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In this study, we operantly conditioned the aerial
respiratory behaviour of the freshwater snail Lymnaea
stagnalis. Aerial respiration in Lymnaea stagnalis is
accomplished by the spontaneous opening and closing of its
respiratory orifice, the pneumostome, at the water surface.
Weak tactile stimulation of the pneumostome area, when
the pneumostome is open, evoked only the pneumostome
closure response, which is one aspect of the
escape–withdrawal reflex. Pneumostome stimulation
resulted in its closure and the termination of aerial
respiratory activity. A contingent tactile stimulation
paradigm was used to operantly condition the animals.
Stimulation of the pneumostome whenever the animal
attempted to breathe resulted in significantly fewer
attempts to open the pneumostome as training progressed.
The latency of the first breath (subsequent to stimulation),

the number of breaths and the total breathing time were
measured before and after each training period.
Significant, quantifiable changes in these behavioural
parameters were observed only in the operant conditioning
group animals. Control animals receiving tactile
stimulation to their pneumostome not contingent upon
pneumostome opening movements (yoked controls) or
those that were physically prevented from surfacing to
breathe (hypoxic controls), did not exhibit significant
changes in these behavioural parameters. Our data provide
the first direct evidence for operant conditioning of
respiration in any animal.

Key words: Lymnaea stagnalis, operant conditioning, associative
learning, aerial respiratory behaviour, hypoxia, molluscan model
system, snail.

Summary
Most animal behaviours are not fixed but rather they exhibit
a high degree of plasticity and can be altered in the face of
changing environmental conditions. Animals are capable of
making associations between external stimuli and their
behavioural responses to those stimuli. This capability allows
them to make predictions about what stimuli are likely to occur
on the basis of a memory of these associations, and thus they
alter their behaviour appropriately. This alteration of behaviour
is what we call learning. Some events are learned only when
stimuli occur in close temporal contiguity and in a fixed
sequence (associative learning), while other learned responses
do not require a pairing of events (non-associative learning).
Non-associative learning is thought to be the simplest and most
primitive type of learning, and includes such phenomena as
habituation and sensitization. Associative learning, in contrast,
is of a more complex nature and is thought to be the basis of
most of human learning.

Typically, associative learning is divided into various
categories, two of which are classical and operant conditioning.

Introduction
*Author for correspondence.
In classical conditioning, an initially ineffective conditional
stimulus (e.g. the bell used for Pavlov’s dogs) after pairing
with an effective unconditional stimulus (e.g. food powder)
eventually comes to evoke the unconditional response (e.g.
mouth watering). In contrast to classical conditioning, operant
conditioning is response-contingent. That is, the reinforcing
stimulus is presented only if the animal performs a specific
behaviour. The reinforcing stimulus can be negative, in which
case the animal learns to avoid engaging in the behaviour, or
the reinforcing stimulus may be positive and the operantly
conditioned animal will spontaneously perform the behaviour
more often. The animal learns an association between its
behaviour and the reinforcing stimulus and, as a consequence,
its behaviour is altered (see Mackintosh, 1974, for a complete
description of the types of learning in animals).

Compared with vertebrates, relatively few studies of operant
conditioning have been performed on invertebrates (Carew and
Sahley, 1986) and, of these, even fewer progressed to the point
where it was possible to examine the underlying changes in
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nervous system activity accompanying the associative
learning. Early studies in Aplysia californica suggested the
possibility that this animal was capable of being operantly
conditioned (e.g. Preston and Lee, 1973). More recently,
Susswein et al. (1986) have described a type of associative
learning in A. californica that is related to operant
conditioning. In these studies, hungry A. californica were
offered food encased in plastic netting. Since the food was
inedible, the animals learned not to attempt to eat it. In a more
recent study involving operant conditioning in A. californica,
Cook and Carew (1989a,b,c) demonstrated that the head-
waving response could be operantly conditioned. One other
study of potential importance reported that the gill withdrawal
response of A. californica could be operantly conditioned
(Hawkins et al. 1985).

