
The great pond snail (Lymnaea stagnalis) as a model of ageing 
and agerelated memory impairment: an overview

Article  (Accepted Version)

http://sro.sussex.ac.uk

Fodor, István, Svigruha, Réka, Kemenes, György, Kemenes, Ildikó and Pirger, Zsolt (2021) The 
great pond snail (Lymnaea stagnalis) as a model of ageing and age-related memory impairment: 
an overview. Journals of Gerontology, Series A, 76 (6). pp. 975-982. ISSN 1079-5006 

This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/96960/

This document is made available in accordance with publisher policies and may differ from the 
published  version or from the version of record. If you wish to cite this item you are advised to 
consult the publisher’s version. Please see the URL above for details on accessing the published 
version. 

Copyright and reuse: 
Sussex Research Online is a digital repository of the research output of the University.

Copyright and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable, the material 
made available in SRO has been checked for eligibility before being made available. 

Copies of full text items generally can be reproduced, displayed or performed and given to third 
parties in any format or medium for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge, provided that the authors, title and full bibliographic 
details are credited, a hyperlink and/or URL is given for the original metadata page and the 
content is not changed in any way. 

http://sro.sussex.ac.uk/


Acc
ep

ted
 M

an
us

cri
pt

 

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society 
of America. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com. 

The great pond snail (Lymnaea stagnalis) as a model of ageing and age-related memory 

impairment: an overview 

 

1
István Fodor, MSc, 

1
Réka Svigruha, MSc, 

2
György Kemenes, PhD, DSc, 

2
Ildikó Kemenes, 

PhD, and 
1
Zsolt Pirger, PhD* 

 

1
NAP

 
Adaptive Neuroethology, Department of Experimental Zoology, Balaton Limnological 

Institute, Centre for Ecological Research, 8237 Tihany, Hungary 

2
Sussex Neuroscience, School of Life Sciences, University of Sussex, Brighton, BN1 9QG, 

UK 

 

*Corresponding author; E-mail: pirger.zsolt@ecolres.hu (Z Pirger) 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/advance-article/doi/10.1093/gerona/glab014/6102574 by guest on 03 February 2021

mailto:pirger.zsolt@ecolres.hu


Acc
ep

ted
 M

an
us

cri
pt

 

2 
 

Abstract 

With the increase of life span, normal ageing and age-related memory decline are affecting an 

increasing number of people; however, many aspects of these processes are still not fully 

understood. Although vertebrate models have provided considerable insights into the 

molecular and electrophysiological changes associated with brain ageing, invertebrates, 

including the widely recognised molluscan model organism, the great pond snail (Lymnaea 

stagnalis) have proven to be extremely useful for studying mechanisms of ageing at the level 

of identified individual neurons and well-defined circuits. It‟s numerically simpler nervous 

system, well-characterized life cycle and relatively long lifespan make it an ideal organism to 

study age-related changes in the nervous system. Here, we provide an overview of age-

related studies on L. stagnalis and showcase this species as a contemporary choice for 

modelling the molecular, cellular, circuit, and behavioural mechanisms of ageing and age-

related memory impairment. 

 

Keywords: mollusc; Lymnaea stagnalis; neuroscience; ageing; age-related memory 

impairment  
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1. Introduction 

The general increase of lifespan supported by rapid advances in medical interventions also 

resulted in the increase in normal and pathological age-related memory decline affecting a 

growing number of people with devastating effect, not just to the affected individuals but also 

their carers, relatives and the society as a whole. However, there is still very little known 

about the key molecules, signalling pathways, and cellular changes responsible for the 

slowing of cognitive functions and/or memory impairment during biological ageing. Clearly, 

there is a great social and economic need to study the mechanisms underlying these 

neurophysiological processes leading to therapeutic interventions. 

