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Behavioral and In Vitro Correlates of Compulsive-Like Food
Seeking Induced by Operant Conditioning in Aplysia

Romuald Nargeot, Christine Petrissans, and John Simmers
Universités Bordeaux 2, 1, Centre National de la Recherche Scientifique, Unité Mixte de Recherche 5227, Bordeaux, 33076 France

Motivated behaviors comprise appetitive actions whose occurrence results partly from an internally driven incentive to act. Such impul-
sive behavior can also be regulated by external rewarding stimuli that, through learning processes, can lead to accelerated and seemingly
automatic, compulsive-like recurrences of the rewarded act. Here, we explored such behavioral plasticity in Aplysia by analyzing how
appetitive reward stimulation in a form of operant conditioning can modify a goal-directed component of the animal’s food-seeking
behavior. In naive animals, protraction/retraction cycles of the tongue-like radula are expressed sporadically with highly variable inter-
bite intervals. In contrast, animals that were previously given a food-reward stimulus in association with each spontaneous radula bite
now expressed movement cycles with an elevated frequency and a stereotyped rhythmic organization. This rate increase and regulariza-
tion, which was retained for several hours after training, depended on both the reward quality and its contingency because accelerated,
stereotyped biting was not induced in animals that had previously received a less-palatable food stimulus or had been subjected to
nonassociative reward stimulation. Neuronal correlates of these learning-induced changes were also expressed in the radula motor
pattern-generating circuitry of isolated buccal ganglia. In such in vitro preparations, moreover, manipulation of the burst frequency of
the bilateral motor pattern-initiating B63 interneurons indicated that the regularization of radula motor pattern generation in contin-
gently trained animals occurred separately from an increase in cycle rate, thereby suggesting independent processes of network plasticity.
These data therefore suggest that operant conditioning can induce compulsive-like actions in Aplysia feeding behavior and provide a
substrate for a cellular analysis of the underlying mechanisms.
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Introduction
Motivated behaviors, such as feeding and sexual activity, consti-
tute an essential part of the motor repertoire of all animals. Such
behaviors are often composed of a flexible appetitive phase when
animals engage in action patterns that are directed toward ob-
taining relevant reinforcing stimuli and that are driven unpre-
dictably with no apparent organization in time. This flexibility in
the repetitive initiation of appetitive behavior is partly regulated
through learning by external sensory stimuli that allow animals to
modify their impulse to act according to rewarding contingencies
(Cardinal and Everitt, 2004; Kelley, 2004; Balleine, 2005). Among
these contingencies, the correlation between the emission of a
given motor action (operant) and its outcome (access to reward)
plays an essential role in behavioral plasticity. Such associative
learning, or operant conditioning, reduces variability in the ex-
pression of appetitive behavior not only by favoring appropriate
(rewarded) motor action but also by regulating its recurrence in

time (Skinner, 1981; Cook and Carew, 1986; Brembs et al., 2002;
Everitt and Robbins, 2005). This can therefore lead to an elevated
expression of a rewarded action that becomes driven in a stereo-
typed, rhythmic manner at a relatively high frequency. These
acquired changes suggest that contingent stimulation can drasti-
cally modify the central neuronal processes that determine the
initiation and temporal organization of the underlying motor
command. To date, however, little is known about the neural
basis of such stereotyped, compulsive-like behavior patterns and
how they are conferred by sensory input through operant
conditioning.

To address this issue, we developed an operant conditioning
paradigm for feeding behavior in Aplysia that is designed to examine
how motor learning modifies the animal’s impulsion for food seek-
ing and that is amenable to cellular analysis. Previously, it was dem-
onstrated that different aspects of Aplysia feeding can be modified by
food intake or buccal sensory nerve stimulation through classical or
operant conditioning (Susswein et al., 1986; Lechner et al., 2000a,b;
Brembs et al., 2002; Lorenzetti et al., 2006). Insights into the neuro-
nal networks that generate Aplysia feeding, particularly those gov-
erning biting movements of the rasp-like radula, have derived from
the use of isolated preparations of the buccal ganglia that contain the
underlying motor circuitry. Such preparations have already allowed
elucidation of how a contingent stimulus, in an analog of operant
conditioning, is able to select different buccal motor patterns (Nar-
geot et al., 1997, 1999a,b; Brembs et al., 2004).

Received April 30, 2007; revised June 20, 2007; accepted June 22, 2007.
This work was supported by the “Conseil Régional d’Aquitaine/Fonds Européens de Développement Régional.”
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The present study on behaving animals
extends these previous investigations by
analyzing how natural rewarding stimuli
can increase the frequency and regularize
the temporal organization of impulsive
biting movements of the radula, which in
unfed animals consist of sporadically oc-
curring cycles of protraction/retraction.
The subsequent use of in vitro buccal gan-
glia preparations allowed a correlation to
be made between these behavioral changes
and the acquisition of stereotyped rhythmic
bursting in buccal motor pattern-initiating
B63 neurons (Hurwitz et al., 1997). Such be-
havioral plasticity, which persisted for sev-
eral hours after contingent-reward training,
was not simply a consequence of the con-
comitant increase in rate of B63 bursting and
the buccal network patterns that drive radula
movements.

Parts of this work have been published
previously in abstract form (Petrissans and
Nargeot, 2004).

Materials and Methods
Animals. Aplysia fasciata were obtained from
the Lycée de la Mer (Gujan Mestras, France)
and the Laboratoire de Biologie Marine (Arca-
chon, France) and were maintained at 15°C in
filtered artificial sea water (ASW) until use.
They were fed daily with fresh seaweed (Ulva
lactuca) obtained from the Lycée de la Mer and
the Station de Biologie Marine de Roscoff
(Roscoff, France). The animals were food de-
prived for 2 d before experiments to ensure an
elevated motivational state for food-seeking be-
havior during experiments. Although experi-
ments reported here were all conducted during
the subjective daytime, it is noteworthy that A. fasciata is a nocturnal
species that has been found previously to exhibit significant long-term
(�24 h) memory induction only when trained during the subjective
night (Lyons et al. 2005). However, consistent with the findings of these
authors in diurnal A. californica, the formation of short-term (minutes to
several hours) memory by the training protocols used in our study on A.
fasciata was presumed to be unaffected by circadian modulation.

Behavior. In the present study, the beginning of a radula bite cycle was
defined as the time at which the protracting radula first becomes visible
(Fig. 1 A) and was recorded by simultaneous voice and computer key-
board signals using Spike 2 Software (Cambridge Electronic Design,
Cambridge, UK). To allow such monitoring, animals were initially trans-
ferred into a small (8 dm 3) transparent aquarium placed over a mirror
and filled with 5 liters of fresh and aerated ASW. The aquarium was
placed in a chamber maintained throughout experiments at �15°C. An-
imals were then rested for 30 min before training, which consisted of
three successive experimental periods (Fig. 1 B): a test period before
training, a session in which each animal was subjected to associative or
nonassociative food-reward training, and an additional test period after
this training. Animals remained in the aquarium throughout the behav-
ioral experiments, and the tank liquid was renewed between each test and
training session. Throughout the experimental procedure, the expression
of spontaneous food-seeking behavior was optimized by the continuous
application (with forceps) of a piece of seaweed (1.5 cm 2) to the lips, as
close as possible to the jaw (Fig. 1 A). Care was taken to avoid this inciting
stimulus from being actively brushed against the lips and from being
bitten or ingested by the animal. The inciting stimulus, which was re-
newed before (but not during) each period of the behavioral protocol,

was also applied during both test periods. In some experiments (see Fig.
5), the testing procedure was performed by a different experimenter who
was unaware of the intervening training protocol to which animal had
been subjected. Such blind measurements were found to be statistically
indistinguishable from those obtained by a single experimenter who had
performed both training and test procedures. This confirmed that sub-
jective influences did not interfere in the collection of data, and therefore
measurements obtained by the two methods of observation following a
given training procedure were pooled and treated as a single population.