Attempts have also been made in a number of other
invertebrate species to operantly condition various behavioural
responses (see Carew and Sahley, 1986). Some examples are
leg-lifting in an insect (Horridge, 1962; Hoyle, 1982) and
Drosophila (Booker and Quinn, 1981) and eye-stalk
positioning in a species of crab (Abramson and Feinman,
1987). In each of these examples, animals learned to position
an appendage on the basis of the contingent presentation of an
adequate reinforcing stimulus.

In most of the above instances, the behaviours which were
operantly conditioned were relatively simple and reflexive.
Whether an important homeostatic behaviour, such as
respiration, is capable of such operant conditioning needed to
be determined (see Mortola, 1995; Thomas et al. 1992, 1995).
This problem was investigated in the present study using the
freshwater pond snail Lymnaea stagnalis.

The rationale for selecting L. stagnalis for this study was
based on several considerations. (1) L. stagnalis is a bimodal
breather; gaseous exchange occurs via transpiration across the
skin or with the atmosphere via the pneumostome and lung
when the animal becomes hypoxic. This bimodal nature of
respiration allows the investigator to disturb only one aspect of
respiration (i.e. skin versus aerial respiration) without seriously
jeopardizing the survival of the animal. (2) Aerial respiration
occurs only at the water surface when the animal opens its
pneumostome. This behaviour is easily observed and
quantified (Jones, 1961). (3) In L. stagnalis, aerial respiratory
behaviour is mediated by a well-characterized central pattern
generator (CPG) and a network of identified sensory and motor
neurones (Syed et al. 1990; Syed and Winlow, 1991) which
will allow investigators the opportunity to examine the neural
basis of any learned behaviour.

In the present study, we demonstrate that aerial respiratory
behaviour in L. stagnalis can be operantly conditioned and we
establish a reliable learning paradigm which can be used in
future studies to examine underlying neuronal mechanisms of
this operant conditioning. To be effective, reinforcing stimuli
must elicit motivationally significant behaviours, that is,
behaviours that are important to the animal, such as escape
behaviours (Dickinson, 1980). We chose tactile stimulation to
the pneumostome area as the negative reinforcing stimulus.
This stimulus reliably causes the animal to close its
pneumostome and to stop aerial respiratory behaviour. This
pneumostome closure response is one component of the
escape–withdrawal response (see also Ferguson and Benjamin,
1991) which is at the apex of the behavioural hierarchy
pyramid of L. stagnalis (Syed and Winlow, 1991; Winlow et
al. 1992). Some of the results presented here have been
reported in abstract form (Lukowiak et al. 1994).

Materials and methods
Animals

Laboratory-reared Lymnaea stagnalis (L.), originally
derived from the stocks of the Vrije University in Amsterdam,
were used in this study. Animals were 25–30 mm in shell
length, had continual access to food (lettuce supplied twice per
week), and were maintained at room temperature (20–22 °C)
on a Calgary summer light–dark schedule (18 h:6 h L:D).

Aerial respiration

Aerial respiration is defined as the spontaneous opening and
closing of the pneumostome (the respiratory orifice) at the
water surface. Under normoxic conditions, as occurs when
atmospheric air is bubbled through the aquarium, animals
surface and open their pneumostome infrequently, once every
15–20 min (Moroz et al. 1993; see below).

Hypoxia

When animals are maintained in a hypoxic environment, the
frequency of aerial respiration increases (Moroz et al. 1993;
see below). To create a hypoxic environment, 100 % N2 was
continuously bubbled into the test beaker for 10 min prior to
placing the animals in it and for the entire duration of the
experiment.

Pneumostome closure response

Pneumostome closure was evoked by applying a weak
tactile stimulus to the pneumostome area. The stimulus was
delivered to the pneumostome area by an investigator using a
sharpened wooden applicator stick. We did not attempt to
quantify the intensity of this stimulus used in our studies. It
was, however, always sufficient to elicit pneumostome closure
without evoking a whole-animal withdrawal response. An
explicitly stronger intensity tactile stimulus was given to one
of the yoked control group of animals. This was done to control
for any unconscious attempt on the part of the experimenter to
give a stronger intensity stimulus to the operant group.

