N activity (B1). Synaptic inputs in
CBI-5/6 during the protraction phase were unmasked during hyperpolarization, and the amplitude of antidromic spikes in
CBI-5/6 was decreased, making it difficult to distinguish the first antidromic spike (B2).
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tending the duration of the protraction
phase (Fig. 3A). Because direct stimulation
of CBI-5/6 terminates the protraction
phase (Sasaki et al., 2007), it is likely that
the onset of its activity was delayed by hy-
perpolarization. Compared with the con-
trol groups, the hyperpolarization of CBI-
5/6 on average increased the mean
duration of protraction by 23.6 � 3.2%
(n � 11) (see Fig. 6A). The overall differ-
ence between the groups, before, during,
and after hyperpolarization of CBI-5/6 was
statistically significant (see Fig. 6A) (F(2,20)

� 40.11, p � 0.0001). Bonferroni’s
multiple-comparison tests showed that
during hyperpolarization of CBI-5/6, the
protraction duration was significantly dif-
ferent from the protraction duration be-
fore ( p � 0.001) and after hyperpolariza-
tion ( p � 0.001). The difference between
protraction durations before and after hy-
perpolarization was not significant ( p �
0.42).

The expanded records of the
protraction-to-retraction transitions (Fig.
3B) illustrate the timing of CBI-5/6 firing
relative to the end of protraction. In here
and in subsequent experiments, the latency
of CBI-5/6 firing relative to I2N activity is
defined as the time between the last spike
recorded in I2N and the first antidromic
spike recorded in CBI-5/6 soma. If the first
antidromic spike precedes the last spike in
I2N, we define the latency of CBI-5/6 firing
as negative; if the first antidromic spike fol-
lows the last spike in I2N, we define the
latency of CBI-5/6 firing as positive. Data
analysis of CBI-5/6 firing refers to the CBI-
5/6 that was the first one to fire when bilat-
eral CBI-5/6s activities were monitored. In all of the recordings,
the ipsilateral and contralateral refer to the side on which CBI-2
or EN was stimulated. The data show that, in the control condi-
tion (Fig. 3B1), the latency of antidromic spikes recorded in the
soma of one of the bilateral CBI-5/6s was negative relative to the
end of I2N activity, i.e., the spike in this CBI-5/6 was initiated
before the end of I2N activity (Fig. 3B1). The average latency of
the antidromic spikes of CBI-5/6 in EN-elicited egestive pro-
grams was �57.1 � 11.2 ms (n � 11) (see Fig. 6E). Because it was
found previously that current-injection-induced firing of CBI-
5/6 early in the protraction phase shortens the duration of this
phase (Sasaki et al., 2007) and now we show that CBI-5/6 begins
to fire before the end of the protraction phase and that CBI-5/6
hyperpolarization extends the duration of protraction, the com-
bination of these findings support the hypothesis that CBI-5/6
contributes to the termination of protraction and the transition
to retraction in EN-elicited egestive programs. Because CBI-5/6
hyperpolarization dramatically reduced the size of the anti-
dromic spikes in programs in which CBI-5/6 was hyperpolarized,
we were not able to unequivocally determine the exact time at
which the first CBI-5/6 spike was generated during hyperpolar-
ization and, thus, could not determine the exact latency of CBI-
5/6 firing relative to the termination of I2N activity. Thus, at this
time it remains unclear whether, in programs in which we hyper-

polarized CBI-5/6, the prolongation of protraction duration al-
lowed another neuron, including the nonhyperpolarized CBI-
5/6, to step in and terminate the protraction phase or
alternatively whether the hyperpolarized CBI-5/6 still acted as a
protraction terminator, albeit with a delay. Independent of which
scenario operates, it is clear that CBI-5/6 hyperpolarization de-
lays the termination of the protraction phase and that these find-
ings support the hypothesis that CBI-5/6 may act as a protraction
terminator in EN-elicited egestive programs.

We next investigated the effect of CBI-5/6 hyperpolarization
in CBI-2-elicited ingestive programs. In contrast to the observa-
tions made for EN-elicited egestive programs, the protraction
duration of CBI-2-elicited ingestive programs was not affected by
CBI-5/6 hyperpolarization (Figs. 4A, 6B) (F(2,12) � 1.02, p �
0.39). To exclude the possibility that the ineffectiveness of CBI-
5/6 hyperpolarization could be caused by variability between
preparations, in four of the seven preparations, we elicited pro-
grams via both CBI-2 and EN stimulation (see Fig. 6C). In these
four preparations, CBI-5/6 hyperpolarization extended the pro-
traction duration of EN-elicited egestive programs (see Fig. 6C1)
(F(2,6) � 11.15, p � 0.01), but not of CBI-2-elicited ingestive
programs (see Fig. 6C2) (F(2,6) � 1.87, p � 0.23), suggesting that
variability between preparations was not a major factor. Consis-
tent with the lack of effect of CBI-5/6 hyperpolarization on the

