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The ability to learn and form memory is critical for survival, yet even
genetically similar individuals can vary considerably in their cognitive
performance. Using the pond snail Lymnaea stagnalis, we investigated
how individual sensitivity to stress influences configural learning—a
higher-order form of associative learning in which the simultaneous
exposure to two contrasting stimuli, such as a predatory odour and an
appetitive taste, results in the appetitive stimulus becoming associated
with risk and evoking anti-predator behaviours. We used freshly collected,
predator-naive snails from Margo Lake, Canada. While group-level data
suggested the Margo strain failed to learn, individual-level analysis
revealed that some snails successfully formed configural memories,
while others did not. We hypothesized that this divergence reflects
differences in individual (predator-related) stress responsiveness, which
may modulate the engagement of memory-related molecular pathways.
To test this, we measured expression levels of selected genes in the
central ring ganglia. Snails that formed configural memories showed
significantly higher expression of stress-responsive genes, components of
the serotonin pathway and markers of neuroplasticity, along with increased
endocannabinoid turnover. These findings suggest that individual variation
in stress reactivity can drive adaptive differences in cognitive performance,
offering new insights into the molecular and behavioural mechanisms
underlying learning and memory.

1. Introduction

What causes the remarkable variation in learning and memory observed among
individuals of the same species, even those sharing nearly identical genetic back-
grounds? This question is central to understanding behavioural ecology,
neurobiology and cognitive evolution [1-7]. Even when genetic differences
are minimized, individuals can exhibit substantial variation in how they
perceive, interpret and respond to environmental stimuli, highlighting the
complexity of cognitive processes in natural populations [8-12].
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This kind of intrastrain variability is especially intriguing because it likely reflects subtle divergences in neural processing, [ 2 |
physiological state or gene regulation, rather than overt genetic differences [13-17]. Understanding the molecular underpin-
nings of such behavioural variation is crucial for uncovering how organisms fine-tune their cognitive strategies to meet specific
environmental demands [18-20].

However, in mammalian systems, this task is further complicated by the structural complexity of the nervous system, genetic
heterogeneity and limited experimental access to specific neural circuits [6,21]. In contrast, invertebrate models offer a powerful
complementary tool [22-25] that enables high-resolution investigations of behaviour and gene expression under experimentally
tractable and genetically controlled conditions [26].

Although individual cognitive variation remains relatively underexplored, a growing body of research across taxa has
begun to reveal its ecological and evolutionary significance [27]. For example, zebrafish (Danio rerio) reared in standardized
environments display marked differences in learning and memory, correlating with differential expression of genes involved in
neural circuitry and stress reactivity [28-30]. These findings underscore the role of gene-environment interactions in determin-
ing individual cognitive trajectories, even in the absence of genetic variation. Similar trends have been observed in Drosophila
melanogaster, where variation in dopaminergic and serotonergic gene expression has been linked to performance in associative
learning tasks [31,32].

Building on these insights, the present study examines intrastrain variation in learning and memory using the freshwater
snail Lymnaea stagnalis (Linnaeus 1758), a well-established model in neurobiology [33-37]. Thanks to its rich and well-charac-
terized behavioural repertoire [34,38-44] and robust, reproducible paradigms for investigating diverse forms of learning and
memory [45-49], it offers a valid model system to explore conserved molecular pathways underlying synaptic plasticity and
stress regulation [50-53].
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In behavioural assays designed to simulate ecologically relevant stressors, Lymnaea exhibits adaptive responses to a wide
range of environmental challenges, including thermal fluctuations [54-57], low calcium levels [58], pollutants and toxins [59],
drugs and bioactive compounds [60-62], food deprivation [63-66], overcrowding [67] and predator exposure [68,69]. Among
these, predator-associated cues elicit particularly intriguing cognitive responses.

When a food stimulus (e.g. carrot slurry; C) is presented together with a predator-derived cue (e.g. crayfish effluent; CE),
the appetitive taste is perceived as threatening, resulting in the suppression of feeding behaviour [70]. This response reflects
configural learning (CL), a higher-order form of associative learning in which the snail encodes the combined stimulus in a
configural unit and subsequently the appetitive or positive stimulus alone results in the response for the stress or aversive
stimulus as the appetitive stimulus acquires a new meaning indicating “aversion or stress’ [1,70]. Such learning demonstrates
a level of cognitive processing that extends beyond simple associations, enabling Lymnaea to flexibly reassess the valence of
familiar cues within novel contexts [71].

