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Abstract 

The ability to remember is influenced by environmental and lifestyle factors, such as 
stress and diet. A flavanol contained in chocolate, epicatechin (Epi), has been shown 
to enhance long-term memory (LTM) formation in Lymnaea. Combining two 
stressors (low calcium pond water and crowding) block learning and all forms of 
memory. That is, this combination of environmentally relevant stressors creates a 
memory-unfriendly state. We tested the hypothesis that Epi will immediately reverse 
the memory-unfriendly state. Thus, snails in the memory-deficit state when trained 
in Epi will immediately become competent to learn and form memory. We found that 
Epi not only reverses the memory-deficit state but further enhance LTM formation. 
Thus, a naturally occurring bioactive plant compound can overcome a memory 
unfriendly state. This supports the idea that bioactive substances may mitigate 
memory-making deficits that, for example, occur with ageing. 
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Introduction 

 

Memory is what makes you, you and me, me (Milner et al., 1998). How we learn and 

form memory are thus extremely important for us to understand. We know that life-

style choices (e.g. diet) and our immediate environment (e.g. various stressors) play 

important roles in enhancing or blocking memory formation and its recall. 

Importantly, we are all also aware of the devastating effects that individuals and their 

families endure when a person no longer has the ability to learn and remember. The 

search for remedies to prevent or to mitigate the devastating effects of memory 

forming loss is a priority of biomedical research. Previously we have shown that it is 

possible to block learning and all forms of memory in our Lymnaea model system, by 

subjecting the animals to a combination of stressors (crowding and a low calcium 

environment) before operant conditioning (Dalesman et al., 2013). Here we test the 

hypothesis that a naturally occurring substance, a flavanol (-)Epicatechin (Epi), will 

overcome the aforementioned memory blockade. There are a number of 

epidemiological studies suggesting that the intake of cocoa flavanols (CFs) such as 

Epi are correlated with a lower incidence of cognitive impairment (Kuriyama et al., 

2006) and significantly better cognitive performance (Letenneur et al., 2007, Nurk et 

al., 2009). However, the mechanism(s) by which the CFs bring about their effects on 

memory are not clear. Since cocoa is a good source of Epi it may be of interest 

(maybe only to us) that Linnaeus named both the snail we use (Lymnaea stagnalis) 

and the cocoa plant (Theobroma cacoa). Perhaps Linnaeus anticipated findings 

some 260 years after assigning the scientific name to cocoa, Theobroma, which 

roughly translates to ‘food of the gods’. 

We will test our hypothesis in our simple model system, aerial respiratory behaviour 

in the pond snail Lymnaea (Lukowiak et al., 1996; Lukowiak et al., 1998; Lukowiak 

et al., 2000). Our preparation has a number of attractive attributes including that it 

can be operantly conditioned, a form of associative learning. Following conditioning 

short (STM), intermediate (ITM), and long-term memory (LTM) form (Lukowiak et 

al., 1996; 2000; Dalesman and Lukowiak, 2012). In addition we have also 

demonstrated that: 1) Memory recall is context specific (Haney and Lukowiak, 2001); 

2) One trial learning occurs (Martens et al., 2007); 3) Reconsolidation and extinction 

occur (Sangha et al., 2003a,b), 4) Forgetting is an active process (Sangha et al., 
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2005) and 5) A false memory can be implanted into the snail following activation of 

the memory (Lukowiak et al., 2007). We have also shown that: 1) A single neuron, 

RPeD1 is a necessary site for LTM formation (Scheibenstock et al., 2002) and 

significant changes in synaptic input as well as changes in neuronal excitability of 

this neuron have been correlated with LTM (Spencer et al., 1999; 2002; Braun and 

Lukowiak. 2011); 2) Learning and memory formation can be demonstrated in an in 

vitro semi-intact preparation; (McComb et al., 2005); 3) Differences in cognitive 

ability have been shown to occur at both the behavioural (Orr et al., 2009; Dalesman 

et al., 2011) and neuronal levels (Braun et al., 2011; Braun et al., 2012) and 4) A 

partial proteomics profile exists for changes underlying LTM formation (Rosenegger 

et al., 2010). Finally, a number of environmentally relevant stressors either enhance 

or block memory formation (Lukowiak et al., 2008; 2010, 2014). 