For a given pretraining and posttraining test period, radula move-
ments were measured according to the time taken to generate 100 suc-
cessive bite cycles or by counting the number of bites occurring over a
constant interval of 20 min, whichever came later. Although the occur-
rence of 100 bite cycles usually took �20 min, if necessary the sampling
time was extended until a maximum of 40 min had elapsed. On this basis,
therefore, statistical analyses were performed on the rate of radula move-
ment cycles (bites per min) counted either in a 20 min interval or during
the expression of 100 successive movement cycles in a given test period.
Although both analytical procedures gave similar statistical results, all
data treatments illustrated in this report derived from measurements
made over 100 successive radula bite cycles. Animals (18% of total) that
did not express any radula movements during the initial 10 min of the
pretraining test period or that expressed �100 bites within the maximum
40 min test interval were excluded from the rest of the experiment. These
initial criteria were used to select sufficiently active animals and were not
applied during the posttraining test period. Because of this difference,
before/after training paired comparisons were not performed in subse-
quent data analyses.

Training sessions also usually lasted 40 min, and the paradigms dif-
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Figure 1. Behavioral protocol. A, During food-seeking behavior induced by continuous application of a seaweed stimulus to
the lips, the radula of Aplysia produces cycles of biting movement consisting of a protraction (frames 2, 3), then a retraction phase
(frame 4). Onset of a bite cycle was taken as the instant at which the radula became visible (frame 2; see vertical bar). B, Biting
movements were analyzed during two pretraining and posttraining test periods that each lasted 20 min or until 100 successive
radula cycles had occurred within a maximum sample time of 40 min. Immediately after the first test period, a 40 min training
protocol was applied to different experimental groups of animals as described in Materials and Methods. After training, animals
were rested (without any food stimulus) for 1–24 h, and then biting movements were again analyzed under the same experi-
mental conditions as for the pretraining test period.
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fered according to the experimental design and animal group, as indi-
cated in the text and Figures 2, 4, and 5. Basically, in an initial set of
experiments, in addition to the presence of the inciting stimulus (see
above), each animal was allowed to ingest a “reward” stimulus consisting
of either a constant sized (diameter of 5 mm) patch of seaweed
(U. lactuca) or a similarly sized piece of cellulose (filter paper hydrated
with ASW; Macherey-Nagel, Düren, Germany). Individual patches were
presented to the animal with forceps and placed on the radula at its
maximal protraction just before the onset of retraction. When taken
during a bite, such patches were no longer visible after lip closure or
during a subsequent radula movement cycle when protraction again oc-
curred. On this basis, a given patch was considered to be fully ingested
within a single radula cycle.

In a second set of experiments, to dissociate contingent from noncon-
tingent influences, a reward stimulus consisting of 20 �l of seaweed juice
(obtained by a 1 h maceration of 0.4 g of dried U. lactuca in 10 ml of
ASW) was injected directly into the buccal cavity with a calibrated mi-
cropipette. The pipette tip was introduced into the buccal cavity just
before each injection either at maximal radula protraction when the lips
were open (during contingent-reward training) or was pushed gently
between the pliant lips if the latter were closed (which was generally the
case during noncontingent training when reward stimuli were delivered
independently of spontaneous radula movements; see below). This pro-
cedure in which a non-alimentary stimulus was repetitively in contact
with the lips was never found to elicit aversive behavioral responses such
as head withdrawal or rejection. Care was taken to avoid the animal from
grasping the pipette tip, and, to prevent any loss of seaweed juice from the
buccal cavity, the liquid was ejected only when the lips were closed at the
end of radula retraction. Juice delivery was timed either to occurrences of
radula bite cycles (in the contingent training procedure) or was indepen-
dently controlled by a digital metronome (during noncontingent train-
ing) so that juice stimuli were delivered at fixed intervals and regardless of
the timing of spontaneous bites.

In vitro electrophysiology. After the training period in an additional set
of experiments, animals were anesthetized by injection of 50 –100 ml of
MgCl2 in the hemolymph. The buccal ganglia were isolated and pinned
out in a Sylgard-lined Petri dish containing saline with the following
composition (in mM): 450 NaCl, 10 KCl, 30 MgCl2(6H2O), 20 MgSO4, 10
CaCl2(2H2O), and 10 HEPES, with the pH adjusted to 7.4 with HCl. The
in vitro preparations were maintained at 15°C by means of a Peltier
cooling device (Nargeot et al., 1997).

Extracellular recordings and stimulation were made using wire elec-
trodes placed against selected peripheral buccal nerves. Monopolar (re-
cording) and bipolar (stimulation) electrodes were isolated from the
bath with Vaseline petroleum jelly. Buccal motor patterns were elicited
by monotonic stimulation (0.3 ms pulses of 8.5 V at 2 Hz) of the two
bilaterally symmetrical 2,3 nerves (n.2,3) (see Fig. 8 A2) (Nargeot et al.,
1997). This dual stimulation, which resulted in more robust fictive feed-
ing activity than with unilateral stimulation, was applied via a single
photo-isolation unit by a Grass S88 stimulator (Astro-Medical/Grass
Instruments, Warwick, RI). In all in vitro experiments, measurements of
motor activity did not begin until 10 min after the onset of n.2,3
stimulation.

Intracellular recordings were made from connective tissue-desheathed
ganglia with glass microelectrodes filled with 2 M KCH3CO2 (tip resis-
tance of 10 –20 M�). Signals were amplified by Axoclamp-2B electrom-
eters (Molecular Devices, Palo Alto, CA), visualized on a Tektronix
(Marlow, UK) 5113 oscilloscope and digitized by an analog-to-digital
converter (CED 1401; Cambridge Electronic Design). The buccal motor
pattern-initiating B63 neurons were identified according to their axonal
projections in the contralateral cerebrobuccal connective, their mixed
chemical and electrical synaptic connections with the contralateral
B31/32 neurons, and the phase positions of their activity in the buccal
motor pattern (Hurwitz et al., 1997; Susswein et al., 2002).

Autocorrelation analysis. In the test periods of behavioral experiments,
the regularity in recurrence of radula bite cycles was analyzed by event
autocorrelation using Spike2 software (Engel et al., 1990). In all cases
illustrated here, autocorrelations were made over a fixed number of

events (100 bites). The data were then expressed as autocorrelation his-
tograms of 0.5 s bin width over a maximal time range of 30 s.

For in vitro experiments, the same analyses were made using the pro-
traction phase onset in radula motor activity recorded from the I2 nerve.
Because the frequency of buccal motor output in isolated preparations
decreases rapidly in the several minutes after the onset of n.2,3 stimula-
tion, the analysis of radula motor pattern generation (or fictive biting)
began 10 min after the beginning of the inciting stimulation (Nargeot et
al., 1997). Preparations (control, 6 of 18; contingent, 4 of 16; noncontin-
gent, 4 of 16) that did not express the 100 cycles required for reliable
autocorrelation analysis (see below) during the subsequent 2 h of stim-
ulation were excluded from the analysis. That these excluded prepara-
tions were distributed evenly among the different training groups indi-
cated that their low levels of activity was not a specific training-
dependent effect (control vs either contingent or noncontingent, p �
0.175; contingent vs noncontingent, p � 1). Moreover, to adjust for any
gradual decline in the effectiveness of the n.2,3 stimulation or a general
“fatigue” of the in vitro preparation that led to an increase in successive
interpattern intervals, this residual trend was estimated by linear regres-
sion and eliminated from the dataset by time-series analysis with Statis-
tica software (StatSoft, Tulsa, OK). The rate of fatigue, as provided by the
calculated regression slope, was not statistically different among the dif-
ferent animal groups, thereby again excluding the possibility that it was a
consequence of the previous behavioral training protocol (control,
�0.18 � 0.6 s per interpattern interval; contingent, �0.78 � 0.23 s;
noncontingent, �0.02 � 0.17 s; H2 � 4.018). The resulting data were
then expressed as autocorrelation histograms of 2.5 s bin width over a
range of 150 s. The difference in timescales of the autocorrelation histo-
grams used in the behavioral and cellular analyses reflected the slower
occurrences of radula motor patterns in vitro, which were approximately
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Figure 2. Food-reward training induces a long-lasting increase in radula cycle rate. A, B,
Sample recordings of successive bites (vertical bars) in a naive animal (A) and 1 h after food-
stimulus training in three different animals (B), one of which received the inciting stimulus
alone (without reward stimulation) during the training period (Control; 1) or had received (and
ingested) a piece of seaweed (Seaweed; 2) or an equivalent sized patch of cellulose (Cellulose;
3) in association with each spontaneous radula protraction. C, Group analysis of behavioral
changes. The frequency of radula biting in the posttraining test period was significantly higher
in the seaweed-rewarded group (unfilled bar; see also 2) compared with the control (black bar;
q2 � 4.704) or cellulose-rewarded groups (gray bar; q3 � 4.167). The cellulose and control
groups were not significantly different [not significant (n.s.); q2 � 1.497].
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five times less frequent than corresponding bit-
ing movements in vivo (Kupfermann, 1974;
Nargeot et al., 1997).

