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Afferent regulation of centrally generated activity is likely to be
more complex than has been established. We show that a
neuron that is an exteroceptor can also function as a proprio-
ceptor. We study the Aplysia neuron B21. Previous data sug-
gest that B21 functions as an exteroceptor during the radula
closing/retraction phase of ingestive feeding. We show that the
tissue innervated by B21, the subradula tissue (SRT), is inner-
vated by a motor neuron (B66) and that B66-induced SRT
contractions trigger centripetal spikes in B21. Thus, B21 is also
a proprioceptor. To determine whether exteroceptive and pro-
prioceptive activities occur during the same phase of ingestive
feeding, we further characterize B66. We show that B66 stim-
ulation does not close or retract the radula. Instead it opens it.
Moreover, B66 is electrically coupled to other opening/protrac-
tion neurons. Finally, we elicit motor programs in semi-intact
preparations and show that during radula opening/protraction
we observe B66 activity, SRT contractions, and spikes in B21

that can be eliminated if B66 is indirectly hyperpolarized. B21
is, therefore, likely to act as an exteroceptor during one phase
of ingestive feeding and as a proprioceptor during the antago-
nistic phase. Previous experiments have shown that centripetal
spikes in B21 are only transmitted to one follower if they are
“gated in” by depolarization. During ingestive programs B21 is
centrally depolarized during closing/retraction, but it is not
depolarized during opening/protraction. We sought to deter-
mine whether there are other followers that receive B21 input
when it is not centrally depolarized. We found one such cell.
Moreover, we found that stimulation of B21 during radula open-
ing/protraction significantly decreases the duration of this
phase of behavior. Thus, proprioceptive activity in B21 is likely
to have an impact on motor programs.
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Rhythmic behaviors often result from the activity of central
pattern generators (CPGs). Although CPGs are active in isolated
preparations (Delcomyn, 1980) in many cases parametric features
of these motor programs are not identical to those observed
under physiological conditions. Under normal circumstances
CPGs receive input from peripheral receptors [for review, see
Pearson and Ramirez (1997); Rossignol et al. (1998); molluscan
references include Kater and Rowell (1973); Siegler (1977); Rein-
gold and Gelperin (1980); Jahan-Parwar et al. (1983)]. Much
progress has been made in studies that have determined how
sensory input is integrated into centrally generated motor pro-
grams. It has been pointed out, however, that afferent regulation
of CPG function is likely to be more complex than has been
established (Pearson and Ramirez, 1997). Current experiments
generally study afferents activated by a single type of stimulus in
a relatively controlled manner. Under physiological conditions,
however, afferent activity is likely to be more complex. We show

that a mechanoreceptor that is an exteroceptor can also function
as a proprioceptor.

Specifically, we study a cell, B21, that is an identified (Rosen et
al., 2000b) member of a cluster of similar neurons that have a
relatively low threshold for tactile stimuli. These cells are extero-
ceptors in that they are activated when an object touches the
biting surface of the food-grasping organ in Aplysia, the radula
(Miller et al., 1994; Rosen et al., 2000b). [Similar mechanoaffer-
ents have been described in other molluscs (Kawahara et al.,
1994, 1995).] Exteroceptive activity in mechanoafferents like B21
is likely to be important for changes in ingestive motor programs
that are necessary for food ingestion. Specifically, when Aplysia
feed, the radula opens and protracts and then closes and retracts.
When food is not ingested, retraction occurs until the buccal mass
returns to a neutral position. In contrast, when food is ingested,
the radula moves beyond the neutral position so that food is
deposited in the esophagus (Weiss et al., 1986; Drushel et al.,
1997; Evans and Cropper, 1998). Consequently, the radula clos-
ing/retraction phase of behavior is prolonged and enhanced
(Cropper et al., 1990). Data indicate that radula mechanoaffer-
ents like B21 are likely to be important in this context because
they will be activated when the radula closes on food and they
make extensive excitatory connections with buccal interneurons
and motor neurons.

In this study we demonstrate that the tissue innervated by B21,
the subradula tissue (SRT), is innervated by a motor neuron.
Therefore, B21 is actually a dual function sensory neuron; i.e., it
is activated by proprioceptive and exteroceptive stimuli. Data
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suggest that B21 acts as an exteroceptor during the closing/
retraction phase of ingestive motor programs (Rosen et al.,
2000a,b). In contrast, we show that B21 acts as a proprioceptor
during the antagonistic phase of behavior—radula opening/pro-
traction. Thus, B21 is active during both radula opening/protrac-
tion and radula closing/retraction but presumably functions as a
proprioceptor during opening/protraction and as an exteroceptor
during closing/retraction. Previous studies have suggested that
when B21 functions as an exteroceptor centripetal activity is
transmitted to all characterized follower neurons (Rosen et al.,
2000a,b). In contrast, we show that when B21 functions as a
proprioceptor centripetal activity is not transmitted to all of B21’s
postsynaptic targets. Thus, our data suggest that there can be
flexibility in afferent feedback in that a dual function sensory
neuron can transmit one type of information to all of its followers
whereas only a subset of its follower neurons receives another
type of information.

Parts of this paper have been published previously (Borovikov
et al., 1997).

MATERIALS AND METHODS
Experiments were conducted in Aplysia californica (200–250 gm; Mari-
nus, Long Beach, CA) that had been maintained in 14–16°C holding
tanks. Animals were anesthetized with isotonic MgCl2 and then dis-
sected to create reduced preparations. The nomenclature follows that of
Gardner (1971).

Experiments were conducted in three types of preparations. The first
type of preparation simply consisted of the isolated buccal and cerebral
ganglia. This type of preparation was used in experiments in which single
cycles of ingestive motor programs were elicited by stimulation of the
command-like neuron cerebral buccal interneuron 2 (CBI-2) (Rosen et
al., 1991; Church and Lloyd, 1994).

In the second type of preparation the buccal mass, radula nerve, and
buccal nerves 1, 2, and 3 were left intact. To observe radula movements
we made a small “window” on the dorsal surface of the buccal mass.
Preparations were transferred to Sylgard-lined dishes, and the cerebral
ganglion was generally pharmacologically isolated from the buccal gan-
glion and buccal mass. This isolation was accomplished when a subcham-
ber was placed over the cerebral ganglion. This preparation was used to
observe radula movements that occurred as a result of direct stimulation
of motor neurons or to observe radula movements that occurred during
multicycle motor programs. Motor programs were elicited by application
of carbachol (10 23 M) to the cerebral ganglion (Susswein et al., 1996) or
by stimulation of CBI-2.