The complexity of events associated with normal age-related changes and 

pathological conditions in the nervous system cannot be overestimated. There are numerous 

imaging studies in mammalian species, including humans, investigating changes in brain 

activity related to ageing but due to the complexity of the mammalian brain it is difficult to 

study these changes at the level of defined circuits and individual neurons. Investigating the 

electrical activities of hippocampal pyramidal cells, the Nobel Prize Laurate Eric Kandel had 

already recognized that the human brain did not provide the best opportunity to understand 

the cellular and molecular mechanisms leading to the generation of functions such as learning 

and memory. In 1962, he visited the invertebrate laboratory of Paris led by Ladislav Tauc 

where they worked together on the marine mollusc Aplysia californica. Kandel realized that 

this animal is capable of simple forms of learning such as sensitisation and habituation and 

the learning induced changes could readily be studied in isolated brain preparations. This 

allowed mapping and translating behavioural learning and memory storage onto synaptic 

events such as heterosynaptic facilitation (1-4) that could be analysed at the level of single 

cells and molecular cascades. This pioneering work lead to the discovery of several cellular 
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and molecular processes underlying learning and memory that also served as a basis for 

research on age related memory decline.  

Building on the findings of A. californica, research using the gastropod mollusc 

Lymnaea stagnalis furthered the knowledge on learning related processes induced by 

different associative paradigms and established this species as a favoured model for memory 

research (5,6). Its use as an ageing model dates back to the 1980s when scientists started to 

recognize that studies on age-related changes in the giant (even 100-150 µm) molluscan 

neurons allow the comparison of the onsetting shifts in the same neuron, and their 

comparison in turn with the cellular changes in warm-blooded animals is essential for the 

establishment of general regularities in the evolution of ageing (7). Despite L. stagnalis‟s four 

decades-long track record as a versatile ageing model and many new advances published in 

recent years, there have been few overviews of this research. Therefore, the aim of this 

review is to highlight the advantages of using L. stagnalis as a model in studying age-related 

changes in the nervous system and to provide an overview of the results originating from age-

related molecular, cellular, circuit, and behavioural studies utilizing this species.  

 

2. Advantages of L. stagnalis as an ageing model  

Although vertebrate and several other invertebrate models can undoubtedly contribute to the 

understanding of plastic changes associated with normal (and pathological) brain ageing 

(8,9), molluscs including L. stagnalis are particularly suitable for studying the molecular, 

cellular, and circuit mechanisms of ageing (5,10-12) for the following main reasons. 

2.1. Relatively long lifespan  

In contrast to insects (e.g., D. melanogaster) and nematodes (e.g., C.  elegans) having 

extremely short lifespans (e.g., the mean lifespan of D. melanogaster is 2-3 months and for C. 

elegans it is 2-3 weeks (13,14)), the life expectancy of L. stagnalis is relatively long, with 
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estimates varying from one to several years depending on environmental conditions (e.g., 

temperature, density, salinity) (15-20). This allows researchers to investigate ageing 

processes on a relatively long time scale. Previous studies demonstrated that age-dependent 

mortality follows Gompertz and Weibull survival characteristics indicating that populations 

show normal ageing (15,20,21). Similarly to other invertebrate and vertebrate species, calorie 

restriction was also shown to increase the lifespan of L. stagnalis (22,23). 

 

2.2. Easy identification of anatomical parts and individual neurons in the central nervous 

system 

The central nervous system (CNS) of L. stagnalis contains a relatively low number of 

neurons (~25,000) compared to the numbers in the human (~100 billion), mouse (~70 

million), or insect (200,000-300,000) brains (24). This numerical simplicity makes 

identification of specific circuits underlying defined behaviours, similar to the ones in 

vertebrates, such as feeding, locomotion, respiration, risk-taking, and learning much easier 

(5,25-28). In contrast to the average neuron size of other model species often used in memory 

research (e.g., C. elegans: 2 μm; D. melanogaster: 2-5 μm; Mus musculus: 10-20 μm (24)), L. 

