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Electrophysiological and Behavioral Evidence
Demonstrating That Predator Detection Alters Adaptive
Behaviors in the Snail Lymnaea

Michael V. Orr and Ken Lukowiak
Hotchkiss Brain Institute, Faculty of Medicine, University of Calgary, Calgary, Alberta, Canada T2N 4N1

Stress has been shown to both impair and enhance learning, long-term memory (LTM) formation, and/or its recall. The pond snail,
Lymnaea stagnalis, both detects and responds to the scent of a crayfish predator with multiple stress-related behavioral responses. Using
both behavioral and electrophysiological evidence, this investigation is a first attempt to characterize how an environmentally relevant
stressor (scent of a predator) enhances LTM formation in Lymnaea. Using a training procedure that, in “standard” pond water (PW),
results in an intermediate-term memory that persists for only 3 h, we found that training snails in “crayfish effluent” (CE) induces a
memory that persists for 48 h (i.e., its now an LTM). In addition, if we use a training procedure that in PW produces an LTM that persists
for 1 d, we find that snails trained in CE have an LTM that persists for at least 8 d. Furthermore, we describe how a single neuron (RPeD1),
which has been shown to be a necessary site for LTM formation, reflects the behavioral changes in its firing properties that persist for the
duration of the LTM. Finally, Lymnaea exhibit context-specific memory, that is, when a memory is formed in a specific context (food
odorant), it is only recalled in that context. Here, we found that snails trained in CE demonstrate context generalization, that is, memory
is recalled in multiple contexts. All data are consistent with the hypothesis that learning in a stressful, yet biologically relevant, environ-
ment enhances LTM and prolongs its retention.
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Introduction
Gaining understanding into the behavioral responses of prey to
the presence of their predators, at both the behavioral and cellular
level, is of great interest to both neurobiological and ecological
disciplines. We demonstrated that the pond snail Lymnaea stag-
nalis both detects and responds to the scent of a crayfish predator
with multiple stress-related behavioral responses (Orr et al.,
2007). These predator-induced behavioral changes are reflected
as altered electrophysiological properties in the neuron RPeD1,
which is responsible for initiating the aerial respiratory behavior
(Orr et al., 2007). Here we test the hypothesis that predator de-
tection will enhance long-term memory (LTM) formation as-
sayed at both the behavioral and neurophysiological level.

In aquatic environments, chemicals cues are important signals
between and among species (Burks and Lodge, 2002). Lymnaea
responds to predators by using avoidance behaviors such as a
withdrawal response when under attack (Rigby and Jokela, 2000),
crawling above the water line (Dalesman et al., 2006) and increas-
ing sensitivity to the shadow-elicited withdrawal response when
crayfish effluent (CE) is detected (Orr et al., 2007).

Aerial respiratory behavior in Lymnaea is driven by a three-
neuron network whose sufficiency and necessity has been exper-
imentally demonstrated (Syed et al., 1990, 1992). This behavior
can be operantly conditioned to induce memory formation
(Lukowiak et al., 1996, 1998; McComb et al., 2005). The duration
of the memory is dependent on the training procedure used. A
single 30 min training session (TS) results in intermediate-term
memory (ITM) that persists for up to 3 h, whereas two 30-min
training sessions with a 1 h rest interval results in LTM that per-
sists for 24 h (Lukowiak et al., 1998, 2000, 2003b; Parvez et al.,
2006). ITM is dependent on new protein synthesis, whereas LTM
is dependent on both new protein synthesis and altered gene
activity (Sangha et al., 2003a). Neural correlates of LTM have
been demonstrated in one of the neurons that drives aerial respi-
ratory behavior, RPeD1 (Spencer et al., 1999, 2002; McComb et
al., 2005). More importantly, we have further demonstrated that
the molecular changes necessary for LTM formation, reconsoli-
dation, extinction, and forgetting, occur within RPeD1
(Scheibenstock et al., 2002; Sangha et al., 2003a,b).

LTM in Lymnaea is context specific, that is, snails trained in
the presence of a food odor only demonstrate memory when
tested in the same food odor (Haney and Lukowiak, 2001). When
learning during a stressful event, the context of that event forms
an intrinsic part of the situation to be remembered (de Kloet et
al., 1999; Haney and Lukowiak, 2001; Joels et al., 2006).

Here we demonstrate that, when Lymnaea are faced with an
ecologically relevant stressor, the “smell” of a crayfish predator,
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newly formed memories are both significantly increased and are
context generalized. This is the first demonstration we know of in
which interspecies chemical communication augments LTM for-
mation in an organism in which the molecular events in a single
neuron have been shown to be necessary for LTM formation.

Materials and Methods
Snails. Lymnaea stagnalis were reared in the snail facility at the University
of Calgary from a strain of Lymnaea originally obtained from Vrije Uni-
verseit in Amsterdam. The ancestors of these snails were obtained from
canals in a polder located near Utrecht, The Netherlands in the early
1950s. Cohorts of 10 –14 adult snails with a shell length of 21–26 mm
were labeled and maintained within home aquaria at room temperature
(�20°C) until training.