In laboratory-inbred strains of Lymnaea, CL has been shown to produce memory traces lasting for at least 3 hours [70].
However, this memory can be strengthened under specific conditions. For example, long-term memory (LTM—lasting up to
24 hours) is formed when snails undergo a second training session within 7 days of the first or when exposed to cognitive
enhancers, such as flavonoids [71-73]. Remarkably, even after more than 300 generations in a standardized, predator-free
environment, these laboratory strains retain the capacity to detect predator cues and form configural associations [74]. In
addition to this laboratory-inbred strain of Lymnaea, we found that two wild, predator-experienced snail populations collected
from White Sand and Stony Lake (Canada) are also capable of forming CL [75]. These findings demonstrate that both wild
and laboratory-reared snails possess the cognitive mechanisms required for higher-order learning. However, strain-specific
differences have also emerged. A third wild population, collected from Margo Lake (i.e. a predator-free environment), responds
to CE at the molecular level, upregulating the expression levels of genes associated with the serotonergic system (a pathway
known to mediate antipredator responses) [69], yet appears not to form configural memories. Importantly, prior analyses of this
population treated the strain as a behavioural aggregate, without considering individual variation. However, understanding
how animals respond to complex environmental threats requires examining not only average behavioural tendencies across
populations or strains but also the individual-level variation that underlies these responses.

Thus, in this study, we investigated whether individual-level differences in learning exist within a crayfish-naive population,
and, if so, whether such differences correspond to distinct transcriptional differences in the central ring ganglia. Therefore, we
performed experiments aimed at answering specific questions: (1) Do some individuals within the Margo population form configural
memories, despite the strain’s average behavioural profile suggesting otherwise? (2) If so, are these behavioural differences reflected in
distinct transcriptional profiles related to neuromodulation, synaptic plasticity and stress regulation? For this purpose, we subjected
freshly collected Margo snails to a CL paradigm and classified individuals as ‘learners’ or ‘non-learners’ based on their
behavioural responses. We then conducted targeted gene expression analyses in snails’ central ring ganglia. Candidate genes
were selected for their established roles in cognitive processes, including synaptic plasticity [76,77]. These included heat shock
protein 70 (LymHSP70), a conserved chaperone protein involved in cellular stress protection [52,78-80]; tryptophan hydroxylase
(LymTPH) and serotonin transporter (LymSERT), orthologues of vertebrate genes that regulate serotonergic signalling [81-84];
glutamate (NMDA) receptor subunit 1 (LymGRIN1), an orthologue of the mammalian NMDA receptor subunit essential for
glutamatergic synaptic plasticity [85,86]; purinergic receptor P2X (LymP2X), involved in stress-induced neuronal excitation
[87,88]; and cAMP response element-binding protein 1 (LymCREB1), an evolutionarily conserved transcription factor critical for
LTM formation [1,89,90].

Together, these candidate genes were selected to test the hypothesis that intrastrain differences in learning and stress
responsiveness are associated with distinct transcriptional signatures in the central ring ganglia, reflecting modulation of
neuromodulatory, synaptic plasticity, and stress-related pathways in learners versus non-learners.
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Supporting this approach, across taxa, increased serotonergic tone is consistently associated with enhanced predator
detection and learning [91-96]. If similar mechanisms apply to Lymnaea, learners (i.e. those more susceptible to the preda-
tor threat) may exhibit transcriptional effects reflecting elevated serotonergic signalling that may support encoding predator-
induced fear and learning. Moreover, as stress responses involving heat shock proteins and purinergic receptors enhance
neural excitability across species [96-100], learners might display elevated LymHSP70 and LymP2X expression levels, indicat-
ing heightened neural readiness during learning. Additionally, glutamatergic NMDA receptor activity and CREB-dependent
transcription are conserved mechanisms critical for memory formation [97-103], raising the hypothesis that learners may exhibit
increased LymGRIN1 and LymCREBI1 expression, thereby facilitating synaptic plasticity and memory stabilization. Finally,
given emerging evidence implicating endocannabinoid signalling in Lymnaea behavioural plasticity [53], we also included four
genes that are orthologues of key enzymes involved in the synthesis and degradation of the endocannabinoids 2-arachidonoyl-
glycerol and anandamide [104]: diacylglycerol lipase (LymDAGL) and monoacylglycerol lipase (LymMAGL), which synthe-
size and degrade 2-arachidonoylglycerol (2-AG), respectively [105]; and N-acyl phosphatidylethanolamine phospholipase D
(LymNAPE-PLD) and fatty acid amide hydrolase (LymFAAH), which regulate anandamide metabolism [106]. In mammals,
reduced endocannabinoid tone, mediated by increased degradation or decreased synthesis of key ligands, is associated
with enhanced anxiety-like behaviour and improved threat discrimination [107,108]. If similar dynamics exist in Lymnaea,
then learners may be characterized by upregulation of degradative enzymes (LymMAGL, LymFAAH) and downregulation
of synthetic enzymes (LymDAGL, LymNAPE-PLD), consistent with reduced endocannabinoid signalling and heightened
vigilance. This coordinated modulation may act to fine-tune serotonergic output and synaptic responsiveness during the
encoding of aversive compound cues [109,110].