Behavioral and buccal ganglion activity were
considered as rhythmically recurrent when the
corresponding autocorrelation histograms could
be fitted (correlation coefficient r � 0 at a signifi-
cant level of p � 0.05) by a damped sinusoidal
Gabor function (Engel et al., 1990; Young et al.,
1992; Neuenschwander and Varela, 1993) accord-
ing to the following:

y	 x
 � y0 � � asin� 2�

b
x � c�� � exp��x2

2d�,

with parameters of amplitude (a), period (b),
initial phase lag (c) and time constant (d) � 0 at
p � 0.05, an amplitude of at least 10% above
offset (a/y0 � 0.1), and a minimum of three
peaks �d/b�0.8 (Young et al., 1992). Compu-
tations of these parameters, fitting data by non-
linear regression, and testing of statistical sig-
nificance of the parameters and of the
correlation coefficient (r) were performed with
Sigma Plot software (Systat, Richmond, CA).

Animal group analysis. Group comparisons
were made with nonparametric statistical tests
because of the departure from a normal distri-
bution and/or the heterogeneity of variances
found within or between groups of data. Com-
parisons of rates of radula biting movements in
vivo (or the underlying motor patterns in vitro)
between pairs of dependent data groups were
made by the Wilcoxon’s signed rank test ( W).
Similar comparisons between three indepen-
dent groups of animals (or their corresponding
isolated preparations) were made by the
Kruskal–Wallis test ( H). Post hoc pairwise mul-
tiple comparisons were made using the New-
man–Keuls multiple range test (q). Additional
pairwise comparisons of the proportion of ani-
mals (or in vitro preparations) expressing
rhythmic radula-related activity (actual move-
ments in vivo, or underlying motor patterns or
action potential bursts in B63 neurons in vitro) were made using the
Fisher’s exact test ( P) in unpaired-sample procedures or using the Mc-
Nemar test (� 2) in paired-sample procedures. All tests were considered
significant for a probability level of p � 0.05.

Results
Food intake modifies triggering of radula bite cycles
During food-seeking behavior, Aplysia performs several motor
acts in combination, including locomotion, head waving, and
cycles of protraction and retraction of the radula (Kupfermann,
1974). In the present study, we focused on the participation of the
radula in food seeking because this behavioral component is eas-
ily observable and quantifiable (Fig. 1A) (Kupfermann, 1974). In
all of our behavioral experiments, food seeking was elicited in the
presence of an arousing food stimulus applied in continuous
contact to the lips of the animal. This non-ingested inciting stim-
ulus not only enhanced the animal’s overall motivational state for
food seeking but also helped to orient its head for observation of
radula position and movement.

In a first step, to assess the effects of an additional food-reward
stimulation (delivered during 40 min training) on subsequent
food seeking, we analyzed the rate of radula biting during a �20
min test period before training and again 1 h after training in
three different groups of animals that differed only in their inter-

vening training protocols (see Materials and Methods) (Fig. 1B).
In a “seaweed” group, to ensure an action–stimulus contingency
characteristic of operant conditioning during the training period,
animals (n � 10) received a patch of seaweed small enough to be
bitten and swallowed in a single buccal movement, in association
with each spontaneous emission of a radula movement cycle.
Because the palatable component of seaweed is mainly attribut-
able to its noncellulose constituents (Carefoot, 1980a,b), in a
second “cellulose” group (n � 10 animals), the quality of the
ingested stimulus was diminished by using similar sized patches
of hydrated cellulose in place of seaweed, which were presented to
animals with the same contingent-stimulus paradigm. It is note-
worthy that, although devalued, this edible stimulus can be swal-
lowed repetitively without eliciting aversive responses such as a
decrease in biting or an induction of rejection behavior (Care-
foot, 1980a). Finally, the baseline evolution of food-seeking be-
havior was assessed in a “control” group of animals (n � 10) that
were not presented with any food-reward stimulus during their
40 min training period.

For all three animal groups, the mean rate of biting expressed
in the initial test period before training (Fig. 2A) were not signif-
icantly different (control, 3.9 � 0.5 bites/min; seaweed, 4.1 � 0.6;
cellulose, 3.9 � 0.4; H2 � 0.299), thereby confirming that the
different groups were initially in comparable behavioral states. In
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Figure 3. Food-reward induced rhythmicity of radula biting movements. A, Autocorrelation analysis of 100 successive radula
cycles 1 h posttraining in three different control (1), seaweed-trained (2), and cellulose-trained (3) animals. Top row is autocor-
relation raster plots of intervals (dots) between onsets of successive bite cycles; bottom row is corresponding frequency histo-
grams. Bite cycles occurred randomly in animals from the control and cellulose groups (indicated by flat histograms that were not
fitted significantly by a Gabor function). In contrast, an animal from the seaweed group displayed regular periodic (�5 s per cycle)
recurrences of biting as indicated by a significant ( p � 0.001) Gabor function fit of the data (bold line in A2, lower). B, Group
comparison. The proportion of animals that expressed rhythmic biting was significantly increased in the seaweed group compared
with either the control ( p � 0.02) or cellulose ( p � 0.02) groups. The latter two groups were not significantly different ( p � 1).
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contrast, 1 h after food-reward training, radula movements were
significantly different between the groups (Fig. 2B,C) (H2 �
9.481; p � 0.01), with rate of biting (cycles per minute) in the
seaweed-trained animals being substantially increased (Fig. 2B2)
compared with either control (Fig. 2B1) or cellulose-trained an-
imals (Fig. 2B3). No significant difference in bite rate was ob-
served between the control and cellulose groups (Fig. 2C). These
initial observations therefore indicated that an increase in prob-
ability of occurrence of food-seeking radula movements can be
induced by natural food stimulation in association with sponta-
neous bite cycles and, furthermore, that this enduring (�1 h)
behavioral change depended on the quality of the food reward
itself. It is also important to note that, during actual radula biting
movements, the expression of other behavioral components of
food seeking such as locomotion and head waving ceased (Teyke
et al., 1990). Thus, although these latter behaviors continued to
be elicited after the reward-induced increase in biting frequency,
their occurrence was restricted to the now markedly shorter in-
tervals between successive radula movement cycles (see below).

We next analyzed the temporal organization of the more fre-
quent radula biting after appetitive training. It was reported pre-
viously that, during active consumption of long strips of seaweed,
radula movements are expressed in a rhythmic pattern, i.e., with
regular intervals between successive protraction/retraction cycles
(Kupfermann, 1974) (but see Lum et al., 2005). During food-
seeking behavior that preceded reward stimulation, however, we
found that only a small proportion of animals (control, 0 of 10;
seaweed, 1 of 10; cellulose, 2 of 10) generated such rhythmic
biting (as defined by autocorrelation analysis) and that these pro-
portions were not significantly different among the three animal
groups (control vs seaweed, P � 1; seaweed vs cellulose, P � 1;
control vs cellulose, P � 0.47). Thus, in the large majority of
animals, the intervals between consecutive bite cycles were found
to be extremely variable, ranging from a few seconds to several
minutes and with no apparent temporal organization (Fig. 2A).