Figure 4. Effect of CBI-5/6 hyperpolarization on the duration of the protraction phase in CBI-2-elicited ingestive programs.
A1, A CBI-2-elicited ingestive program in control condition. A2, Bilateral hyperpolarization of CBI-5/6 had no effect on protraction
duration. A3, The program after the hyperpolarization was released. B, Expanded views of the transition between the protraction
and retraction phases (A1, A2, arrowheads) without CBI-5/6 hyperpolarization (B1 is from A1) and with CBI-5/6 hyperpolariza-
tion (B2 is from A2). Importantly, in CBI-2-elicited ingestive programs, antidromic spikes in CBI-5/6 began after the end of I2N
activity (B1). In these experiments, CBI-2 stimulation was manually terminated after the protraction phase has ended. Note that
CBI-2 stimulation continued for a brief period of time after the end of protraction and the beginning of retraction (B1, B2).
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protraction duration in CBI-2-elicited ingestive programs, we
found that in control conditions, antidromic spikes of CBI-5/6
occurred after the end of I2N activity (Fig. 4B1). The mean la-
tency of antidromic spikes of CBI-5/6 in CBI-2-elicited ingestive
programs was positive, 80.3 � 26 ms (see Fig. 6E) (n � 7), i.e.,
CBI-5/6 firing was initiated after the protraction phase was al-
ready terminated, thus making it unlikely that CBI-5/6 acted as a
protraction terminator in CBI-2-elicited ingestive programs.

Input dependence of CBI-5/6 functions: CBI-2-elicited
egestive program
The programs in which we compared the protraction terminating
actions of CBI-5/6 differed not only in that they were ingestive
versus egestive, but also in that they were elicited by different
means. Specifically, ingestive programs were elicited by CBI-2
stimulation, whereas egestive programs were elicited by EN stim-
ulation. It was, therefore, conceivable that it was not the nature of
the program that determined whether CBI-5/6 acted as a protrac-
tion terminator but that instead it was the input used to elicit the
program that determined whether CBI-5/6 acted as a protraction
terminator. Specifically, if CBI-5/6 actions depended on the na-
ture of programs, they could act as a protraction terminator for
egestive programs regardless of how these programs were elicited.
Alternatively, if CBI-5/6 actions depended on the input, they

could act as a protraction terminator only
when EN stimulation was used to elicit the
program. We, therefore, sought to dissoci-
ate the nature of the programs from the
inputs that were used to elicit them.

Previous work showed that in the after-
math of a series of EN stimulations, the
state of the buccal CPG is altered (Proekt et
al., 2004, 2007). In this new state, CBI-2
stimulation exclusively elicits egestive
rather than ingestive programs. We ex-
ploited this observation to determine
whether CBI-5/6 acts as a protraction ter-
minator in an input- or response-
dependent manner. Specifically, before
CBI-2 stimulation, we elicited four to five
successive egestive programs via EN stimu-
lation. Stimulation of CBI-2 now consis-
tently produced egestive programs (Fig. 5).
Comparisons of EN- and CBI-2-elicited
egestive programs showed that, in these
programs elicited by two different inputs,
there were no statistically significant differ-
ences in protraction duration, in B8 firing
frequency during protraction, and in B8
firing during retraction (for protraction
duration, 10.4 � 1.4 s vs 9.0 � 0.7 s, p �
0.53; for B8 frequency in protraction, 4.6 �
0.4 Hz vs 4.0 � 0.6 s, p � 0.36; for B8 fre-
quency in retraction, 1.2 � 0.2 Hz vs 1.6 �
0.1 s, p � 0.22).

We found that hyperpolarization of
CBI-5/6 did not extend the duration of the
protraction phase of CBI-2-elicited eges-
tive programs (Figs. 5A, 6C) (F(2,8) � 0.49,
p � 0.63). This stands in sharp contrast to
the protraction-extending actions of CBI-
5/6 hyperpolarization in EN-elicited eges-
tive programs.

We also analyzed the timing of antidromic spikes recorded in
CBI-5/6 soma. We found that in CBI-2-elicited egestive pro-
grams, in which CBI-5/6 were not hyperpolarized, the anti-
dromic spikes appeared after the end of I2N activity (Fig. 5B1).
The mean latency of the antidromic spikes in CBI-5/6 in CBI-2-
elicited egestive programs was positive (67.8 � 23.4 ms) (Fig.
6E). This was consistent with the idea that CBI-5/6 may not act as
a protraction terminator in these programs

The latencies of CBI-5/6 firing in the three types of programs
that we studied (Figs. 3–5), i.e., CBI-2-elicited ingestive pro-
grams, CBI-2-elicited egestive programs, and EN-elicited eges-
tive programs, differed significantly (Fig. 6E) (F(2,20) � 15.31,
p � 0.0001). The mean latency in EN-elicited egestive programs
was significantly different from the mean latencies in CBI-2-
elicited ingestive programs ( p � 0.001) and CBI-2-elicited eges-
tive programs ( p � 0.01). However, the difference between the
mean latencies of CBI-2-elicited ingestive programs and CBI-2-
elicited egestive programs was not significant ( p � 0.29). These
results indicate that the functional importance of CBI-5/6 as a
protraction terminator depends on the input that drives a specific
program, but not on the type of the program that the CPG
generates.