The third type of preparation was similar to one that has been
described (Cropper et al., 1996). In some experiments the SRT was
removed from the chitinous radula and cut in half. In other experiments
the radula sac was removed, but the SRT was left attached to the radula.
The radula nerve, buccal nerve 3, buccal ganglion, and sometimes the
cerebral ganglion were left intact. The SRT was attached to an isotonic
force transducer (Harvard Apparatus), as has been described (Cropper et
al., 1996). Briefly, the SRT was not directly attached to the transducer.
Instead it was attached to a lever (i.e., a wooden stick) that made contact
with the transducer and was, therefore, immobilized and served as a
pivot point. To attach the SRT to the lever, one end of a piece of string
was tied to the SRT. The other end of the string had a loop that was
hooked over a metal hook on one end of the lever. This preparation was
used in experiments in which SRT contractions were monitored and in
some experiments in which B21 was centripetally activated. When B21
was centripetally activated in this type of preparation we attached the
free end of the lever to an electromagnet, which was activated by a Grass
stimulator to produce a stretch of ;0.5 mm.

Intracellular techniques were used to record membrane potentials and
inject current. Neurons were impaled with single-barreled glass micro-
electrodes that were filled with 2 M potassium acetate and beveled to
impedances of 5–8 MV. Muscle fibers and processes of B21 were impaled
with microelectrodes with impedances of 35–40 MV.

To visualize neurons, a 3% solution of the fluorescent dye 5(6)-
carboxyfluorescein (Rao et al., 1986) was iontophoresed into cells from
single-barreled glass microelectrodes with tips beveled to lower imped-
ances to 10 MV. To reduce active transport of the dye, probenecid (10

mM final concentration) was added to preparations (Steinberg et al.,
1987; Rosen et al., 1991), which were kept at 4°C for 24 hr.

In experiments in which B21’s lateral process was lesioned we used two
techniques. In some cases we used a micro blade (Becton Dickinson;
supplied by George Tiemann, Hauppauge, NY) positioned with a micro-
manipulator. In other cases we used a handheld glass pipette. In some
experiments B21 neurons were filled with carboxyfluorescein to demon-
strate that lesions had in fact occurred. In other experiments B21 was
filled with fast green dye, and the lateral process was directly visualized,
as it was lesioned. In the latter experiments B8 was injected with
carboxyfluorescein, and its processes were visualized to insure that the
B21 lesion had not damaged them.

RESULTS
Characterization of an SRT motor neuron
We found a motor neuron that could elicit contractions of the
SRT on the caudal surface of the buccal ganglion. This neuron
(which we designated B66) was located near B6 (Fig. 1A) and had
an axon in buccal nerve 3 (Fig. 1B; n 5 4). B66 had a mean
resting membrane potential of 260 mV (range from 250 to 272
mV; n 5 9). Intracellular recordings from SRT muscle fibers
showed that spikes in B66 elicited one-for-one excitatory junction
potentials (EJPs) that persisted when the buccal ganglion was
placed in high-divalent isotonic artificial seawater (ASW) (Fig.
2A). B66-elicited EJPs were ;2–2.5 mV in amplitude and were
recorded with a latency of ;100 msec (n 5 6). Single EJPs
elicited by stimulation of B66 did not produce noticeable muscle
contractions. However, if B66 was stimulated in bursts, with an
intraburst firing frequency of from 3 to 4 Hz, muscle contractions
were triggered (Fig. 2B; n 5 10).

To determine whether B66 is likely to be cholinergic, we

Figure 1. Morphology of B66. A, Schematic drawing of the caudal
surface of the desheathed buccal ganglion. The position of the filled cell
indicates the position of B66. Neurons B1/2 and B6 are labeled as
reference cells. The drawing is after Hurwitz et al. (1997). CBC, Cere-
bral–buccal connective. B, Drawing of B66 injected with carboxyfluores-
cein dye. Note that B66 has an axon in buccal nerve 3.
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perfused the SRT with hexamethonium (n 5 6). When hexame-
thonium was added at a concentration of 1024 M, muscle contrac-
tions elicited by neuronal stimulation were reduced in size (data
not shown). When the concentration of hexamethonium was
increased to 1023 M, contractions were completely and reversibly
abolished (Fig. 2B).

We found strong bidirectional electrical connections between
B66 and three cells that are active during the radula opening/
protraction phase of ingestive motor programs [i.e., B61/62 (Hur-
witz et al., 1994, 1996), B48 (Church and Lloyd, 1994; Evans et
al., 1996), and B13 (Gardner, 1977; Church and Lloyd, 1994)]. We
found the strongest electrical coupling between B66 and B61/62
(Fig. 3) and between B66 and B48 (Fig. 4) (coupling ratios,
0.25–0.35; n 5 6 and 8, respectively). We also found electrical
coupling between B66 and B13 (Fig. 5). In this case however the
coupling ratio was less (0.1–0.15 from B13 to B66 and 0.05–0.08
from B66 to B13; n 5 4). The directionality of this connection
may be caused by the difference in size between these two
neurons (B13 is approximately twice as big as B66). Thus we have
found that the newly identified motor neuron B66 is electrically
coupled to neurons active during the radula opening/protraction
phase of ingestive motor programs.

Stimulation of B66 produces radula opening
To determine whether activity in B66 and the resulting contrac-
tion of the SRT could produce a radula movement that could be
important for feeding, we used a semi-intact buccal mass prepa-
ration. When B66 was stimulated we observed that the ipsilateral
radula half moved away from the buccal mass midline; i.e., the
radula opened (Fig. 6; n 5 10). Because B66 is not the first motor

neuron to be described that produces radula opening, we com-
pared movements evoked by B66 with those evoked by stimula-
tion of the previously described radula opener motor neuron B48
(Church and Lloyd, 1994). We found that the muscles innervated
by B48 simultaneously triggered both protraction and opening [as
has been described (Evans et al., 1996)], whereas the muscles
innervated by B66 caused the radula to open without protraction.
Additionally movements evoked by B48 were bilateral [as has
been reported (Evans et al., 1996)], whereas movements evoked
by B66 were unilateral. Because the movements evoked by the
two motor neurons differ, the movements seen in response to
stimulation of B66 could not have resulted from indirect activa-
tion of B48 (if B48 had been activated we would have observed
protraction in conjunction with opening.).