Brief description of aerial respiratory behavior. Lymnaea are bimodal
breathers obtaining oxygen through either cutaneous respiration (i.e.,
directly through their skin) or through aerial respiration via a rudimen-
tary lung [i.e., gas exchange with the atmosphere (Lukowiak et al., 1996,
1998)]. To perform aerial respiration, the snail must surface and open its
pneumostome (the respiratory orifice) while contracting and relaxing
the appropriate respiratory muscles. Thus, training snails not to perform
aerial respiration is not harmful. For a more detailed description, see
Lukowiak et al. (2003a,b).

Operant conditioning. Snails were removed from home aquaria and
placed into a 1 L beaker containing 500 ml of hypoxic dechlorinated
water [i.e., pond water (PW)] at an ambient temperature of �20°C. The
pond water is made hypoxic by bubbling N2 gas through the water for 20
min before introducing the snails. The animals are given a 10 min accli-
matization period before the 30 min training session. By subjecting snails
to a hypoxic challenge, the animals increase their rate of aerial respiration
(Lukowiak et al., 1996). The animals are operantly conditioned by apply-
ing a gentle tactile stimulus with a sharpened wooden applicator to their
pneumostome on pneumostome opening. The stimulus is strong enough
to cause the snails to close the pneumostome yet gentle enough that the
snails do not perform the full-body withdrawal response. This pneumo-
stome closer response is a graded part of the whole-snail escape response
(Inoue et al., 1996). Every time the snail opens its pneumostome and
receives the stimulus during the training period, the time is recorded for
future use in the yoked control experiments. Yoked controls (see below)
were performed for all behavioral and electrophysiological experiments.
All behavioral experiments were done “blind” in which the person per-
forming the training paradigm was unaware of the status of the cohort
being tested.

Two training paradigms were used: (1) The ITM-training procedure
and (2) The LTM-training procedure. The ITM procedure consists of a
single 30 min TS, after which the snails are returned to their home
aquaria. The snails are then tested for memory (TM) (i.e., a “savings
test”) using a similar test to that of the training session or the group is
then subject to electrophysiological testing in lieu of the TM. The time of
the TM or recording is at the indicated times after the TS. The LTM-
training procedure consists of two 30 min training sessions separated by
a 1 h interval. The snails are placed into a eumoxic holding tank for the
1 h interval between TS1 and TS2 and after TS2. The TM or electrophys-
iological recording is performed at the indicated times after TS2.

Yoked control experiments. Snails that received yoked training were
treated in an identical manner as that outlined above (see Operant con-
ditioning), with one exception (Lukowiak et al., 1996, 1998, 2000,
2003b). During the training period, yoked snails received exactly the
same number of stimuli using the same pattern of stimulation as those of
the operant conditioning group; however, the stimuli were not contin-
gent on pneumostome opening. However, these snails did receive a con-
tingent stimulus to the pneumostome during the savings test session.

Exposure to crayfish and crayfish effluent. Cambrus spp. are housed in a
110 L aquarium and maintained on a diet of snails and lettuce. We
trained snails as above only using 500 ml of water taken from the crayfish
aquaria. We termed this water CE (Orr et al., 2007). During the CE
training procedures, snails are not trained in the presence of crayfish,
only water taken from aquaria containing crayfish. Both the ITM- and

LTM-training procedures are identical to that described above save the
use of CE.

We also sought to determine whether direct exposure to predators had
any effect on learning and memory. Therefore, during direct predator
exposure experiments, snails were directly exposed to the crayfish pred-
ator for a period of 2 h. Snails were placed directly in the crayfish tank
containing two crayfish that had not been fed for 24 h. Snails that sur-
vived the direct exposure with minimal or no damage to their shell were
removed and immediately placed in a 500 ml beaker containing CE and
subject to the ITM-training procedures as described above.

Semi-intact preparation and electrophysiological recordings. The prepa-
rations were dissected similar to that described previously (Spencer et al.,
1999, 2002; Inoue et al., 2001; McComb et al., 2003, 2005), except that
only the penis was removed and the head/foot complex and buccal mass
were left fully intact. Preparations were pinned down in individual re-
cording dishes with their dorsal sides uppermost. The central ring ganglia
(CNS) were pinned to the dish directly through the foot musculature
dorsal-side up. The outer sheath surrounding the CNS was removed
using fine forceps. Standard electrophysiological techniques were used as
described previously in Lymnaea semi-intact preparations. Intracellular
recordings were obtained using sharp glass microelectrodes filled with
saturated K2SO4 solution. Tip resistances of the microelectrodes used for
recordings ranged from 20 to 30 M�. Intracellular signals were amplified
via a Neurodata Instruments (New York, NY) amplifier and displayed
simultaneously on a Macintosh (Apple Computers, Cupertino, CA)
PowerLab/-4SP (ADInstruments, Castle Hill, New South Wales, Austra-
lia) and a Hitachi (Tokyo, Japan) oscilloscope. Recordings were analyzed
and stored using the PowerLab software. For complete details, see Mc-
Comb et al. (2003, 2005). Once RPeD1 was successfully impaled, the cells
were given a minimum 10-min stabilization period, after which a 600 s
trace was used for analysis. Ten electrophysiological characteristics were
measured for each recording and are as follows: (1) total number of
action potentials (APs) per 600 s, (2) total frequency, (3) resting mem-
brane potential, (4) number of APs per burst, (5) burst frequency, (6)
after hyperpolarization of the first AP in each burst, (7) average AP peak
of each burst, (8) AP rise time, (9) AP fall time, and (10) burst duration.