87057 91 Joiguedy  qosy/jeumol/GioGuysygndienosiefos [

Together, these hypotheses provide a framework for laying the groundwork for future studies that aim to investigate
the conserved mechanisms through which neuromodulatory and stress-related gene expression may contribute to individual
differences in aversive learning. Thus, combining individual-level behavioural phenotyping with targeted gene expression
analysis offers new insight into the molecular basis of cognitive variation in an ecologically relevant invertebrate model.

2. Methods
2.1. Snails

In this study, we used adult snails (shell lengths 20-25 mm) collected from Margo Lake, Saskatchewan, Canada (Saskatoon,
Saskatchewan, 51°49" N, 103°21'1.8” W; elevation 526 m). Because all individuals share a common local genetic background
and environmental history, we refer to the observed variation as intrastrain, enabling us to examine behavioural and molecular
differences that likely reflect individual-level variation in memory performance. This contrasts with interstrain comparisons,
such as between laboratory-reared and wild populations or between inbred and outbred lines, which involve greater genetic
and environmental divergence and may obscure subtle within-population variability. After collection, the snails were housed at
the University of Calgary under standardized laboratory conditions at 20 + 1°C on a 16 h : 8 h light-dark cycle [58] and were fed
romaine lettuce ad libitum.

2.2. Study design

To investigate whether individual snails from a genetically and environmentally homogeneous population exhibit differences
in configural memory formation and whether these differences correlate with transcriptional profiles, we trained 15 naive adult
snails from the Margo population using a CL paradigm.

Following a standardized memory test, individuals were behaviourally classified as ‘learners’ or ‘non-learners’.

Snails were then sacrificed, and their central ring ganglia were harvested for targeted gene expression analysis. In parallel,
we included an untrained control group of eight Margo snails, housed under identical conditions, to assess baseline gene
expression levels in the absence of a learning-related behavioural paradigm (figure 1). Sample sizes for behavioural and gene
expression analyses were determined a priori using G*Power 3.1 (https://2054-4-10647044.it.softonic.com/) based on paired and
RM-way ANOVA designs, respectively. For behavioural analyses, we assumed a two-tailed paired t-test with an expected large
effect size (Cohen’s d = 1.5), & = 0.05 and desired power of 0.8, which yielded a minimum of six individuals per group. For gene
expression analyses, one-way ANOVAs with three groups (learners, non-learners and untrained controls) were used with an
expected medium-to-large effect size (f=0.4), @ =0.05 and 1 - f = 0.8, resulting in a minimum of 7-8 samples per group.

2.3. Configural learning training procedure and definition of learners and non-learners

To assess CL, we utilized a well-validated paradigm in which snails learnt to suppress feeding in response to an appetitive
stimulus (C) when presented simultaneously with a predator cue (CE) [70]. Carrot slurry was prepared by blending approx-
imately 600 g of peeled organic carrots in 500 ml of artificial pond water, followed by repeated straining to produce a
particle-free solution [85]. This stimulus reliably elicits the feeding rasping response in Lymnaea, characterized by rhythmic
scraping motions of the radula [111,112]. Snails were individually placed on a raised 14 cm petri dish with a mirror underneath
to facilitate clear observation. After a 3 min acclimation period in either pond water or carrot slurry, rasping behaviour was
recorded for 2 min and expressed as rasps per minute.
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Figure 1. Study design. Snails were first exposed to a carrot slurry prepared by blending a carrot with artificial pond water and the feeding behaviour was recorded
for 2 min. Eighteen hours later, control (CTRL) snails were re-exposed to the carrot slurry for 45 min, whereas trained snails were exposed for 45 min to a carrot slurry
prepared with 500 ml of crayfish effluent (CE) in place of pond water. Three hours after this exposure, feeding behaviour was reassessed in carrot slurry made with
artificial pond water, again for 2 min. Trained snails were classified as learners or non-learners based on changes in feeding behaviour following the CL procedure.
Specifically, snails that showed a >20% reduction in rasping rate at C post 3 h compared to C pre were considered learners, while those with <20% reduction were
dlassified as non-learners.
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Snails were then returned to their home tanks, and after 18 hours, underwent the CL session: a 45 min exposure to carrot
slurry prepared with 500 ml of CE (C + CE) instead of artificial pond water. CE was collected from a 70 1 aquarium housing
northern crayfish (Faxonius virilis) [113,114]. Three hours post-training, snails were retested with the carrot slurry (made with
artificial pond water) and the feeding response was again measured. CL was quantified as the change in rasps per minute in
carrot slurry between pre- and post-exposure to C + CE. Snails were classified as learners if they exhibited a >20% reduction in
rasps per minute at 3 hours post-training relative to baseline; those with less than 20% reduction were classified as non-learners.
This threshold was established through behavioural sensitivity analysis, which demonstrated that a 20% cut-off minimizes
variability caused by noise while maintaining meaningful behavioural effects and statistical power (electronic supplementary
material, figure S1).

