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Epicatechin increases the persistence of long-term memory
formed by conditioned taste aversion in Lymnaea
Ayaka Itoh1, Yoshimasa Komatsuzaki2, Ken Lukowiak3 and Minoru Saito1,*

ABSTRACT
We examined the effects of epicatechin (Epi), a flavonoid abundant in
green tea and cocoa, on long-term memory (LTM) formed following
conditioned taste aversion (CTA) training in Lymnaea stagnalis. In
CTA training, the snails learnt to avoid a food that initially they liked
(i.e. sucrose). Twenty-four hours after CTA training, 67% of the
trained snails showed a significant decrease in the feeding behaviour
elicited by sucrose. Placing snails in the Epi solution in CTA training
did not alter the percentage of snails exhibiting LTM, but it significantly
increased LTM persistence.We also examined changes following Epi
exposure in spontaneous activity of the cerebral giant cells (CGCs)
that modulate feeding behaviour and are necessary for CTA-LTM.
Our data suggest that Epi causes a decrease in CGC activity and
increases LTM persistence, possibly via a GABAergic mechanism.

KEY WORDS: Learning and memory, Flavonoid, Cerebral giant cell,
γ-Aminobutyric acid, Pond snail

INTRODUCTION
Gastropod molluscs are excellent as model systems to understand
the causal neuronal mechanisms underlying learning and memory.
This is in part due to their relatively simple central nervous system
(CNS), containing large identifiable neurons that mediate simple,
tractable behaviours. There is a long, successful history of using
molluscs such as Aplysia, Limax, Hermissenda (Bailey and Kandel,
1993; Gelperin et al., 1996; Abel and Kandel, 1998; Matzel et al.,
1998; Ito et al., 1999; Kimura et al., 1999) and Lymnaea (Lukowiak
et al., 1996, 1998, 2003; Spenser et al., 1999; Scheibenstock et al.,
2002) in the study of how learning and memory are mediated at the
neuron level. In addition to the aforementioned studies on classical
and operant conditioning, configural learning has also recently been
shown in Lymnaea stagnalis (Swinton et al., 2019). Here, we
focused our attention on conditioned taste aversion (CTA), which is
a form of classical conditioning in which the snails learn to avoid a
food (e.g. sucrose) that initially they were drawn to (Yamanaka
et al., 1999; Sugai et al., 2007).
Recently, flavonoids, which are a group of phytochemicals found

in plants, have been shown to enhance cognition in a variety of
species including invertebrates (van Praag et al., 2007; Li et al.,

2009; Fruson, et al., 2012; Knezevic and Lukowiak, 2014; Swinton
et al., 2018). Epicatechin (Epi) is one such flavonoid and is
abundant in green tea and cocoa. In L. stagnalis, Epi enhanced long-
term memory (LTM) formation of an associative memory following
operant conditioning of aerial respiration (Fruson et al., 2012). In
addition, the application of Epi to L. stagnalis immediately reversed
the obstruction of learning and memory formation induced by a
combination of stressors (Knezevic and Lukowiak, 2014). Here, we
report the effects of Epi on LTM formed by CTA in L. stagnalis. In
this aversive conditioning paradigm, an appetitive stimulus
(sucrose) serves as the conditioned stimulus (CS). The CS, which
increases the feeding behaviour, is paired with an aversive stimulus
(KCl), the unconditioned stimulus (UCS), which inhibits the
feeding behaviour. Following successful CTA training, the CS no
longer elicits feeding (Ito et al., 2015).

An identified spontaneously active pair of neurons, the cerebral
giant cells (CGCs), has been shown to both modulate the neuronal
network underling the feeding behaviour (Yeoman et al., 1994a,b;
Benjamin, 2012) and be necessary for LTM and its retrieval
following single-trial appetitive training (Kemenes et al., 2006) or
CTA training (Sunada et al., 2017). The most significant CGC
synaptic connections are with the neuron 1 medial (N1M) cell, an
interneuron in the central pattern generator (CPG) that co-ordinates
rhythmic feeding movements (Yeoman et al., 1996; Kojima et al.,
1997, 2001; Ito et al., 2012). In the present study, in addition to
studying Epi’s effect on CTA-LTM, we also examined the changes
in spontaneous activity recorded in the CGC following Epi
application and CTA training.