Figure 5. Effect of CBI-5/6 hyperpolarization on the duration of the protraction phase in CBI-2-elicited egestive programs. A1,
A CBI-2-elicited egestive program in control condition. Before the programs were elicited by CBI-2 stimulation, four successive
programs were evoked by continuous stimulation of EN (1.5 Hz). Note that, compared with CBI-2-elicited ingestive programs
(Figs. 4 A, 8 A, and 10 A), the high level of B8 activity occurred during the protraction phase. A2, Bilateral hyperpolarization of
CBI-5/6 had no effect on protraction duration. A3, The program after the hyperpolarization was released. B, Expanded views of
the transition between the protraction and retraction phases (A1, A2, arrowheads) without CBI-5/6 hyperpolarization (B1 is from
A1) and with CBI-5/6 hyperpolarization (B2 is from A2). Note that in CBI-2-elicited egestive programs, antidromic spikes in
CBI-5/6 began after the end of I2N activity (B1).
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B65 regulates the spike onset timing of CBI-5/6 and B64 in an
opposite manner
Because CBI-5/6 fired sufficiently early in the protraction phase
to act as a protraction terminator in egestive programs elicited via
EN stimulation, but not in ingestive or egestive programs elicited
via CBI-2 stimulation, we reasoned that CBI-5/6 was likely to be
regulated by a CPG element that is preferentially active in EN-
elicited egestive programs. Previous work has shown that (1) the
CPG interneuron B65 (Kabotyanski et al., 1998), an input-
representing interneuron, is preferentially active in EN-elicited
egestive programs, but not in CBI-2-elicited motor programs
(Due et al., 2004; Jing and Weiss, 2005; Proekt et al., 2007); (2)
when B65 is hyperpolarized in EN-elicited egestive programs, the
hyperpolarization extends the duration of the protraction phase
(Due et al., 2004); and (3) stimulation of B65 early in the protrac-
tion phase of CBI-2-elicited ingestive programs shortens the du-
ration of protraction phase (Jing and Weiss, 2005). In view of these
findings, it appeared plausible that B65 could act in EN-elicited eges-
tive programs by advancing the timing of CBI-5/6 firing so that it
begins to fire before the end of the protraction phase.

We, therefore, investigated whether B65 makes excitatory
connections with CBI-5/6 within the buccal ganglia (Fig. 7A). We

intracellularly stimulated neuron B65 while recording from the
axon of CBI-5/6 (n � 3) and found that stimulation of B65 elic-
ited fast depolarizing responses in the axon of CBI-5/6 (Fig. 7A).
These responses followed one-for-one B65 action potentials, sug-
gesting that the connection may be monosynaptic.

We then characterized the contribution of B65 to the timing of
spike initiation of CBI-5/6 in motor programs that were elicited
under different conditions. First, in EN-elicited egestive pro-
grams, we examined the effects of B65 hyperpolarization on the
onset of CBI-5/6 firing relative to the end of I2N activity. Given
that B65 hyperpolarization extended the duration of the protrac-
tion phase in EN-elicited egestive programs (Due et al., 2004), we
reasoned that B65 hyperpolarization might delay the onset of
CBI-5/6 firing relative to the end of the protraction phase. The
representative result of such a hyperpolarization experiment is
illustrated in Figure 7, B and C. Figure 7B shows the full motor
programs and illustrates the effects of B65 hyperpolarization on
the duration of protraction, and C shows expanded records at the
time of transition from the protraction to the retraction phase,
and illustrates the timing of CBI-5/6 firing relative to the end of
protraction. These egestive motor programs were elicited by EN
stimulation, and B65 was recruited into these programs at high
frequency (average spiking frequency, �9 Hz). This was consis-
tent with previous published data (Due et al., 2004; Proekt et al.,
2007).