 

Lymnaea satisfy its respiratory requirements bi-modally. That is, in eumoxic 

conditions it mainly relies on cutaneous respiration, while in hypoxic conditions it 

utilizes aerial respiration. Thus, it is possible to train snails not to perform aerial 

respiration without negatively impacting their health. Aerial respiratory behaviour is 

driven by a 3-neuron central pattern generator (CPG) whose necessity and 

sufficiency has been experimentally verified (Syed et al., 1990; 1992) In our operant 

conditioning procedure we train snails not to perform aerial respiration in a situation 

where this behaviour should predominate. If we combine two stressors (crowding 

and low environmental Ca++) that independently block only LTM formation, leaving 

intact short and intermediate term memory (STM and ITM respectively; de Caigny 

and Lukowiak, 2008; Knezevic et al., 2011; Dalesman and Lukowiak, 2010; 

Dalesman et al., 2011) we are able to completely block all forms of memory (i.e. STM, 

ITM and LTM; Dalesman et al., 2013).  

 

We have also shown that training snails in Epi-supplemented pond water enhances 

LTM formation (Fruson et al., 2012). The Epi-enhanced LTM formed faster, 

persisted longer, and was more resistant to extinction. Moreover, Epi did not alter 

other behavioural tests (locomotion, baseline breathing rates, etc.), thus 

exemplifying specificity for the drug to interact with the memory-forming neuronal 

pathways essential for LTM formation (Fruson et al., 2012). More interesting in 

regards to stress exposure of Lymnaea, Epi was able to overcome the suppressive 
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effects of low environmental Ca++ on LTM formation (Knezevic and Lukowiak, 2014). 

That is, while even a 1h exposure to low calcium pond water before the initiation of 

training is sufficient to block LTM but not ITM, training snails in Epi and the low 

calcium pond water results in LTM.  

 

Here we test the hypothesis that Epi will overcome the effects that crowding together 

with low calcium has on all forms of memory formation in Lymnaea.   
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Materials and Methods 

Animals 

Adult pond snails, Lymnaea stagnalis, 25+/- 1mm spire height, were obtained from 

a stock derived from original stocks at the Vrije Universeit, Amsterdam. We refer to 

these as W-strain snails. Adult snails were raised in a tank containing artificial pond 

water (containing 0.26g/L Instant Ocean, Spectrum Brands Inc., Madison, WI, USA, 

and calcium sulphate dihydrate added so that calcium concentrations was 80 mg/L 

Ca++), at the University of Calgary. For the low calcium experiments one week prior 

to operant conditioning, snails were transferred to oxygenated artificial pond water 

whose Ca++ concentration was 20 mg/L. This is referred to as the low calcium 

environment. Tanks were maintained at a temperature of 20+/-1 degrees C, and 

snails were normally housed at density of 1 snail per liter. Romaine lettuce was 

provided ad libitum. Snails were then transferred from these conditions into smaller 

containers, where calcium levels and/or drug exposure was altered, as discussed 

below. All other conditions (temperature, density, food) remained unchanged.  

Training procedure  

Operant conditioning training sessions (TS) were 0.5h in duration as were the 

memory test (MT) sessions and were conducted in hypoxic pond water. Thus when 

we measured whether memory occurred (see below) we in reality used a ‘savings’ 

test; and the MT session can serve as another training session (see below). Water was 

made hypoxic by bubbling with nitrogen for 20 min prior to transferring the snails 

into a 1l beaker filled with 500 ml of pond water. The periods of rest between training 

sessions (1h) as well as leading up to the memory testing sessions were in eumoxic 

pond water at the specified calcium concentration (standard and low calcium). 

Training consisted of applying a tactile stimulus to the pneumostome (the snails’ 

respiratory opening) as the snail began to open it. The tactile stimulus (i.e. poke) 

caused the pneumostome to close. We thus recorded the total number of pokes 

(representing attempted pneumostome openings) for each snail during the training 

and memory testing sessions. Typically 10 snails, each individually labeled, were 

trained in a beaker at the same time (Lukowiak et al., 1996). 

Memory (i.e. STM, ITM, and LTM) in our model system used here has been 

operantly defined (Lukowiak et al., 2000). We have defined memory as having been 
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formed in snails trained with the two 0.5h training session procedure (a 1h interval 

between sessions) if the number of attempted openings in MT (either the 3h or 24h 

test) is significantly less than in TS1 and not significantly greater than in TS2 

(Lukowiak et al., 1998). When the single 0.5h training session procedure is used, 

LTM is defined as MT being significantly less than TS1 (Martens et al., 2007). 