In the control group of animals that had not received any
food-reward training, radula bite cycles continued to occur in-
discriminately with no evident temporal pattern (Figs. 2B1, 3A1).
Such random behavior was also preserved in the group of animals
that, during their training, had received a cellulose patch in asso-
ciation with each spontaneous bite cycles (Figs. 2B3, 3A3). In
contrast, animals in which natural food stimulation was made
contingent on each spontaneous bite now expressed highly struc-
tured radula behavior, with a strong tendency for movement
cycles to occur in a regularly repeating pattern (Figs. 2B2, 3A2)
(group mean cycle period, 6.2 � 0.8 s). As a consequence, the
proportion of animals generating such rhythmic behavior was
now significantly higher in the seaweed group compared with
either the control ( p � 0.02) or the cellulose ( p � 0.02) groups
(Fig. 3B), both of which remained at levels similar to pretraining
control.

Together, these results showed that food-reward stimulation
associated with each bite cycle modified the motivational state of
Aplysia for food seeking for at least 1 h in at least two ways: first,
by increasing the rate of occurrence of this motor act, and second,
by reorganizing its expression from apparent randomness to a
rhythmically recurring pattern. Moreover, these changes were
impaired by devaluing the ingested food stimulus (from seaweed
to cellulose), whereas the presence of an inciting stimulus
throughout all experiments suggested that the behavioral plastic-
ity derived from the reward stimulation alone.

Contribution of operant-stimulus contingency
We next assessed whether the above modifications in the organi-
zation of biting movements were a specific consequence of the
contingent association of the rewarding food stimulus with the
initiation of each bite cycle (corresponding to operant condition-
ing) or merely resulted from a nonassociative sensitizing effect of
the food. Because the behavioral plasticity induced by seaweed
was not similarly produced by cellulose, one might expect that
taste rather than the physical presence of the reward stimulus
played an essential role in the induction of the motor changes. We
therefore tested whether these behavioral modifications could be
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each spontaneous bite cycle. C, Noncontingent group in which seaweed juice was injected at 6 s
intervals (at arrowheads) into the buccal cavity with no explicit association with radula move-
ments. Note that animals in the contingent and noncontingent groups received the same num-
ber of rewarding stimuli per training period.
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Figure 5. Contingent-dependent increase in rate of radula biting. A, Sample recordings of
successive onsets of bite cycles (vertical bars) during a test period at 1 h after training (according
to protocols in Fig. 4) in a control (1), a contingently rewarded (2), and a noncontingently
rewarded (3) animal. B, Group comparison. The rate of biting was higher after contingent-
reward stimulation than in control or noncontingent animals [control vs contingent, q3 �
4.750; contingent vs noncontingent, q2 � 6.463; control vs noncontingent, q2 � 0.626, not
significant (n.s.)].
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induced by injecting seaweed juice directly
into the buccal cavity (see Materials and
Methods) in either association or dissoci-
ation with spontaneous bite cycles.

The organization of this experiment,
which was similar to that described above
(Fig. 1B), involved three new animal
groups that were subjected to differing
training protocols as schematized in Fig-
ure 4. In a “contingent” group of animals
(n � 16), to produce a contingent associ-
ation of the reward stimulus with each bite
cycle, a pipette containing seaweed extract
was introduced into the buccal mass dur-
ing radula protraction and 20 �l of juice
was ejected when the lips closed and the
radula retracted (Fig. 4B). In a second
“noncontingent” group, each animal (n �
16) received the juice reward regardless of
the timing of spontaneous radula move-
ments, so that no explicit association be-
tween stimulus and biting occurred (Fig.
4C). This was achieved by ejecting the ex-
tract repetitively at 6 s intervals in corre-
spondence with the mean cycle period of
rhythmic biting provided by the Gabor si-
nusoidal functions that were previously
fitted to the data from food-reward trained
animals (Fig. 3A2). Moreover, experi-
ments were performed in pairs in which a
first animal was submitted to the contin-
gent training protocol then based on this
experiment, the same number of reinforc-
ing stimuli was delivered to a second ani-
mal in a noncontingent training paradigm.
In the latter case, therefore, the length of
training sessions was determined by the
number of fixed-interval stimuli delivered,
which invariably occurred over a shorter period than the equiv-
alent number of spontaneous bite-timed stimuli that had been
presented during the 40 min training sessions of contingently
rewarded partners. Finally, in a “control” group of animals (n �
16), no rewarding stimulus was provided (Fig. 4A), thereby al-
lowing determination of any effects arising specifically from the
inciting stimulus to which all three experimental groups were
additionally exposed.

That the initial behavioral states of these three groups of ani-
mals were similar was again verified by first comparing both their
pretraining biting frequencies and the proportions of animals in
which these movements were rhythmically expressed. No signif-
icant intergroup differences in either parameter were observed.
Mean bite rate per group was as follows: control, 3.5 � 0.3 cycles/
min; contingent, 3.5 � 0.2; noncontingent, 3.5 � 0.3; H2 � 0.257.
Ratios of animals expressing rhythmicity during 20 min or 100
successive bites were as follows: control, 2 of 16 animals; contin-
gent, 2 of 16; noncontingent, 1 of 16; for all pairwise compari-
sons, P � 1.

In contrast, 1 h after juice reward training, radula movements
differed substantially among these groups (Fig. 5) (H2 � 13.834;
p � 0.001), with the mean rate of biting after contingent rein-
forcement (Fig. 5A2) being significantly higher than in either
control (Fig. 5A1) or noncontingent (Fig. 5A3) animals (Fig. 5B).
The absence of change in radula behavior in both the noncontin-

gent and control groups, in which the mean bite frequencies dur-
ing the posttraining test period were not significantly different
(Fig. 5B), suggested that the simple repetitive (nonassociative)
delivery of seaweed juice was not sufficient to account for the
persistent (�1 h) modification in behavior. Rather, because this
behavioral change only occurred in the contingent group indi-
cated that the association of a reward stimulus with each sponta-
neous bite cycle was the critical parameter underlying the subse-
quent motor plasticity.

One hour after training, the temporal organization of radula
movements was also different between the groups. Whereas bite
cycles were still randomly expressed (i.e., with irregular intervals
between successive cycles) in control and noncontingent animals
(Fig. 6A1,A3), radula movements in the contingently reinforced
group again tended to occur in a stereotyped rhythm with a group
mean cycle period of 4.8 � 0.2 s (Fig. 6A2). Thus, a significantly
higher proportion of animals that generated rhythmic radula be-
havior was again found in the contingent group (11 of 16 ani-
mals) compared with the control (1 of 16) and noncontingent (1
of 16) groups, which themselves were not significantly different
(Fig. 6B). These data therefore further support the conclusion
that the acquisition of accelerated rhythmic biting depended spe-
cifically on the contingency of the rewarding stimulus with radula
protraction during training and did not result from the period-
icity of the stimulus delivery itself.
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Figure 6. Rhythmic biting induced by contingent food-reward stimulation. A, Autocorrelation analysis (top, raster plots;
bottom, corresponding frequency histograms) of 100 successive radula cycles at 1 h after training. In different control (1) and
noncontingent (3) animals, bites occurred randomly (histograms not fitted by a Gabor function). In contrast, an animal from the
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It is important to note that the above behavioral analyses in-
cluded a subset of trials (n � 7 animals per group) in which the
posttraining observations were conducted by a second experi-
menter who was unaware of the training history of the animal. No
significant differences were found between such blind observa-
tions and the single experimenter measurements obtained from
the remaining animals (n � 9) in each group. Finally, the reward-
induced increase in the biting rate occurred at the expense of
other motor acts, such as locomotory and head waving move-
ments that were not directly targeted by the reward stimulus. The
proportion of the posttraining test periods during which animals
diverted their attention from the inciting food stimulus and en-
gaged in these other behaviors was significantly lower in the con-
tingent groups (14.1 � 5.1%) than in either the control (43.2 �
10.3%; q3 � 3.777) or noncontingent groups (30.4 � 3.0%; q2 �
4.156). Again, no significant difference was found between these
latter two groups (q2 � 1.446). These findings therefore indicate
that the reward-dependent increase in the rate of radula biting
did not result from a generalized enhancement of animal motor
activity, but rather was specific to the contingently rewarded
action.

