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The pond snail, Lymnaea stagnalis, is capable oflearning conditioned taste aversion (CTA) and consoli
dating this CTA into long-term memory (LTM). The DNA microarray experiments showed that some of 
molluscan insulin-related peptides (MIPs) were up-regulated in snails exhibiting CTA-LTM. On the other 
hand, the electrophysiological experiments showed that application of secretions from the MIPs
containing cells evoked long-term potentiation (LTP) at the synapses between the cerebral giant cell (a 
key interneuron for CTA) and the B I motoneuron (a buccal motoneuron). We thus hypothesized that 
MIPs and MIP receptors play an important role at the synapses, probably underlying the CTA-LTM con
solidation process. To examine this hypothesis, we applied the antibody, which recognizes the binding site 
of mammalian insulin receptors and is thought to cross-react MIP receptors, to the Lymnaea CNS. Our 
present data showed that an application of the antibody for insulin receptors to the isolated CNS blocked 
LTP, and that an injection of the antibody into the Lymnaea abdominal cavity inhibited LTM consolida
tion, but not CTA formation. 
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INTRODUCTION 

The pond snail, Lymnaea stagna lis, is a useful molluscan model system to study the 
processes by which the neuronal changes underlying associative learning are encoded 
into long-term memory (LTM) [5, 18]. For example, conditioned taste aversion 
(CTA) is easily formed in snails [8, 28]. Briefly, an appetitive stimulus (sucrose) is 
used as the conditioned stimulus (CS), and an aversive stimulus (KCI) is used as the 
unconditioned stimulus (US). Application of CS to the lips increases the feeding 
response in snails, whereas presentation of US inhibits feeding. In the CTA training, 
the CS is paired with the US. After repeated paired presentations of the CS-US, the 
CS no longer elicits the feeding response, and this aversive conditioning persists as 
LTM [8]. 
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Recently, the DNA microarray experiments revealed that some of molluscan 
insulin-related peptides (MIPs) were up-regulated following the consolidation proc
ess of CTA-LTM [1]. Further, we found thatthe expression level of a major MIP (i.e. 
MIP ll) correlated well with whether the snails exhibited good or poor memory for
mation; that is, snails that formed good memory had up-regulated expression levels 
ofMIP TT. However, it is unclear ifMIPs are necessary for memory consolidation, and 
if it is, what is its role in the consolidation process. MIP TT was first cloned in Lymnaea 
[10, 20], and it belongs to the insulin superfamily [11, 22]. The MIP TT gene is 
expressed in only a single type of neuron, the growth-controlling neuroendocrine 
light green cells (LGCs), which are located in the cerebral ganglia [14, 21]. In addi
tion, MIP receptor was also cloned [16]. Other MIPs (MIP I, TIT, V and VTT) have been 
also thought to exert their functional role by binding to the same receptor [23]. 

Our preliminary experiments by electrophysiology showed that the secretion from 
the Lymnaea CNS that was thought to include MIPs evoked long-term potentiation 
(LTP) at the synapses between the cerebral giant cell (CGC, a key interneuron for 
CTA) and the BI motoneuron (a buccal motoneuron) (Murakami et aI., unpublished 
observation). We think that a change in the synaptic activity between the CGC and 
the B 1 motoneuron is a good index for a change in the feeding behavior of Lymnaea 
[7, 15] because of the following two reasons. (1) The CGC plays a key role in the 
feeding system of Lymnaea [3, 9, 13,25]. (2) The follower BI motoneuron receives 
a monosynaptic excitatory input from the CGC [13], is activated in the radula
protraction phase in the feeding cycle [17], and projects their axons to the salivary 
gland [2]. 

In the present study, to examine whether MIPs and MIP receptors play an impor
tant role at the synapses, which probably underlie the CTA-LTM consolidation proc
ess, we applied the antibody, which recognizes the binding site of mammalian insulin 
receptors and is also thought to cross-react MIP receptors [6], to the Lymnaea CNS. 
We show that MIPs and MIP receptors are involved in both LTP in the synaptic level 
and LTM in the behaviorallevel in Lymnaea CTA. 

MATERIALS AND METHODS 

Snails 

Specimens of Lymnaea stagnalis (L.) with a 20 mm shell were obtained from our 
snail-rearing facility (original stocks from Vrije Universiteit Amsterdam). All snails 
were maintained in dechlorinated tapwater (i.e. pond water) under a 12: 12 light-dark 
cycle at 20 QC and fed ad libitum on a kind of rape Brassica rapa var. peruviridis 
(Komatsuna [in Japanese]) and a spiral shell food (Nisso, Saitama, Japan) every other 
day. This feeding system does not cause starvation in Lymnaea. They were anesthe
tized with 25% Listerine® before dissection. 
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Secretions from the light green cells and median lip nerves 

The isolated 2 CNSs with the median lip nerves that included the axons of the LGCs 
[12] were immersed with 50 III Lymnaea saline (see [24] for the composition) at 4 QC 
for more than 20 hours. This solution was now called the 'CNS factor solution', 
which was expected to contain MIPs. 