Snail maintenance procedures used in the various training groups 

A group of naive snails (n=18; Fig. 1A) was trained (i.e. operantly conditioned) in 

15mg/l Epicatechin (Epi, Sigma- Aldrich, St Louis, MO, USA) added to standard 

pond water (80 mg/l Ca++) and then tested for LTM in standard pond water. They 

received a single 0.5 h training session (TS) and then were tested for LTM 24 h later 

(MT) in standard pond water. They were maintained in standard pond water during 

the 24h interval between training and memory testing. A second naïve group of snails 

(Figure 1B; n = 13) received a single 0.5h TS in standard pond water (i.e. no Epi) and 

memory was tested 24h later.  

A third group of naive snails (Figure 1C; n=18) was kept in low calcium (20 mg/L) 

conditions for one week. They were then crowded for one hour (20 snails/100mL), 

before being transferred to a testing beaker where they received a 0.5h training 

session. Following the first TS, they were returned to their home aquaria (still low 

calcium), before receiving a second 0.5h TS. The snails were then transferred to a 

eumoxic aquarium for 3 hours, when they were tested (3h MT) for (ITM). Following 

the 3h memory test session, the snails were once again transferred to their home 

aquaria for 24 hours. These snails were then tested for LTM (24h MT).  

20 mg/L low Ca2+, crowded, and 15 mg/L Epicatechin ITM experimental 

group  

A different group of naive snails (Figure 2; n=35) was kept in low calcium (20 mg/L) 

conditions for one week. They were then crowded for one hour (20 snails/100mL), 

before being transferred to a testing beaker containing Epi (15mg/L in low calcium 

pond water) where they received two 0.5h training sessions in the low calcium and 

Epi pond water separated by a 1h interval. During the 1h intersession interval they 

were in the low Ca environment but were not in Epi. We then randomly picked 17 

sails and tested the for memory 3h after TS2. This is a test for intermediate term 
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memory (ITM) and occurred in the low calcium environment (i.e. no Epi was 

present). The remaining 18 snails were tested for memory 24h after TS2. Again Epi 

was not present in the low calcium environment for this memory test. Thus each 

snail was only tested for memory once.   

20 mg/L low Ca2+, crowded, and 15 mg/L Epicatechin 96+72+168h LTM 

experimental group  

Another group of naive snails (Figure 3; n= 16) was kept in low calcium conditions 

for one week. They were then crowded for one hour, before being transferred to a 

testing beaker where they received two 0.5h training sessions separated by a 1h 

interval. The training sessions were performed in the low calcium and Epi 

environment (15mg/l in low calcium pond water). We tested these snails for LTM 

96h later in the low calcium environment but without added Epi (MT1). Following 

this session, snails were returned to a normal calcium environment. They were then 

assessed for memory in standard pond water 72h later (MT2). Finally after this 

memory test session they were again returned to their home aquaria (normal calcium 

environment) for 1 week (168h) before being tested for memory again (MT3). 

Normal pond water and Epi controls 96+72+168h LTM experimental 

group  

The penultimate group of naive snails (Figure 4 top; n = 11) maintained in standard 

pond water received two 0.5h training sessions separated by a 1h interval. They were 

then tested for LTM 96h later (MT1). Following this memory test snails were again 

tested for memory (MT2) 72h later and then a final memory test (MT3) was 

performed one week (186h) later. 

The final cohort of naive snails (Figure 4 bottom; n = 18) was treated exactly like the 

penultimate cohort, except that the first two 0.5h training sessions were performed 

in Epi. All other memory testing sessions were in pond water without Epi. 

Statistical analyses  

Data were analyzed separately in SPSS Statistics Version 20 (SPSS Inc., Chicago, IL, 

USA). A repeated-measures ANOVA was used to compare the mean number of 

attempted pneumostome openings across training and memory test sessions. 
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Homogeneity of variance was confirmed using Mauchly’s test for sphericity before 

analysis. When tests yielded an overall significance, post hoc paired t-tests were used 

to determine between which trials (TS1, TS2 or MT) the significant difference lay. In 

the experiments with and without Epi added to the pond water where only a single 

0.5h training session and a single memory test 24h later was used, a paired t-test was 

used to determine whether memory formed.  
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Results 

We first wished to replicate previous experiments to show that: 1) Epi enhances LTM 

formation; and 2) the combination of a low calcium pond water environment and 1h 

of crowding immediately prior to operant conditioning training blocks all forms of 

memory in Lymnaea. We used three different cohorts of naive snails to replicate 

these previous findings. 