Retention of the behavioral plasticity
To determine the persistence of the changes in biting behavior
induced by contingent reinforcement (Figs. 5B, 6B), an addi-
tional series of three groups of animals (n � 5 per group) were
treated to the same experimental protocols as in Figure 4, but
their radula movements were examined at 4 and 24 h after train-
ing. In the intervening rest periods, the animals were not sub-
jected to any explicit food stimulation. The rate of biting in these
groups were again statistically indistinguishable before training
(bites/min: control, 4.3 � 0.3; contingent, 4.2 � 0.2; noncontin-
gent, 5.0 � 0.4; H2 � 2.480), and, in this experimental popula-
tion, no animal expressed rhythmic biting in the same pretrain-
ing period (control, 0 of 5; contingent, 0 of 5; noncontingent, 0 of
5; for all pairwise comparisons, P � 1).

A similar group analysis of radula movements as that made at
1 h after training (Figs. 5B, 6B) but now, after 4 h, revealed a
persistence of the induced behavioral changes. As seen in Figure
7A1, the radula biting rate remained significantly higher in the
contingent group than either the control or noncontingent
groups (H2 � 10.260; p � 0.01). Moreover, the proportion of
animals that expressed biting rhythmicity was also significantly
higher among contingently trained animals compared with the
other two groups in which no such rhythmicity was observed
(Fig. 7A2).

However, an additional analysis of these same animals at 24 h
after training no longer revealed any intergroup differences in
biting behavior. Radula cycle rates were now statistically indistin-
guishable among the three groups (H2 � 1.042) (Fig. 7B1), and,
similarly, significant differences were no longer found in the pro-
portions of animals that expressed regularized rhythmic biting
(Fig. 7B2) ( P � 1 for all pairwise comparisons).

These results therefore indicated that the contingent reward-
induced changes in radula behavior were retained for at least 4 h
under conditions when both the reinforcing and inciting stimuli
were withheld but disappeared during the ensuing 20 h. Although
establishing the precise time course of this extinction or any cir-
cadian influence on long-term memory induction (Lyons et al.,
2005) was beyond the scope of the present study, the finding that
the behavioral plasticity persisted for several hours offered the
possibility of additional analysis at the cellular and network level
in vitro.

Neuronal correlates of the behavioral changes
The central neural circuitry that drives radula movements is con-
tained in the bilaterally symmetrical buccal ganglia (Elliott and
Susswein, 2002) and is already known to provide a neuronal locus
for different forms of operant and classical conditioning of
feeding-related behavior both in vivo (Lechner et al., 2000b;
Brembs et al., 2002) and in vitro (Nargeot et al., 1999a,b; Mozza-
chiodi et al., 2003). Therefore, in a first step toward a cellular
examination of the behavioral plasticity described in the present
study, an additional series of control, contingently and noncon-
tingently trained animals (12 in each case) was used to assess
whether the buccal ganglia after isolation in vitro were still able to
express essential features of the operant conditioning of radula
movements that were previously induced in vivo.

After verifying equivalence in pretraining behavioral status,
the animal groups in this new experiment were again subjected to
the same training protocols as described in Figure 4 (Fig. 8A1).
Immediately after training, their buccal ganglia were isolated
(Fig. 8A2) and extracellular recordings were made from periph-
eral buccal nerves to monitor the protraction (I2 n.), retraction
(n.2,1), and closure (R n.) phases of each spontaneous radula
motor pattern (Morton and Chiel, 1993; Nargeot et al., 1997).
Simultaneous intracellular recordings were also made from the
bilaterally symmetrical pair of B63 neurons whose endogenous
bursting activity plays a critical role in triggering the buccal out-
put pattern normally responsible for each radula movement cycle
in the intact animal (Hurwitz et al., 1997). In these preparations,
moreover, monotonic electrical stimulation (2 Hz, 8.5 V) of the
bilateral n.2,3 (Fig. 8A2) was used as an in vitro analog of the
inciting stimulus applied in vivo (Nargeot et al., 1997) (see Ma-

8

R
ad

ul
a 

cy
cl

e 
ra

te
(b

ite
s 

/ m
in

)

0

2

4

6

10

Control
n = 5

Cont.
n = 5

Non-cont.
n = 5

0

20

80

%
 a

ni
m

al
s 

ex
pr

es
si

ng
rh

yt
hm

ic
 b

iti
ng

60

100

40

p < 0.005 p < 0.005

n.s.

p < 0.05 p < 0.05

n.s.

A2.A1. +4 h

B2.B1. +24 h

8

0

2

4

6

10

Control
n = 5

Cont.
n = 5

Non-cont.
n = 5

R
ad

ul
a 

cy
cl

e 
ra

te
(b

ite
s 

/ m
in

)

0

20

80

%
 a

ni
m

al
s 

ex
pr

es
si

ng
rh

yt
hm

ic
 b

iti
ng

60

100

40

Control
n = 5

Cont.
n = 5

Non-cont.
n = 5

Control
n = 5

Cont.
n = 5

Non-cont.
n = 5

n.s. n.s.

Figure 7. Persistence of the changes in radula behavior. A, B, Comparisons of radula cycle
rates and rhythmicity in new control, contingent (Cont.), and noncontingent (Non-cont.)
groups of animals tested 4 h (A) and 24 h (B) after training. As at 1 h after training (see Figs. 5B,
6 B), after 4 h the rate of biting (A1; control vs contingent, q3 � 4.500; noncontingent vs
contingent, q2 � 3.988; noncontingent vs control, q2 � 2.659) and the proportions of animals
expressing biting rhythmicity (A2) remained significantly higher ( p � 0.05) in the contingent
group than in either the control or noncontingent groups. By 24 h, however, significant inter-
group differences in rate (B1) or rhythmicity of biting (B2) no longer occurred.
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terial and Methods). Data collection
started 10 min after the onset of the incit-
ing n.2,3 stimulation and continued until
100 consecutive radula motor patterns had
occurred over the ensuing 110 min (Fig.
8A1). Thus, each in vitro experiment
(from the beginning of dissection) lasted a
maximum of �4 h, corresponding to the
duration of the contingent reinforcement-
induced changes in radula behavior ob-
served in vivo (Fig. 7A).

The rate of radula motor pattern gen-
eration (or fictive biting) and associated
bursts of action potentials in B63 were dif-
ferent among the three groups of isolated
preparations, being significantly higher in
buccal ganglia originating from the con-
tingent animal group than those taken
from either the control or noncontingent
groups (Fig. 8B–E) (H2 � 6.260; p � 0.05).
Again, no significant difference was found
between preparations from the control
and noncontingent groups. The numbers
of preparations in which radula motor
patterns were rhythmically expressed also
differed between the groups. Whereas
buccal ganglia from control and noncon-
tingent animals produced fictive biting
and associated B63 bursts in a random
manner with highly variable durations
(Fig. 8B,D), the equivalent activity in buc-
cal ganglia from the contingent group was
generally expressed in a stereotyped rhyth-
mic pattern (Fig. 8C). This is also evident
in the group analysis of Figure 8F, in
which a higher proportion of preparations
generating such regularized fictive biting
and rhythmic B63 bursting was found in
the contingent group compared with the
control and noncontingent groups, which
themselves were not significantly differ-
ent. These in vitro data therefore indicated
that neuronal correlates of the behavioral
changes induced by in vivo operant condi-
tioning are indeed expressed both in the underlying buccal net-
work output and at the cellular level by a pair of identified neu-
rons that play a critical role in the initiation of each bite cycle.