Similar to results reported previously, the duration of the pro-
traction phase in motor programs in which B65 was hyperpolar-
ized (Fig. 7B2) was longer than the duration of this phase in
programs in which the membrane potential of B65 was not ma-
nipulated (Fig. 7B1,B3). The effects of B65 hyperpolarization on
the protraction duration in EN-elicited egestive programs were
statistically significant (Fig. 7D) (F(2,6) � 10.70, p � 0.01). More
importantly, from the point of view of the present study, we
found that B65 hyperpolarization indeed delayed the onset of
CBI-5/6 firing relative to the end of I2N activity (Fig. 7C). The
mean latencies before, during, and after B65 hyperpolarization
were significantly different (Fig. 7E) (F(2,6) � 7.70, p � 0.05).
Multiple-comparison tests showed that the mean CBI-5/6 latency
during B65 hyperpolarization was significantly different from the
before group ( p � 0.05) and the after group ( p � 0.05), whereas
the difference between the before and the after groups was not
significant ( p � 0.88). Notably, the mean latencies between the
onset of CBI-5/6 firing and the end of I2N activity were negative
when B65 was not manipulated. In contrast, when neuron B65
was hyperpolarized, the mean latency became positive, thus ap-
parently rendering CBI-5/6 incapable of acting as a protraction
terminator.

If the protraction-terminating actions of CBI-5/6 indeed de-
pend on the ability of B65 to excite CBI-5/6 axon, in principle,
stimulation of B65 during the protraction phase of CBI-2-elicited
ingestive programs should advance the onset of CBI-5/6 firing
relative to the termination of I2N activity. We tested this predic-
tion in the experiments that are illustrated in Figure 8. We elicited
ingestive programs via CBI-2 stimulation. In these programs,
consistent with previous reports, B65 was only weakly active (av-
erage spiking frequency, �2 Hz). B65 was fired at 14 Hz by in-
jecting brief current pulses each of which elicited a single action
potential (Fig. 8A2). Stimulation of B65 and CBI-2 was termi-
nated after the protraction phase ended (i.e., when the activity in
I2N ceased).

As reported previously (Jing and Weiss, 2005), stimulation of
B65 shortened the duration of the protraction phase (Fig. 8A2),
compared with the programs that were elicited before (Fig. 8A1)

Figure 6. Grouped data of the effects of CBI-5/6 hyperpolarization. A, The normalized pro-
traction duration, before, during (Hyp), and after CBI-5/6 hyperpolarization in EN-elicited eges-
tive programs (see Fig. 3). B, The normalized protraction duration, before, during, and after
CBI-5/6 hyperpolarization in CBI-2-elicited ingestive programs (see Fig. 4). C, The lengthening
effect of CBI-5/6 hyperpolarization is not caused by variability of different preparations we used.
In four preparations, we examined the effects of CBI-5/6 hyperpolarization both in EN-elicited
egestive programs (C1) and in CBI-2-elicited ingestive programs (C2). Graphs in C1 and C2
represent a subset of data in A and B, respectively. D, The normalized protraction duration
before, during, and after CBI-5/6 hyperpolarization in CBI-2-elicited egestive programs (see Fig.
5). E, The mean latencies of CBI-5/6 firing relative to the termination of I2N activity in EN-
elicited egestive programs (EN-eg), in CBI-2-elicited ingestive programs (CBI-2-in), and in CBI-
2-elicited egestive programs (CBI-2-eg). Latency of CBI-5/6 firing was calculated as the time
that elapsed from the last extracellular signal peak recorded in I2N to the first peak of the
antidromic spike recorded in CBI-5/6 soma. If the first antidromic spike preceded the last signal
in I2N, we defined the latency of CBI-5/6 firing as negative, and if the first antidromic spike
followed the last signal in I2N, we defined the latency of CBI-5/6 firing as positive. *p � 0.05;
**p � 0.01; ***p � 0.001 (Bonferroni’s post-test). Error bars indicate SEM.

1922 • J. Neurosci., February 20, 2008 • 28(8):1916 –1928 Sasaki et al. • Regulation of Spike Timing



and after (Fig. 8A3) the programs in which B65 was stimulated.
The shortening actions of B65 stimulation were statistically sig-
nificant (Fig. 8C) (F(2,8) � 13.16, p � 0.005). Importantly, B65
stimulation affected the onset of CBI-5/6 firing relative to the
termination of I2N activity (Fig. 8B,D). As illustrated in Figure 8,
B1 and B2, in which expanded records of the transition between
protraction and retraction are shown, in motor programs that
were elicited with and without a concurrent B65 stimulation,
stimulation of B65 advanced the onset of CBI-5/6 firing relative to

the end of protraction. Bonferroni’s
multiple-comparison test performed after
the ANOVA (Fig. 8D) (F(2,8) � 31.95, p �
0.0005) showed that the mean CBI-5/6 la-
tency during B65 stimulation was signifi-
cantly different from the mean latencies of
the before group ( p � 0.001) and the after
group ( p � 0.001), whereas the difference
between the before and after groups was not
significant ( p � 0.76). Importantly, in these
programs, when B65 was not stimulated, the
latency of CBI-5/6 firing was positive, but be-
came negative in programs in which B65 was
stimulated (Fig. 8D), thus making CBI-5/6 a
likely protraction terminator when B65 was
stimulated.