Activity in B66 and contractions of the SRT during the
opening/protraction phase of ingestive
motor programs
To determine whether B66 fires during the opening/protraction
phase of ingestive motor programs, we performed experiments in
a preparation that consisted of the intact buccal mass and the
buccal and cerebral ganglia. A feeding motor program was in-
duced by application of carbachol (1023 M) to the cerebral gan-
glion (Susswein et al., 1996). A video analysis has indicated that

Figure 2. The B66 and SRT neuromuscular junction. A, Left, Excitatory
junctional potentials recorded intracellularly from SRT fibers (top) in-
duced by intracellular stimulation of B66 (bottom) in normal ASW. Right,
Same experiment with the buccal ganglion bathed in a 3 3 Mg 12 and 3 3
Ca 12 solution. B, Inhibition of SRT contractions by hexamethonium. SRT
contractions were measured with an isotonic force transducer (top) and
elicited by intracellular stimulation of B66 (bottom). Left, Application of
hexamethonium. Right, Washout with ASW.

Figure 3. Neurons B66 and B61/62 are electrically coupled. A, Left, In
normal ASW hyperpolarizing current injected into B61/62 (horizontal bar
under bottom trace) resulted in a hyperpolarization of B66 (top trace).
Right, When depolarizing current was injected into B61/62 in a low-
calcium solution, which blocks synaptic transmission, depolarization and
coupling potentials were still apparent in B66. B, The same manipulations
with current injected into B66 are shown. (This experiment was per-
formed with two electrodes in the neuron that was hyperpolarized or
depolarized and one electrode in the “follower” neuron.).
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motor programs elicited in this manner are predominantly inges-
tive (Susswein et al., 1996) and are likely to be biting motor
programs (Rosen et al., 1997). During carbachol-elicited pro-
grams we found that bursts of activity in B66 were out-of-phase
with bursts of activity in B4/5 and out-of-phase with high-
frequency activity in B8 (Fig. 7; n 5 8). B4/5 and B8 are charac-
terized neurons that predominantly fire during the closing/retrac-
tion phase of ingestive motor programs (Rosen et al., 1991;
Morton and Chiel, 1993a,b; Church and Lloyd, 1994).

The maximal firing frequency of B66 in these experiments was
15–20 Hz. The minimal firing frequency that elicits a contraction
of the SRT in reduced preparations is 3–5 Hz (n 5 10). Visual
observations of radula movements during carbachol-elicited mo-
tor programs also showed that the bursts of activity in B66 were
in-phase with opening of the radula halves. Visual observations
were confirmed in experiments conducted in a more reduced
preparation in which the buccal mass was dissected to expose the
SRT so that an isotonic force transducer could be attached to it.
Carbachol-induced motor programs were elicited as described
above. Contractions of the SRT did indeed occur in-phase with
the bursts of activity in B66 (Fig. 7; n 5 5). These data suggest
that during ingestive motor programs the SRT receives at least
part of its synaptic input from the newly described B66.

Results consistent with this idea were obtained in experiments
in which motor programs were elicited by stimulation of CBI-2
[these programs are also mostly ingestive (Rosen et al., 1991;
Church and Lloyd, 1994)]. During rhythmic motor programs we

decreased the firing frequency of B66 by hyperpolarizing it and
observed decreases in the amplitude of contractions of the SRT.
When we took this manipulation to the extreme and hyperpolar-
ized the soma of B66 so that we no longer recorded action
potentials, contractions were completely eliminated in four out of
five experiments (Fig. 8). In one case we reduced contraction size
but were unable to eliminate contractions completely.

In previous experiments we have shown that contractions of the
SRT can be initiated by shocking both buccal nerve 3 and the
radula nerve (Cropper et al., 1996). Because B66 does not have a
process in the radula nerve, it is possible that there is another
SRT motor neuron (see Discussion for another possibility). If so,
these data suggest that this neuron may be electrically coupled to
B66. In any case, we do not record SRT contractions during the
closing/retraction phase of ingestive motor programs. Thus, if a
second SRT motor neuron does exit, it is also likely to be active
during radula opening/protraction.

B21 is centripetally activated by B66-induced
contractions of the SRT
Contractions of the SRT induced by extracellular stimulation of
buccal nerve 3 elicit centripetal spikes in neuron B21 (Cropper et
al., 1996). To determine whether B66-induced contractions of the
SRT could elicit similar mechanoafferent activity, we performed
experiments in which the motor neuron B66 was identified and
filled with fast green dye. The buccal ganglion then could be
turned to make B66, which is on the caudal surface of the buccal
ganglion, and B21, which is on the rostral surface of the buccal

Figure 4. Neurons B66 and B48 are electrically coupled. A, Left, Hyper-
polarizing current injected into B48 (horizontal bar under bottom trace)
resulted in a hyperpolarization of B66 (top trace). Right, When depolar-
izing current was injected into B48 in a low-calcium solution, depolariza-
tion and coupling potentials were still apparent in B66. B, The same
manipulations with current injected into B66 are shown.

Figure 5. Neurons B66 and B13 are electrically coupled. A, Left, Hyper-
polarizing current injected into B13 (horizontal bar under bottom trace)
resulted in a hyperpolarization of B66 (top trace). Right, When depolar-
izing current was injected into B13 in a low-calcium solution, depolariza-
tion and coupling potentials were also still apparent in B66. B, The same
manipulations with current injected into B66 are shown.
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ganglion, available simultaneously. In most cases we had to re-
move neurons, e.g., B3 and sometimes B6, to impale both B66 and
B21. Stimulation of B66 elicited contractions of the SRT that
triggered a series of presumably centripetal spikes in B21 when
B66 was stimulated in a physiological manner. Most of these
spikes were recorded just before the peak amplitude of the con-
traction (Figs. 9, 10; n 5 10). When B66 was stimulated at an
unphysiologically low frequency so that the SRT contracted very
slowly, spikes were not observed in B21 (Fig. 10). Interestingly the
SRT contracts rapidly during the opening/protraction phase of
ingestive motor programs (Figs. 7, 8). We show, therefore, that
the change in length of the SRT that occurs during a normal
rhythm is likely to elicit spikes in B21.