stagnalis‟s neurons are mostly large (30–150 μm in diameter) and their bright and often 

orange-coloured cell bodies are located in consistent positions on the surface of the ganglia 

making them easily accessible and individually identifiable for morphological, 

electrophysiological and molecular analysis (5,25). 
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2.3. Appropriate genetic and epigenetic background 

A number of age-related changes identified in vertebrates are known to be well conserved in 

invertebrates (29). This is particularly true for L. stagnalis (and molluscs in general) as they 

have the most appropriate genetic and epigenetic background of invertebrates to study human 

ageing and age-related memory impairment (as well as neurodegenerative diseases) 

(11,12,30). According to Darwinian selection theory during phylogenetic development, 

around 600 million years ago, before the divergence of vertebrate and invertebrate species, 

several cellular and molecular regulatory mechanisms developed in the common ancestors of 

these species which then by resisting selective pressure "stood the test of time" and remained 

largely unaltered during both invertebrate and vertebrate evolution (31). A good example of 

this is the homeobox gene tool found in most eukaryotes that specifies regions of the body 

plan of an embryo along the head-tail axis of animals (32). There are also several conserved 

signalling pathways associated with ageing across the species (33). There is a wealth of 

molecular, genomic, and physiological data providing evidence for similarity in basic cellular 

and molecular mechanisms in the gastropod and mammalian CNS (12,30,34), including 

processes underlying learning and ageing (5,6,12,20,35). 

 The founder of modern neuroscience, the Nobel Prize Laurate Santiago Ramon y 

Cajal had already suggested at the turn of the twentieth century that many of these 

„conserved‟ mechanisms have emerged during the development of the nervous system, and 

by studying them in worms, molluscs, and insects, we can get closer to understanding such 

mechanisms in the mammalian brain (36). However, in contrast to insects and nematodes, the 

slower rate of protein evolution in molluscs (i.e. lower amino acid replacement rate) resulted 

in a larger number of conserved genes as well as higher conservation of many genetic and 

epigenetic processes that are similar in vertebrates including humans (11,12). For example, a 
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comparison revealed that more than a hundred homologs linked to human ageing and 

neurological diseases are expressed in the CNS of A. californica while a fraction of these 

homologs are differentially lost either in D. melanogaster or C. elegans (30).  

 

3. Overview of age-related findings on L. stagnalis  

3.1. Findings at the molecular level 

As indicated above, recent research revealed a high number of conserved molecular 

sequences in L. stagnalis, such as klotho (#MT153186), gelsolin (#MT153188), and major 

vault 1 (#MT153187), that are associated with normal and pathological ageing and age-

related memory impairment (Table 1) similarly to vertebrates (11). For example, in mice, 

defect in the klotho gene expression accelerates the ageing process, while its overexpression 

extends the life span (37). Recent adaptation of the CRISPR/Cas9-mediated genome method 

to L. stagnalis (38) provides a tool for genetic modification of identified sequences, opening 

revenues for the investigation of molecular processes underlying ageing in more detail 

leading to discovery of novel mechanisms operating not just in molluscs but in higher 

organisms as well. 

 Of course, it also needs to be established at what level L. stagnalis can function as a 

model for medical research such as neurodegenerative disease and be a substitute for standard 

vertebrate models. Nevertheless, L. stagnalis has already been successfully used to study 

neurodegenerative disorders associated with memory decline such as Parkinson‟s and 

Alzheimer‟s diseases (39-42). Such studies demonstrated for example that in vivo L. stagnalis 

parkinsonian models can mimic several aetiological properties of Parkinson‟s disease (39,40). 