The cycle rate increase and regularization involve
independent neural processes
It was possible that the operant reward-induced plasticity de-
scribed above derived from a general increase in excitability of
buccal ganglion motor circuitry, which indirectly reduced the
variability in interbite intervals by enhancing the frequency of
radula motor pattern production. In this way, therefore, the ap-
parent regularization of radula motor output would be merely a
secondary consequence of the primary rate increase. Alterna-
tively, the acquisition of rhythmically organized radula behavior
could arise from a separate neuronal property that is modified
independently of changes in the rate of motor pattern genesis or
levels of central network excitability.

To distinguish between these two possibilities, we examined a
new series of in vitro preparations from animals belonging to

control, contingent and noncontingent groups in which the rate
of radula motor pattern generation was experimentally modified
by altering the frequency of membrane potential-dependent
bursting in the B63 pattern-initiating neurons (Fig. 9). Under
continuous inciting stimulation of n.2,3, spontaneous radula
output was first recorded in the absence of manipulation of the
membrane potential of the B63 neurons, then the rate of buccal
network output was either increased or decreased by injecting
constant intracellular currents into one of the bilateral B63 cells
for periods of 15 min. Such current injection could drastically
modify the rate of fictive biting (Fig. 9, middle and top) to the
extent that, with sufficient hyperpolarizing current (�5 nA), a
complete suppression of motor pattern generation occurred (Fig.
9, bottom) (Hurwitz et al., 1997).

In isolated preparations from control and noncontingently
trained animals (n � 7 per group) that continued to generate
irregularly timed motor patterns (Fig. 9A,C, middle), depolariz-
ing currents (�2 nA) injected into the B63 cells increased the rate
of fictive biting (Fig. 9A,C, top) to a level similar to that observed
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nerves. B–D, Samples of simultaneous extracellular recordings of radula motor output from indicated motor nerves (I2n., n.2,1.,
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icantly different (q2 �0.878). F, The proportion of isolated preparations that generated rhythmic fictive biting and associated B63
impulse bursts was significantly higher in preparations from the in vivo contingently trained group than either the control ( p �
0.05) or noncontingently trained groups ( p � 0.01). Control versus noncontingent groups, not significant (n.s.).
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in preparations from contingently trained animals (Fig. 9B, top)
but never induced a regularization of motor pattern production
(Fig. 9A–C, compare top panels). Conversely, in preparations
(n � 7) from contingently trained animals that already expressed
accelerated and regularized fictive biting (Fig. 9B, top), sustained
hyperpolarization (�2 nA) of the B63 neurons decreased the
frequency of pattern generation to mean levels equivalent to
those occurring spontaneously in the other two preparation
groups but without altering the regularity of motor pattern gen-
esis (Fig. 9B, middle, compare with A,C, middle). Thus, as seen in
the group data analyses of Figure 10, although manipulation of
the membrane potential of the B63 motor pattern-initiating neu-
rons induced substantial variability in the rate of fictive biting
(Fig. 10A), these changes occurred without significant effect on
the preexisting temporal organization of the output patterns
themselves (Fig. 10B): fictive biting in buccal ganglia from con-
trol and noncontingently trained animals continued to be irreg-
ularly expressed, whereas stereotyped rhythmic output persisted
in preparations from contingently trained animals. These obser-
vations therefore strongly suggested that the regularization of the
radula motor command induced by contingent reward training
was not simply a secondary consequence of an accelerated rate of
motor pattern generation, but rather that the operant learning
engaged separate processes of neural plasticity at the network
and/or cellular levels.

Discussion
Operant conditioning and induction of compulsive-like
feeding behavior
There is considerable evidence that radula movements, which are
organized in an all-or-none action pattern of protraction–retrac-
tion mouth closure, constitute a highly variable component of
Aplysia feeding behavior (Horn et al., 2004; Jing et al., 2004; Jing

and Weiss, 2005; Lum et al., 2005; Zhurov
et al., 2005; Ye et al., 2006). We now show
that the temporal structure of radula bite
cycles during food seeking is also a flexible
constituent of this behavior. In the absence
of palatable-food ingestion, animals ex-
pressed infrequent bite cycles separated by
highly variable intervals at which time
other actions occurred, including head
turning and locomotion that were previ-
ously found to participate in the animal’s
appetitive behavior (Kupfermann, 1974;
Teyke et al., 1990; Kupfermann et al.,
1991). After a period of contingent food-
reward training, however, the variability in
occurrence of radula movements was
drastically reduced, leading to prolonged
(for several hours) bouts of intense and
seemingly automatic rhythmic biting. In
contrast, the expression of accompanying
head waving and locomotor activity de-
creased. This concomitant decline in oc-
currence of these other appetitive acts
therefore indicated that the increased rate
and regularization of biting was an explicit
behavioral plasticity rather than a conse-
quence of a generalized increase in the mo-
tivational state of the animal.

Several arguments suggest that the
plasticity in radula behavior depended pri-
marily on action–reward contingency re-

quired in operant conditioning. First, the changes specific to the
radula motor command did not merely reflect behavioral re-
sponses analogous to a motor routine or habit (Serruya and
Eilam, 1996; Balleine, 2005). Unlike the “purposelessness” of a
habitual process, the induction of rhythmic radula biting was
closely dependent on the nature of food stimulation because the
motor plasticity did not occur under delivery of cellulose instead
of seaweed, and it was extinguished under continuous inciting
stimulation after the reward stimulus was withheld. Moreover,
because the behavioral changes did not develop in control ani-
mals that were subjected to inciting stimulation in the absence of
repetitive food reward indicated that the motor plasticity resulted
neither from a global sensitizing effect of the inciting stimulation
nor from a simple strengthening in the relationship between the
inciting stimulus and the elicited radula action in a manner
equivalent to a habitual learning process (Everitt and Robbins,
2005; Faure et al., 2005).

Rather, a strict contingence of the appetitive reward with mo-
tor action appeared to be necessary and sufficient for the induc-
tion of the behavioral plasticity, because the changes in radula
operation did not develop in a noncontingent paradigm of intra-
buccal food stimulation, i.e., when repetitive delivery of the rein-
forcing seaweed extract was uncorrelated with spontaneous bite
cycles. Thus, stereotyped rhythmic biting did not simply arise
from a nonassociative effect (such as sensitization) of the reward-
ing stimulus or from classical conditioning, an associative form
of learning that could develop through an inciting and rewarding
stimulus contingency (Wyvell and Berridge, 2000, 2001).

The posttraining rhythmic radula movements expressed by
Aplysia were therefore “purposeful” and directed specifically to-
ward obtaining a food reward, even when this appetitive stimulus
was no longer available. Such perseverance of an accelerated and
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Figure 9. Lack of dependence of the regularization of fictive biting on cycle frequency. A–C, Samples of simultaneous extra-
cellular and intracellular recordings of radula motor output and B63 bursting, respectively, in different in vitro preparations from
control (A), contingently trained (B), and noncontingently trained (C) animals during tonic current injection (intensities indicated
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a level similar to that expressed spontaneously by a contingent preparation (B, top) but without inducing a regularization of motor
pattern generation. Conversely, in the contingent preparation that already spontaneously expressed regularized fictive biting (B,
top), a 2 nA hyperpolarization of B63 (B, middle) decreased the cycle rate to a level close to the spontaneous frequencies of control
and noncontingent preparations (A, C, middle) without affecting the overall regularity of motor pattern production. For all
preparations, the injection of �5 nA into B63 completely suppressed motor pattern genesis (A–C, bottom).
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stereotyped yet ultimately unsuccessful (i.e., unrewarded) behav-
ior that also dominates other motor actions shares essential fea-
tures with the elevated and automatically recurring motor acts in
the compulsive behavior patterns of other animals (Pitman,
1989; Serruya and Eilam, 1996; Eilam et al., 2006). The compul-
sion to act has been described in a variety of nonpathological
goal-directed behaviors, including feeding and sexual behavior
and often results from persistent changes in a specific component
of a subject’s behavior after an associative reward stimulus has
been withdrawn (Wyvell and Berridge, 2000, 2001; Joel and
Avisar, 2001; Belozertseva et al., 2004; Joel et al., 2005).