Training procedures

All animals (N=65) were individually identified by a series
of specific coloured markings on their shells. Animals (N=45)
were randomly assigned to one of the following groups: (1) the
operant conditioning group; (2) the hypoxic control group; or
(3) the yoked control group. Groups received five 30 min
training sessions, two sessions per day, with each days’ session
separated by 2 h.



685Operant conditioning in Lymnaea stagnalis
Experiments were performed by two investigators.
Individual A monitored all movements of the animal,
signalling to investigator B which animal opened its
pneumostome. Investigator A also applied the tactile stimulus
to the pneumostome area (see below). Investigator B kept track
of the following aerial respiratory parameters: (1) the latency
of the first breath, (2) the duration of each breath, and (3) the
number of breaths.

Prior to experimentation, animals were taken from their
home aquarium and placed into a 1 l beaker filled with 500 ml
of hypoxic pondwater and allowed a 10 min acclimation period
to explore their new environment (see Kemenes and Benjamin,
1994). The animals were then touched with a pair of forceps
which propelled them to the bottom of the beaker. This
signalled the start of the pre-test period (see below).

Operant conditioning paradigm

There were three phases to each experiment: pre-test,
training period and post-test. The pre-test period, which lasted
30 min, began immediately following the gentle forceps
stimulation at the end of the acclimation period. In this period,
the latency of the first breath, the number of breaths and the
duration of each breath, i.e. total breathing time (calculated by
the arithmetic summation of the duration of each individual
breathing episode) were recorded. At the end of this period, all
animals (N=15) were again touched with forceps.

The animals now entered the training period, which also
lasted for 30 min. During this period, whenever the snail
attempted to open its pneumostome, it received a tactile
stimulus to the pneumostome area. This stimulus was of
sufficient intensity to result in closure of the pneumostome. In
some instances, the snail immediately descended from the
water surface, but usually it remained at the surface with its
pneumostome closed. The time at which each tactile stimulus
was applied was recorded. At the end of the training session,
all animals were again touched by forceps to propel them to
the bottom of the beaker.

The animals now entered the post-test period, which again
lasted 30 min. No tactile stimuli were applied during this
period, and the first breath latency, number of breaths and total
breathing time were monitored as described above.

Yoked control group

In this group of animals (N=15), the pre- and post-test
periods were exactly the same as described above. During the
training period, however, yoked snails received exactly the
same number of stimuli using the same pattern of stimulation
as those of the conditioning group; however, the stimuli were
not contingent upon the animal making pneumostome opening
movements. If the pneumostome area was not readily
accessible, the stimulus was applied in the proximity of the
pneumostome.

Hypoxic control group

The pre- and post-test periods were as described above.
During the training period, these animals (N=15) were
prevented from surfacing by a plastic mesh. The openings in
the mesh were large enough to allow the N2 bubbles to escape;
but prevented the snails from surfacing. These snails were
submerged in hypoxic pondwater for 30 min without the
opportunity to breathe, but they did not receive a tactile
stimulus to their pneumostome area. Animals could tolerate
such treatment for at least 36 h before any noticeable effects
on mortality were observed (Moroz et al. 1993).

Data analysis

A paired t-test was used to determine whether hypoxic
pondwater significantly increased aerial respiratory behaviour.

We plotted first breath latency, number of breaths and total
breathing time in the pre- and post-test periods for each group
(operant, yoked and hypoxic) for the five sessions. In addition,
for the operant conditioning group snails, the average number
of stimuli received during each training period was plotted. In
each of the graphs, the standard error of the mean (S.E.M.) has
also been plotted.