A control group was exposed to carrot slurry prepared with pond water alone (i.e. no CE) for 45 min. All behavioural testing
was conducted between 08.00 and 11.00, consistent with prior findings that Lymnaea exhibits peak learning performance during
early photophase [114].

2.4. RNA extraction and reverse transcription

Following the completion of behavioural testing, snails were immediately anaesthetized by placing them on ice to minimize
stress and metabolic activity before tissue collection [115]. Immediate sacrifice after the 3 hour memory test was essential, as
memory formed by a single CL session is known to persist for approximately 3 hours. This timing allowed us to capture gene
expression profiles during the early phase of memory formation (i.e. the 3 hour interval between the simultaneous exposure
to predator cue and appetitive taste, and the subsequent memory test, when learners attribute a new ‘meaning’ to the carrot
slurry following its simultaneous exposure to the CE) [69]. Delaying tissue collection could have resulted in the loss of these
transient transcriptional signatures, due to either return to baseline or transition to later, less specific phases of plasticity.
Additionally, since LTM (24 hour retention) in Lymnaea requires multiple spaced training sessions, our single-session design
inherently limited memory duration. Thus, sampling beyond 3 hours would not have reflected stable memory but rather a
post-consolidation or memory-decay state. Once anaesthetized, individuals were sacrificed, and the central ring ganglia were
dissected and preserved in RNAlater solution (Invitrogen) to stabilize RNA from degradation. Samples were then processed
at the University of Modena and Reggio Emilia (Italy). Total RNA was then extracted from each tissue using an RNeasy Mini
Kit (Qiagen), adhering to the manufacturer’s protocol, which included an on-column DNase I digestion step to eliminate any
potential genomic DNA contamination. The quantity and purity of the extracted RNA were measured spectrophotometrically
using a NanoDrop instrument (Thermo Fisher Scientific), ensuring that only high-quality RNA was used for downstream
applications. RNA purity was evaluated by calculating the absorbance ratios at 260/280 and 260/230 nm, with acceptable ratios
of approximately 2.0 and 2.0-2.2, respectively, confirming the absence of protein or organic contaminants. For complementary
DNA (cDNA) synthesis, 200 ng of total RNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific), following the manufacturer’s instructions.

2.5. Quantitative real-time polymerase chain reaction

Real-time polymerase chain reaction (PCR) was conducted using SYBR Green Master Mix (Bio-Rad). Each qPCR reaction
contained 20 ng of cDNA template and was performed according to protocols previously described by [116] to ensure meth-
odological consistency. The thermal cycling programme included an initial denaturation step at 95°C for 2 min, followed

Downl oaded from http://royal soci et ypubl i shing.org/rsob/article-pdf/doi/10.1098/rsob. 250283/ 6127441/ r sob. 250283. pdf ?guest AccessKey=9568f 3af - al7c- 48f 4- a78d- 0a5f 6e4b53¢
by Universita degli Studi di Mdena e Reggio Enilia user
on 26 March 2026



by 40 amplification cycles consisting of 95°C for 15 s, 60°C for 30 s and 72 °C for 30 s. Cycle threshold (Ct) values were “
calculated using CFX Maestro™ software (Bio-Rad). Gene-specific primers were designed with the NCBI Primer-BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized by Merck KGaA (Darmstadt, Germany).