Learning paradigms that use contingent reinforcement in the
form of operant conditioning have been found to modify a vari-
ety of invertebrate behaviors, including foraging and communi-
cation in insects (Hammer and Menzel, 1995), and exploratory
(Fitzgerald et al., 1997) and respiratory (Spencer et al., 1999)
behaviors in mollusks. Moreover, operant (aversive) learning has
been recently described in the Aplysia gill- and siphon-
withdrawal reflex, the most extensively studied cellular model of
associative and nonassociative learning (Hawkins et al., 2006). In
freely feeding Aplysia, the explicit association of a food stimulus
(Susswein et al., 1986) or corresponding sensory stimulation
(Brembs et al., 2002) with the emission of spontaneous radula
movements has been reported previously to enhance the overall

frequency of subsequent cycles. In addition to confirming these
observations, our results further show that such contingent re-
ward reinforcement in operant conditioning can confer a long-
lasting temporal reorganization of an otherwise randomly occur-
ring behavior into producing stereotyped and compulsive-like
repetitive actions. The present results therefore constitute the
first description of such compulsive-like behavior in Aplysia in-
duced by operant learning and, importantly, offer a simple sys-
tem in which the neuronal plasticity that underlies the induction
and maintenance of rhythmically recurring action in a motivated
behavior can be determined.

Cellular loci for operant learning
Numerous key elements of the buccal networks that orchestrate
Aplysia radula movements have now been identified, and their
synaptic connectivity and bioelectrical properties have been de-
scribed. These feeding networks have also been found to be the
target sites for other types of functional plasticity induced by
associative learning both in vivo and via equivalent paradigms of
sensory nerve stimulation in vitro (Nargeot et al., 1999a,b; Lech-
ner et al., 2000b; Mozzachiodi et al., 2003; Lorenzetti et al., 2006)
and therefore offer the most likely cellular loci for the behavioral
plasticity described in the present study.

Two changes in feeding network activity of isolated buccal
ganglia were closely correlated to the behavioral changes induced
by previous operant conditioning in vivo: (1) an increase in the
mean frequency of spontaneously emitted radula motor patterns,
and (2) a change in their organization in time. Furthermore,
equivalent modifications were found in the burst generating
properties of two feeding network elements, the previously iden-
tified pair of B63 interneurons. The functional relevance of B63 in
the present context is important, because this interneuron is an
endogenously bursting cell whose activity precedes each cycle of
buccal circuit output and is essential for instigating the motor
program responsible for each bite cycle (Hurwitz et al., 1997).
The B63 neuron is therefore a plausible site for the operant learn-
ing described here and suggests that such functional plasticity not
only involves network components (such as neuron B51) respon-
sible for selecting between different buccal motor programs
(Nargeot et al., 1999a,b; Brembs et al., 2002) but may extend to
other circuit elements (like B63) whose task is to provide the
command that actually triggers these programs. This in turn adds
a new dimension to the mechanistic basis of operant condition-
ing in Aplysia feeding by suggesting that the neural plasticity
underlying modifications in the initiation (e.g., B63) and speci-
fication (e.g., B51) of radula motor action are encoded at differ-
ent cellular loci.

The ability to modify the rate of motor pattern genesis by
current injection into B63 without altering the temporal organi-
zation of these patterns suggests that the acquisition of stereo-
typed rhythmicity did not simply result from a generalized
change in excitability of the motor pattern-generating circuit but,
rather, indicates that the selective modification of neuronal
bursting properties was involved. Indeed, it is well known that
individual neurons can express either irregular or regular forms
of burst firing as a result of specific sets of voltage-dependent
conductances and intracellular signal cascades that can be acti-
vated and modified by neuromodulatory transmitters (Canavier
et al., 1994; Turrigiano et al., 1994; Lechner et al., 1996; Falcke et
al., 2000). Although in the context of the present study the
pattern-initiating B63 neurons themselves are obvious candi-
dates for such modulatory control, the possible contribution of
modifications to the burst-generating properties of other buccal
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Figure 10. Group comparison of the influence of B63 on the rate and regularity of radula
motor pattern generation. A, Continuous depolarizing current (�2 nA) injected into the B63
neurons of control and noncontingent preparations (left and right gray bars) significantly in-
creased the rate of fictive biting from that before current injection (left and right black bars;
control, W � 26; noncontingent, W � 26). Conversely, continuous hyperpolarizing current
(�2 nA) injected into the B63 neurons of contingent preparations (middle gray bar) signifi-
cantly decreased the rate of motor patterns compared with that occurring spontaneously (mid-
dle black bar; W � 21). B, In the same preparations as in A, however, the proportions of control,
contingent, and noncontingent preparations in which spontaneous fictive biting was rhythmi-
cally expressed (black bars) did not change significantly with B63 current injection (gray bars;
� 2 � 0.0), indicating that the temporal organization of the motor patterns was not dependent
on cycle frequency. Cont., contingent; Non-cont., noncontingent.
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pattern-generating neurons to the learning-induced changes in
network activity cannot be excluded.

Alternatively (or conjointly), the behavioral plasticity may de-
rive from an underlying network mechanism involving changes
in the synaptic interactions between specific subsets of buccal
central pattern-generating circuitry that include the B63 neu-
rons. Here again, there is compelling evidence from other neural
systems indicating that synaptic connectivity within neuronal as-
semblages, particularly inhibitory synapses and electrical cou-
pling, provide flexible substrates for switching neural networks
between random and regular rhythmic modes of bursting activity
(Lewis and Rinzel, 2000; Szucs et al., 2000; Urbain et al., 2002;
Staras et al., 2003). Clearly, additional analysis of the membrane
properties of the B63 neurons and their synaptic relationships
with other members of the radula pattern-generating circuit is
now required to determine the possible contributions of such
mechanisms to operant learning in Aplysia feeding behavior.

References
Balleine BW (2005) Neural bases of food-seeking: affect, arousal and reward

in corticostriatolimbic circuits. Physiol Behav 86:717–730.
Belozertseva IV, Sukhotina IA, Vossen JMH, Bespalov AY (2004) Facilita-

tion of aggressive and sexual behaviors by saccharin deprivation in rats.
Physiol Behav 80:531–539.

Brembs B, Lorenzetti FD, Reyes FD, Baxter DA, Byrne JH (2002) Operant
reward learning in Aplysia: neuronal correlates and mechanisms. Science
296:1706 –1709.

Brembs B, Baxter DA, Byrne JH (2004) Extending in vitro conditioning in
Aplysia to analyze operant and classical processes in the same preparation.
Learn Mem 11:412– 420.

Canavier CC, Baxter DA, Clark JW, Byrne JH (1994) Multiple modes of
activity in a model neuron suggest a novel mechanism for the effects of
neuromodulators. J Neurophysiol 72:872– 882.

Cardinal RN, Everitt BJ (2004) Neural and psychological mechanisms un-
derlying appetitive learning: links to drug addiction. Curr Opin Neuro-
biol 14:156 –162.

Carefoot TH (1980a) Studies on the nutrition and feeding preferences of
Aplysia: development of an artifical diet. J Mar Biol Ecol 42:241–252.

Carefoot TH (1980b) Studies on the nutrition and feeding preferences of
Aplysia: weight changes on artificial diets deficient in specific amino acids.
Can J Zool 59:445– 454.

Cook DG, Carew TJ (1986) Operant conditioning of head waving in Aply-
sia. Proc Natl Acad Sci USA 83:1120 –1124.

Eilam D, Zor R, Szechtman H, Hermesh H (2006) Rituals, stereoptypy and
compulsive behavior in animals and humans. Neurosci Biobehav Rev
30:456 – 471.