MATERIALS AND METHODS
Animals
The Lymnaea stagnalis (Linnaeus 1758) used in our experiments
were supplied by Prof. Etsuro Ito of Waseda University, Japan.
These snails were originally derived from stocks maintained by
Vrije University in Amsterdam. All snails were maintained in
dechlorinated tap water under a 12 h:12 h light:dark cycle at 20°C
and fed ad libitum on Brassica rapa var. peruviridis (a relative of
Bok choy), known as Komatsuna in Japan.

CTA training
Adult snails randomly chosen were food deprived for 24 h before
being subjected to CTA training. Each snail was then moved into a
polystyrene Petri dish (90 mm diameter) and immersed in distilled
water for 30 min to allow them to acclimate to their new
environment. Snails were then immersed in an appetitive solution
(10 mmol l−1 sucrose) for 15 s. Then, the sucrose solution was
quickly removed with an aspirator and was replaced with distilled
water, and the feeding response (i.e. number of bites) was measured
in distilled water for 5 min (pre-test).

Ten minutes after the pre-test, CTA training was performed. In
CTA training, snails were immersed for 15 s in 10 mmol l−1 sucroseReceived 22 September 2020; Accepted 15 December 2020
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solution (i.e. the CS), and then the sucrose solution was quickly
removed with an aspirator, immediately followed by immersion for
15 s in 10 mmol l−1 KCl solution (i.e. the UCS). The UCS inhibits
the feeding response. Following the presentation of the UCS, snails
were immersed either in distilled water (control) or Epi solution
(15 mg l−1) for 9.5 min. This procedure was repeated 5 times. The
concentration of sucrose or KCl solution was determined according
to a previous report (Kojima et al., 1996). The concentration of Epi
(15 mg l−1) was chosen to be equivalent to that for humans.
Moreover, at that concentration, Epi does not alter important
homeostatic behaviours in L. stagnalis (Fruson et al., 2012).
After CTA training, snails were kept in distilled water for 24, 48 or

72 h and then the post-test was performed, which was exactly the
same as the pre-test. In each 24 h interval between two post-tests,
snails were allowed to feed ad libitum only for the first 2 h in order to
maintain their motivation for feeding. By comparing the number of
bites in the pre-test with that in the 24 h post-test, we determined
whether the snail was a ‘good’ learner or a ‘poor’ learner (see below).

Intracellular recording of CGC activity
Snails were anaesthetized in 25% Listerine® before dissection. The
CNS was isolated from the body and the CGC was viewed with a
microscope. Then, intracellular recordings of the CGC were made
using a glass microelectrode filled with 2 mol l−1 potassium acetate.
Lymnaea saline [composition in mmol l−1: 24 NaCl, 2 KCl,
2 MgCl2, 4 CaCl2, 0.3 D-glucose, 0.1 NaH2PO4 and 35.4 Hepes-
NaOH (pH 7.9)] was used as the external medium. Signals were
amplified with an intracellular recording amplifier (IR-283,
NeuroData) and transferred through an AD converter (PowerLab,
ADInstruments, Bella Vista, NSW, Australia) to a PC with 1 kHz
sampling.
In this way, the change in spontaneous activity of the CGC

following Epi application and CTA training was recorded. The
concentration of Epi applied was the same as that (15 mg l−1) in the
behavioural experiment, for the following reasons: (1) Epi is
capable of crossing the blood–brain barrier in rats following oral
ingestion (Abd El Mohsen et al., 2002), and has been shown to
improve their spatial memory (van Praag et al., 2007); (2) in
Lymnaea, water-soluble substances, such as Epi, can easily cross the
skin membrane (Wertz, 2013); (3) snails possess an open circulatory
system that allows for direct contact of bio-active substances with
the CNS.