eTA training 

Insulin receptor antibody (mouse monoclonal (47-9), ab982, Abcam, Cambridge, 
UK) at the final concentration of 17.5 nM in Lymnaea saline was injected into the 
abdominal cavity of a snail. In this procedure, the total volume of this injection solu
tion (i.e. antibody plus saline) was 40 Ill, and we thought that the volume of hemol
ymph in a snail with a 20 mm shell length was 0.4 ml. This insulin receptor antibody 
is thought to recognize the binding site of MIP receptor because the binding site of 
MIP receptor and that of mammalian insulin receptors are well conserved [6]. After 
one-hour injection of the antibody, the CTA training, the pretest and the posttests for 
LTM were performed in polystyrene Petri dishes (diameter 35 mm). All snails were 
first given a pretest. In this observation period (l min), the number of feeding 
responses (rasping movements of the buccal mass) was counted in distilled water fol
lowing a IS-sec application of 10 mM sucrose (the CS) to the lips of the snail. CTA 
in Lymnaea was brought about by pairing the 10 mM sucrose CS and the 10 mM KCl 
US [8,28]. The duration of both the CS and the US was 15 sec, with an interstimulus 
interval between the onsets of the CS and US of 15 sec. A IO-min intertrial interval 
was interposed between each pairing of the CS-US. Snails received 10 paired CS-US 
trails. We used a backward-conditioning (US-CS) control group and a naive control 
group to validate our claim of associative learning. For the naive control group, only 
distilled water was applied to the lips instead of the CS and US. In the posttest ses
sions, snails were again challenged with the CS, and the number of bites was record
ed in the I-min interval in distilled water after a IS-sec application of the CS. All tests 
were performed blindly. 

Electrophysiology 

To confirm that LTP occurs at the synapses between the CGC and its ipsilateral B I 
motoneuron in the isolated CNS, we incubated the isolated CNS with the CNS factor 
solution, which were thought to contain MIPs from 2 CNSs, in the small chamber 
(50 Ill). On the other hand, to block the function of insulin receptors, we incubated 
the isolated CNS with the insulin receptor antibody in Lymnaea saline at the final 
concentration of 175 nM for 90 min before the electrophysiological recording, and 
then changed this antibody solution to the CNS factor solution that still contained the 

Acta Biologica Hungarica 63, 2012 



Insulin and memOlY in Lymnaea 197 

antibody of 175 nM for the electrophysiological experiments. In both cases, we 
stimulated the CGC for 2 s by an injection of depolarizing current into the neuron by 
a current clamp method and recorded the compound excitatory postsynaptic potential 
(EPSP) in the B 1 motoneuron. We adj usted the intensity of the injection current to the 
CGC on the initial trial in Lymnaea saline to produce 9-11 spikes. This procedure was 
repeated three times to obtain an average EPSP amplitude. The intensity of electric 
stimulation was not changed for each CNS sample during a series of experiments. 

Statistics 

The data are expressed as mean ± SEM. For the behavioral data, the significant dif
ference at P < 0.05 was examined by one-way ANOVA and post hoc Scheffe test. For 
the electrophysiological data, the significant difference between two groups was 
examined by two-way repeated-measures ANOVA, and that between the data at each 
time point in two groups was examined by t-test. 

RESULTS 

Effects of insulin receptor antibody on behavior: eTA and LTM 

After an injection of insulin receptor antibody into the abdominal cavity for 60 min, 
we prepared CTA-trained (i.e. cs-us paired) snails and also prepared backward
conditioned (i.e. us-cs paired) and naive snails as controls. In all cohorts of snails, 
a pretest to the cs (i.e. sucrose) was given and the number of bites/min ascertained. 
Following the CTA training, we found that the feeding response elicited by the cs in 
the posttest session (10 min later) was significantly reduced (P < 0.01, one-way 
ANOVA followed by the post hoc Scheffe test) compared to both the pretest session 
for CTA-training snails and the posttest sessions of the backward-conditioning con
trol or the naive control cohort (Fig. 1). In the pretest session, there were no signifi
cant differences (P> 0.05) in the feeding response elicited in the CTA-training, 
backward-conditioning control or naive control snails. 

Properly, CTA persists as LTM for more than a month [8]. However, by application 
of the insulin receptor antibody, there were no significant differences in the feeding 
response elicited by the CS in the posttest session (1 hour later) among the CTA
trained, backward-conditioning control and the naive control snails (P > 0.05, Fig. 1). 
Moreover, there was no significant difference between the feeding response in these 
CTA-trained snails and that in its pretest session (P> 0.05). Such no differences in 
the feeding responses elicited by the cs among these three training cohorts were 
maintained in all the posttest sessions performed 1 day and 1 week later (Fig. 1). That 
is, the feeding response to the cs that was recorded at 1 hour after the CTA training 
returned to the initial level before the training. 
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Fig. 1. Effects of insulin receptor antibody on conditioned taste aversion (CTA) in snails. The insulin 
receptor antibody, whose final concentration was 17.5 nM in Lymnaea saline, was injected for 60 min 
before the pretest. The numbers of bites/min elicited by the CS (sucrose) in the pretest session and the 
posttest sessions. The time indicates in the x axis shows that for the posttest session that was performed 
following the training. The CS-elicited feeding response following the training in CTA-trained snails was 
significantly less (P < 0.0 I, one-way ANOVA followed by the post hoc Schetle test) than in either snails 
given backward conditioning or naive training. However, there were no significant differences in the 
elicited feeding responses among the three cohorts (i.e. CTA, backward and naive) at the posttest sessions 
that were performed I hour, I day and I week later. The black, white and hatched bars indicate CTA
trained, backward-conditioning control and naive control snails, respectively. The number of snails was 