To confirm that B21 action potentials were indeed centripetal
responses to muscle contraction, the buccal ganglion was isolated
from the periphery; i.e., it was placed in a separate subchamber.
The normal ASW in the ganglion subchamber was then replaced
with low-calcium ASW. Spikes remained in B21 despite the fact
that central synaptic activity was abolished (Fig. 9A; n 5 6).
When B21 was hyperpolarized, action potentials became smaller
in size as would be expected for centripetal spikes (Fig. 9B;
n 5 4).

Peripheral activity of B21 during ingestive
motor programs
Previous studies have shown that radula mechanoafferent neu-
rons are active during the closing/retraction phase of ingestive
motor programs (Miller et al., 1994; Rosen et al., 2000b). The
data described above suggest that B21 may also be centripetally
activated as the SRT contracts as a result of B66 activity, which
will occur during the radula opening/protraction phase of behav-
ior. We obtained data that are consistent with this idea in exper-
iments in which we recorded the activity of neuron B21 during
carbachol-induced motor programs in semi-intact buccal mass
preparations. In these experiments the buccal mass was perfused
with ASW, which generally enhances muscle contractions. Addi-
tionally the integrity of the peripheral innervation of B21 was
verified before carbachol application (i.e., action potentials were
recorded in B21 when the radula was touched). Under these
conditions B21 did indeed spike during the opening/protraction
phase of the motor program as it did during the closing/retraction
phase (Fig. 11; n 5 7). In addition to full-blown spikes, we also
recorded low-amplitude potentials in B21 during radula opening/
protraction. These potentials are likely to be coupling potentials
from other radula mechanoafferents or blocked spikes that have
been initiated in processes of B21 (Cropper et al., 1996).

To determine whether spikes recorded in B21 during opening/
protraction were likely to be centripetally generated as a result of

B66-induced contractions of the SRT, we elicited motor programs
and indirectly manipulated the membrane potential of B66 by
hyperpolarizing B61/62. We did not attempt to hyperpolarize
B66 directly because, as discussed above, B21 and B66 are on
opposite sides of the buccal ganglion and often cannot be simul-
taneously impaled without removing neurons. We found that
when neuron B61/62 was strongly hyperpolarized, full-blown
spikes either were not observed in B21 (Fig. 11; n 5 2 out of 5) or
were decreased in number (by an average of 60%; n 5 3 out of 5).
Thus, this observation is consistent with the idea that B21 activity
observed during the opening/protraction phase of behavior is at
least partially generated peripherally as a result of contractions of
the SRT.

Figure 6. Radula movements observed in a semi-intact preparation as a
result of B66 stimulation. Left, Before B66 stimulation. Right, After
stimulation. Note that stimulation of B66 results in an ipsilateral move-
ment in which one-half of the radula moves away from the midline.

Figure 7. Contractions of the SRT occur during the opening/protraction
phase of ingestive motor programs. A motor program was elicited by
applying carbachol (10 23 M) to the cerebral ganglion, which was in an
isolated subchamber. The top three traces are intracellular recordings from
B8 (a motor neuron that produces radula closing), B4/5 (a multifunction
neuron active during the radula closing/retraction phase of behavior), and
B66. The bottom trace shows contractions of the SRT measured with an
isotonic force transducer. Contractions of the SRT and activity in B66
were out-of-phase with activity in B4/5 and high-frequency activity in B8.
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Centripetal activity in B21 and responses in
follower neurons
Data described above indicate that B21 will be peripherally acti-
vated during the opening/protraction phase of ingestive motor
programs, i.e., during the phase of behavior in which these neu-
rons are not simultaneously depolarized by input from the CPG.
Previous studies have, however, demonstrated that postsynaptic
potentials (PSPs) are larger in one of B21’s follower neurons, B8,

if B21 is simultaneously depolarized (Rosen et al., 2000a) (also
see Fig. 16A). [B21 and B8 make a chemical excitatory connection
(Klein et al., 1998).] This is also apparent when B21 is peripher-
ally activated (Rosen et al., 2000a) (also see Fig. 16B). Thus
centripetally generated spikes in B21 are not likely to be trans-
mitted to one postsynaptic follower (B8) during radula opening/
protraction if B21 is at its resting membrane potential.

Will B21 actually be at its resting membrane potential during

Figure 8. Hyperpolarization of B66 changes the size of SRT contractions during ingestive motor programs. Injecting depolarizing current into the
command-like neuron CBI-2 induced a motor program. The bottom three traces are intracellular recordings from CBI-2, B4/5, and B66. The top trace
shows contractions of the SRT measured with an isotonic force transducer. During one cycle of the program B66 was hyperpolarized. In four out of five
preparations contractions of the SRT were not observed while B66 was hyperpolarized. In one preparation contractions of the SRT were reduced in size
but not completely abolished. When hyperpolarization of B66 was released, SRT contractions returned.

Figure 9. Stimulation of B66 elicits contractions of the SRT and centripetal spikes in B21. A, Left, B66 was stimulated (horizontal bar under middle trace),
and corresponding contractions of the SRT were monitored with an isotonic force transducer (bottom trace). Activity in the sensory neuron B21 (top
trace) was observed. Right, This activity persisted when the buccal ganglion was placed in a low-calcium solution, indicating that B21 responses can be
recorded in the absence of central synaptic activity. B, Left, B21 at resting potential is shown. Right, B21 was hyperpolarized. Note that when B21 was
hyperpolarized spikes became smaller, as would be expected if they were centripetally generated.
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the opening/protraction phase of behavior? In experiments such
as the one shown in Figure 11 spikes are observed in B21 during
radula opening/protraction, but B21 neurons are close to their
resting membrane potential when these spikes are observed. It is
possible however that SRT contractions triggered by motor pro-
grams in semi-intact preparations are not as vigorous as SRT
contractions in intact animals engaged in normal feeding. Indeed
the radula does not open and protract through the jaws in semi-
intact preparations (Evans and Cropper, 1998) as it does in intact
animals (Kupfermann, 1974). This difference in movements may
be important because slow waves of depolarization are observed
when B21 is vigorously activated by a peripheral stimulus (as it
may be under physiological conditions) (Miller et al., 1994). It is
possible therefore that B21 neurons will be more depolarized
during radula opening/protraction under physiological conditions
than is apparent in semi-intact preparations. It would seem un-
likely, however, that central depolarizations would be as large as
the 15–20 mV generally needed to make PSPs in B8 apparent.