Each primer pair generated amplicons between 114 and 199 bp in length, with primer lengths of 19-23 nucleotides, melting
temperatures between 58 and 62°C and GC content of 40-60%. Primer efficiency was determined by standard curve analysis
and ranged from 95% to 105% across all primer pairs. The specificity of primers was confirmed by both dissociation curve
analysis and agarose gel electrophoresis on a 2% gel, which ruled out the presence of non-specific products or primer-dimers.
Specific forward and reverse primers targeting genes of interest were used at a final concentration of 300 nmol 1!, with primer
sequences carefully validated and reported in prior studies [53,87] and detailed in table 1. Ct values were calculated using CFX
Maestro™ software (Bio-Rad), providing the raw data necessary for relative quantification.

To normalize gene expression levels and account for potential sample-to-sample variation, the stability of two candidate
reference genes, Lymnaea elongation factor 1-alpha (LymEF1a) and Lymnaea tubulin (LymTUB), was rigorously evaluated using
NormFinder software (https://moma.dk/normfinder-software) [117]. The arithmetic mean of these two reference genes was then
used for normalization to improve accuracy. Relative gene expression was calculated using the 2-AACt method, employing
untrained Margo snails as the calibrator group to establish baseline expression levels for comparison. Before statistical analysis,
extreme outliers—defined as data points lying more than three times the interquartile range beyond the boxplot whiskers—
were identified using the boxplot tool in SPSS (more than 3x the interquartile range outside the end of the interquartile box) and
excluded to reduce the influence of anomalous values.
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2.6. Statistical analyses

Normality of all datasets was assessed using the Kolmogorov-Smirnov one-sample test to confirm the appropriateness of
parametric analyses. Behavioural data comparing the number of rasps elicited by carrot slurry before and after simultaneous
exposure to appetitive taste and predator scent were analysed using paired t-tests. Differences in gene expression among
learners, non-learners and untrained controls were analysed by one-way ANOVA followed by Tukey’s post hoc tests, a robust
method for detecting group-specific differences across discrete behavioural categories. Effect sizes for ANOVA were reported
as R-squared (R?), indicating the proportion of variance explained by group membership. In contrast, effect sizes for pairwise
comparisons using independent t-tests were expressed as eta squared (17?). To correct for multiple comparisons and minimize
type I error, Tukey’s multiple comparisons test was applied post hoc, with adjusted p-values reported alongside 95% confidence
intervals for differences between group means. Both unadjusted p-values and adjusted g-values are presented for full transpar-
ency. All statistical analyses were performed using SPSS v. 26.0 (IBM Corp., Armonk, NY, USA) and graphical representations
were generated with GraphPad Prism v. 10.00e (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Intrastrain differences in predator sensitivity and configural learning memory

Initial analysis of the full cohort of Margo snails (n = 15) revealed no significant change in rasping frequency to carrot slurry
following CL training, which involved simultaneous exposure to carrot slurry and CE (t = 1.62, d.f. = 14, p = 0.13, partial
n? = 0.16) (figure 2). However, when individuals were classified based on behavioural performance, two distinct memory
phenotypes emerged. Six snails showing a reduction in rasping frequency of >20% were categorized as learners (figure 2), while
the remaining nine were classified as non-learners (figure 2). Separate analyses revealed that learners exhibited a significant
decrease in rasping behaviour post-training (¢ = 3.57, d.f. = 5, p = 0.0016, partial n? = 0.72), consistent with CL, whereas
non-learners showed no significant change (t = 0.69, d.f. =8, p = 0.5, partial ?> = 0.06).

3.2. Margo snails that form configural learning show transcriptional differences in stress responsivity, serotonergic
activation and neuroplasticity