Operational definition of learning and memory. As described previously
(Lukowiak et al., 1996, 1998, 2000) for ITM-training, memory is defined
as a significant reduction in the number of pneumostome openings after
training. That is, TM must be significantly less than TS1. In the case of
LTM-training, TS2 must be significantly lower than TS1 and TM must
not be significantly greater that TS2.

Feeding behavior. We used the well described and robust feeding be-
havior of Lymnaea (Benjamin et al., 2000) as a positive control for our
change of context experiments. To observe the feeding behavior, individ-
ual snails were placed in a 15 ml Petri dish on a clear Plexiglas stand raised
10 cm above a mirror. The dish was filled with pond water, carrot water
(14 ml of pond water and 1 ml of freshly ground and filtered carrot juice),
crayfish water, or cray/carrot water (14 ml of crayfish water and 1 ml of
carrot juice), respectively. The feeding behavior was measured for each
snail by averaging the number of rasps per minute (rpm) for three 1-min
periods in each context. Between each trial, the snails were rinsed and
placed in standard pond water for 2 h. Half of the snails were given the
treatments in the order presented here, and half of the snails were given
the treatments in reverse order to that described here.

Statistics. We analyzed within-group water treatment effects on snail
behavioral data with repeated-measures ANOVA in which the within-
subject factors of TS1, TS2, and X hours/days-TM when appropriate and
the between-subject factor of interval (time in hours or days) were used.
All repeated-measures data were tested for equal variance using
Mauchlys test for sphericity. In cases in which sphericity could not be
assumed, we used the conservative adjusted Greenhouse–Geisser p val-
ues. For cases in which we identified a significant interaction between the
repeated factor and water treatment, we used repeated contrasts to iden-
tify which treatment pairs differed significantly. Between-group factors
(comparing separate cohorts) were analyzed using one-way ANOVA
with Tukey’s post hoc test to detect cases in which we identified a signif-
icant interaction. Electrophysiological data were analyzed using ANOVA
also with Tukey’s post hoc test to detect cases in which we identified a
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significant interaction. Nonhomogenous data (number of spikes per
600 s interval etc.) were log transformed to homogenize between treat-
ment data before ANOVA. Context feeding behavior observations were
analyzed using a paired-sample t test for each combination of factors. In
all analysis reported here, a type I error rate of 0.05 was used. All statistics
were run on SPSS (Chicago, IL) Mac OSX version 11.0.4.

Results
The 24 h post-CE exposure experiments
We reported recently (Orr et al., 2007) that exposure of a snail to
CE for 2 h immediately before dissection results in a significant
reduction in the spontaneous firing frequency and number of
spikes per burst in RPeD1. To assess the effect of CE and operant
conditioning on the behavior of snails and the electrophysiolog-
ical characteristics of RPeD1, we had to first determine how long
the effects of CE exposure persisted on both snail behavior and
RPeD1 activity in the absence of operant conditioning training.
We therefore exposed snails to CE for 2 h, after which we then
placed them back into their home aquaria for 24 h. Snails were
then given either the behavioral test (a single 30 min training
session, i.e., ITM-training) or were dissected, and electrophysio-
logical recordings made from RPeD1. We found that snails given
the ITM-training 24 h after CE exposure demonstrated ITM that
lasted for 3 h but did not demonstrate LTM (Fig. 1A). That is, the
number of attempted pneumostome openings during the TM
was significantly different from TS1 after 3 h but not after 24 h,
confirming previous data (Lukowiak et al., 2000; Parvez et al.,
2005, 2006). Yoked controls also did not demonstrate a difference
in the number of pneumostome openings between TS1 and the
TM. Furthermore, we found that, 24 h after CE exposure, the
electrophysiological characteristics of RPeD1 were similar to that
of CE-naive snails. That is, there were no significant differences in
spontaneous firing frequency, bursting frequency, and number
of spikes/burst between naive snails and snails exposed to CE 24 h
before (Fig. 1B). To ensure that exposure to CE alone does not
result in long-term sensitization of aerial respiratory behavior, we
compared the number of attempted pneumostome openings
during TS1 24 h after the exposure to CE compared with the
number of attempted openings during operant conditioning in
PW alone or in CE during an initial exposure. We found that
there was no significant difference between these three values
(n � 22, p � 0.05) (data not shown but can be inferred from the
TS1 bars in Figs. 1, 2) We conclude that exposure to CE alone has
only transitory, short-lived (i.e., �24 h) effects on snail behavior
and the electrophysiological phenotype of RPeD1.

