
Although feeding in Aplysia is mediated by a central pattern generator (CPG), the activity of this CPG is
modified by afferent input. To determine how afferent activity produces the widespread changes in motor
programs that are necessary if behavior is to be modified, we have studied two classes of feeding senso-
ry neurons. We have shown that afferent-induced changes in activity are widespread because sensory
neurons make a number of synaptic connections. For example, sensory neurons make monosynaptic
excitatory connections with feeding motor neurons. Sensori-motor transmission is, however, regulated so
that changes in the periphery do not disrupt ongoing activity. This results from the fact that sensory neu-
rons are also electrically coupled to feeding interneurons. During motor programs sensory neurons are,
therefore, rhythmically depolarized via central input. These changes in membrane potential profoundly
affect sensori-motor transmission. For example, changes in membrane potential alter spike propagation
in sensory neurons so that spikes are only actively transmitted to particular output regions when it is
behaviorally appropriate. To summarize, afferent activity alters motor output because sensory neurons
make direct contact with motor neurons. Sensori-motor transmission is, however, centrally regulated so
that changes in the periphery alter motor programs in a phase-dependent manner.
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EFFECT OF AFFERENT ACTIVITY
ON FEEDING CIRCUITRY

Although consummatory feeding in Aplysia is mediated by a central pattern genera-
tor (CPG), the activity of this CPG is clearly modified by afferent input under phys-
iological conditions. For example, consummatory responses are adjusted when ani-
mals that have been making exploratory bites successfully grasp food and ingest it
[9]. Additionally, animals can modify consummatory responses to adjust for particu-
lar characteristics of the ingested food [6]. For example, bite strength can be
increased if increased resistance is encountered as food is ingested.
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Fig. 2. Ingestive motor programs in Aplysia consist of at least two phases. (A) In the first phase, com-
mand-like neurons such as CBI-2 are activated, as is the circuitry that mediates radula opening and pro-
traction (gray). (B) In the second phase, CBI-2 and the radula opening/protraction circuitry is inhibited

and the circuitry that mediates radula closing and retraction is activated (gray)

Fig. 1. When feeding movements are altered, the activity of multiple neuromuscular units is adjusted. In
part this is a result of the fact that feeding movements are generally mediated via more than one set of
functionally related muscles (as is indicated on the left). Additionally, when there is a change in the
timing of one movement, compensatory adjustments are made in the antagonistic movement. On the
right, this idea is indicated via a prolongation and enhancement of the activity in one set of muscles
(dashed lines in the bottom three traces). Activity in the antagonistic muscles is therefore delayed

(dashed lines in the top three traces)



When afferent-induced changes in motor programs occur, the activity of multiple
neuromuscular units is adjusted (Fig. 1). In part this results from the fact that move-
ments are mediated via more than one muscle. A change in the strength of a move-
ment can, therefore, involve parallel changes in the activity of a number of function-
ally related neuromuscular systems. Additionally, consummatory motor programs
consist of at least two phases; a radula protraction phase followed by a radula retrac-
tion phase (Fig. 2) [16]. Changes in the duration of one phase are, therefore, accom-
panied by compensatory changes in temporal characteristics of the antagonistic
phase (Fig. 1). One question our research has addressed is, How do changes in affer-
ent activity produce the widespread changes in the activity of the feeding circuitry
that are necessary for changes in feeding behavior?

To address this issue we have concentrated on one change in consummatory
responses that occurs when Aplysia that have been making exploratory bites
encounter food and successfully ingest it. When this occurs a bite is converted to a
bite-swallow, and radula movements are altered [3, 9]. Specifically, the radula retrac-
tion phase of behavior is prolonged and enhanced so that food will be pulled into the
buccal cavity and deposited in the esophagus (Fig. 3). Since the retraction phase of
behavior is prolonged, the subsequent radula protraction is delayed.