Furthermore, a recent study showed the presence of PARK7/DJ-1 in L. stagnalis (high 

similarity with A. californica, (11)) and demonstrated that it may have an evolutionary 

conserved neuroprotective function (40). 
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Besides the genetic processes, epigenetic modifications such as DNA methylation are 

also suggested to play an important role in the control of genome-wide chromatin 

reorganization in ageing. A previous study on a close relative to L. stagnalis (A. californica) 

revealed significant epigenetic modifications during ageing (12). Homologous sequences of 

the main mammalian CpG methyltransferase (DNMT1) and the main methylation reader 

protein (MDB2) have been identified both in A. californica (#HM054529, #HM054530; (12)) 

and in L. stagnalis (#QNG40055, #QNG40056; see supplement of this paper) emphasizing 

the importance of the findings originating from research on these molluscan species.  This is 

important, since any homologs of DNMT 1, 2, 3 genes cannot be found in the genome of C. 

elegans and this species is devoid of DNA methylation (43). Although D. melanogaster has 

DNMT 2 gene, the enzyme activity is rather weak and without CpG preference (44). 

Furthermore, D. melanogaster seems not to contain methylation reader protein of the 

common MBD type either (44). The utility as an animal model of L. stagnalis is further 

emphasized with the recent description of a high number of evolutionarily conserved 

sequences associated with epigenetic modifications (#QNG40048.1, #QNG40049.1, 

#QNG40050.1, #QNG40051.1, #QNG40052.1, #QNG40053.1, #QNG40054.1, see 

supplement of this paper), allowing investigation of the epigenetic aspects of ageing at the 

level of individual neurons and small circuits. 

3.2. Age-related findings at the level of single neurons 

Ageing studies at the level of single neurons in L. stagnalis dates back to the 1980s with the 

publication of several neurophysiological studies. Frolkis and co-workers demonstrated the 

appearance of marked destructive (e.g., formation of autophagosomes) and adaptive (e.g., 

hypertrophy of the mitochondria) changes in identified neurons of the left parietal ganglion 

(LPa1, LPa2, and LPa3) of old (22-24 months) snails. In addition to these structural changes, 

the authors noted decreases in the values of excitability, in the frequency of action potential, 
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in the rate of repolarisation, and in the amplitude of the afterhyperpolarisation (AHP) (7,45). 

Similar results have been observed in the cerebral giant cells (CGCs; serotonergic coordinator 

interneuron of the feeding circuit), however in this neuron, ageing was shown to increase the 

amplitude of the AHP (23). Also, Janse and co-workers investigating the effects of age on 

three different neurons demonstrated that some of the effects of age were the same in all three 

cell types, but other markers of ageing were limited to one of the neuron-types examined 

(22). These findings support the general notion that age-induced changes are to some extent 

neuron-specific. More recent studies provide further evidence by showing differential 

molecular changes with age in two cholinergic neurons in A. californica (12). 

 Detailed studies on the parietal neurons in L. stagnalis by Frolkis and co-workers 

revealed decreases in maximal amplitude of fast and delayed outward potassium currents, in 

maximal potassium conductance, and in kinetics of inactivation of the delayed outward 

current, furthermore, increases in the amplitude of potential-dependent calcium channels 

(46,47). These findings indicate that during ageing essential neuron-specific changes occur in 

the electric properties of neurons (Table 2). These results correlate with the ones on 

mammalian neurons and support the „Ca
2+

 hypothesis of ageing‟ (alterations in Ca
2+

 handling 

may contribute to both neuronal death and the alterations in neuronal plasticity seen with 

ageing) (23).  

 Investigation of one identified neuron (LPa2) in young and aged L. stagnalis showed 

and age-dependent decrease in intracellular water content, decrease of the resting membrane 

potential, and an almost 90% increase in the intracellular potassium-ion concentration ([K
+
]ic) 

in old (24 months) snails (48). The cause of this increase is found to be nearly 50% decrease 

in the relative passive permeability ratio for potassium with age (48). All of these findings 

support the „membrane hypothesis of ageing‟ suggesting that cell membranes become more 

rigid during ageing possibly involving a decrease of resting potassium permeability (during 
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transporters and ion-channels) implying the increase of [K
+
]ic which results in a drawback for 

the nuclear functions (49). Frolkis and co-workers also suggest that these age related changes 

can also be due to changes in phospholipid composition of the cell membranes. All of these 

changes can directly contribute to the memory decline occurring with ageing. 