ITM-training procedure experiments
Exposure to CE
To determine whether exposure to a predator “scent” altered the
snails’ ability to form memory compared with training in PW
alone, we first examined what effect, if any, training in CE would
have on memory formation when snails were subjected to the
ITM-training procedure. First, two cohorts of naive snails were
given ITM-training in PW and then tested at either 3 or 24 h later.
As already demonstrated (Lukowiak et al., 2000, 2003a,b; Taylor
and Lukowiak, 2000; Parvez et al., 2006), these snails demon-
strated memory at 3 h but did not exhibit memory when tested
24 h later. That is, the ITM-training procedure resulted in an
intermediate-term memory, but no significant difference was
found between the TS and the 24 h TM, indicating that no LTM
was formed (Fig. 2A, black bars). We next asked whether training
snails in CE would result in augmented memory, and, if so, how
long would the memory persist? To answer this question, new

cohorts of snails were given ITM-training in CE water and tested
for memory (in PW) 24, 48, and 72 h later. Yoked controls were
also performed in CE and tested in PW. To our amazement, snails
only exposed to CE during TS1 exhibited LTM when tested 24
and 48 h later but not at 72 h (Fig. 2A, white bars). That is, the
mean number of attempted pneumostome openings was signifi-
cantly decreased in the 24 and 48 h TM but not the 72 h TM
compared with TS1. In yoked control experiments in CE (Fig.
2A, faded bars), there was no statistical difference between TS
and yoked TM. The number of attempted pneumostome open-
ings at the 24 and 48 h TM was also significantly lower than the
yoked controls at these time periods and significantly lower than
the 72 h TM in CE. Thus, we conclude that a single 30 min
training session in CE is sufficient to cause LTM formation that
persists for at least 48 h.

Knowing that exposure to CE alone produces an effect on
RPeD1 that lasts 2 h (Orr et al. 2007) but not 24 h (Fig. 1), we next
asked whether the electrophysiological profile of RPeD1 in snails
subject to an ITM paradigm in CE was also altered. To answer

Figure 1. A, Operant conditioning of aerial respiratory behavior using the ITM-training pro-
cedure in PW 24 h after a 2 h CE exposure. Snails demonstrate ITM 3 h after operant conditioning
of aerial respiratory behavior but do not demonstrate memory 24 h after. A significant reduction
in the number of attempted pneumostome openings was observed after 3 h but not in the 24 h
test for memory (24 h TM) or in the yoked controls compared with TS1 (3 h TM, n � 18, p �
0.01; 24 h TM, n � 22, p � 0.05; yoke, n � 20, p � 0.05). B, Representative electrophysio-
logical recordings from RPeD1 in an untrained semi-intact preparation obtained 24 h after the
intact snails were exposed to either PW (Naive, top) or CE (24 hrs after CE, bottom). No signifi-
cant differences were found between naive and CE-exposed RPeD1s in any of the 10 measured
electrophysiological parameters (n � 9; p � 0.05 in all analyses; data not shown).
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this, we first needed to determine the elec-
trophysiological properties of RPeD1 in
snails given ITM-training in PW. Thus, a
new cohort of snails were given the ITM-
training procedure in PW, and then, 24 h
later, these snails were dissected and re-
cordings were made from RPeD1. There
were no significant differences in the mea-
sured characteristics of RPeD1 in the 24 h
recordings from the ITM-trained group
compared with recordings taken from na-
ive snails (Fig. 2B, top two traces, C, first
two bars in each graph).

We then gave the same ITM-training
procedure to a new group of snails, but
instead of using PW, the snails were
trained in CE. We knew from our behav-
ioral experiments that training in CE in-
duced robust memory for at least 48 h. We
therefore examined the properties of CE–
ITM-trained RPeD1 after 48 and 72 h. As
in the behavioral experiments, we also ex-
amined a yoked control group at 48 h. We
found that snails given ITM-training in CE
demonstrated significantly reduced spon-
taneous firing frequency (measured by the
number of spikes/600 s), the spikes/bursts,
and the burst duration in the 48 h
operantly conditioned group but not in
the 48 h yoked or the 72 h operant groups
(Fig. 2B, bottom three traces, C, right
three bars). From these behavioral and
electrophysiological data, we conclude ex-
posure to CE during ITM-training pro-
duces LTM. These data also suggest that,
for predator-induced enhancement of
LTM, the electrophysiological changes in
RPeD1 associated with these memories
parallel the duration of the behavioral
phenotype.

LTM-training paradigm experiments
Because training in CE had such a signifi-
cant enhancing effect on memory forma-
tion in snails receiving the ITM-training
procedure (a single 30 min training ses-
sion), we wanted to see what effect the
LTM-training procedure (i.e., two 30 min
sessions separated by a 1 h interval) in CE
would have on memory formation. A co-
hort of naive snails was given LTM-
training in PW (Fig. 3A, black bars). Snails
demonstrated learning (TS2) and memory
when tested 24 but not 48 h or 8 d later.
Yoked controls did not demonstrate
memory at 24 h. Another cohort of naive
snails was trained using the LTM-training
procedure but this time in CE. Remark-
ably, these snails had an LTM that per-
sisted for 8 d but not 10 d (Fig. 3A, white
bars). That is, there is a reduction in the
number of attempted pneumostome
openings at 24 h and 8 d later, which were