We have identified two classes of sensory neurons that are activated when bites
are converted to bite-swallows, i.e., radula mechanoafferents and retraction proprio-
ceptors [4, 10, 14, 15]. Both types of sensory neurons will presumably be activated
during the radula retraction phase of ingestive motor programs [1, 4, 15]. Radula
mechanoafferents will be activated as the radula closes on food [15]. These cells pre-
sumably trigger bite to bite-swallow conversions. Retraction proprioceptors will be
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Fig. 3. Radula movements during a bite and a bite-swallow. (A) When Aplysia bite the radula is initial-
ly protracted and opened (left). The radula then closes and retracts so that it returns to a neutral position
(right). (B) When a bite is converted to a bite-swallow the radula closing and retraction phase of behav-

ior is enhanced and prolonged so that food will be deposited into the esophagus (right)
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activated by the increase in resistance to backward rotation that occurs as food is
pulled into the buccal cavity [4]. Activity in proprioceptors is likely to be at least in
part responsible for the fact that closing/retraction is not simply enhanced in an all or
none way when food is ingested. Instead stimulus properties are taken into account.

To determine how afferents produce widespread effects on feeding motor pro-
grams, synaptic connections of sensory neurons have been characterized [4, 13–15].
These experiments have primarily concentrated on B21 (the largest, most well-char-
acterized radula mechanoafferent) [15], and B51 [13] (the largest, most well-charac-
terized retraction proprioceptor) [4]. B21 and B51 are both centrally located [13, 15],
and directly make a number of chemical and electrical synaptic connections in the
buccal ganglion (Fig. 4) [4, 13–15]. In fact, B51 was originally described as a pre-
motor neuron [13]. In general B21 and B51 make excitatory fast chemical or electri-
cal connections with circuitry that mediates radula closing and retraction (Fig. 4).
Increases in the activity of B21 and B51 will, therefore, directly enhance closing and
retraction movements. Additionally, both cells are electrically coupled to interneu-
rons that make fast inhibitory connections with neurons that mediate radula opening
and protraction (Fig. 4). If activity in B21 and B51 prolongs the radula closing and

Fig. 4. Schematic summary of characterized synaptic connections of radula mechanoafferents and retrac-
tion proprioceptors (data from [4, 7, 13–15]). Mechanoafferents and proprioceptors are electrically cou-
pled to each other so for simplicity are represented together as sensory neurons (gray). Connections with
motor neurons are shown outside the box. Note that sensory neurons are electrically coupled to motor
neurons that produce radula retraction, and that sensory neurons make excitatory chemical connections
with motor neurons that produce radula closing. Sensory neurons are also electrically coupled to retrac-
tion interneurons (e.g. B64 and B19) (inside the box). These interneurons make inhibitory connections
with the circuitry active during the radula opening/protraction phase of ingestive motor programs.
Increased activity in sensory neurons can, therefore, enhance and prolong activity in the radula clos-
ing/retraction circuitry and delay the subsequent activation of the radula opening/protraction circuitry



retraction phase of motor programs it could, therefore, simultaneously inhibit the cir-
cuitry that mediates radula opening and protraction and thereby delay its activation.

To determine the effectiveness of changes in afferent activity on the feeding cir-
cuitry we have performed experiments in which we have triggered fictive feeding
motor programs and then injected current into single sensory neurons to determine
whether rhythmic activity is significantly altered [4, 8]. These experiments have been
conducted both in the isolated nervous system [8], and in semi-intact preparations in
which radula movements were monitored [4]. In general, we found that if we acti-
vated sensory neurons during the closing/retraction phase of motor programs, radula
retraction movements were enhanced (e.g. Fig. 5), and the firing frequency of radu-
la closer motor neurons was increased [8]. We have shown, therefore, that activation
of sensory neurons can produce widespread changes in fictive feeding motor pro-
grams. This is a result of the fact that sensory neurons are centrally located and
directly and indirectly make contact with a number of feeding neurons.

A second issue we have addressed concerns the integration of peripherally gener-
ated and centrally generated activity during a motor program. Thus, both types of
sensory neurons that we have studied are striking in that they receive synaptic input
during motor programs that can alter the transmission of afferent information to fol-
lower cells. We have most extensively studied this phenomenon in experiments with
the radula mechanoafferent B21 and one of B21’s followers, B8 [1, 5, 15]. Our ini-
tial analyses have also primarily concentrated on the regulation of afferent transmis-
sion during fictive feeding motor programs that are ingestive in nature. Below we
separately discuss B21 mechanoafferent transmission during the two antagonistic
phases of ingestive motor programs.
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Fig. 5. Current injection into the retraction proprioceptor B51 produces significant changes in radula
movements during an ongoing motor program. This motor program was induced by carbachol applica-
tion to the cerebral ganglion [17]. The top two traces are intracellular recordings from the left and right
B51, respectively. Dotted lines indicate the resting potentials of cells. The bottom trace is the output of
a transducer that monitored radula protraction and retraction [4]. The transducer was set so that radula
retraction produced an upward deflection, and radula protraction induced a downward deflection. Note
that retraction movements were enhanced when B51 was depolarized so that it spiked during the retrac-