Pre- and post-test values of first breath latency, number of
breaths and total breathing time were analyzed using a three-
factor analysis of variance (ANOVA, according to Winer et al.
1991). The ANOVA encompassed one between-subjects factor
corresponding to the treatment (denoted by ‘group’) and two
within-subjects factors which will be referred to as ‘session’
and ‘test’. Preliminary analyses of the variables mentioned
above indicated that all of them were somewhat skewed. In
order to improve upon normality and homoscedasticity, the
data were transformed prior to ANOVA adopting methods
described by Sokal and Rohlf (1981) and Winer et al. (1991).
The effect of the transformations on normality was judged by
means of probability plots and one-sample
Kolmogorov–Smirnov tests. Homoscedasticity of the
transformed data was examined by means of an F-max test
(Winer et al. 1991). In addition, analyses of the residuals of
the transformed data indicated no outliers. The transformations
√(1 + number of openings), loge(10 + total breathing time) and
loge(first breath latency) were found empirically to result in
optimal distributions. In those cases where an animal did not
open its pneumostome during the test period, a value of 1800 s
was assigned for first breath latency.

The number of tactile stimuli delivered to the trained
animals over the course of the five sessions was analyzed using
a one-factor repeated-measures design. In this case, only the
within-subjects factor ‘session’ was considered. Preliminary
analyses of the distribution of the number of tactile stimuli
indicated a strongly skewed distribution. Hence, the number of
tactile stimuli was transformed by loge(10 + number of tactile
stimuli).

Analyses of the residuals obtained by ANOVA of any of the
transformed variables gave no reason to suspect violations of
the assumptions of random error.

In the cases of first breath latency, number of breaths and
total breathing time, the overall ANOVA indicated a
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Fig. 1. Hypoxic pondwater significantly increased aerial respiratory
behaviour in Lymnaea stagnalis. Pooled data (N=20) from animals
which were either first exposed to hypoxic pondwater, given a 1 h rest
and then exposed to normoxic pondwater (N=10) or vice versa
(N=10). The number of breaths (openings), total breathing time and
first breath latency in hypoxic and normoxic pondwater conditions are
plotted as means ± S.E.M. A paired t-test showed that each of the aerial
respiratory behaviours was significantly different in the two
conditions (P<0.001).
significant third-order interaction. Unless mentioned,
statements of significance will therefore be based upon an
additional analysis of simple main effects and simple
interactions rather than overall main effects and overall
interactions. Comparisons of individual cell means and
analysis of trends were performed using orthogonal contrasting
methodologies (see Winer et al. 1991, chapter 7).

Results
Aerial respiration in hypoxic versus normoxic pondwater

Initial experiments were performed to determine whether
aerial respiration was significantly enhanced in hypoxic
pondwater compared with normoxic pondwater. We recorded
first breath latency, number of breaths and total breathing time
under hypoxic and normoxic conditions. In each condition, a
10 min acclimation period was included. Animals were returned
to their home tank after exposure to each situation. Two
different groups of animals were subjected to these tests: in one
group (N=10), they were first exposed to the hypoxic pondwater
then to normoxic pondwater; in the second group (N=10) the
order of exposure was reversed. At least 1 h elapsed between
each test situation. These data are presented in Fig. 1. As
expected, we found that snails had a significantly shorter first
breath latency, an increased number of breaths and an increased
total breathing time in the hypoxic pondwater condition than in
the normoxic condition (P<0.001 for all three parameters).

Operant conditioning

In the operant training group, we first determined whether
there was a significant change in the number of tactile stimuli
over the course of the five sessions. These data are plotted in
Fig. 2 and show that the number of tactile stimuli decreased
significantly from 7.5±1.1 in session 1 to 2.3±0.3 in session 5
(F4,36=14.04, P<0.001). Thus, operant conditioning training
resulted in significantly fewer attempts to breathe.

First breath latency

In Fig. 3, the pre- and post-test first breath latency data for
each of the three groups are shown. These data show that the
profiles of first breath latency developing over the five training
sessions differ significantly between the groups (F8,108=2.595,
P<0.012). The operant conditioning group differed from the
two control groups in showing a significant trend in the post-
test values of first breath latency (F4,216=5.233, P<0.001). In
this group, the post-test first breath latency significantly
increased from 447±94.4 s on the first session to 1473±174.2 s
on the fifth and last session (F1,216=13.08, P<0.001). Neither
of the control groups showed such a trend in their post-test first
breath latency values.