Elliott CJH, Susswein AJ (2002) Comparative neuroethology of feeding
control in mollusks. J Exp Biol 205:877– 896.

Engel AK, König P, Gray CH, Singer W (1990) Stimulus-dependent neuro-
nal oscillations in cat visual cortex: intercolumnar interaction as deter-
mined by cross-correlation analysis. Eur J Neurosci 2:588 – 606.

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug
addiction: from actions to habits to compulsion. Nat Neurosci
8:1481–1489.

Falcke M, Huerta R, Rabinovich MI, Abarbanel HD, Elson RC, Selverston AI
(2000) Modeling observed chaotic oscillations in bursting neurons: the
role of calcium dynamics and IP3. Biol Cybern 82:517–527.

Faure A, Haberland U, Conde F, Massioui N (2005) Lesion to the nigrostri-
atal dopamine system disrupts stimulus-response habit formation. J Neu-
rosci 25:2771–2780.

Fitzgerald KK, Takacs CA, Carew TJ (1997) Nonassociative and associative
modification of head-waving produced by aversive tentacular stimuli in
Aplysia. Learn Mem 3:366 –375.

Hammer M, Menzel R (1995) Learning and memory in the honeybee.
J Neurosci 15:1617–1630.

Hawkins RD, Clark GA, Kandel, ER (2006) Operant conditioning of gill
withdrawal in Aplysia. J Neurosci 26:2443–2448.

Horn CC, Zhurov Y, Orekhova IV, Proekt A, Kupfermann I, Weiss KR,
Brezina V (2004) Cycle-to-cycle variability of neuromuscular activity in
Aplysia feeding behavior. J Neurophysiol 92:157–180.

Hurwitz I, Kupfermann I, Susswein AJ (1997) Different roles of neurons
B63 and B34 that are active during the protraction phase of the
buccal motor programs in Aplysia californica. J Neurophysiol
78:1305–1319.

Jing J, Weiss KR (2005) Generation of variants of a motor act in a modular
and hierarchical motor network. Curr Biol 15:1712–1721.

Jing J, Cropper EC, Hurwitz I, Weiss KR (2004) The construction of move-
ment with behavior-specific and behavior-independent modules. J Neu-
rosci 24:6315– 6325.

Joel D, Avisar A (2001) Excessive lever pressing following post-training sig-
nal attenuation in rats: a possible animal model of obsessive compulsive
disorder? Behav Brain Res 123:77– 87.

Joel D, DoljanskyJ, Schiller D (2005) “Complusive” lever pressing in rats is
enhanced following lesions to the orbital cortex, but not to the basolateral
nucleus of the amygdala or to the dorsal medial prefrontal cortex. Eur
J Neurosci 21:2252–2262.

Kelley AE (2004) Ventral striatal control of appetitive motivation: role in
ingestive behavior and reward-related learning. Neurosci Biobehav Rev
27:765–776.

Kupfermann I (1974) Feeding behavior in Aplysia: a simple system for the
study of motivation. Behav Biol 10:1–26.

Kupfermann I, Teyke T, Rosen SC, Weiss KR (1991) Studies of behavioral
state in Aplysia. Biol Bull 180:262–268.

Lechner HA, Baxter DA, Clark JW, Byrne JH (1996) Bistability and its reg-
ulation by serotonin in the endogenously bursting neuron R15 in Aplysia.
J Neurophysiol 75:957–962.

Lechner HA, Baxter DA, Byrne JH (2000a) Classical conditioning of feeding
in Aplysia. I. Behavioral analysis. J Neurosci 20:3369 –3376.

Lechner HA, Baxter DA, Byrne JH (2000b) Classical conditioning of feeding
in Aplysia. II. Neurophysiological correlates. J Neurosci 20:3377–3386.

Lewis TJ, Rinzel J (2000) Self-organized synchronous oscillations in a net-
work of excitable cells coupled by gap junctions. Network 11:299 –320.

Lorenzetti FD, Mozzachiodi R, Baxter DA, Byrne JH (2006) Classical and
operant conditioning differentially modify the intrinsic properties of an
identified neuron. Nat Neurosci 9:17–19.

Lum CS, Zhurov Y, Cropper EC, Weiss KR, Brezina V (2005) Variability of
swallowing performance in intact, freely feeding Aplysia. J Neurophysiol
94:2427–2446.

Lyons LC, Rawashdeh O, Katzoff A, Susswein AJ, Eskin A (2005) Circadian
modulation of complex learning in diurnal and nocturnal Aplysia. Proc
Natl Acad Sci USA 102:12589 –12594.

Morton DW, Chiel HJ (1993) The timing of activity in motor neurons that
produce radula movements distinguishes ingestion from rejection in
Aplysia. J Comp Physiol A Neuroethol Sens Neural Behav Physiol
173:519 –536.

Mozzachiodi R, Lechner HA, Baxter DA, Byrne JH (2003) In vitro analog of
classical conditioning of feeding behavior in Aplysia. Learn Mem
10:478 – 494.

Nargeot R, Baxter DA, Byrne JH (1997) Contingent-dependent enhance-
ment of rhythmic motor patterns: an in vitro analog of operant condition-
ing. J Neurosci 17:8093– 8105.

Nargeot R, Baxter DA, Byrne JH (1999a) In vitro analog of operant condi-
tioning in Aplysia. I. Contingent reinforcement modifies the functional
dynamics of an identified neuron. J Neurosci 19:2247–2260.

Nargeot R, Baxter DA, Byrne JH (1999b) In vitro analogue of operant con-
ditioning in Aplysia. II. Modifications of the functional dynamics of an
identified neuron contribute to motor pattern selection. J Neurosci
19:2261–2272.

Neuenschwander S, Varela FJ (1993) Visually triggered neuronal oscilla-
tions in the pigeon: an autocorrelation study of tectal activity. Eur J Neu-
rosci 5:870 – 881.

Petrissans C, Nargeot R (2004) Long-lasting regulation of feeding impul-
siveness by operant conditioning in Aplysia. Soc Neurosci Abstr 30:86.17.

Pitman RK (1989) Animal models of compulsive behavior. Biol Psychiatry
26:189 –198.

Serruya D, Eilam D (1996) Stereotypies, compulsions, and normal behavior
in the context of motor routines in the rock hyrax (Procavia capensis).
Psychobiology 24:235–246.

Skinner BF (1981) Selection by consequences. Science 213:501–504.
Spencer GE, Syed NI, Lukowiak K (1999) Neural changes after operant con-

ditioning of the aerial respiratory behavior in Lymnaea stagnalis. J Neu-
rosci 19:1836 –1843.

Nargeot et al. • Reward-Induced Plasticity of Aplysia Feeding Behavior J. Neurosci., July 25, 2007 • 27(30):8059 – 8070 • 8069



Staras K, Kemenes I, Benjamin PR, Kemenes G (2003) Loss of self-
inhibition is a cellular mechanism for episodic rhythmic behavior. Curr
Biol 13:116 –124.

Susswein AJ, Schwarz M, Feldman E (1986) Learned changes of feeding
behavior in Aplysia in response to edible and inedible foods. J Neurosci
6:1513–1527.

Susswein AJ, Hurwitz I, Thorne R, Byrne JH, Baxter DA (2002) Mechanisms
underlying fictive feeding in Aplysia: coupling between a large neuron
with plateau potentials activity and a spiking neuron. J Neurophysiol
87:2307–2323.

Szucs A, Varona P, Volkovskii AR, Abarbanel HD, Rabinovich MI, Selverston
AI (2000) Interacting biological and electronic neurons generate realis-
tic oscillatory rhythms. NeuroReport 11:563–569.

Teyke T, Weiss KR, Kupfermann I (1990) Appetitive feeding behavior of
Aplysia: behavioral and neural analysis of directed head turning. J Neuro-
sci 10:3922–3934.

Turrigiano G, Abbott LF, Marder E (1994) Activity-dependent changes in
the intrinsic properties of cultured neurons. Science 264:974 –977.
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