tion phase of behavior (gray sections of the recordings) (after [4])
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Afferent transmission during the radula opening and protraction phase
of ingestive motor programs

Studies of the regulation of afferent transmission were initially triggered by the find-
ing that the mechanoafferent B21 is activated at a time when it would not be expect-
ed that the follower neurons, the B8 cells, would receive excitatory input.
Specifically, we found that B21 is peripherally activated during the radula protrac-
tion phase of fictive ingestive programs, when the tissue B21 innervates, the sub-
radula tissue, contracts [1, 2]. Excitatory input to the B8 neurons would not be
expected during radula protraction because it would tend to be counterproductive
(Fig. 6). The B8 neurons are radula closer motor neurons [11, 12] so increased activ-
ity in these cells would tend to make the radula close as it protracts. This is counter-
productive since it will tend to push food out of the buccal cavity (instead of pull it
in). To summarize, B21 is peripherally activated during the radula protraction phase
of ingestive motor programs [1]. If afferent transmission were not regulated this
would tend to disrupt ingestive activity.

To determine how sensori-motor transmission might be regulated, we first studied
afferent transmission under resting conditions. Interestingly, we found that B21
mechanoafferent input was not transmitted to B8. Specifically, we showed that B21-
induced PSPs were not recorded in B8 if B21 was peripherally activated when it is
at its resting membrane potential (Fig. 7A1) [1, 5, 15]. Afferent transmission did not
occur because spikes were not actively propagated to the B21 process that is the pri-
mary point of contact with B8 (the lateral process) (Fig. 7A2) [1, 5]. In contrast, if
B21 was centrally depolarized and then peripherally activated, spikes were actively
propagated to the lateral process (Fig. 7B2), and PSPs were observed in B8 (Fig.
7B1). Thus, we have shown that peripherally triggered activity in B21 will not be
transmitted to B8 unless B21 is also central depolarized.

When rhythmic activity is triggered in the isolated nervous system, B21 is not cen-
trally depolarized during the radula protraction phase of the motor program [1, 5, 14].
This suggests that afferent input will not be transmitted to B8. Consistent with this

Fig. 6. During ingestive motor programs the radula closes as it retracts, which will pull food into the buc-
cal cavity (Fig. 3B). If B21 provides excitatory input to the radula closer motor neuron B8 during the
protraction phase of motor programs the radula will tend to close as it moves forward. This will be coun-

terproductive since it will push food out of the buccal cavity



idea, we have shown that when B21 is peripherally activated during the protraction
of fictive ingestive motor programs spikes are not actively propagated to the lateral
process (the part of B21 that contacts B8) [5]. Thus our data strongly suggest that
B21 mechanoafferent input is not transmitted to B8 during the radula opening and
protraction phase of ingestive motor programs.

An obvious question however, is Why is B21 activated during radula opening and
protraction if mechanoafferent input is not transmitted to B8? At least in part the
answer to this appears to lie in the fact that the lateral process is not the sole output
region of B21 [1]. For example, B21 is electrically coupled to the buccal neuron B64
(Fig. 4) [15], and at least in part this contact appears to be made via either the soma
or medial process of B21 (Fig. 8A) [1]. When spikes are not actively propagated to
the lateral process, spike amplitude is decreased in medial parts of B21, but spike
attenuation is much less, e.g., spikes in the soma are on average about 35 mV while
on average they are about 11 mV in the lateral process (Fig. 7A2) [5]. It is possible,
therefore, that although mechanoafferent information is not transmitted to B8 during
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Fig. 7. B21 mechanoafferent input is only transmitted to the follower neuron B8 when B21 is centrally
depolarized. (A) When B21 is peripherally activated at its resting potential, afferent transmission does
not occur, i.e. postsynaptic potentials (PSPs) are not recorded in B8 (A1). Afferent transmission does not
occur because spikes are not actively propagated to B21’s lateral process (the primary point of contact
with B8) (A2). (B) When B21 is peripherally activated while it is centrally depolarized, PSPs are record-
ed in B8 (B1). Afferent transmission occurs because the propagation failure is relieved and spikes are

actively generated in the lateral process (B2)
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the radula protraction phase of ingestive motor programs, it is transmitted to B64
(Fig. 8A).