Statistical analysis
All data are expressed as means±s.e.m. For the behavioural
experiments, a 2-way ANOVA followed by Tukey’s post hoc test
was used in order to compare the post-test scores between two
groups (control versus Epi) at 24, 48 and 72 h, respectively, after
CTA training. We compared the mean number of bites in pre- and
post-tests in each group. For the intracellular recordings of the CGC,
Tukey’s post hoc test was performed for multiple comparisons when
a repeated measures one-way ANOVA tests yielded P<0.05.
Statistical analysis was performed using GraphPad Prism 7.

RESULTS AND DISCUSSION
Fig. 1A shows a histogram of the decreasing rate of the feeding
response in the 24 h post-test (i.e. 24 h after training). The
decreasing rate was measured for 26 snails trained without Epi
and 22 snails trained with Epi, and the data from all snails (n=48) are
combined in the histogram. As shown in Fig. 1A, from their
responses, the snails can roughly be divided into two groups: ‘good’
and ‘poor’ learners. Good learners are defined as snails that show at

least a 40% decrease in the number of bites in the 24 h post-test
compared with their pre-test scores. Thus, poor learners are snails
whose post-test scores decrease by less than 40%. In the data
presented here, 32 of the 48 snails (i.e. 67%) were classified as good
learners. In detail, 19 of 26 snails in the control group (without Epi)
exhibited the good learning phenotype. In the Epi group, 13 of 22
snails exhibited the good learning phenotype. The percentage of
good learners was not significantly different between these two
groups (P=0.3057, tested by a Chi squared test).

For the good learner phenotype, we performed a 2-way ANOVA
followed by Tukey’s post hoc test on the data presented in Fig. 1B
(n=14 control, n=12 Epi). Here, data for good learners that died after
the 24 h post-test were removed from the statistical analysis. In both
groups, snails showed a significant decrease in the number of bites
in the 24 h post-test (control 37.3±3.5 to 8.8±1.6 bites per 5 min,
P<0.0001; Epi group 39.9±2.6 to 12.3±2.4 bites per 5 min,
P<0.0001). Thus, placing snails in the Epi solution in CTA
training did not alter their 24 h memory performance.

We next asked whether Epi exposure would affect the persistence
of LTM in the good learning phenotype. That is, we compared the
post-test scores between two groups (control versus Epi) at 24, 48
and 72 h after CTA training. There was an interaction (F3,96=3.776;
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Fig. 1. Change in feeding response after conditioned taste aversion (CTA)
training. (A) Histogram showing the decreasing rate of the feeding response at
the 24 h post-test, as measured for 26 snails trained without epicatechin (Epi)
and 22 snails trained with Epi (combined data are shown, n=48 total). The
cumulant (the ratio of the cumulative number of snails at each rate, from low to
high, out of the total number, n=48; black circles) is also shown for reference.
Snails that showed at least a 40% decrease in the number of bites were defined
as good learners, while poor learners were defined as snails whose post-test
scores decreased by less than 40%. (B) Feeding responses in the pre- and
post-tests for good learners trained without Epi (control, blue circles, n=14) and
with Epi (green circles, n=12). ****P<0.0001, *P<0.05.
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P=0.0131) between the variables, i.e. pre- and post-tests (24, 48 and
72 h) and treatment (control and Epi). When we performed a
Tukey’s post hoc test, we found that there was a significant
difference in the memory scores at 72 h between the two groups
(control versus Epi, P=0.0405) while there was no significant
difference in the 24 h (P=0.9951) and 48 h (P=0.4535) post-tests.
Thus, exposing snails to Epi solution resulted in significantly longer
memory persistence.
We hypothesized that a possible mechanism underlying the

significant effect of Epi on LTM persistence involved an alteration
in CGC activity. We directly tested this by perfusing the CNS of
naive snails with Epi solution (15 mg l−1). An example of the results
is shown in Fig. 2A, while quantitative data on firing rate are
presented in Fig. 2B. As can be seen, Epi caused an immediate and
significant decrease in the spontaneous activity of CGCs. A one-way
ANOVA (F4,34=7.23; P=0.0003) showed P=0.0047 at 5 min or
P=0.0002 at 10 min after Epi application compared with the
spontaneous activity before application. The spontaneous activity
did not completely recover to the level before Epi application at 30 min
after wash out. However, there was a tendency to gradually recover,
and therefore we confirmed that the decrease in the spontaneous
activity of the CGCs is due to the effect of Epi. Additionally, this effect
was accompanied by a trend towards hyperpolarization of the resting
membrane potential of the CGCs (Fig. 2C).
We then examined the spontaneous activity of CGCs following