In this study we therefore sought to explore another possibility,
that central depolarizations might be less important for B21 to
transmit information to other follower neurons. Although the
mechanism that “gates in” centripetal activity to B8 has not been
characterized, anatomical features of B21 could be important in
this context. Namely, B21 is a bipolar or pseudobipolar cell with
major lateral and medial processes (Rosen et al., 2000b) (Fig. 12;
also see Fig. 14). Its medial process branches and terminates in
the ipsilateral buccal hemiganglion and in the periphery (i.e., in
the SRT). B21’s lateral process terminates in the buccal ganglion
in the vicinity of B8 (Rosen et al., 2000b). Previous data suggest
that B21 makes contact with B8 via its lateral process (Rosen et
al., 2000b). It is possible therefore that because centripetal spikes
are relayed centrally they are progressively attenuated if B21 is
not centrally depolarized. For example, the soma of B21 is an
obvious region of low safety factor for spike conduction. When
B21 is not depolarized, spikes actively generated in the medial
process may therefore only be electrotonically transmitted
through the soma and lateral process and may progressively

decrease in size so that transmitter release does not occur at the
B8 contact.

To determine whether central depolarizations are less impor-
tant for B21 to transmit information to other followers, we first
sought to determine whether the medial and lateral processes of
B21 do in fact predominantly contact different follower neurons.
Specifically, we sought to confirm that the lateral process of B21
does in fact contact B8 and sought to determine whether more
medial processes of B21 contact other neurons. We therefore
stimulated B21 and recorded PSPs in B8 neurons. We then made
a lesion in B21’s lateral process and found that PSPs in B8 were
not observed if B21 was stimulated at a low enough frequency to
resolve individual responses (Fig. 13B1 vs B2; n 5 5). In contrast,
when this experiment was repeated with a second follower cell,
the interneuron B64 (Hurwitz and Susswein, 1996), we found that
coupling potentials in B64 were less dramatically affected by
lesions of B21’s lateral process (Fig. 13A1 vs A2; n 5 5). [The
connection between B21 and B64 is predominantly electrical
(Rosen et al., 2000a). B64 does not make a connection with B8.]

In some experiments we verified that lesions had been effective
by injecting B21 neurons with carboxyfluorescein dye. In initial
experiments of this sort we wanted to be able to compare the
appearance of lesioned neurons with that of neurons that had not
been lesioned so we took advantage of the fact that there are two
bilaterally symmetrical B21 neurons. One cell was lesioned and
used for physiology; the other cell was not lesioned. We then
injected both cells. The lateral processes of normal cells were in
fact strikingly different from the lateral process of lesioned cells
(Fig. 14). In other experiments neurons were injected with fast
green dye before physiological experiments. In these cases lesions
could be visualized directly.

These data suggest that the B21–B8 connection has a larger
lateral component than does the B21–B64 connection. As dis-
cussed above, differences in the site of contact of follower neurons
could be important if centripetal spikes are progressively attenu-
ated as they are relayed through B21. To determine whether this
occurs, we peripherally stimulated B21 and simultaneously re-
corded responses from different regions in B21. To accomplish
this, fast green dye was injected into the soma of B21 so that
medial and lateral processes could be visualized and penetrated
with a microelectrode. Electrodes in B21 processes were generally
150–300 mm medial or lateral to the B21 soma. When we simul-
taneously recorded from the medial process and from the soma of
B21, we found that somatic spikes were in fact smaller than
medial spikes, if B21 was at its resting membrane potential (Fig.
15A1; n 5 3). Moreover, lateral spikes were smaller than somatic
spikes (Fig. 15B1; n 5 3). When B21 is at its resting potential,
therefore, spikes do in fact appear to be progressively attenuated.
When the soma of B21 is depolarized, somatic and lateral spikes
can be increased in size (Fig. 15A1 vs A2, B1 vs B2).

The experiments described above suggest, therefore, that cen-
tral depolarizations in B21 might be less important for relaying
information to B64 than they are for relaying information to B8.
Spikes do appear to be attenuated as they are relayed through
B21, and the B21 contact with B64 appears to involve medial parts
of B21. To determine whether there are in fact differences in PSPs
recorded in the two neurons, we first performed experiments
similar to those described by Rosen et al. (2000a) but monitored
activity in both B8 and B64 (Hurwitz and Susswein, 1996). Spikes
in B21 were elicited by brief depolarization of its soma at a low
frequency (i.e., 1 Hz). PSPs in B8 became ;10 times bigger (n 5
4) when B21 was depolarized by 20 mV (Fig. 16A), as expected

Figure 10. Centripetal spikes in B21 occur as the SRT contracts, unless
tension is developed slowly. SRT contractions were elicited when B66 was
stimulated so that it generated two spikes or six spikes. (Action potentials
in B66 are not shown.) Left, Two spikes in B66 generated an SRT
contraction in which tension developed slowly. Under these conditions
centripetal spikes were not triggered in B21. Right, In contrast, six spikes
in B66 generated a contraction with a faster contraction rate, and action
potentials were observed in B21 during the time that the SRT was
contracting. Dashed lines facilitate the alignment of spikes in B21 and the
SRT contraction. Left and right are from the same preparation.
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(Rosen et al., 2000a). In contrast, coupling potentials in B64 were
less dramatically changed in size by the B21 depolarization (n 5
4). More important, we also found differences in the transmission
of peripherally generated activity. When we activated B21 by
mechanically stimulating the SRT and recorded the resulting
responses in B8 and B64, we found that centripetally generated

action potentials were effective at eliciting coupling potentials in
B64 when B21 was at its resting potential (Fig. 16B; n 5 5). In
contrast, PSPs were only observed in B8 when B21 was depolar-
ized (n 5 5) as has been described (Rosen et al., 2000a) (also see
Fig. 16B). Thus, although centripetal activity does not appear to
be transmitted to B8 when B21 is at its resting potential, it does
appear to be transmitted to B64.