The pre-test first breath latency values did not significantly
differ between the experimental and two control groups
(F2,54=1.698, P>0.025); nor did any of the groups exhibit a
significant trend in first breath latency values as training
progressed (operant conditioning group F4,216=1.394, P>0.025;
yoked control group F4,216=1.289, P>0.025; hypoxic control
group F4,216=0.858, P>0.025). However, the changes in the pre-
test first breath latency values in the conditioning group
appeared to be more pronounced than in either control group.

We conclude that the operant training paradigm significantly
delayed the occurrence of the first breath in the post-test
session and that this effect on latency cannot be explained by
the application of non-contingent tactile stimuli to the
pneumostome area or by hypoxia.

Number of breaths

We next examined whether the operant conditioning
paradigm had any effect on the number of breaths taken in the
pre- and post-test periods. These data are presented in Fig. 4.
The three groups differ significantly (F8,108=4.783, P<0.001)
in their profiles of number of breaths. The ANOVA indicated



687Operant conditioning in Lymnaea stagnalis

0

2.5

5

7.5

10

1             2            3            4            5
Session number

N
um

be
r 

of
 ta

ct
ile

 s
tim

ul
i

Fig. 2. Operant conditioning training resulted in fewer breathing
attempts as training progressed. The mean numbers (± S.E.M.) of
tactile stimuli delivered to the 15 snails during each training session
have been plotted. An ANOVA showed that there was a significant
effect of training on the number of breathing attempts as training
progressed. Thus, snails attempted to breathe significantly less often
with training.
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Fig. 3. Comparisons of first breath latency in the pre- (s) and post-
(d) test periods in (A) operant, (B) yoked and (C) hypoxic groups of
snails. In the operant group snails, there appeared to be a trend,
although this was not significant, towards shorter pre-test first breath
latency; there was a significant increase in the post-test first breath
latency. Neither control group (B,C) exhibited any significant trend
in first breath latency in either the pre- or post-test periods.
an effect of repeated sessions on the behaviour of the operant
conditioning group (F4,243=10.098, P<0.001), but not on either
the yoked (F4,243=0.083, P>0.90) or hypoxic (F4,243=0.831,
P>0.40) control groups.

In the operant conditioning group, the strongest effect of the
training paradigm was on the value of number of breaths in the
post-test period. Number of breaths in the post-test period
decreased significantly with training (F4,216=12.3, P<0.001).
Moreover, post-test data from the operant conditioning group
show that the number of breaths taken during session 1 was
significantly greater than that in either of the two control
groups (F2,270=6.213, P<0.004). The number of breaths then
decreased rapidly in sessions 2 and 3, becoming even smaller
than those observed during the pre-test period. Thus, in
sessions 2 and 3 the values of the number of breaths are not
different from those observed in the control groups
(F2,270=1.008, P>0.25, and F2,270=2.752, P>0.05,
respectively). However, the number of breaths continued to
decrease so that by session 4 the number of breaths taken by
the operant group animals was significantly smaller than that
of either of the two control groups (F2,270=3.709, P<0.05).
Finally, on session 5, the number of breaths was reduced even
further compared with that of the two control group animals
(F2,270=14.309, P<0.001). In the pre-test period over the
course of the experiment, there was no statistically significant
change in the number of breaths (F4,216=1.328, P>0.20).

We conclude that as a result of operant conditioning training
the number of breaths taken in the post-test period became
significantly smaller and that this effect cannot be explained
by the application of non-contingent tactile stimuli to the
pneumostome area or by hypoxia.
Total breathing time

Finally, we examined the effect of operant conditioning
training, as well as the two control procedures, on total
breathing time in the pre- and post-test periods (Fig. 5). These
results parallel the number of breaths results presented above.
That is, there was a significant effect of repeated sessions on
the operant conditioning group (F8,108=4.324, P<0.001) but not
on either the yoked or the hypoxic control groups.