As can be seen in Figure 1A snails (n = 18) that received a single 0.5h training session 

in standard Epi-supplemented pond water (i.e. 15 mg/l Epi in Ca++ 80 mg/l) 

exhibited LTM when tested 24h later. That is, the number of attempted 

pneumostome openings in MT was significantly less than (p < 0.001) the number of 

attempted openings in TS1. In a different cohort of snails (Figure 1B; n = 13) snails 

receiving a single 0.5h training session in standard pond water (i.e. without Epi) did 

not form LTM. Finally, we used a third cohort of naïve snails (Figure 1C; n = 18) that 

were maintained for 1 week in the low calcium pond water (Ca++ 20 mg/l) and then 

crowded (20 snails/100ml) for 1h just prior to operant conditioning training. These 

snails they received two 0.5h training sessions separated by a 1h interval. During the 

1h interval they continued to be maintained in the low calcium pond water but were 

not crowded. In this cohort of snails we found the following: 1) There was no 

evidence of learning (i.e. TS2 was not significantly less than TS1); 2) ITM was not 

present (i.e. when we tested whether snails had memory 3h after TS2 we found that 

there was no significant difference between the 3h MT and TS1 or for that matter 

TS2; 3) when tested 24h later (i.e. 24h MT) there was no evidence of LTM in that the 

number of attempted openings in the 24h MT session was not statistically less than 

in TS1. Importantly, LTM was not observed in the 24h MT even though the 3h MT 

test is actually another training session (i.e. no LTM after 3 training sessions); 

showing that this cohort of snails experiencing both the low calcium and crowded 

stressors has an inability to learn and form ITM and LTM.  

Having shown that maintaining snails in low calcium pond water and then crowding 

them for 1h just prior to subjecting them to the operant conditioning procedure 

blocked memory formation (Figure 1C) we asked whether training in Epi-

supplemented low calcium pond water would mitigate this memory forming deficit. 

We therefore used a new cohort of naive snails (n = 35; Figure 2) and trained these 
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snails that had experienced the two stressors in Epi supplemented low calcium pond 

water. As can be seen, TS2 was significantly different than TS1 indicating that 

learning had occurred. We then tested 17 of these snails 3h later for ITM (3h MT) and 

the remaining 18 snails for LTM 24h later (24h MT). Snails trained with similar 

exposure to the stressors but without Epi did not exhibit learning (Fig 1). When we 

examined whether ITM was present 3h after TS2 we found that memory had formed. 

In a similar manner when we examined whether LTM was present in the snails 24h 

after they experienced TS2 we found that LTM was present. That is, the number of 

attempted openings in the 24h MT session was significantly less than in TS1 and not 

significantly greater than TS2. Thus, the criteria for bot ITM and LTM formation 

were met. It is important to note that Epi-supplemented pond water was not used in 

either the 3h or the 24h memory test. 

Having shown that Epi could enable snails to make both ITM and LTM in an 

environment that prevents these forms of memory formation (i.e. ITM, and LTM) we 

wanted to know whether the LTM formed as a result of training in Epi persists for 

longer than 24h. Thus, another cohort of naive snails (n = 16; Fig 3) was subjected to 

the same unfriendly memory forming environment but trained (i.e. TS1 and TS2) in 

Epi-supplemented pond water. Again we saw an immediate significant decrease in 

that the number of attempted openings in TS2 compared to TS1. Following TS2, 

snails were returned to the low calcium environmental aquaria for 96h (i.e. no Epi). 

We then tested for, and found the presence of memory. That is, the number of 

attempted openings in MT1 (i.e. the 96h memory test, Epi not present) was 

significantly less than in TS1 and not significantly different than in TS2. Thus, 

training in Epi even in an unfriendly memory formation environment is sufficient to 

result in a 96h LTM. Following the 96h MT session we transferred the snails to the 

standard calcium (80 mg/L) environment and 72h later tested snails for memory (i.e. 

MT2). We performed this experiment to see if the memory would deteriorate (i.e. 

forgetting) as it does in standard pond water (Knezevic et al., 2011). As can be seen 

the number of attempted openings in MT2 was significantly greater than the number 

of attempted openings in MT. While the number of attempted openings in MT2 was 

significantly less than the number in TS1, the criteria for LTM was not met because 

MT2 was significantly greater than in MT. That is, the operational definition of LTM 

(Lukowiak et al., 1996) was not met. Following MT2 we waited an additional 1 week 
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and performed another memory test (MT3). The number of attempted pneumostome 

openings MT3 was significantly less than MT2 and TS1 and not significantly greater 

than the number in MT1. Thus, LTM was present. That is, it appears that while LTM 

was not present according to the operational definition of LTM, there was a residual 

memory trace present (Parvez et al., 2005; 2007) such that the MT2 session (it is 

also operationally a training session) built upon this trace to cause LTM to form in 

MT3.  