Functional significance of B21 input to B64 during the
opening/protraction phase of ingestive
motor programs
Because B21 (and presumably other radula mechanoafferents) is
centripetally activated during opening/protraction and provides
excitatory input to the closing/retraction circuitry, it could play an
important role in inducing the opening/protraction-to-closing/
retraction phase transition. It is clear, however, that this phase
transition can occur in the isolated nervous system, i.e., when
radula mechanoafferents are not centripetally activated (e.g., Fig.
17). Nevertheless when the periphery is present and radula mech-
anoafferents are activated, they could accelerate the activation of
B64 and therefore the transition to closing/retraction. In experi-
ments such as the one shown in Figure 11 we reduced centripetal
activity in B21 (and presumably other radula mechanoafferents)
during opening/protraction. These data do not, however, specif-
ically evaluate the mechanoafferent contribution to phase transi-
tions. Because we injected hyperpolarizing current into opening/

Figure 11. Action potentials are observed in neuron B21 during the opening/protraction phase of ingestive motor programs that are likely to be
centripetally generated. An ingestive motor program was elicited by applying carbachol to the cerebral ganglion. The top trace is an intracellular
recording from B21, and the middle trace is a recording from B61/62 (a motor neuron that produces radula opening/protraction that is electrically coupled
to B66). The bottom trace is an intracellular recording from the radula closing/retraction interneuron B64. Note that action potentials were observed in
B21 while B61/62 was active [i.e., during the opening/protraction (O/P) phase of the motor program] and while B64 was active [i.e., during the
closing/retraction (C/R) phase of the motor program]. During one cycle of the program B61/62 was hyperpolarized (horizontal bar). Because B61/62 and
B66 are electrically coupled, hyperpolarization of B61/62 hyperpolarizes B66. Under these conditions spikes were not observed in B21 during
opening/protraction, suggesting that these spikes were generated peripherally as a result of the contraction of the SRT.

Figure 12. Schematic diagram illustrating contacts between a normal
B21 and B8 and between B21 and B64. Note that B21 is a bipolar or
pseudobipolar neuron with a medial process that branches. One branch of
the medial process crosses the midline and terminates in the contralateral
buccal ganglion; the second branch projects to the periphery (including
the SRT). B21’s lateral process terminates in the ipsilateral hemiganglion
in the vicinity of B8 and B64. Previous data suggest that B21 makes
contact with B8 via its lateral process as shown. B21 could make contact
with B64 via its lateral process (1), or via a more medial connection (2).
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protraction interneurons, we reduced the corresponding
inhibition in the closing/retraction circuitry.

To evaluate more specifically the potential impact of centripe-
tal activity in radula mechanoafferents such as B21 on temporal
characteristics of motor programs, we performed experiments in
which ingestive activity was elicited in the isolated nervous sys-
tem. We directly controlled radula mechanoafferent spiking with
current injection and triggered ingestive motor programs with
and without radula mechanoafferent activity during opening/
protraction. We then compared the duration of opening/protrac-
tion under the two conditions.

In these experiments we could not precisely mimic physiological
activity in the radula mechanoafferent cluster. For example, we are
not technically able to characterize radula mechanoafferent-firing
patterns in intact animals. (As described above, firing patterns in
semi-intact preparations are likely to underestimate centripetal
activity in radula mechanoafferents because radula openings are
not very vigorous.) We did, however, use the data obtained in
semi-intact preparations as a guide in determining stimulation
parameters for B21. Specifically, B21 was held at its resting mem-
brane potential, and spikes were triggered with brief current pulses.
Moreover, B21 was stimulated after opening/protraction began

because under physiological conditions the SRT has to contract
before B21 is activated. Finally, firing frequencies for B21 ranged
from 10 to 20 Hz, frequencies that were observed during carbachol-
induced programs. B21 was, however, “overstimulated” in that
periods of B21 stimulation were longer than durations of B21
activity observed during carbachol-induced motor programs. We
overstimulated B21 in these experiments to compensate for the fact
that under physiological conditions B64 would not solely receive
input from B21; i.e., other radula mechanoafferents would also be
activated. In fact coupling potentials are observed in B21 during
carbachol-elicited motor programs at times when B21 itself is no
longer spiking.

Ingestive activity was elicited by CBI-2 because carbachol-
induced motor programs often do not cycle regularly even when
CPG elements are not manipulated (e.g., Fig. 7). More specifi-
cally, CBI-2 was stimulated so that single two-phase cycles of
ingestive activity were triggered approximately once every
minute. Under these conditions parametric features of individual
cycles of the motor program are highly reproducible. When B21
was stimulated the duration of the opening/protraction phase of
the motor program was reduced. Specifically when B21 was stim-
ulated at 20 Hz the duration of opening/protraction was on
average reduced by 44% (range, 18–72%; n 5 6; Fig. 17), which
was a statistically significant reduction (paired two-tailed t test;
p , 0.004). When B21 was stimulated at a lower frequency (e.g.,
10 Hz), the duration of opening/protraction was also reduced, but
as might be expected, the effect was less dramatic [i.e., on average,
opening/protraction was reduced by 18% (range, 3–37%; n 5 4)].
Thus, radula mechanoafferent activity during radula opening/
protraction could impact ingestive motor programs.

DISCUSSION
Identification of an SRT motor neuron
Although a previous study (Cropper et al., 1996) indicated that
the SRT is a muscle, its motor neurons were unidentified. In this
study we characterize B66 as an SRT motor neuron. It is likely
that the SRT has other motor neurons [as is the case for other
muscles in Aplysia (Cohen et al., 1978; Church and Lloyd, 1991;
Church et al., 1993; Jordan et al., 1993)]. SRT contractions can be
elicited by shocking both buccal nerve 3 and the radula nerve
(Cropper et al., 1996), yet B66 only has a process in nerve 3. It is

Figure 14. Verification of lesions. Carboxyfluorescein dye was injected
into the lef t and right B21 neurons in a single buccal ganglion at the
conclusion of a physiological experiment (see Fig. 13). The lateral process
of the lef t B21 was severed, whereas the right B21 remained intact. The
normal morphology of B21 can be seen by looking at the right cell. Note
its lateral process (L), its soma (S), and its medial process (M ). That the
lesion was effective in this experiment can be seen by comparing the
lateral processes of the right versus the lef t B21. RN, Radula nerve. Scale
bar, 500 mm.

Figure 13. Effect of lesioning the lateral process of B21 on PSPs in B8
(B) and coupling potentials in B64 (A). Spikes in B21 were elicited by
brief depolarization of its soma. A1, B1, Traces before the lateral process
was lesioned are shown. A2, B2, Electrodes were removed from neurons,
and the lateral process of B21 was lesioned. Cells were then reimpaled,
and responses to stimulation of B21 were recorded. Note that coupling
potentials in B64 are not significantly changed in size whereas PSPs in B8
are abolished. A and B are from different preparations. B21 was at its
resting potential (approximately 260 mV) in both experiments. Both
experiments were performed in 3 3 Ca 21 ASW so that PSPs would be
more visible.