Figure 2. Behavioral data and representative electrophysiological recordings of intact Lymnaea and RPeD1 from semi-intact animals
after the ITM-training procedure in either PW or CE. A, The ITM-training procedure in PW results in intermediate-term memory but does
not result in LTM (i.e., a memory lasting 24 h; 3 h TM, n�18, p�0.05; 24 h TM, n�44, p�0.05; black bars). However, the ITM-training
procedureinCEresults inLTM.Thatis, thenumberofattemptedpneumostomeopeningsissignificantly lowerthanTS1andtime-matched
controls (i.e., memory at 24 and 48 h; white bars; 24 h TM, n � 35, p � 0.01; 48 h TM, n � 41, p � 0.01). Snails did not demonstrate
memory formation in the 24 or 48 h yoked control groups (faded bars; n � 30, p � 0.05 and n � 20, p � 0.05 for 24 and 48 h yoked,
respectively) or 72 h after training (white bar; n � 22; p � 0.05). B, Representative recordings from RPeD1 in the naive state (untrained
and in PW), 24 h after PW–ITM-training, 48 h after ITM-training procedure in CE, 48 h CE–ITM yoke control, and 72 h after the ITM-training
procedure in CE. C, Summary data for mean � SEM spiking activity/600 s and number of spikes per burst (top and middle bar graphs,
respectively; values log transformed). Results for the 48 h ITM-training procedure in CE are significantly lower than the naive state (n�7;
p�0.01). Results for 24 h ITM-training procedure in PW-trained animals, 48 h ITM-training procedure in CE-yoked, and 72 h ITM-training
procedure in CE- trained animals are not significantly different from the naive state (24 h PW–ITM, n�8, p�0.05; 48 h CE–ITM yoked,
n�8, p�0.05; 72 h CE–ITM, n�6, p�0.05). Bottom bar graph demonstrates summary data for burst duration (mean�SEM, values
log transformed) of each treatment. ITM-training procedure in CE at 48 h are significantly lower than the naive state (n � 7; p � 0.05).
ITM-training procedure in PW at 24 h, ITM-training procedure in CE at 48 h yoked, and ITM-training procedure in CE at 72 h are not
significantlydifferentfromthenaivestate(24hPW–ITM,n�8,p�0.05;48hCE–ITMyoked,n�8,p�0.05;72hCE–ITM,n�6,p�
0.05). No significant differences were detected between treatments in other electrophysiological parameters measured (see Materials and
Methods).
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both significantly lower than the TS1 and
the 8 d yoke and 10 d TM. CE-yoked con-
trol snails (faded bar) did not demonstrate
memory at 8 d. Thus, snails receiving
LTM-training in CE had a significantly
longer-lasting memory compared with
snails trained in PW.

Next we compared the electrophysio-
logical characteristics of RPeD1 in snails
given the LTM-training procedure in PW
and CE. We first measured the electro-
physiological properties of RPeD1 in snails
given the LTM-training procedure in PW
after 24 and 48 h, respectively. We found a
significant reduction in the number of
spikes/600 s and the number of spikes per
burst in RPeD1 from snails 24 h after the
PW–LTM-training but not after 48 h (Fig.
3B,C, 24 h PW and 48 h PW) compared
with naive snail recordings. In contrast, we
found that recordings from RPeD1 mea-
sured in snails given the CE–LTM-training
demonstrated significant reductions in the
number of spikes/600 s, number of spikes/
burst, and the burst duration after 8 d (Fig.
3B,D, 8 day CE). These reductions in
RPeD1 activity were not seen in the 8 d
yoked or 10 d CE–LTM-treated RPeD1 re-
cordings (Fig. 3B,D, 8 d yoke and 10 d
CE). From these behavioral and electro-
physiological data, we conclude the fol-
lowing: (1) that exposure to CE during
LTM-training greatly extends the duration
of LTM, and (2) that the electrophysiolog-
ical changes in RPeD1 associated with
these memories parallel the duration of the
behavioral phenotype.

Direct exposure to crayfish
Considering our finding that snails ex-
posed to water that has recently contained
crayfish (i.e., CE) had such a profound ef-
fect on many stress-related behaviors (Orr
et al., 2007) and augments newly formed
memories to such a great extent, we asked
the following question: does training and
testing in CE further enhance LTM forma-
tion? In the data presented in Figure 2,
training occurred in CE, but testing for
memory took place in PW. We found that
testing snails in CE did not alter the mem-
ory profile of memory duration (Fig. 4A).

Next we thought that, if snails had di-
rect contact with the predator (i.e., were
housed with and preyed on by crayfish),
there might be an additional enhancement
of LTM or possibly even a blockade of
LTM formation. To test this hypothesis, a
cohort of snails was placed directly in the
crayfish tank for 2 h with two hungry cray-
fish. The surviving snails (crayfish typi-
cally consumed two to four snails) were
then removed and subject to the ITM-