10 each for the three cohorts 

We thus conclude that CTA is formed in the snails that are injected with insulin 
receptor antibody, but that CTA is not encoded into LTM due to some action of insu
lin receptor antibody. In other words, an injection of insulin receptor antibody blocks 
LTM consolidation in the CTA paradigm in Lymnaea. 

Effects of insulin receptor antibody on synaptic plasticity: LTP 

Our preliminary electrophysiological experiments showed that an application of the 
CNS factor solution, which was secreted from the MIPs-containing cells (i.e. LGCs), 
evoked LTP at the synapses between the CGC and the B 1 motoneuron (Murakami et 
a\., unpublished observation). To confirm this observation, we here applied insulin 
receptor antibody to the isolated CNS and examined the effects of insulin receptor 
antibody on LTP. The CNS factor solution evoked LTP for more than 60 min, as 
expected (Fig. 2). When we incubated the isolated CNS with the insulin receptor 
antibody for 90 min prior to the electrophysiological experiments, and then added the 
CNS factor solution, the EPSP recorded in the B I motoneurons was not enhanced but 
rather depressed (P < 0.0 I by two-way repeated-measures ANOVA, Fig. 2). That is, 
insulin receptor antibody blocks LTP at the synapses that are probably involved in 
CTA-LTM. 
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Fig. 2. Effects of insulin receptor antibody on long-term potentiation (LTP) at synapses between the CGC 
and the BI motoneuron in the isolated CNS of snails. An application of the CNS factor solution, which 
contains molluscan insulin-related peptides from the 2 CNSs, evoked LTP (open circles). On the other 
hand, after an incubation of the isolated CNS with the insulin receptor antibody (175 nM) in Lymnaea 
saline for 90 min, the CNS factor solution including the insulin receptor antibody (175 nM) failed to 
evoke LTP (closed circles). The y-axis shows the ratio between the EPSP recorded in the BI motoneuron 
at the specified time and the EPSP at 0 min. There is a significant difference between the data for the 
above two treatment groups (P < 0.0 I by two-way repeated-measures ANOVA). The t-test indicates 
P < 0.05 between the data in these two treatments at the following time point: 30 min, 45 min and 60 min. 

The number of snails was 6 each for these two treatments 

DISCUSSION 

Our behavioral experiments showed that an injection of insulin receptor antibody into 
the abdominal cavity did not inhibit CTA formation in Lymnaea. However, our 
present data suggest that the insulin receptor antibody blocks the LTM formation. The 
latter result was supported by the electrophysiological experiments indicating that 
LTP was suppressed at the synapses, which are thought to underlie CTA-LTM, by an 
application of insulin receptor antibody. 

In our CTA training paradigm, we employed a lO-trial training procedure. That is, 
when we tested the CTA-trained snails as the posttest (10 min later), 100 min had 
indeed passed after the onset of CTA training. Further, when we tested the CTA
trained snails as the posttest (1 hour later), 150 min had passed. These results suggest 
that there is a narrow window period for the consolidation for LTM about 2 or 3 hours 
later after the onset ofCTA training in Lymnaea. The recent experiments using a one
trail training procedure and a quick cooling treatment (4 DC for 30 min), which must 
be performed within 10 min after the training onset, inhibited both CTA and its LTM 
formation [26]. However, after CTA is once formed, we do not know when LTM is 
consolidated in Lymnaea. We should thus perform the experiments using a protein 
synthesis inhibitor to determine the exact window period for the LTM consolidation 
in our 10-trial CTA procedure in the near future. At present, we cannot deny the pos
sibility that insulin receptor antibody enhances 'extinction' of CTA. 
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Previous reports indicated that insulin or insulin-like peptides play some key roles 
in the process of memory formation, as for example in Caenorhabditis elegans and 
rodents [4, 27]. In particular, insulin binding to the insulin receptor leads to intracel
lular recruitment of insulin receptor substrates and activation of phosphoinositide 
3-kinase (PT3K) signaling, which is implicated in both the induction and maintenance 
ofLTP in hippocampal slices [19]. 

In conclusion, the present data showed that an application ofthe antibody for insu
lin receptors to the isolated eNS blocked LTP, and an injection of the antibody into 
the Lymnaea abdominal cavity blocked LTM consolidation for eTA. But interest
ingly, an antibody injection did not inhibit eTA formation in snails. These results 
suggest that MIPs and MIP receptors in the eNS are involved in LTP that are prob
ably correlated with LTM consolidation for eTA in Lymnaea. 
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