Furthermore, as was the case with number of breaths, the
primary effect of the operant conditioning paradigm on total
breathing time was in the post-test period (F4,243=9.206,
P<0.001). Total breathing time became shorter in the post-test
period, whereas total breathing time did not change significantly
in the pre-test period. Thus, only operant training had a significant
effect on the total breathing time and only in the post-test period.
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Fig. 4. Comparisons of the number of pneumostome openings in the
pre- (s) and post- (d) test periods in (A) operant, (B) yoked and (C)
hypoxic groups of snails. In the operant group, there appeared to be
a trend, although this was not significant, for a greater number of
pneumostome openings in the pre-test period; there was a significant
decrease in the number of pneumostome openings in the post-test
period. In neither control group (B,C) were there any significant
changes in number of pneumostome openings in the pre- or post-test
periods over the course of the experiment.
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Fig. 5. Comparisons of total breathing time over the course of the
experiment in the pre- (s) and post- (d) test periods in (A) operant,
(B) yoked and (C) hypoxic groups of snails. The operant group animals
appeared to show a trend towards longer total breathing time in the
pre-test period (although this was not significant); total breathing time
became significantly shorter in the post-test period. Neither control
group (B,C) showed any significant trend in total breathing time.
Discussion
The data presented here clearly demonstrate that aerial

respiratory behaviour in L. stagnalis can be operantly
conditioned. That is, as a result of an operant conditioning
paradigm, hypoxic animals learned to suppress their aerial
respiratory behavioural drive. As training progressed, the
animals attempted to open their pneumostome significantly
less often (Fig. 2).

First, we tested whether these behavioural changes had been
due just to the presentation of repeated tactile stimuli to the
area around the pneumostome which elicited the
hierarchically more important withdrawal–escape response
(Syed and Winlow, 1991; Winlow et al. 1993). To determine
this, we measured first breath latency, number of breaths and
total breathing time in the operant and in the yoked control
groups. Significant changes were only observed in these
variables in the post-test period in the operant training group.
If repeated activation of the pneumostome closure response
were sufficient by itself to alter aerial respiratory behaviour,
significant alterations in the measured behavioural variables
should also have been observed in the yoked control group.
This was not the case. A possible unconscious bias could have
occurred in terms of the strength of the applied tactile
stimulus. To control for this possibility, we employed an
explicitly stronger tactile stimulus paradigm to a yoked
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control group. Even with this stronger stimulation to their
pneumostome area, the measured behavioural variables did
not differ from the results obtained with the other yoked
control groups.

Next, we asked whether the significant behavioural changes
seen in the operant group could have been brought about by
repeated periods of hypoxia. Placing the snails in a hypoxic
environment produced significant changes in their overall
respiratory behaviour (Fig. 1). However, preventing animals
from breathing in the hypoxic environment for an equivalent
period to that in the training period in the operant group was
not sufficient by itself to alter first breath latency, number of
breaths or total breathing time significantly. Significant
changes in first breath latency, number of breaths and total
breathing time (Figs 3–5) were only observed when the tactile
stimulus was delivered contingent upon the initiation of
pneumostome opening.

In addition to the behavioural parameters (first breath
latency, number of breaths and total breathing time)
quantified in this study, we observed that snails in the
operant conditioning training group also altered the way in
which they attempted to open their pneumostome. Naive and
all control group snails open their pneumostome so as to
maximize gaseous exchange with the atmosphere. They pull
back their shell and orient their pneumostome perpendicular
to the water surface. The pneumostome remained obviously
and conspicuously opened. However, by the second training
session, all snails in the operant conditioning group no
longer pulled their shells back; instead, the shell was rotated
in an attempt to conceal the pneumostome opening. Thus, a
change in shell posture was also a result of operant
conditioning; neither of the control groups exhibited such
postural changes.

‘Blind’ observers who knew what a pneumostome opening
normally looked like, but who were unaware of the training
history of the snail, assessed this change in the posture of the
various groups of animals after the training. The ‘blind’
observers had no difficulty determining which snails had
received operant training. The results from the ‘blind’
observers always matched those of the individuals performing
the experiment.