These results, together with the previ-
ous findings (Sasaki et al., 2007) that direct
stimulation of CBI-5/6 terminates prema-
turely the protraction phase and thereby
shortens its duration, suggest that the level
of activity of B65 may control the spike on-
set timing of CBI-5/6 and that through this
mechanism, B65 may control whether
CBI-5/6 acts as a protraction terminator.

Previous work showed that in addition
to CBI-5/6, the feeding CPG also contains
another protraction terminator, interneu-
ron B64 (Hurwitz and Susswein, 1996),
that, similar to CBI-5/6, is active in CBI-2-
elicited ingestive and, EN-elicited egestive
programs (Wu et al., 2007). B64 was re-
ported to receive fast EPSPs from B65
(Kabotyanski et al., 1998). Such a connec-
tion presumably should advance the firing
of B64. Yet, this does not seem to happen,
as in EN-elicited programs in which B65
fires at high frequency, B64 does not medi-
ate protraction termination (Wu et al.,
2007). However, B64 does control protrac-
tion termination in CBI-2-elicited inges-
tive programs in which B65 does not fire at
high frequency (Proekt et al., 2007; Wu et
al., 2007).

To clarify this apparent contradiction
between the nature of the B65-to-B64 con-
nections and the functioning of B64 as a
protraction terminator in circumstances in
which B65 is active, we re-examined the
characteristics of the synaptic connections
between B65 and B64. Our reanalysis of the
B65-to-B64 connections revealed that the
connection, in addition to the previously
reported fast excitatory component (Kabo-

tyanski et al., 1998), also had an inhibitory component, which
became more apparent when B65 was stimulated with a train
(Fig. 9A). Specifically, during a train stimulation of B65, the in-
hibitory component summated. In contrast, the fast excitatory
PSP decremented as reported previously (Kabotyanski et al.,
1998) (Fig. 9A) (n � 5). To examine the effects of B65 on B64
excitability and, more specifically, on the timing of the onset of
B64 firing, we stimulated B65 for 5 s until the current injection
into B64 (2.5 s), which was applied every 30 s, was begun. This

Figure 7. Effect of B65 hyperpolarization on the latency of CBI-5/6 firing in EN-elicited egestive programs. A, Intracellular
recordings from a CBI-5/6 axon and B65 in normal saline. B65 elicited one-for-one EPSPs in the CBI-5/6 axon. Note that B65-
elicited EPSPs in CBI-5/6 showed summation. B1, An EN-elicited egestive program in control condition. B2, Bilateral hyperpo-
larization of B65 extended the protraction duration. B3, The program after the hyperpolarization was released. C, Expanded
views of the transition between the protraction and retraction phases (B1, B2, arrowheads) without B65 hyperpolarization (C1
is from B1) and with B65 hyperpolarization (C2 is from B2). Note that antidromic spikes in CBI-5/6 occurred before the end of I2N
activity in the program in which B65s were not hyperpolarized (C1), whereas they began after the end of I2N activity when B65s
were hyperpolarized (C2). D, Grouped data showing the normalized protraction duration before, during (B65), and after B65
hyperpolarization. E, The mean latency of CBI-5/6 firing relative to the termination of I2N activity before, during (B65), and after
B65 hyperpolarization. *p � 0.05 (Bonferroni’s post-test). Error bars indicate SEM.
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stimulation paradigm is designed to simu-
late the order by which these neurons are
recruited into motor programs, i.e., B65
and B64 fire during protraction and retrac-
tion, respectively. The amplitude of cur-
rent pulses injected into B64 was adjusted
to elicit 10 –14 spikes during current injec-
tion. This experiment was conducted in
Hi-Di to reduce confounding contribu-
tions of polysynaptic pathways.

In Figure 9B, 12 spikes in B64 without
B65 stimulation were reduced to eight
when B65 was stimulated (�33% reduc-
tion). The average numbers of B64 spikes
before, during, and after B65 manipulation
were significantly different (Fig. 9C) (F(2,8)

� 19.70, p � 0.001). The mean number of
B64 spikes during B65 manipulation was
significantly different from the before
group ( p � 0.01) and the after group ( p �
0.01), whereas the difference between the
before and the after groups was not signif-
icant ( p � 0.65). More importantly, B65
stimulation increased the latency between
the onset of current injection and the ap-
pearance of the first action potential in
B64. In Figure 9B, the latency of 106.6 ms in
controls became 632.0 ms after B65 stimu-
lation (�493% increase). The overall dif-
ference between the groups, before, during,
and after B65 manipulation was statisti-
cally significant (Fig. 9D) (F(2,8) � 6.69,
p � 0.05). B65 stimulation significantly de-
layed the onset of B64 firing compared with
the before ( p � 0.05) and the after ( p �
0.05) B65 manipulation, whereas the dif-
ference between the before and after con-
ditions was not significant ( p � 0.93). This
suggests that in motor programs, in which
B65 is active, the onset of B64 firing may be
delayed.