We observed a significant increase in LymHSP70 expression levels (Fa20 = 7.2, p = 0.004, R%: 0.42; figure 3A) in snails that
successfully formed CL memory compared to those that failed to form memory (p = 0.011, g = 4.58) and untrained controls
(p = 0.006, g = 4.94). Focusing on serotonergic targets, we found that memory-forming snails exhibited significantly higher
expression levels of LymTPH (F»,15 = 12.31, p = 0.0004, R* 0.57; figure 3B) and LymSERT (F;,20 = 6.23, p = 0.008, R* 0.38; figure 3C)
compared to the untrained controls (p = 0.002, ¢ = 5.65 and p = 0.007, g4 = 4.82, respectively) and their non-learner counterparts
(p = 0.0005, g = 6.59 and p = 0.03, g = 3.87, respectively). Similarly, the mRNA levels of LymP2X were significantly increased in
learner snails (Fz,20 = 7.68, p = 0.003, R* 0.43; figure 3D), with expression levels higher compared to both controls (p = 0.007,
g = 4.80) and non-learners (p = 0.005, 4 = 5.05). To further characterize the transcriptional correlates of memory formation, we
investigated the expression of genes involved in long-term plasticity [49], focusing on LymGRIN1 and LymCREB. LymGRIN1
expression levels were significantly higher in learner snails (Fa,20 = 7.09, p = 0.005, R* 0.41; figure 3E), compared to those of both
non-learners (p = 0.004, g = 5.19) and controls (p = 0.02, g = 4.13). Similarly, LymCREB1 was significantly elevated in the learner
group (Fz20 = 5.53, p = 0.012, R*: 0.42; figure 3F), with post hoc analyses confirming higher expression relative to non-learners (p =
0.015, g =4.39) and controls (p = 0.03, g = 3.97).
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Table 1. The forward and reverse primer nucleotide sequences utilized in qRT-PCR, along with the accession number for each target and the size (bp) of the PCR [ 6 |
product obtained through the amplification of (DNA (mRNA). The prefix ‘Lym'’ refers to Lymnaea stagnalis, indicating these are putative homologues identified via
sequence annotation in this species. This annotation convention explicitly states when genes represent orthologues based on homology to well-characterized genes in

other species.
gene bank target productlength type sequence
accession (bp)
DQ206432.1 Lymnaea stagnalis heat-shock protein 70, LymHSP70 199 5'— AGGCAGAGATTGGCAGGAT-3'
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3.3. Configural learning modulates the endocannabinoid system

Learner snails showed significantly higher expression levels of LymMAGL (Fy2 = 7.81, p = 0.003, R%: 0.44; figure 4B)
and LymFAAH (F2 = 11.12, p = 0.0006, R*: 0.53; figure 4C), with LymMAGL expression being higher compared to both
controls (p = 0.004, g4 = 5.18) and non-learners (p = 0.008, g = 4.73), while LymFAAH was also significantly elevated (p =
0.0008, g = 6.22 versus control; p = 0.002, g = 5.58 versus non-learners). Conversely, the expression of genes involved in
endocannabinoid synthesis was significantly decreased. In particular, the expression levels of LymDAGL, responsible for
2-AG biosynthesis (Fy20 = 3.68, p = 0.004; R*% 0.28; p = 0.03, g = 3.82, figure 4A), and LymNAPE-PLD, which synthesizes
AEA (Fz,20 = 7.40, p = 0.004; R% 0.43; figure 4D), were reduced in learners compared to non-learners (p = 0.03, 4 = 3.82 and
p = 0.003, q = 5.4, respectively).

4. Discussion

This study reveals intrastrain variability among Margo snails in their ability to form configural memories, despite uniform
genetic and environmental backgrounds. Although the entire cohort underwent identical CL training, no significant behaviou-
ral change was observed at the group level. However, when individuals were classified based on their memory performances,
two distinct behavioural phenotypes, learners and non-learners, emerged. This individual variation emphasizes that learning
and memory formation are not uniform but depend on intrinsic differences (such as stochastic developmental processes,
epigenetic modifications or subtle microenvironmental influences) in how individuals perceive and integrate environmental
cues—specifically, food and predator scent. This aligns with evidence from other model organisms, including inbred rodent
strains (genetically nearly identical and largely homozygous at most loci) maintained under strictly controlled laboratory
conditions [15]. It suggests that such variability is intrinsic and biologically significant. Based on this, we hypothesize that
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Figure 2. Intrastrain differences in predator sensitivity and CL memory. Margo snails (n = 15) were exposed to carrot slurry and the number of rasps was measured for
2 min (C pre). Eighteen hours later, snails were exposed simultaneously to the carrot slurry and the CE, and 3 hours later, the number of rasps was again recorded in
carrot slurry made with snails pond water (C 3 h). Margo snails that formed CL showed a significant reduction in the number of rasps (n = 6—green circles), whereas
those that did not form CL showed no significant reduction in the number of rasps (n = 9—purple circles). Data were analysed using a paired t-test. *p < 0.005; ns =

not significant as p > 0.05.
A B C
LymHSP70 LymTPH LymSERT
* % 3 * % LR ay
e 3- :
2.5 ns ¥ ] ns * %k
2 Py
& 2.0+ ; . © 2 & .
& . H ° S °® © 2-
8 H ° - o 0 5 .
S 13T, es Leq S ° ° o o oo,
= . bt ° oo o °
o ) o0 < 14 == ° bl g °®
s 11 P P . ] 2 2 1§y oed
3 13 ° 4 . oo
€ 05 |° E
0.0 —1T—7T—— =TT T L e N
> & O & O ¢ > & O
& e RN & o
D E F
LymP2X LymGRIN1 LymCREB1
* *
3 * % - T
— S "
(%} ns * %k * "
% : - 8 2.0+ 8 L
22 . g § 2- N
3 R $ 1.51 S ee *
5| e o 3 3| .
o ° ° ° ° o
< .| b * 1.0 |+ L) b ® ®
1P 2 g || P2 s Ee |
g . € 0.5 s € = 6%
L)
o—T—TT 0.0-4—1—7— e e N B
R O 0 > > o I O o
& o & o & o