1998 J. Neurosci., March 1, 2000, 20(5):1990–2002 Borovikov et al. • A Proprioceptive Role for an Aplysia Neuron



possible, however, that SRT contractions elicited by radula nerve
stimulation do not result from the activation of a process of a
motor neuron. The radula nerve contains neuronal processes that
are 5-HT immunoreactive and processes that are SCP immuno-

reactive (Lloyd et al., 1987; Miller et al., 1994; Alexeeva et al.,
1998). When 5-HT and SCP are exogenously applied, stretch-
induced contractions of the SRT are triggered (Cropper et al.,
1996).

Figure 15. Centripetal spikes are attenuated in the soma and lateral process of B21 when it is at its resting membrane potential. A1, Centripetal spikes were
triggered when B21 was at its resting membrane potential (approximately 260 mV). Left, Resulting responses were recorded from the medial process of
B21 (i.e., ;200 mm from the soma). Right, Responses were also simultaneously recorded from the soma of B21. Note that responses recorded from the soma
are smaller in amplitude. A2, Centripetal spikes were triggered when B21 was depolarized by ;15 mV. Left, Responses recorded from the medial process
are shown. Right, Responses recorded from the soma are shown. Note that responses are now similar in amplitude. Recordings shown in A1 and A2 were
made from the same preparation. The dotted lines facilitate amplitude comparisons. B1, Centripetal spikes were triggered when B21 was at its resting
membrane potential (approximately 260 mV). Responses were simultaneously recorded from the soma (lef t) and the lateral process (i.e., ;175 mm from
the soma; right). Note that responses recorded from the lateral process are smaller. B2, Centripetal spikes were triggered when B21 was depolarized by ;15
mV. Left, A response from the soma is shown. Right, A response from the lateral process is shown. Note that both spikes are increased in amplitude.
Recordings shown in B1 and B2 were made from the same preparation. Recordings in A and B are from two different preparations.

Figure 16. Central depolarization increases the size of B21-induced PSPs in B8 but less dramatically alters the size of B21-induced coupling potentials in B64.
A, Spikes in B21 were elicited by brief depolarization of its soma. Left, B21 was at its resting potential (i.e., approximately 260 mV). Right, B21 was depolarized
by 20 mV. B, Spikes in B21 were elicited by mechanical stimulation of the SRT. Left, B21 was at its resting potential. Right, B21 was depolarized by 20 mV.
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SRT contractions during ingestive motor programs
Aplysia ingestive motor programs are induced by stimulating the
command-like neuron CBI-2 (Rosen et al., 1991) or by applying
carbachol to the cerebral ganglion (Susswein et al., 1996). Both
methods have been used in semi-intact preparations in which
movements have been monitored (Susswein et al., 1996; Rosen et
al., 1997; Evans and Cropper, 1998). These experiments have
shown that CBI-2 and carbachol generally induce biting motor
programs. With both methods we show that B66 is active during
the opening/protraction phase of the motor program. As dis-
cussed above there may be as yet uncharacterized SRT motor
neurons. If such neurons exist they are also likely to be active
during opening/protraction because SRT contractions were only
observed at this point. Our data suggest, therefore, that during
biting motor programs B21 could only function as a propriocep-
tor during radula opening/protraction.

Radula mechanoafferent input to B64
Centrally induced depolarizations are important if afferent activ-
ity in B21 is to be transmitted to B8 (Rosen et al., 2000a,b).
Centrally induced depolarizations are recorded from B21 during
radula closing/retraction but are not recorded during opening/
protraction. Because proprioceptive activity in B21 occurs during
opening/protraction, a question we addressed was the following:
are centrally induced depolarizations necessary for the transmis-
sion of centripetal activity to other B21 followers? B64 was of
interest because it presumably plays an important role in termi-
nating opening/protraction and initiating closing/retraction (Hur-
witz and Susswein, 1996). The processes that determine when B64
will be activated are likely to determine temporal characteristics
of motor programs.

B64 is presumably activated by input from other cells. It does
not fire spontaneously, and it does not show postinhibitory re-
bound when it is close to its resting membrane potential (Hurwitz
and Susswein, 1996). Moreover, depolarizations that appear to be
PSPs are observed in B64 when it begins to spike during motor
programs (Hurwitz and Susswein, 1996; Baxter et al., 1997). We

now show that B21 [and presumably other radula mechanoaffer-
ents (Miller et al., 1994)] is likely to be one source of excitatory
input to B64. Radula mechanoafferents do not, however, appear
to act alone to trigger activity in B64. B64 is activated in the
isolated nervous system, where radula mechanoafferents cannot
be centripetally activated. Thus, it is likely that B64 integrates
input from mechanoafferents with input from other neurons. The
current model of the feeding CPG includes a “cell Z,” which
triggers B64 activity when only central activity is modeled (Bax-
ter et al., 1997). Our data suggest, however, that under physio-
logical conditions B64 additionally receives input from B21, which
contributes to its activation.

Central influences on radula
mechanoafferent transmission
Central modulation of afferent input to a CPG has been exten-
sively described (Sillar, 1991; Pearson, 1993; Wolf and Burrows,
1995; Busches and El Manira, 1998; El Manira et al., 1998;
Rossignol et al., 1998; DiCaprio, 1999). Although modulation of
sensory input to CPGs occurs in many preparations, underlying
cellular mechanisms are still being characterized (Sillar, 1991;
Pearson and Ramirez, 1997). One mechanism involves phasic,
centrally induced depolarizations of sensory neurons that “gate
out” centripetal activity (Wolf and Burrows, 1995; Cattaert and
Clarac, 1998; Redman, 1998), often because they are chemically
mediated and increase sensory neuron conductance (Cattaert and
Clarac, 1998; Redman, 1998). In B21, however, depolarizations
result, at least in part, from electrical coupling with pattern-
generating interneurons and gate in afferent activity (Rosen et
al., 2000b). The cellular mechanisms that gate in centripetal
activity in B21 have not been completely characterized. Data
(Rosen et al., 2000a,b) suggest, however, that B21 may be similar
to other Aplysia neurons in which tonic depolarization of the
presynaptic terminal results in a graded increase in transmitter
release (Shapiro et al., 1980).