Figure 3. Behavioral data (intact snails) and representative electrophysiological recordings of RPeD1 from semi-intact prep-
arations after the LTM-training procedure in either PW or CE. A, The LTM-training procedure in PW results in a memory that lasts
24 but not 48 h or 8 d (black bars; 24 h TM, n � 61, p � 0.01; 48 h TM, n � 26, p � 0.05; 8 d TM, n � 20, p � 0.05). However,
the LTM-training procedure in CE results in a memory that persists for at least 8 d. That is, the number of attempted pneumostome
openings is significantly lower than TS1 and not significantly greater than TS2 as well as time-matched controls (white bars; 8 d
TM, n � 29, p � 0.01). Snails did not demonstrate LTM in the 8 d yoked control groups (faded bars; n � 21, p � 0.05) nor was
LTM present 10 d after the LTM-training procedure in CE (white bar; n � 16, p � 0.05). B, Representative recordings from RPeD1
in a naive snail (untrained, PW), 24 h after the LTM-training procedure in PW, 48 h after the LTM-training procedure in PW, 8 d
after the LTM-training procedure in CE, 8 d after the CE-yoke control, and 10 d after the LTM-training procedure in CE. C, Summary
data for mean � SEM spiking activity/600 s and number of spikes per burst (top and bottom bar graph, respectively, values log
transformed). The data 24 h after the LTM-training procedure in PW are significantly lower than the naive state (n � 7, p � 0.01).
However, the data 48 h after the LTM-training procedure in PW are not significantly different from the naive state (n � 7, p �
0.05). D, Summary data for mean � SEM spiking activity/600 s, number of spikes per burst, and burst duration (top, middle, and
bottom bar graphs, respectively, values log transformed). The data 8 d after the LTM-training procedure in CE-trained animals are
significantly lower than the naive state (n � 8, p � 0.01) in all three measures. The data for the 8 d CE-yoked control and 10 d
post-LTM-training procedure in animals are not significantly different from the naive state for all three measures (8 d CE–LTM
yoked, n � 8, p � 0.05; 10 d CE–LTM, n � 8, p � 0.05). No significant differences were detected between treatments in other
electrophysiological parameters measured (see Materials and Methods).
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training paradigm in CE (Fig. 4B). We found that the memory
profile was similar to snails trained in CE water alone (Fig. 2,
compare A, white bars, with B) and not significantly different
from snails both trained and tested in CE (Fig. 4A). That is, the
memory persisted for 24 but not 72 h. The yoked groups were
similar to the yokes in the CE-only experiments in that the snails
demonstrated no memory at 24 h. We also compared the number
of attempted pneumostome openings during the TS1 and 24 h
TM between the directly exposed snails and the CE-only trained

snails and found that there was no significant difference between
the number of openings for the comparable training session, re-
spectively. That is, the TS1 sessions between the two cohorts were
not significantly different, nor were the 24 h TM sessions. We
therefore conclude that training and testing in CE or direct expo-
sure to the predator did not augment memory beyond that of
exposure to the predator scent only during training.

Change of context experiments
We demonstrated previously that memory formation in Lym-
naea is context specific (Haney and Lukowiak, 2001). We there-
fore sought to test the hypothesis that exposure to predator scent
(i.e., training in CE) would alter the context specificity of newly
formed memories. To test this hypothesis, snails were given
LTM-training in PW (Fig. 5, black bars) with memory being
tested 24 h later. Memory was present. We then challenged these
snails with a change of context using carrot-scented water 2 h
after the TM (Fig. 5, carrot hypoxic PW; hatched bar). As can be
seen in the figure, they performed in the carrot context as naive
snails; memory was not apparent (i.e., there was no statistical
difference between carrot TM and TS1). Thus, context-specific
memory was demonstrated. Next, we repeated this same experi-
ment, only the snails were now trained in CE (Fig. 5, white bars).
We tested for memory 24 h later (Fig. 5, 24 TM, white bar), and,
as expected, LTM was demonstrated. We then tested for context
specificity 2 h later in carrot-scented water (i.e., carrot TM;
hatched bar) and with a different cohort of snails in PW 2 h later
(Fig. 5, PW TM, black bar). These snails did not exhibit context-
specific LTM (i.e., they did not behave as naive snails in either of
the new contexts). That is, the number of attempted openings in
the carrot TM and standard pond water TM is significantly lower
than TS1. Carrot yoked controls (striped bar) do not demon-

Figure 4. Memory profile of Lymnaea given the ITM-training procedure with testing for
memory also in CE and after 2 h direct exposure to hungry crayfish predators. A, Animals trained
and tested in CE demonstrated memory after 24 h but not 72 h or in 24 h yoked controls (24 h
TM, n � 20, p � 0.01; 72 h TM, n � 17, p � 0.05; 24 h yoked, n � 19, p � 0.05). B, Animals
trained in CE immediately after 2 h in direct contact with hungry crayfish demonstrated memory
after 24 h but not 72 h (24 h TM, n � 24, p � 0.01; 72 h TM, n � 20, p � 0.05). Yoked control
group did not demonstrate memory at 24 h (24 h yoked, n � 19, p � 0.05).

Figure 5. The effect of the LTM-training procedure in PW and CE on context-dependent LTM.
Snails given the LTM-training procedure in PW demonstrate learning (TS2, n � 38, p � 0.01)
and memory 24 h later (24 h TM, n �38, p �0.01; black bars); however, when challenged with
a change of context test (i.e., carrot odor), they do not demonstrate memory (24 h carrot TM,
n � 24, p � 0.05; hatched bar). Snails given the LTM-training procedure in CE demonstrate
learning and memory (TS2, n � 36, p � 0.01; 24 h TM, n � 36, p � 0.01). However, when
challenged with a change of context test, carrot scent, or PW, memory continued to be observed
(carrot TM, hatched bar, n � 28, p � 0.01; PW, black bar, n � 34, p � 0.01). That is, context
generalization was observed. Carrot-yoked controls did not demonstrate memory (carrot yoke,
n � 20, p � 0.05, faded bar).
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strate memory. Thus, when trained in CE, snails did not demon-
strate context-specific memory, that is, the memory was context
generalized.