 More recent publications link age-related memory impairment and neuronal 

excitability changes to oxidative stress, inflammation, and lipid peroxidation (20). Reactive 

oxygen species (e.g., peroxides, superoxide, hydroxyl radical, singlet oxygen, etc.) are known 

to play an important role in synaptic plasticity and memory formation, and high levels of 

them negatively affect neuronal plasticity and memory function in both invertebrate and 

vertebrate species (50). A study in L. stagnalis demonstrated that antioxidant glutathione S-

transferase (GST) content of the whole CNS declines with age, furthermore, it explored links 

between alterations in cellular thiol-redox state and age-associated decline in electrical 

excitability of a single identified dorsal neuron in the right pedal ganglion (RPeD1; 

dopaminergic interneuron of the respiratory circuits) (51). According to the „membrane 

pacemaker hypothesis‟, the (per)oxidation of membrane lipids is a hallmark of non-

pathological neuronal ageing since the neuronal plasma membrane is particularly prone to 

oxidative insult due to its high poly-unsaturated fatty acid content (20,52-55). Findings on L. 

stagnalis also confirmed this and indicated a key role of lipid peroxidation-induced 

phospholipase A2 (PLA2) as instrumental in oxidative stress and inflammation in age-

associated neuronal and memory impairment - an analogous mechanism in the aetiology of 

age-associated dysfunction and disease of human brain (19,20,50,56,57). Although the link of 

lipid peroxidation and PLA2 activation to age- and oxidative stress-related cognitive 

impairment is clear, the exact mechanisms need clarification since it is shown in L. stagnalis 

that increased levels of circulating (per)oxidized free fatty acids do not contribute to 

oxidative stress induced long-term memory (LTM) impairment (50). A recent study in L. 
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stagnalis, investigating the large identified neuron of the right parietal ganglia, right parietal 

dorsal 1 (RPD1), supports the idea that decreasing neuronal efflux transporter capacity, that 

plays a crucial role in the removal and release of (harmful and beneficial) substances from the 

cells, might also be a key factor in the escalation of (lipo-) toxicity observed in neuronal 

ageing (58).  

 

3.3. Effects of age on synaptic communication 

Besides changes in the properties of the individual neurons, it is also clear from studies in L. 

stagnalis (and other molluscs) that ageing can alter the ability of the neurons to communicate 

with one another (or with other target cells), i.e. ageing has remarkable effects on chemical 

and electrical communications (reviewed in (23)). 

 Similarly to findings in vertebrate and other invertebrate species such as D. 

melanogaster, mice, and humans (reviewed in (23,29)), morphological studies on L. stagnalis 

also revealed that there is a reduction in neuronal arborisation and synaptic connections 

during ageing (59,60) (Table 2).  

 Initial studies in L. stagnalis have not investigated directly the effects of age on the 

release of neurotransmitters but demonstrated the impairment of chemical synaptic 

transmission during ageing by examining the neuroendocrine and reproductive system. 

Investigating egg laying controlled by the caudodorsal cells (CDCs) of the cerebral ganglia, 

Janse and co-workers demonstrated that there is a decrease in the number and size of egg 

masses produced by old snails (from about 250 days), furthermore, after a certain point of age 

(from about 500 days) egg laying ceases (61). Interestingly, injection of synthetic CDC-

Hormone (CDCH) into the haemolymph could still induce ovulation in old L. stagnalis 

specimens after they ceased egg laying activity. The authors concluded that the cessation in 

egg laying was not due to a malfunction in the reproductive tract or its responsiveness to the 
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egg laying hormone (i.e. the peripheral reproductive organs are still intact in these animals), 

but probably originates from changes in the central control (e.g., a decrease in the release of 

the CDCH into the haemolymph) (61). However, further investigations demonstrate that in 

old snails with ceased egg laying activity, CDCs still contain biologically active peptides and 

still exhibit an afterdischarge upon electrical stimulation (62). Based on this and on the 

observation that egg-laying-inducing stimuli such as clean water stimulus did not induce egg 

laying in these snails, the phenomenon was attributed to impairment of input to the CDCs 