Figure 3. Transcriptional effects induced by the CL procedure on the expression levels of key targets involved in stress response and neuroplasticity in the central ring
ganglia of L. stagnalis. After being simultaneously exposed to C + CE for 45 min, 6 snails formed CL memory (CL group, green bars), whereas 9 snails did not (NO CL
group, diagonal green bars). Eight control snails (CTRL—grey bars) were exposed to C+ PW for 45 min instead of C + CE (CTRL group, grey bars). Snails were sacrificed
and RNA from the central ring ganglia was extracted and retrotranscribed. (A) LymHSP70, (B) LymTPH, (C) LymSERT, (D) LymP2X, (E) LymGRIN1 and (F) LymCREB1
mRNA expression in the ganglia were measured by qPCR. Data are represented as means =+ s.e.m. and were analysed with one-way ANOVA followed by Tukey’s post hoc
test. ***p < 0.001; **p < 0.01; *p < 0.05.

individual differences in learning ability and stress sensitivity in snails are meaningful biological traits that are likely to
persist across different genetic backgrounds and environmental contexts, even though their magnitude or expression may vary.
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Figure 4. Transcriptional effects induced by the CL procedure on the expression levels of enzymes of the endocannabinoid system in the central ring ganglia of L.
stagnalis. After being simultaneously exposed to C + CE for 45 min, 6 snails formed CL memory (CL group, green bars), whereas 9 snails did not (NO CL group, diagonal
green bars). Eight control snails (CTRL—grey bars) were exposed to C + PW for 45 min instead of C + CE (CTRL group, grey bars). Snails were sacrificed and RNA from
the central ring ganglia was extracted and retrotranscribed. (A) LymDAGL, (B) LymMAGL, (C) LymFAAH and (D) LymNAPE-PLD mRNA expression were measured by
gPCR. Data are represented as means =+ s.e.m. and were analysed with one-way ANOVA followed by Tukey’s post hoc tests. ***p < 0.001; **p < 0.01; *p < 0.05.

Therefore, future studies examining multiple populations and ecological conditions will be conducted to test this hypothesis
and evaluate the broader applicability of our findings.

Building on our behavioural results, we next sought to determine whether such behavioural variability is accompa-
nied by underlying molecular differences. Specifically, we asked: What transcriptional changes underlie the formation of
configural learning memory? How do gene expression patterns differ between individuals who successfully form these associations
(‘learners’) versus those who do not (‘non-learners’)? To address these questions, we employed a targeted candidate gene
approach, selecting a curated panel of genes implicated in stress responsiveness, neuromodulation and memory formation
[52,59,66,73,85,90,116,118-121]. While we cannot entirely exclude contributions from generalized stress responses, several
aspects of our design support the interpretation that the transcriptional profiles observed here reflect early molecular
events underlying configural memory formation [109,110].

First, all individuals experienced the same training protocol, minimizing the likelihood that differential expression stems
from non-specific stress. Second, the timing of sampling aligns with established windows for memory-related gene expression
in both invertebrates and vertebrates [122-125]. Third, our gene panel targets conserved regulators of synaptic plasticity and
neuromodulation, rather than general stress markers, further supporting their relevance to learning and memory processes
[80,96,126-131].