B64 is an interneuron that is electrically coupled to a number of retraction motor
neurons (Fig. 4) [7]. Excitatory input to this cell during protraction will, therefore,
tend to phase advance retraction. To assess the potential significance of B21 input to
B64 during the protraction phase of motor programs we conducted experiments in
which we monitored temporal characteristics of motor programs with and without
activation of B21 with brief current pulses (this type of stimulation generally does
not trigger active spiking in the lateral process) [1]. We found that B21 stimulation
reduced protraction phase duration in a frequency dependent manner [1]. This sug-
gests that although mechanoafferent input is not transmitted to B8 during radula pro-
traction it can be transmitted to B64 (if B21 fires at a sufficient frequency). Radula
mechanoafferent input to B64 during protraction may serve to coordinate the biome-
chanical state of the radula with the activity of the feeding CPG. More specifically,
B21 will be most strongly activated when the radula opens quickly [1]. Presumably
the radula will also protract quickly, and phase advancement of retraction will in gen-
eral accelerate feeding behavior.

Afferent transmission during the radula closing and retraction phase
of motor programs

Although mechanoafferent input is not transmitted to B8 when B21 is at its resting
membrane potential, afferent transmission does occur when B21 is centrally depo-

Fig. 8. Transmission of B21 mechanoafferent activity during the radula protraction phase of motor pro-
grams. During the protraction phase of ingestive motor programs B21 is not centrally depolarized.
Mechanoafferent input is, therefore, not transmitted to one follower neuron, the radula closer motor neu-
ron B8 (indicated by the dashed line). This is a result of the fact that spikes are not actively propagated
to the part of B21 that contacts B8, i.e. the lateral process. During protraction, coupling potentials are,
however, transmitted to a second follower, B64. The B21 contact with B64 is at least partially made via

medial parts of B21 (i.e. the soma and/or medial process)



larized (Fig. 7B) [1, 5, 15]. During motor programs, B21 is centrally depolarized dur-
ing the retraction phase of rhythmic activity, presumably as a result of electrical cou-
pling with retraction interneurons (Fig. 4) [15]. The depolarizations that are observed
during motor programs are in fact sufficient to affect spike propagation, i.e. although
spikes are attenuated in the lateral process during protraction they are full size dur-
ing retraction [5]. Thus, during ingestive activity B21 is rhythmically depolarized
during the radula retraction phase of the motor program. This tends to phasically
gate-in mechanoafferent input to B8.

Mechanoafferent input to B8 during retraction is likely to be important when food
is ingested because under these conditions consummatory responses are adjusted.
Bites are converted to bite swallows and the radula closing and retraction phase of
behavior is enhanced and prolonged so that food will be deposited in the esophagus
(Fig. 3). During the retraction phase of ingestive behavior food contact will therefore
excite the radula mechanoafferent B21. Mechanoafferent input will be transmitted to
the radula closer motor B8 so that food will be more tightly grasped as it is pulled
into the buccal cavity.

Concluding remarks

To summarize, we have studied two classes of sensory neurons activated during feed-
ing in Aplysia. We have addressed issues such as, How do changes in afferent activ-
ity produce widespread changes in the activity of the feeding circuitry? We have
found that sensory neurons are centrally located and directly and indirectly make
contact with a number of feeding neurons. Afferent neurons do not, however, pro-
duce changes in motor activity that are completely determined by the state of the
periphery. Instead peripherally generated and centrally generated activity is integrat-
ed so that motor output is modified in a conditional (i.e. phase-dependent) manner.
At least in part this occurs via the control of active spike propagation in sensory neu-
rons. A consequence of this arrangement is that although afferent input can produce
behaviorally appropriate adjustments in ongoing activity, it cannot completely recon-
figure ongoing motor programs.
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