(62). As already mentioned, in very old snails ventral CDCs show reduced branching patterns 

as well as ventral, dorsal and lateral CDCs degenerate (63). To note, there is only a minimal 

loss in the number of CDCs confirming the findings on vertebrate species that normal ageing 

is associated with relatively little neuronal loss (29) (Table 2). However, most of the old 

CDCs failed to exhibit an afterdischarge, and in such cells chemical and electrical coupling 

among were also reduced (59,60,63,64). Investigation of the efficacy of chemical synaptic 

connections of another identified neuron (RPeD1) in different age groups (3-18 months) 

showed that synaptic connectivity changes differentially throughout the adult life of L. 

stagnalis: the number of parietal A-group neurons responding to RPeD1 input decreased, the 

number of visceral HIJK-group neurons responding to RPeD1 input increased, while the 

number of individual neurons with RPeD1 input (e.g., identified visceral dorsal 4 cell - VD4) 

did not differ significantly between age groups (65). In addition to these findings, a few 

recent study directly investigated the effects of age on the release of neurotransmitters. For 

example, investigating release profiles of signalling molecules in CGCs, Patel and co-

workers demonstrated that 5-HT levels were elevated with increasing age, whilst NO levels 

were unaltered (66). These findings correspond to results from studies on vertebrate species 

showing that the effects of age on chemical connections within the nervous system seem to 

be complex. Although age differentially affects the different signal molecules and at a 
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number of synapses the nervous system appears capable of some compensatory changes, 

there is a general decrease in chemical synaptic efficacy in aged animals  (23).  

 L. stagnalis was the first animal on which the effect of ageing on electrical synapses 

was investigated. Most of the studies focused on investigating the electrical coupling of two 

identified large neurons, visceral dorsal 1 (VD1) and right parietal dorsal 2 (RPD2). These 

neurons are electrotonically coupled through an axo/axonal junction located in the viscero-

right parietal connective (67) and fire regularly at frequencies of 0.5-2 Hz (68,69). The 

VD1/RPD2 system prominently innervate the heart, mantle, and pneumostome areas, 

suggesting that these neurons have a cardio-respiratory function (70,71), with the VD1 

“pacemaker” providing the main driving force for the firing rhythm of this two cell system 

(72,73). In a pilot study, Janse and co-workers demonstrated that the coupling ratio between 

VD1 and RPD2 decreases from 60% to less than 30% between 3 and 12 months of age (69). 

Similar observations were also reported in the CDCs of the reproduction system and in the 

giant CGCs of the feeding system (74). Further investigations of the VD1 and RPD2 neurons 

in older animals revealed a biphasic change in the coupling coefficient occurring with age. 

While during the first phase of maturation (age of 3-13 months) the coupling ratio decreased 

from 60% to 30%, in the second phase of ageing (age 13-20 months) there was an increase in 

the coupling ratio returning to 60% again in the oldest animals (75). This increase in the 

second phase was however accompanied by irregularities in the firing rhythm (72). This 

biphasic trend of age-related changes in coupling ratio was paralleled by changes in 

junctional conductance between the two neurons, furthermore, the potential role of non-

junctional conductance was also demonstrated (75). Since the number of published works 

examining the effects of age on electrical coupling of invertebrate and vertebrate neurons is 

very limited, further investigation of these changes in identified snail neurons will provide an 

insight to the plastic changes of the synaptic mechanisms occurring with ageing. 
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3.4. Age-related findings at the level of neuronal circuits and associated behaviours 

L. stagnalis has a broad behavioural and sensory repertoire and can be taught to change many 

of its behaviours in response to a variety of chemical, mechanical, and even visual stimuli, 

hence it is a very attractive model for neuroscientists interested in understanding the 

behavioural, neural and molecular basis of associative learning and memory. As already 

mentioned in Section 2, the numerical simplicity of the CNS of L. stagnalis allowed 

researchers to identify specific circuits underlying defined behaviours such as feeding and 

respiration (reviewed in 5,25,26,35,76-78). In recent decades, most research has focused on 

two training paradigms: classical conditioning of the feeding behaviour and operant 

conditioning of the aerial respiration (for detailed review on the molecular, cellular, and 

circuit mechanisms underlying these behaviours and learning paradigms see (35)). 