CTA training (without Epi). Fig. 3A shows illustrative data from
CGCs from a naive snail, a poor learner and a good learner, 24 h
after training. In Fig. 3B, we plot the firing rate of the CGCs for
naive snails (n=4), poor learners (n=3) and good learners (n=5). A

one-way ANOVA (F2,9=7.342; P=0.0129) showed that the firing
rate was significantly lower in the good learners (P=0.0106) than in
naive snails. This result is consistent with a previous study showing
that a slower rate of CGC firing leads to a slower rate of CPG activity
that drives feeding behaviour (Yeoman et al., 1996), and supports
another recent study showing that the CGCs are necessary for the
formation and recall of memory of CTA (Sunada et al., 2017). It
should be noted that there was no significant difference between the
firing rates of poor and good learners (P=0.1647), suggesting that
the CGCsmaintained the memory trace even in the poor learners but
the expression of the memory was suppressed by some other
mechanism.

It has previously been reported that γ-aminobutyric acid (GABA)
is involved in some behaviours of L. stagnalis (Romanava et al.,
1996; Mocca et al., 2009), and therefore we hypothesized that CGC
firing is regulated by GABAergic neurons. This hypothesis was
supported by our preliminary data showing that a GABA antagonist,
bicuculline, increased the spontaneous activity of the CGC (data not
shown). Thus, we examined the change in spontaneous activity of
the CGCs when we perfused the CNS with 1 mmol l−1 GABA
solution. Illustrative data are shown in Fig. 3C, while data from
multiple recordings of CGCs are shown in Fig. 3D. A one-way
ANOVA (F2,9=11.47; P=0.0033) showed that there were significant
differences in the GABA effect in good learners and poor learners
compared with that in naive snails. GABA had little effect on the
CGCs from naive snails, while GABA effectively caused a
silencing of CGC activity in good learners (P=0.0027). GABA
also reduced CGC activity in poor learners (P=0.0422); however,
the effect was less than that in good learners. For the mechanism of
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LTM formation, a series of reports previously showed that
CGCs exert a weak excitatory monosynaptic and strong inhibitory
post-synaptic influence upon the N1M cell, and the inhibitory post-
synaptic potential (IPSP) evoked in the N1M cell is enhanced in
preparations demonstrating LTM following CTA training (Kojima
et al., 1997, 2001; Ito et al., 2012). However, our data are consistent
with the hypothesis that a GABAergic neuron may play a significant
role in mediating CTA-LTM. Further, the data are also consistent
with the suggestion that the effect of Epi on the CGC may involve a
GABAergic pathway. For example, the GABA sensitivity of a
neuron (maybe the CGC itself ) might be enhanced in good learners
or in snails exposed to Epi.
Recently, CTA-LTM has been shown to involve alterations in

both the monoamine and insulin content of the snails. Those
previous findings can be summarized as follows. Snails with the
best memory (i.e. the good learners) have the lowest monoamine
content and optimal levels of molluscan insulin-related peptides
(Murakami et al., 2013; Kojima et al., 2015; Aonuma et al., 2018;
Totani et al., 2019, 2020). The optimal insulin levels also result in a
decrease in 5-HT content (Aonuma et al., 2018). Thus, insulin-like
molecules in Lymnaea are a necessary component for LTM
formation following CTA training. To those findings, we now add
that an increase in the persistence of CTA-LTM results from the
effect of Epi on CGC activity and it could involve GABAergic
neurons. It has also been shown in mammals, but not yet in
Lymnaea, that compounds high in Epi, such as green tea, have a
direct effect on insulin activity (Cremonini et al., 2020; Xu et al.,

2020). In addition, it must be remembered that the ability to form
and recall a LTM following CTA training is dependent on CGCs
(Sunada et al., 2017).
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