It was possible, however, that snails trained in CE are no
longer able to detect the carrot scent. That is training in CE some-
how “jams” the chemosensory apparatus, possibly preventing the
carrot smell to be perceived by the snails in CE. To exclude this
possibility, we used the readily observable feeding behavior of the
snails. When presented with a sucrose stimulus to the lip, the
snails increase their feeding behavior (Rose and Benjamin, 1979;
Kemenes and Benjamin, 1989; Kawai et al., 2004). When carrot
juice is applied, a similar behavior is observed. We measured the
number of rasps per minute of snails in PW and then in carrot-
scented PW, CE, and carrot/CE, respectively. Snails in PW had a
mean rasping rate of 1.64 rpm, which dramatically increased in
carrot PW to 9.51 rpm (n � 24, p � 0.01). In CE, the mean
rasping rate was 1.48 rpm, which is not significantly different
from PW (n � 24, p � 0.05). When tested in carrot/CE, the mean
rasping rate increased to 9.35 rpm, which is significantly in-
creased from CE alone (n � 24, p � 0.01) but not significantly
different from carrot PW (n � 24, p � 0.05). No difference was
found in mean rasps per minute between treatments given in the
order presented here or the reverse order (data not shown).
Therefore, we conclude that snails exposed to CE are capable of
detecting and responding appropriately to the carrot scent. That
is, CE does not jam the sensory apparatus used to detect the carrot
scent.

Discussion
In biological systems, the term “stress” is described as any condi-
tion that seriously perturbs the physiological or psychological
homeostasis of an organism (Kim and Diamond, 2002). Theoret-
ically, the relationship between stress and memory formation can
be described as an inverted U-shaped curve, the classic Yerkes–
Dotson 1908 curve (Shors, 2004) where, at low levels of stress,
memory is impaired because of a lack of stimulation (i.e., bore-
dom); whereas at intermediate levels of stress, memory is en-
hanced; and finally at high levels of stress, the organisms’ ability
to form memory is again reduced (Martens et al., 2007a,b). In
nature, animals are exposed to a broad range of stressful chal-
lenges; of these factors, predator–prey interactions are one of the
most intensely studied (Rundle and Bronmark, 2001; Herberholz
et al., 2004; Stokes et al., 2004). Prey animals often exhibit a wide
range of responses to predator threat, including morphological
(e.g., spines and armor), physiological (e.g., toxins), and behav-
ioral adaptations, including predator avoidance (Kavaliers and
Choleris, 2001). Learning about predators is expected to have
high adaptive payoffs in any species that can alter their behavior
during times of predation risk (Coolen et al., 2005), and the
importance of the intensity of threat has been emphasized in both
laboratory and field experiments (Matsuda et al., 1993; Abrams,
1994; Lima, 1998). With respect to the Yerkes–Dotson memory
curve, any predator–prey encounter in which the prey is aware of
a predator presence yet escapes the interaction with its life should
fall within a range close to the optimal stress intensity for memory
formation and, therefore, should augment memory formation.
Unfortunately, attempts to confirm this theory experimentally
has yielded mixed results. In humans and rodents, although its
has been shown that stressful and even traumatic events can pro-
duce strong, long-lasting memories (Cahill and McGaugh, 1998;
LeDoux, 2000; Bremner, 2001), the reverse has also been demon-
strated in which stress impairs memory and can even produce

amnesia (Bremner et al., 1996; Payne et al., 2002; Jackson et al.,
2006).

We showed here, using snails that have not experienced a
natural predator for more than 250 generations that after expo-
sure to CE, LTM formation was significantly enhanced compared
with the typical memory in PW. First, LTM resulted from the
ITM-training procedure, the duration of memory persistence in-
creasing from 3 to 48 h. Second, when we used the training pro-
cedure, which in PW results in LTM persisting for 24 h, LTM now
persisted for at least 8 d. Thus, CE exposure significantly en-
hanced LTM persistence. This is not surprising considering that a
single predator–prey interaction can have considerable influence
on the fitness of the prey animal. Another important observation
is that, when our snails were directly exposed to the predator,
memory formation was not blocked. This suggests that in our
model system, both predator detection and direct exposure fall
within the realm of optimal memory formation and therefore
provide these animals with an appropriate functional response.
These results are consistent with the hypothesis that enhanced
memory formation as a result of exposure to a natural predator is
in itself a form of inducible anti-predator response that is elicited
by the detection of a potential predator. This defense enhances
the persistence of the newly formed memory and therefore pos-
sibly conveys an adaptive advantage to the snail.