 Ageing appears to cause a reduction in the feeding response to mild food stimulus in 

this animal that is due to a deficit in central processing of the sensory information while there 

is no change in peripheral chemosensory perception (79). More specifically, it was suggested 

that a key interneuron of the feeding system, a single pair of serotonergic CGCs are 

responsible for the deficit in the feeding response by altering the „gating-in‟ of the sensory 

information arriving from the periphery to be further processed by the central pattern 

generator system (CPG) responsible for the generation of the feeding behaviour (80-82). 

Although the CGCs are incapable of initiating the feeding rhythm they have an important 

modulatory role allowing the feeding central pattern generation circuit to respond to a food 

stimulus (83,84). With increasing age, there is a decrease in the spontaneous firing rates and 

excitability to chemosensory stimulation as well as an increase in the duration of AHP in the 

CGCs (56,80,81,85). Scutt and co-workers confirmed these findings and demonstrated that 

they are compatible with an increase in the slow AHP (sAHP) current potentially caused by a 
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reduction in Ca
2+

 clearance (10). To note, sAHP of hippocampal neurons in rats, mice, and 

rabbits is also known to increase in duration during ageing (86-89) (Table 2), confirming the 

suitability of the „L. stagnalis ageing model‟ for understanding mechanisms of brain ageing 

in higher vertebrates, potentially including humans. The CGCs also play a key role in 

learning and memory (90) that is well known to be affected by age. The reduced electrical 

excitability of CGCs correlates well with the finding that age does not affect the acquisition 

of memory, but the retention and/or consolidation of LTM become progressively impaired 

with advancing age (85); this makes it almost impossible to induce robust LTM in old 

specimens (56,91). 

 Watson and co-workers investigated the effect of age on an other learning paradigm, 

the operant conditioning of the aerial respiration, and demonstrated that senescent animals 

suffer from a selective respiratory LTM deficit (19). Investigating the CPG interneuron 

RPeD1 of the respiratory circuit (92) to reveal the underlying mechanisms, the authors 

presented that the deficit correlates with reduced electrical activity and excitability of RPeD1 

(19), the same phenomenon seen in CGCs. To note, no evidence was found of significant 

(naturally arising or experimentally-induced) age-associated impairment of transcription-

independent short- and intermediate-term memory in either of the two behavioural 

conditioning paradigms.  

 Pharmacological experiments revealed that both behavioural and electrophysiological 

facets of age-associated respiratory and feeding LTM impairment could be induced in young 

animals through treatment with 2,2‟-azobis-2-methylpropanimidamide (a water-soluble free 

radical generator commonly used to induce poly-unsaturated fatty peroxidation) (19,50). 

Moreover, it should be pointed out that both experimentally-induced and naturally arising 

senescent electrophysiological and behavioural phenotypes of respiratory LTM deficit were 

shown to fully reverse by blocking PLA2 (19). Pirger and co-workers also demonstrated that 
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the age-related memory impairment in old snails can be reversed by administrating pituitary 

adenylate cyclase activating polypeptide (PACAP) and insulin-like growth factor-1 (IGF-1) 

(93). These results clearly indicate that neural circuits can be re-programmed 

pharmacologically to rejuvenate old animals and to improve memory. 