To investigate whether in motor pro-
grams, in which B65 is active, the onset of
B64 firing is delayed, we examined the ef-
fect of B65 stimulation on the latency of
B64 firing relative to the termination of
I2N activity during CBI-2-elicited ingestive programs (Fig. 10).
During this type of program, B65 is less active (Jing and Weiss,
2005; Proekt et al., 2007) (Figs. 8A, 10A), and B64 begins to fire
spikes before the termination of the protraction phase (Wu et al.,
2007) (Fig. 10). If the inhibitory connection of B65 to B64 was
functionally effective, then B65 stimulation should delay the on-
set of B64 firing. We tested this prediction in the experiments that
are illustrated in Figure 10. As shown above (Fig. 8), B65 stimu-
lation again significantly shortened the duration of the protrac-
tion phase (Fig. 10A,C) (F(2,6) � 10.04, p � 0.05). Importantly, as
predicted, stimulation of B65 delayed the onset of B64 firing
relative to the end of the protraction phase (Fig. 10B). The Bon-
ferroni’s multiple-comparison tests that followed the ANOVA
(Fig. 10D) (F(2,6) � 26.49, p � 0.005) showed that the mean B64
latency during B65 stimulation was significantly different from
the before ( p � 0.01) and the after condition ( p � 0.01), whereas
the difference between the before and after conditions was not

significant ( p � 0.80). In these programs, the latency of B64
firing was negative in controls, but became positive when B65 was
stimulated (Fig. 10D). This stands in sharp contrast to the effects
that stimulation of B65 exerts on the latency of CBI-5/6 firing
(Fig. 8D). In principle, this could provide an additional means
for allowing CBI-5/6 to assume the role of a protraction termina-
tor when B65 is active, as is the case in EN-elicited egestive
programs.

Discussion
Our results indicate that phase-switching functions in the Aplysia
feeding network are mediated by a population of neurons that
include B64 and CBI-5/6. Furthermore, we showed that a CPG
interneuron B65 regulates the spike timing of B64 and CBI-5/6
and thereby the selection of which of these neurons acts as a
protraction terminator.

Several lines of evidence suggest that CBI-5/6 implements
protraction termination in a B64-independent manner. First,

Figure 8. Effect of B65 stimulation on the latency of CBI-5/6 firing in CBI-2-elicited ingestive programs. A1, A CBI-2-elicited
ingestive program in control condition. A2, Stimulation of B65 at 14 Hz during protraction terminated the phase before the
protraction termination was expected to occur. A3, Recovery. B, Expanded views of the transition between the protraction and
retraction phases (A1, A2, arrowheads) without B65 stimulation (B1 is from A1) and with B65 stimulation (B2 is from A2). Note
that the antidromic spikes in CBI-5/6 began after the end of I2N activity in the control (B1), whereas they began before the end
of I2N activity when B65 was stimulated (B2). C, Grouped data showing the normalized protraction duration before, during (B65),
and after B65 stimulation. D, The mean latency of CBI-5/6 firing relative to the termination of I2N activity before, during, and after
B65 stimulation. **p � 0.01; ***p � 0.001 (Bonferroni’s post-test). Error bars indicate SEM.
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similar to B64, CBI-5/6 is recruited into both ingestive and eges-
tive programs and displays a similar firing pattern and frequency
in both programs (Sasaki et al., 2007). Second, the apparently
glutamatergic synaptic connections of both B64 and CBI-5/6
(Due et al., 2005; Sasaki et al., 2007) act to suppress the protrac-
tion phase and promote the retraction phase of motor programs.
Third, CBI-5/6 stimulation early in the protraction phase termi-
nates this phase (Sasaki et al., 2007). However, the soma of the
compartmentalized CBI-5/6 is unlikely to generate full-size ac-
tion potentials. Thus, it was suggested that the action potentials
originate in the axon and then propagate toward the soma
(Perrins and Weiss, 1998; Sasaki et al., 2007). Using simultaneous
somatic and axonal recording, we demonstrated that this is the
case during motor programs, thus supporting the idea that the
buccal region of CBI-5/6 acts as an element of the CPG. The
ability of the remote axon and its terminal to generate action
potentials and to influence motor patterns was observed in other
systems (Bartos and Nusbaum, 1997; Bucher et al., 2003).