Neural correlates of the CE-enhanced memory were also ob-
tained in RPeD1. We chose to record from this neuron because it
is a necessary site for LTM formation, memory reconsolidation,
extinction, and forgetting (Scheibenstock et al., 2002; Sangha et
al., 2003a,b; Lattal et al., 2006). Moreover, we and others (Lowe
and Spencer, 2006) have shown previously that significant alter-
ations in various electrophysiological parameters in this neuron
adequately reflect the significant behavioral changes that occur
after training in either intact or in initially naive semi-intact prep-
arations. Thus, we were not too surprised to find that the en-
hanced LTM caused by training in CE was reflected in altered
RPeD1 activity. Our working hypothesis is that CE exposure al-
ters the molecular machinery in neurons (e.g., RPeD1) that are
responsible for forming and maintaining the memory. As has
been demonstrated previously (Syed et al., 1990, 1993; Inoue et
al., 1996; Lukowiak et al., 2003b), depolarization of RPeD1 indi-
rectly excites the VI/J motor neurons, which are directly involved
in pneumostome opening during respiration at the air/water in-
terface. It follows that a reduction in the firing frequency of
RPeD1 would necessarily lead to reduced motor neuron activa-
tion and thereby a reduction in pneumostome openings. How
training while exposed to CE affects both protein synthesis and
new gene transcription required for memory formation at the
neuronal level and whether these changes are limited to the cen-
tral network or extend to the peripheral network are unknown
and currently under investigation. Exposure to CE only results in
short-term changes in the electrophysiological properties of
RPeD1; it is only with the combination of CE exposure and train-
ing that results in long-lasting changes in the electrophysiological
properties of this neuron. These data suggest that the perception
of the CE primes the molecular mechanisms required for LTM
formation (Parvez et al., 2006) so that a specific training proce-
dure is more efficacious in producing LTM. These findings reca-
pitulate those found in many mammalian predator-stress mod-
els: (1) the snails recognize a predator odor and initiate both
primary (increased exploratory/searching phase, shadow sensi-
tivity, righting response, and surfacing) and secondary defense
(full body-withdrawal response) behaviors (Covich et al., 1994;
Apfelbach et al., 2005; Orr et al., 2007) according to the intensity
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of the predator–prey interaction, and (2) learning while in the
presence of ecologically relevant stressor augments memory for-
mation (Cahill, 2000; McGaugh, 2000; Shors, 2004; Joels et al.,
2006).

Training in CE resulted in stimulus generalization because
context-specific memory was not seen. Previously, we demon-
strated that Lymnaea exhibit context-specific memory (Haney
and Lukowiak, 2001); that is, when a memory is formed in a
specific context (e.g., food odorant), it is only recalled in that
same context. However, here we discovered that context-specific
memory was not seen with exposure to CE despite the snails
ability to differentiate between the different contexts (Sugai et al.,
2006) and respond appropriately to the given stimuli (i.e., in-
creased feeding behavior in a carrot stimulus). The ability to
generalize a predator encounter to multiple contexts could result
in both direct and indirect effects on an organism’s fitness (Cov-
ich et al., 1994; Chivers and Smith, 1998; Kats and Dill, 1998;
Kavaliers and Choleris, 2001; Jacobsen and Stabell, 2004). There-
fore, the ability of a prey species to generalize a hazardous en-
counter to a broad range of situations would have direct conse-
quences for survival. Furthermore, Rigby and Jokela (2000) have
demonstrated that the withdrawal defense behavior exhibited by
Lymnaea when under attack by a crayfish predator, while allow-
ing snails to survive, may have negative effects on their immune
system, increasing their susceptibility to pathogens and decreased
reproduction. Therefore, the ability to generalize the context of a
predator encounter to other circumstances would have further
indirect adaptive value.

Together, our data suggest that the predator-augmented
memory formation may help to prepare the animal to face future
challenging situations, whereas the relevant information encoded
as memory is deemed important enough that it will be recalled
under a broader range of situations. The ecological implications
of memory formation, which presumably are crucial to survival,
remain hard to elucidate because of the difficulty demonstrating
causal links (Bolhuis and Macphail, 2001) between ecologically
relevant behaviors (Kavaliers and Choleris, 2001) and the neural
substrates driving those behaviors (Fei et al., 2007). A vast
amount of literature pertaining to contextual fear learning exists
in mammalian systems (Vianna et al., 2004). Context learning
has also been demonstrated in many invertebrates, such as the
honeybee, Aplysia, cockroaches, Drosophila, and many others
(Waddell and Quinn, 2001; Giurfa, 2003; Leonard and Edstrom,
2004). However, investigating the consequences of predator–
prey interactions on memory formation has received little atten-
tion in these model systems. Here we can begin to form these
links by investigating the molecular events in a single neuron in
Lymnaea that has been shown to be necessary for this LTM for-
mation. We can now describe how an ecologically relevant stress
stimulus (predator detection) affects the physiological properties
of a single neuron shown to be a necessary site of LTM formation
and how operant conditioning in the presence of this predator
causes memory augmentation in this neuron.

To further strengthen our knowledge about the causal links
between these behaviors and the neural substrates driving them,
we must answer such questions as follows: What are the molecu-
lar mechanisms of predator-augmented memory at the neuronal
level? What role do both peripheral (i.e., osphradium and os-
phradial ganglion) and central components of the nervous sys-
tem play in either predator detection or predator augmented
memory formation? What chemical(s) does the predator release
that are detected by the prey? And do Lymnaea populations that
have not historically been subjected to crayfish predation also

respond to crayfish effluent or other predator scents? These in-
vestigations are currently ongoing in our laboratory.
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