Because the data obtained in the experiment described in Figure 3 are complicated 

and possibly difficult to interpret we performed two additional experiments. These 

experiments are shown in Figure 4. In the top panel of Figure 4 a naive cohort of 

snails (n = 11) was maintained and trained in standard pond water (i.e. Ca ++ 80 

mg/L). There was a significant decrease in the number of attempted pneumostome 

openings in TS2 compared to TS1 indicating that ITM had formed. However, LTM 

was not present 96h later. That is, the number of attempted opening in MT1 was not 

significantly less than TS1. This experiment confirms previous data that the memory 

formed using this procedure in this strain of snails does not persist for 96h. The 

snails were then returned to their home aquaria and tested for memory 72h later (i.e. 

MT2). Again, memory was not observed. Finally, after a further 1 week interval 

memory was again tested (MT3) and memory was not present. Thus, in standard 

pond water this training procedure did not result in a long-lasting (i.e. > 24h) LTM. 

There also did not appear to be any residual memory trace for the subsequent 

memory test session (i.e. MT2) to build upon to cause the formation of a 1 week LTM.  

In the bottom panel of Figure 4 a similar training procedure was used on snails 

maintained in standard pond water. However, this naive cohort of snails (n = 18) 

received the two training sessions (TS1 and TS2) in Epi-supplemented pond water. 

Again, in TS2 there are significantly fewer attempted pneumostome openings than in 

TS1 indicating that ITM formed. Following TS2 snails were returned to their home 

aquaria for 96h before being tested for memory (i.e. MT1). As can be seen LTM was 

present. That is, the number of attempted pneumostome openings in MT1 was 

significantly less than in TS1 and not significantly greater than TS2. The snails were 

returned again to their home aquaria and tested for LTM 72h later (MT2). Again, 

LTM was present. We then returned these snails to their home aquarium and tested 
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for memory 1 week later. As can be seen in MT3 memory was present. Thus, training 

snails for two sessions in Epi resulted in long-lasting memory.  

Discussion 

A clear advantage of our Lymnaea model system is that we are able to completely 

block the ability to learn and from memory by using a specific combination of 

environmentally relevant stressors before operant conditioning training in snails that 

are typically competent to learn and form memory. This allows us to easily put an 

animal in a ‘memory-unfriendly’ state and then determine procedures or bioactive 

compounds that mitigate the negative cognitive effects inflicted on the snail by the 

stressors. Here we demonstrate that training in Epi, a naturally occurring food 

substance, quickly reverses the total inability to learn and form memory. That is, 

when trained in the presence of Epi the animals immediately regain the ability to 

associatively learn and form ITM and LTM. This finding gives hope that it is possible 

to devise strategies (see below) making use of natural products to mitigate learning 

and memory deficits. 

We first showed that Epi has the ability to enhance LTM formation in non-stressed 

animals (Figure 1). That is, whereas it takes at least two 0.5h operant conditioning 

training sessions separated by a 1h interval in our W-strain snails, to result in LTM, 

when trained in Epi-supplemented pond water a single 0.5h training session is 

sufficient to cause LTM formation. These data are in accord with the original finding 

of Fruson et al (2012). 

We then again demonstrated that a combination of low calcium and crowding, which 

both energetically and emotionally tax the snail, result in a complete blockage of 

learning and memory processes (STM, ITM and LTM) confirming our earlier 

published work (Dalesman et al., 2013). Memory formation is an energetically 

demanding process, requiring both new protein synthesis and altered gene activity 

(Sangha et al., 2003c; Parvez et al., 2005). Since both calcium deprivation and 

crowding are stressors that force Lymnaea to use resources significantly more 

sparingly (Dalesman and Lukowiak, 2010), it follows that a necessary husbanding of 

resources take precedence over higher order and energetically expensive functions 

like new memory formation. This indicates that there is a ‘cost’ to memory 

formation. It may also be that these two potent stressors together create an 
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emotional state that is incompatible with memory formation. We posit that it is 

possible to establish such an emotional state in Lymnaea. Damasio (2010) has 

written “in simple organisms capable of behavior but without a mind process, 

emotions can be alive and well…”. That is, changes in the ability to form memory 

occur as a result of subjecting an animal to certain stressors or combinations of them 

resulting in the creation of an emotional state, which significantly alters the ability to 

form or recall memory. 