Spike timing and phase-switching function: input
dependence and neural mechanism
Previous work (Wu et al., 2007) indicated that B64 spike timing,
which is critical to its phase-switching function, may be regulated
by the state of the network. Specifically, our previous work
showed that (1) B64 is a protraction terminator in CBI-2-elicited
ingestive programs, and (2) B64 is not a protraction terminator

when egestive programs are elicited via
CBI-2 and EN. Because B64 is a protraction
terminator in ingestive but not egestive
programs, and this selectivity is not input
dependent, we suggested that either the
state of the network or the type of program
determines whether B64 is a protraction
terminator. Here, we show that CBI-5/6 is a
protraction terminator when egestive pro-
grams are elicited via EN, but not via CBI-2.
Therefore, whether CBI-5/6 functions as a
protraction terminator is input dependent.
The combined actions of CBI-5/6 and B64
can account for protraction termination in
CBI-2-elicited ingestive programs and in
EN-elicited egestive programs, but not for
protraction termination in CBI-2-elicited
egestive programs. Thus, although B64 and
CBI-5/6 are in some way complementary to
each other, an additional unidentified neu-
ron(s) may mediate protraction termina-
tion in CBI-2-elicited egestive programs.
Be that as it may, the finding that the spike
timing and the protraction-terminating
function of CBI-5/6 are input dependent
led to the question of how B64 or CBI-5/6 is
differentially selected to act as a protraction
terminator when different inputs activate
the network.

A CPG interneuron, B65, is active in
EN-elicited egestive programs but not in
CBI-2-elicited egestive or ingestive pro-
grams, and B65 is thus considered to be an
input-representing neuron (Proekt et al.,
2007). Notably, B65 is active when CBI-5/6
is a protraction terminator, but is not active
when CBI-5/6 is not a terminator. Further-

more, in EN-elicited egestive programs, when we suppressed B65
activity, the onset of CBI-5/6 firing relative to protraction termi-
nation was delayed and actually began after the end of protrac-
tion. Additionally, B65 simultaneously modulated CBI-5/6 and
B64 spike timing in opposite directions. Thus, B65 stimulation in
CBI-2-elicited ingestive programs, in which B64 normally acts a
protraction terminator (Wu et al., 2007), advanced CBI-5/6 fir-
ing so that it began to fire before protraction termination,
whereas B64 firing was delayed and it began to fire after protrac-
tion termination. In effect, by stimulating B65, we substituted the
protraction-terminating role of B64 with CBI-5/6. The pattern of
synaptic connections from B65 to CBI-5/6 and to B64 is entirely
consistent with advancing and delaying actions that B65 exerts
respectively on CBI-5/6 and B64. In CBI-5/6, B65 elicits fast sum-
mating EPSPs that bring CBI-5/6 closer to threshold. In B64, B65
elicits complex PSPs that function to delay the onset of B64 firing.
In Figure 11, we illustrate the current understanding of the mech-
anisms of the selection of B64 versus CBI-5/6 as a protraction
terminator.

The fact that, in programs elicited by CBI-2, B64 may or may
not act as a protraction terminator suggests that the protraction-
terminating function of B64 is not input dependent. At the same
time, B64 is not a protraction terminator when B65 is active. In
turn B65 is activated by a specific input, EN. This may suggest
that the protraction-terminating function of B64 is input depen-
dent. This apparent paradox disappears, however, if one accepts

Figure 9. B65 decreases the excitability of interneuron B64. A, B65 elicited not only the one-for-one fast EPSPs, but also a slow
inhibitory response in the contralateral B64 in normal saline (left). Both PSP components persisted in Hi-Di (right). B, Stimulation
of B65 reduced the number of spikes in B64 elicited by depolarizing current pulses (2.5 s duration) every 60 s. Without B65
stimulation (B1, B3), the current pulse in B64 induced 12 spikes in B64. When B65 was stimulated for 5 s before the current
injection into B64, the number of B64 spikes was reduced to eight (B2). Note that compared with the control, prestimulation of
B65 also delayed the onset of B64 firing relative to the onset of current injection into it. C, Grouped data showing the mean
number of B64 spikes elicited by a constant current injection before, during (B65), and after B65 stimulation. D, The mean
latencies between the onset of current injection into B64 and the appearance of the first action potential in B64 before, during
(B65), and after B65 stimulation. *p � 0.05; **p � 0.01 (Bonferroni’s post-test). Error bars indicate SEM.
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the possibility that B65 is not the only neu-
ron that can affect the onset of B64 firing.
Indeed, our data suggest that in CBI-2-
elicted egestive programs, an additional
neuron that acts as a protraction termina-
tor is recruited to fire before B64 (see
above).