This study describes a second factor that may contribute to
gating in B21. Namely, B21 may be similar to neurons that have

Figure 17. Activity in B21 during the radula opening/protraction phase of an ingestive motor program can affect temporal characteristics of the motor
program. Ingestive activity was induced when CBI-2 was intracellularly stimulated with brief pulses in bursts (top row of traces). CBI-2’s intraburst firing
frequency was 8 Hz, and bursts were elicited approximately once a minute. That widespread activity was indeed triggered in the feeding circuitry can
be seen from the intracellular recording from B21 (second row of traces from the top), from the intracellular recording from B64 (third row of traces from
the top), from the extracellular recording from the I2 nerve ( fourth row of traces from the top), and from the extracellular recording from the radula nerve
(RN; bottom row of traces). The duration of the opening/protraction phase of the motor program was monitored via the extracellular recording from the
I2 nerve, which contains the processes of the opening protraction interneurons and motor neurons B61/62 and B31/32. The closing/retraction phase of
the motor program is most clearly marked by the activity in B64. As is apparent in A–C this type of CBI-2 stimulation triggers one cycle of a two-phase
motor program. A, Control (i.e., current was not injected into B21) traces are shown. B21 receives depolarizing input during closing/retraction but does
not spike. B, B21 was stimulated with brief current pulses at 20 Hz after the initiation of opening/protraction. B21 stimulation was terminated shortly
after the retraction phase was initiated. Note that the duration of the opening/protraction phase of the motor program was reduced. C, Ingestive activity
was again triggered without spiking in B21. The duration of opening/protraction returned to its control value. Calibration: vertical, 40 mV; horizontal, 5 sec.
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been described in which spikes generated at one site are not
propagated throughout the neuron (Mulloney and Selverston,
1972; Meyrand et al., 1992). To elaborate, although its medial
process is centripetally activated, we show that B21 contacts B8
via its lateral process. Other data suggest that the lateral process
also contacts other followers (Rosen et al., 2000a). If centripetal
activity in B21, which is generated in the medial process, is to
reach neurons contacted via the lateral process, it must pass
through B21’s soma (a potential region of low safety factor). We
show that centripetal spikes in B21’s soma are in fact attenuated.
Thus, they have presumably been generated in the medial process
and are electrotonically conducted to the soma. Our data also
suggest that attenuation continues because spikes in the lateral
process of B21 are smaller than somatic spikes. Spikes that reach
regions of the lateral process where synaptic contacts are made
may be quite small. Central depolarizations could gate in afferent
activity by overcoming the low safety factor of transmission from
the medial process to the soma. With central depolarizations
spikes may be actively generated closer to release sites and con-
sequently may be larger.

We show that B64 differs from B8 in that B21 does not pre-
dominantly contact B64 via its lateral process. This does not,
however, make B64 insensitive to central depolarizations in B21.
Coupling potentials in B64 are larger when B21 is centrally
depolarized (possibly because the B64 contact with B21 is made
on the soma of B21). More important, because the B21–B64
contact is predominantly electrical, centrally induced DC depo-
larizations in B21 are transmitted to B64. Consequently, B64 is
like B8 in that it will be most effectively driven by B21 when B21
is centrally depolarized. Why then does B64 contact medial parts
of B21 despite the fact that its soma is closer to B21’s lateral
process (Hurwitz and Susswein, 1996)? The above hypothesis
suggests one advantage of the medial contact. Although B64
appears to contact B21 at a site where some spike attenuation has
occurred, this attenuation is presumably less than it would be if
the contact were made more laterally. To summarize, B64 and B8
are both most effectively driven when B21 is centrally polarized.
The two cells differ, however, in that the input to B64 appears to
be regulated in a graded manner. In contrast, the input to B8
appears to be almost completely gated in by central depolariza-
tion; i.e., it is gated in an unambiguous manner [see DiCaprio
(1999) for a more extensive discussion of this idea]. To be specific,
we did see postsynaptic responses in B64 when B21 was at its
resting membrane potential and somatic spikes were attenuated.
B64 postsynaptic responses did, however, increase in amplitude
when B21 was centrally depolarized. In contrast, we only re-
corded postsynaptic responses in B8 when B21 was centrally
depolarized. Thus, B21 has been referred to as having multiple
“output states” (Rosen et al., 2000a). It apparently can provide
input to B64 alone, or it can provide input to both B8 and B64.

B21 as a dual function sensory cell
B21 is an exteroceptor (Rosen et al., 2000a,b). We show that it is
also a proprioceptor. Sensory responses to more than one type of
stimulus have been described (Newman and Hartline, 1981;
Rosen et al., 1982; Wallace et al., 1998). This phenomenon has,
however, been most extensively discussed in the context of infor-
mation integration. This is unlikely to be the primary function of
activity in B21. In fact B21’s proprioceptive and exteroceptive
functions may predominate during different ingestive behaviors.
Proprioceptive activity is likely to be most vigorous when radula
openings are pronounced. This will occur when animals bite

(Kupfermann, 1974). In contrast, exteroceptive activity is likely to
be most vigorous when food is ingested. This will occur when
animals swallow (Kupfermann, 1974). Thus, a sensory neuron’s
ability to respond to more than one type of stimulus can improve
its function within a specific context. Additionally, a sensory
neuron may act as a dual function cell, particularly when it is like
B21 and its output state can be regulated.

When B21 acts an exteroceptor, it is likely to be important for
detecting food and producing changes in the activity of the
feeding circuitry that are important for its ingestion (Rosen et al.,
2000a,b). Our data suggest that when B21 acts as a proprioceptor
it may influence temporal characteristics of ingestive motor pro-
grams in that when it is vigorously activated it may decrease the
duration of radula opening/protraction. As discussed above vig-
orous proprioceptive activation of B21 may predominantly occur
when animals bite because radula openings are most pronounced
during this behavior. More specifically, proprioceptive activity in
B21 is likely to be enhanced when opener muscles contract
rapidly. Under physiological conditions this is likely to occur
predominantly when interbite intervals are decreased. To sum-
marize, proprioceptive activity in B21 may be most pronounced
when animals bite, particularly when animals bite quickly. Under
these conditions proprioceptive activity in B21 may in turn hasten
the termination of opening/protraction and the initiation of clos-
ing/retraction. Thus, proprioceptive activity in B21 may help
coordinate the activity of the feeding CPG with the biomechani-
cal state of the radula [see Pearson (1993) for a more extensive
discussion of the role of proprioceptors in coupling CPG activity
and the biomechanical state of a peripheral target].
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