To put it in another context, the combination of stressors used here pushes the 

organism to the far right on the so-called Yerkes-Dotson (Y-D) curve. This ‘Y-D law’ 

can be used to describe the effect of stress on learning and memory, stating that at 

different stress levels the ability to form memory changes. In textbooks this ‘law’ is 

shown as an inverted U function. It should be noted that the Yerkes and Dotson 

(1908) paper did not present such an inverted U curve. The inverted U function is 

actually a figure adapted from Donald Hebb’s 1955 presidential address to the 

American Psychological Association (Hebb, 1955; see also Diamond et al., 2007; Ito 

et al., 2015a,b). It appears that Hebb was unaware of the earlier Yerkes and Dotson 

paper (Diamond et al., 2007). Hebb hypothesized that with too little or too much 

stress, learning and memory formation are not optimal, hence the inverted U curve. 

Thus, the stressors we used here ultimately result in changes in the neuronal circuit 

meditating memory formation that are incompatible for memory formation. What 

these changes are remain to be determined. 

While we had previously shown Epi to enhance LTM formation (Fruson et al., 2012), 

our present findings go well beyond this as we now show that Epi quickly and 

effectively reverses a behavioural state where neither learning nor memory occurs. 

This is a significant finding. Thus, with only two 0.5h training sessions in Epi-

supplemented low calcium pond water both ITM and LTM are formed (Figure 2) in 

the situation where all forms of memory are blocked in the absence of Epi. Moreover, 

in the learning and memory deficit state caused by the two stressors the two 0.5h 

training sessions in Epi resulted in a LTM that persisted for at least 96h (Figure 3). 

In a typical experiment in standard pond water in the W-strain snails two 0.5h 

training sessions separated by a 1h interval results in a 24h but not a 48h LTM 

(Sangha et al., 2003c). Thus, not only did Epi-supplemented pond water cause the 

animals to revert to a state where memory could be formed, an enhanced memory 
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forming state was achieved. These findings are consistent with the hypothesis that 

training in Epi-supplemented pond water results in a ‘super’ memory state. In such a 

state forgetting is delayed and the extinction process is impeded (Fruson et al., 

2012). Of further importance is the fact that Epi does not have to be present in the 

memory test session for memory to be recalled. That is, while LTM in Lymnaea is 

context specific (Haney and Lukowiak, 2002) the boost in LTM formation caused by 

training in Epi results in memory that can be recalled without the presence of Epi. 

How this memory boost is reflected at the neuronal level in the circuit that drives 

aerial respiratory behaviour is now being investigated. 

In the experiment shown in Figure 3, after showing that Epi both reversed the 

inability to form ITM and LTM in the memory-unfriendly environment (i.e. crowding 

and low calcium) we showed that the resulting LTM persisted for at least 96h after 

training. We then asked what would happen to this memory when snails were 

returned to standard pond water (i.e. Ca ++ 80mg/l). When we tested for LTM after 

72h in the standard conditions, we found that LTM was not present as the number of 

attempted pneumostome openings in the MT2 session was significantly greater than 

the number of attempts in MT1 (p < 0.01). Based on our operational definition of 

LTM (Lukowiak et al., 1996) LTM was not present even though the number of 

attempted openings in MT2 was significantly less than in TS1. These data show that 

returning snails to standard conditions allows forgetting to occur. Forgetting is 

blocked in the low calcium environment (Knezevic et al., 2011; Karnik et al., 2011), as 

is LTM formation. The low calcium environment prevents forgetting a sit does LTM 

formation. Both this LTM formation and forgetting require altered gene activity and 

new protein synthesis (Sangha et al., 2005). Notice however, that when we then 

tested snails 1 week later, memory was present. We posit that the memory exhibited 

in MT3 was the result of the training that occurred during the MT2 session acting on 

a ‘residual’ memory trace resulting from training in Epi that was present in the MT2 

session leading to a very long-lasting LTM (Parvez et al., 2005; 2006).  

To better support the hypothesis that the memory exhibited in MT3 shown in Figure 

3 was the result of an enhanced memory formation process resulting from training in 

Epi-supplemented pond water we performed two additional experiments (Figure 4). 

These data show that in W-strain snails trained in two 0.5h training sessions in 

standard pond water LTM does not persist for 96h; nor do these data show that there 
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is a residual memory trace present 72h after MT1 which allow LTM to be present 1 

week after MT2. That is, LTM is not present in MT3. However, when W-strain naive 

snails are trained with two sessions in Epi-supplemented normal pond water we not 

only find LTM 96h later but we find it 72h after MT1 and 1 week after MT2. These 

data are all consistent with the hypothesis that training snails in Epi-supplemented 

pond water results in a very long lasting memory that is resistant to forgetting and 

that is not dependent on Epi being present in the memory recall sessions.  