A number of studies emphasized the
importance of higher-order neurons in dif-
ferentially configuring the activity of CPG
elements (Blitz et al., 1999; Combes et al.,
1999; Kupfermann and Weiss, 2001; Zele-
nin et al., 2001; Jing et al., 2004; Kristan et
al., 2005). The use of higher-order neurons
may provide a simple means of implement-
ing the input-dependent selection of
phase-transition neurons. Indeed, CBI-2
enhances B64 excitability (Koh and Weiss,
2007). In contrast, we show that the input
dependence of CBI-5/6 functioning as a
phase switch may be primarily mediated by
an input-representing CPG neuron, B65
(Fig. 11). B65 actions suggest that input-
representing neurons that are themselves
elements of the CPG may play a role similar
to that attributed to higher-order neurons.
In addition, because B65 activity may be
further regulated by other inputs, the
mechanisms described in here may sup-
port additional forms of network and be-
havior flexibility (Jing and Weiss, 2005;
Lum et al., 2005; Proekt et al., 2005; Zhurov
et al., 2005; Jing et al., 2007).

Generation of multiple outputs
The Aplysia feeding network generates sev-
eral motor outputs, and it shares a number
of organizational features with other mul-
tifunctional CPGs. One such feature is the
existence of two classes of CPG elements,
the shared and nonshared CPG elements.
The shared elements were defined as those
active in different classes of motor pro-
grams, whereas the nonshared ones are
preferentially active in a subset of motor
programs (Heitler, 1985; Getting, 1989; Soffe, 1993; Berkowitz
and Stein, 1994; Marder and Calabrese, 1996; Shaw and Kristan,
1997; Lieske et al., 2000; Jing and Weiss, 2001; Jing et al., 2004;
Briggman and Kristan, 2006; Berkowitz, 2007; Proekt et al.,
2007). Although presumably shared neurons fulfill the same
function in differing programs in which they are active, previous
data indicate that shared neurons may implement one of their
specific functions only in a subset of programs and not fulfill this
function in other programs (Ayali and Harris-Warrick, 1999;
Thirumalai et al., 2006; Saideman et al., 2007; Wu et al., 2007).

In the Aplysia feeding CPG, motoneurons that implement the
protraction/retraction movements are activated in a fixed se-
quence, in which protraction always precedes retraction, and are
thus considered to be phase fixed. However, motoneurons that
implement the opening/closing movements switch their phasing
so that in ingestive programs the radula closers are preferentially
active in retraction, whereas in egestive programs they are pre-
dominantly active in protraction (Morton and Chiel, 1993a,b).

These neurons are thus considered to be phase shifting. Consis-
tent with this organizational feature, radula closing motoneurons
are controlled by nonshared CPG interneurons (Jing and Weiss,
2001; Jing et al., 2003, 2004; Proekt et al., 2007). In contrast, the
CPG interneurons which belong to the class of shared interneu-
rons control the phase-fixed protraction/retraction motoneu-
rons (Jing et al., 2004; Sasaki et al., 2007; Wu et al., 2007). In
principle, different combinations of activity of shared and non-
shared CPG elements could give rise to distinct but related motor
outputs. In such a view, shared interneurons would produce a
similar pattern of activity of the protraction/retraction motoneu-
rons in ingestive and egestive programs, whereas the nonshared
interneurons would produce differing firing patterns of opening/
closing motoneurons in different programs. However, this view
may be an oversimplification as different shared neurons, CBI-
5/6 and B64, act as protraction terminators in different motor
programs. Specifically, the functional change results not from a
radical change in activity levels or patterns, as most commonly

Figure 10. Effect of B65 stimulation on the latency of B64 firing in CBI-2-elicited ingestive programs. A1, A CBI-2-elicited
ingestive program in control condition. A2, Stimulation of B65 at 14 Hz shortened the protraction phase compared with the
duration of this phase in control. A3, Recovery. B, Expanded views of the transition between the protraction and retraction phases
(A1, A2, arrowheads) without B65 stimulation (B1 is from A1) and with B65 stimulation (B2 is from A2). Note that B64 began to
fire spikes before the end of I2N activity in the control condition (B1), whereas B64 fired spikes after the activity in I2N ceased
when B65 was stimulated (B2). C, Grouped data showing the normalized protraction duration before, during (B65), and after B65
stimulation. D, The mean latency of B64 firing relative to the termination of I2N activity before, during (B65), and after B65
stimulation. *p � 0.05; **p � 0.01 (Bonferroni’s post-test). Error bars indicate SEM.
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observed (Getting and Dekin, 1985; Hooper and Moulins, 1989;
Dickinson et al., 1990; Popescu and Frost, 2002; Jing and Gillette,
2003), but from a change in relative spike timing. It is worth
noting, though, that B64 and CBI-5/6 may fulfill additional func-
tions, e.g., excitation of retraction neurons, even in those pro-
grams in which these neurons do not act as protraction
terminators.

In summary, we characterized one neural substrate that un-
derlies regulation of spike timing and neuronal function. It is
attractive to think that, because of their simplicity, the mecha-
nisms that we have identified here may also be exploited by other
networks.
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