There was also a second qualitative change in the behaviour
of the operant conditioning group animals; they climbed out of
the water and clung onto the sides of the glass beaker (termed
climbing out of water behaviour) during both the training and
post-test sessions. Snails in the two control groups never
exhibited this behaviour. The significance of these qualitative
changes in behaviour and their underlying neuronal
mechanisms remain to be determined.

As mentioned in the Introduction, there have been relatively
few studies performed on molluscs using an operant
conditioning paradigm. Moreover, as far as we can determine,
this is the first demonstration that L. stagnalis are capable of
being operantly conditioned. Furthermore, no other study has
attempted to demonstrate a similar alteration in respiratory
behaviour by employing an operant training paradigm. Thus,
it is difficult to compare our results with those of others. Our
results do, however, agree with earlier studies (Audesirk et al.
1982; Kemenes and Benjamin, 1989, 1994), which show that
L. stagnalis are capable of associative learning. We hope that
the advantages of our preparation listed in the Introduction will
allow us to uncover the neuronal mechanisms underlying this
form of associative learning.

Regarding operant conditioning in gastropod molluscs,
perhaps the most convincing studies to date were performed
by Cook and Carew (1986, 1989a,b,c). These authors
demonstrated that head-waving behaviour in A. californica
could be operantly conditioned and began a preliminary
analysis of the sensory and motor pathways involved in the
mediation of these behaviours (see also Cook et al. 1991).
However, it appears now that an analysis of the neuronal
changes which mediate this conditioning was more difficult
than first thought. A major difference between our experiments
and those of Cook and Carew is that they demonstrated
learning following a single training session. In our
experiments, we examined the behavioural changes following
multiple training sessions over the course of 2.5 days. Initial
pilot experiments in which the training period was 1 h
suggested that L. stagnalis were also capable of associative
learning following a single training session (data not shown).
However, we chose the multiple training session protocol both
because it allowed us to examine the changes more effectively
in a number of behavioural patterns over the course of the
training period and because it may lead to an increased
persistence of the learned response.

One of the great challenges in neuroscience research is to
determine the neuronal mechanism(s) which underlie
learning and memory. Although great strides have been made
towards this goal in recent years using a variety of different
preparations ranging from nematodes to mammals (Hawkins
et al. 1993), this goal still remains unattained. Utilization of
this L. stagnalis preparation as an experimental system may
help to attain this goal. Since the generation of rhythmic
neuronal activity which mediates aerial respiration in L.
stagnalis is the result of emergent properties of a three-cell
network (Lukowiak, 1991; Barnes et al. 1994), small subtle
changes occurring across the network might result in a
disruption of the rhythm and, thus, of the behaviour. These
changes might include alterations in the synaptic input
between the individual neurones making up the circuit, as
well as changes in the intrinsic membrane properties of the
neurones. Alterations in the pacemaker properties of a
neurone were hypothesized by Wollacott and Hoyle (1977)
to mediate the operant learning of leg position in the
grasshopper.

Preliminary data obtained from our laboratory suggest that
the level of spontaneous activity in RPeD1, one of the three
cells in the respiratory central pattern generator (CPG), is lower
in operantly conditioned animals than in control animals. Since
it is a burst of activity in RPeD1 which initiates rhythmic
activity (Syed et al. 1990), this finding suggests that the rhythm
would be less likely to be active in conditioned animals.
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Furthermore, in operantly conditioned animals, even when
RPeD1 was made to burst, it was more difficult to initiate
rhythmic activity than in controls. It is also conceivable that
the input from the neurone mediating the escape–withdrawal
response, RPeD11 (Syed and Winlow, 1991), which exerts
suppressive control over the respiratory CPG (Inoue et al.
1995), may increase as a result of the operant paradigm. Thus,
neuronal changes both within the CPG network and external
to the CPG may constitute the neuronal basis of this form of
associative learning.

Further experimentation utilizing semi-intact preparations,
as well as the reconstructed in vitro CPG, will be necessary to
clarify the possible roles of these changes in neuronal activity
in the mediation of this learned respiratory behaviour. Data
obtained from these studies may also give an indication as to
whether the changes in neuronal activity which underlie
operant conditioning are similar to those which appear to
underlie classical conditioning and sensitization.
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