 Finally, there is a growing literature that links the somatotropic systems to cognition 

and other brain functions in both vertebrates and invertebrates (94-97). A recent study on L. 

stagnalis supports this notion as the surgical removal of lateral lobes (LLs; small accessory 

ganglia controlling the animals somatotropic/gonadotropic balance) enhanced appetitive 

LTM formation suggesting the existence of a connection between learning and memory 

performance, somatotropic control, and neuroendocrinology in L. stagnalis (98). 

Furthermore, since the removal of LLs resulted in an increased rate of body growth at a cost 

of reduced female reproductive output, this finding suggests the existence of trade-offs 

between reproduction and nervous system function (98). Interestingly, ageing was also shown 

to affect mating strategy and sex role decision in L. stagnalis (16,99). 

 

4. Summary 

In summary, age-related processes are complex and multi-facetted that manifest in many 

different ways at all levels of biological organization. Despite substantial effort, many aspects 

are still not fully understood. The use of the model system of the snail L. stagnalis has several 

great advantages including the ease of breeding it in large numbers and the accessibility and 

numerical simplicity of its nervous system and the potential to bridge all levels of system 

organization during the organism‟s ageing and/or neuropathological condition: from the 

understanding of dynamic processes of the genome through specific neural circuits and then 

to behaviours. Findings in this species are an important piece of the puzzle for the global 

understanding of neurophysiological processes underlying ageing and memory decline, 
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furthermore, the „L. stagnalis ageing model‟ has the potential to further test existing 

geroprotectors (100) and to screen for novel ones. 
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Figure legend 

Figure 1 - Adult specimens of the great pond snail (Lymnaea stagnalis); scale bar represents 

5 mm 

 

Table 1. – Identified L. stagnalis homologs with NCBI accession numbers to genes involved 

in human ageing and age-related memory impairment. 

 

Table 2. – Overview of some consistent behavioural, anatomical, and physiological changes 

during 

ageing in both of the vertebrate and invertebrate species (modified after 29). 
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L. stagnalis homologs to genes associated with 

human ageing and age-related memory impairment 

Condition resulted by 

dysfunction in human 
Accession number 

klotho Ageing MT153186 

major vault 1 Ageing MT153187 

gelsolin Ageing, Amyloidosis MT153188 

huntingtin 
Ageing, Huntington‟s 

disease 
MT153189 

fragile X mental retardation protein 
Ageing, Fragile X 

syndrome 
MT153190 

Parkinson disease protein 7/Protein deglycase DJ-1 

(PARK7/DJ-1) 
Parkinson‟s disease MT153192 

α-secretase (ADAM10) Alzheimer‟s disease MT153191 

apolipoprotein E (apoE) receptor Alzheimer‟s disease MT137053 

choline acetyltransferase (ChAT) Alzheimer‟s disease MT153193 

amyloid precursor protein (APP) Alzheimer‟s disease MT153194 

presenilin 1 (PSEN1) Alzheimer‟s disease MT153195 

 

Table 1. – Identified L. stagnalis homologs with NCBI accession numbers to genes involved 

in human ageing and age-related memory impairment. 
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Variable 

investigated 

during ageing 

Humans Mice 
L. 

stagnalis 

D. 

melanogaster 
C. elegans 

Implicit learning declines declines declines declines declines 

Motor function declines declines 
not 

investigated 
declines declines 

Neuronal number 

minimal 

change in 
neocortex, 

reduction in 

cerebellum 

no loss in 
hippocampus or 

dentate gyrus 

minimal loss 

of neurons 

controlling 
reproduction 

not investigated not investigated 

Neuronal arborisation reduction not investigated reduction reduction not investigated 

Spine density and/or 

connections 
reduction reduction reduction not investigated not investigated 

Neuronal excitability not investigated decreased decreased not investigated decreased 

Afterhyperpolarisation 

(AHP) 
not investigated increased increased not investigated not investigated 

 

Table 2. – Overview of some consistent behavioural, anatomical, and physiological changes 

during ageing in both of the vertebrate and invertebrate species (modified after (29)).  
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Figure 1 
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