The finding that Epi quickly reverses the ‘non-memory’ conducive state that was 

brought about by the two stressors gives hope that naturally occurring substances 

can be used to reverse states that are non-memory forming friendly. However, the 

literature is filled with claims of remarkable findings concerning natural products 

and memory enhancement drugs that do not seem to work out in the real world. 

Here we are not suggesting that Epi is a ‘wonder-drug,’ only that in our model system 

it has the ability to quickly change the state of the system from one not conducive to 

memory formation to one extremely conducive to memory formation. It may well be 

that this compound only ‘works’ in the manner we described on certain stress related 

states that block memory formation. Our data here show that Epi not only enhances 

learning and memory formation in snails capable of learning and forming memory, 

but also further show this flavonol’s ability to overcome a state of memory formation 

impediment. With the establishment of behavioural effects like those shown here, we 

can move to examining the mechanisms at a cellular and molecular level to elucidate 

the causal neuronal changes underlying these specific behavioural states. It may then 

become possible to begin to translate such knowledge from our animal model to the 

clinic, for potential use to mitigate states that are not conducive to memory 

formation. 

While our data in Lymnaea suggests that a flavanoid such as Epi can enhance 

memory formation, even under situations where the formation of memory is severely 

limited is of interest to molluscan neurobiologists, it will only be of interest to the 

wider neurobiology community if these naturally occurring substances play similar 

roles in humans. It appears that there are similarities to our work in the literature 

dealing with mood and cognition in humans. There is a positive correlation based on 

a number of epidemiological studies between the intake of flavanoids such as Epi 

(contained in dark chocolate) and a lower incidence of cognitive impairment 
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(Kuriyama et al., 2006) and significantly better cognitive performance in subjects not 

demented (Letenneur et al., 2007, Nurk et al., 2009). More recently Mastroiacovo et 

al. (2015) provided further evidence that daily consumption of cocoa flavanols (CFs) 

improved cognitive function in healthy, non-demented elderly individuals. Subjects 

(~ 100 individuals) were randomly assigned into one of 3 groups that received a daily 

drink containing low, intermediate, or high amounts of CFs. Their results showed 

that in elders not suffering from cognitive dysfunction that the regular intake of CFs 

improved measures of cognitive performance and that the effects on cognition 

appeared to be dependent on the amount of CF intake. Interestingly, the authors 

suggested that the largest contribution to cognitive improvements came from 

changes brought about by the CFs action to improve insulin sensitivity. Previously 

Grassi et al (2008) showed that the ingestion of dark chocolate, which contains CFs, 

reduced blood pressure and increased insulin sensitivity in glucose-intolerant, 

hypertensive subjects. In addition it was also shown that CFs in cocoa induce 

vasodilation of the peripheral and cerebral vascular system (Sorond et al., 2008; 

Francis et al., 2006), increasing brain blood flow and perfusion mainly through an 

improvement in nitric oxide bioavailability in endothelial cells (Heiss et al., 2010). 

Thus, in humans CF-containing foods can be effective in protection against the 

development of age- related cognitive dysfunction and possibly reversing or a 

restorative effect on certain aspects of age-related cognitive decline (Field et al., 2011; 

Morris 2012). It is also worth noting here that insulin has positive effects on LTM 

formation in Lymnaea (Murakami et al., 2013a,b; Hatakeyama et al., 2013; Ito et al., 

2015c). Whether Epi has an effect on insulin-like molecules in Lymnaea remains to 

be determined. 

While we have not yet elucidated the mechanism by which Epi enhances LTM 

formation in our model system we know that this water-soluble substance quickly 

(within 30 min) crosses the skin membrane of the snail and since the snails possess 

an open circulatory system Epi can directly contact CNS neurons. While it has been 

suggested that Epi may enhance cognitive function in humans by increasing cerebral 

blood flow (van Praag et al., 2007; Brickman et al., 2014) this is unlikely to account 

for improved memory in Lymnaea as it possess an open circulatory system. Epi does 

not remove the stressors; rather it overcomes the negative effects of the stressors on 

memory formation. This may be considered analogous to the anxiolytic effect that 
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dark chocolate has according to some reports in humans (Nehlig, 2013). Our findings 

suggest that through ingesting foods rich in CFs, we may be able to overcome states 

such as ageing where memory formation and its retention are sometimes 

compromised. These results provide the basis of future studies in Lymnaea in order 

to elucidate how dietary substances such as the CFs cause changes in neurons, which 

play a necessary role in memory formation, in an induced state where learning and 

memory do not occur.  
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Figures 

 

 

 

Figure 1. The effects of Epi-supplemented standard pond water on memory 

enhancement and the blocking of learning and memory by the combined crowding 

and low calcium pond water. A) Plotted are the mean number of attempted 

pneumostome openings and SEM of a single 0.5h training session (TS1) and a 

memory test (MT) 24h after TS1. Training snails (n = 18) in Epi-supplemented pond 

water caused enhanced LTM formation. The number of attempted pneumostome 

openings in MT was significantly less than in TS1 (paired t-test t=4.086, p < 0.01). B) 
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Training snails with the single 0.5h training session procedure (n = 13) in standard 

pond water without Epi does not result in LTM. The number of attempted openings 

in MT was not significantly less than in TS1 (paired t-test; t = 0.856, p > 0.05). C) 

Mean attempted number of attempted pneumostome openings and SEM in snails (n 

= 18) maintained in low calcium (20 mg/L) pond water one week prior to training 

and during the remainder of the experiment. They were also crowded for one hour 

before TS1. Neither learning ITM not LTM were observed. That is, TS2 was not 

significantly less than TS1; the 3h MT (i.e. ITM) was not significantly less than TS1; 

and the 24h MT was not significantly less than TS1. Thus, the criteria for memory 

were not meet. Notice also that even though these snails received an additional 

training session 3h after TS2 (i.e. the 3h MT) LTM was not observed.  ANOVA: F(3, 

51) = 1.534, MSE = 37.952, p=0.217. ** p < 0.01 
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Figure 2 Training in Epi-supplemented pond water reverses stress imposed learning 

and memory deficits. The stressors were low calcium for 1 week prior to training and 

crowding for 1h before TS1. Plotted are the mean number of attempted 

pneumostome openings and SEM of snails (n = 35) during two 0.5h training session 

in epi-supplemented low calcium pond water (TS1 and TS2); 17 snails received a 

memory test 3h later (3h MT) whilst the remaining 18 snails received a memory test 

24h later (24h MT). Both the 3h and the 24h MTs were performed in the absence of 

EPI in the low calcium pond water. As can be seen learning,  ITM, and LTM 

occurred. An ANOVA (F(2, 32) = 11.809, MSE = 42.373, p=0.01) showed that 

learning (i.e. TS2 was significantly less than TS1), ITM and LTM occurred (i.e. both 

the 3h and the 24h MT was significantly less than TS1 but not significantly greater 

than TS2). ** p < 0.01 
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Figure 3. Training in Epi-supplemented pond water results in long lasting LTM even 

in snails exposed to the memory unfriendly combined stressors. Naive snails (n = 16) 

were subjected to the same low calcium and crowding procedures as above. Plotted 

are the mean number of attempted pneumostome openings and SEM of two 0.5h 

training session (TS1 and TS2) in Epi-supplemented pond water. Memory tests were 

performed in the low calcium pond water (i.e. no Epi) 96h following TS2 (MT), then 

72h after MT (MT2) and then 1 week after MT2 (i.e. MT3). Following MT snails were 

transferred to standard calcium (i.e. 80 mg/l) pond water. An ANOVA showed that 

there was learning and memory. (F(4, 60) = 21.673, MSE = 18.900, p=0.01). ** p < 

0.01 compared to TS1. 
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Figure 4. Training in Epi-supplemented standard pond water caused long-lasting 

enhancement of LTM. Top: Snails (n = 11) trained in standard pond water exhibited 

learning, TS2 was significantly less than TS1 (p , 0.01) but memory was not exhibited 

in any of the memory test sessions (i.e. MT1, MT2, and MT3 were not significantly 

different than TS1. Bottom: As above only snails (n = 16) received the two 0.5h 

training sessions (TS1 and TS2) in Epi-supplemented standard pond water. An 

ANOVA (F(4,60) = 6.957, MSE = 21.11, p < 0.01) showed that learning and memory 
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were formed. That is, in all memory test comparisons the number of attempted 

openings were significantly less than TS1 (p < 0.01) and not significantly greater than 

TS2. The Epi enhanced LTM persisted for at least 96h following TS2. Subsequent 

testing showed that memory duration could be extended, even in standard pond 

water where forgetting can occur. ** p < 0.01. 

 
 