One of the most striking molecular features of memory-forming snails was the significant increase in LymHSP70 expression
levels, suggesting that the perception of CE as a biologically meaningful stressor [132] is a necessary component for memory
formation using this specific CL training procedure. This finding is consistent with studies in mammalian systems where
HSP70 mRNA levels are significantly higher in learning-associated brain regions, such as the hippocampus, following exposure
to novel or aversive experiences [133-136]. Additionally, our previous studies revealed that this target is a key player in
enabling memory formation under different stressful conditions and behavioural procedures [49,52,53,90,137]. Here, increased
LymHSP70 mRNA levels may reflect enhanced neuronal resilience and an increased readiness to process and integrate aversive
cues, ultimately facilitating the association between predator scent and food.
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The significant increase in LymTPH and LymSERT expression levels in learners versus non-learners further supports this E
hypothesis. These targets may increase serotonergic synthesis and recycling, suggesting an overall enhancement of seroto-
nergic tone [82,138,139]. Serotonin is widely recognized as a neuromodulator of arousal, vigilance and associative learning
[133,134,140], and its involvement in predator detection has been documented in numerous taxa [82,95,96,126,141]. Our finding
that only memory-forming snails show heightened serotonergic gene expression suggests that the detection of predator cues
and the integration of that signal into memory is gated by the sensitivity of the serotonergic system [69]. Thus, the perception
of the CE as a risk signal is not uniform across individuals, and only those with sufficient serotonergic responsiveness appear
capable of encoding the predator-food association. Interestingly, both LymTPH and LymSERT have previously been shown
to increase in response to crayfish exposure, even in naive snails [69]. However, this is the first time we focused on the
transcriptional effects induced by the CL procedure. In other words, previous studies aimed at investigating the transcriptional
effects induced by CE alone; here, this stimulus was used as the aversive cue in the behavioural paradigm, allowing us
to investigate intrastrain differences. Importantly, in the present study, only a subset of snails (i.e. those that formed CL)
exhibited both increased expression of serotonergic genes and corresponding behavioural evidence of learning. This suggests
that serotonergic gene upregulation may be an experience-dependent molecular change linked specifically to CL.

Complementing the serotonergic findings, learners also exhibited elevated expression of LymP2X. In vertebrates, P2X
receptors have been linked to long-term potentiation, synaptic transmission and modulation of fear and anxiety responses
[102,142]. In our study, LymP2X mRNA levels were significantly higher in learners’ central ring ganglia, suggesting enhanced
purinergic modulation of synaptic circuits involved in threat detection and associative learning. In addition to these modulatory
systems, memory-forming snails exhibited elevated expression of LymGRIN1 and LymCREB], key targets for synaptic plasticity
and LTM formation [143,144]. These findings align well with established molecular cascades in vertebrates and suggest that
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Lymnaea may recapitulate fundamental aspects of memory biology.

Perhaps the most novel and unexpected aspect of our findings is the differential expression of genes involved in the
endocannabinoid system. Critically, the endocannabinoid system, widely studied in vertebrates for its role in regulating fear,
anxiety and stress, interacts directly with serotonergic pathways [110,129]. Cannabinoid receptors are expressed on serotonergic
neurons, where endocannabinoids modulate serotonin release and receptor activity at both presynaptic and post-synaptic
sites [110,145,146]. Depending on the context, this modulation can either enhance or inhibit serotonergic signalling, thereby
influencing the expression and formation of CL memories [110,145,146]. Although the specific cellular mechanisms of endocan-
nabinoid system function are not yet fully characterized in Lymnaea, our findings raise the hypothesis that endocannabinoid
signalling may influence serotonin-mediated anti-predatory responses during learning and memory formation. Consistent with
this idea, snails that exhibited CL showed increased expression of degradative enzymes (LymMAGL and LymFAAH), which
metabolize 2-AG and anandamide, respectively, and decreased expression of synthetic enzymes (LymDAGL and LymNAPE-
PLD), responsible for 2-AG and anandamide production [109]. In mammals, similar shifts, characterized by increased degra-
dation or reduced synthesis of 2-AG and anandamide, are associated with increased anxiety-like behaviour and improved
discrimination of threat-relevant stimuli [109,110,147]. We hypothesize that analogous processes may occur in Lymnaea, where
reduced endocannabinoid tone in learners—which may alter serotonergic signalling [105,106,148-152,135] —could support
heightened vigilance and experience-dependent plasticity under conditions of perceived threat, promoting LTM formation. This
is consistent with our previous findings showing that pharmacological manipulation of the endocannabinoid system alters LTM
following operant conditioning of aerial respiration [153], suggesting that endocannabinoid-serotonergic interactions provide a
modulatory mechanism linking environmental stressors to memory encoding and consolidation in Lymnaea.

While these hypotheses are compelling, it is important to note that our study focused exclusively on transcriptional changes.
Although the precise extent to which these transcriptional changes drive behavioural and memory outcomes remains to be
determined, they offer testable hypotheses about the molecular mechanisms underlying inter-individual variability in learning.
To fully assess the functional impact of these transcriptional responses on learning, memory consolidation and the modulation
of neural circuits by stress, future studies will integrate protein measurements, enzymatic activity, pharmacological manipula-
tions and electrophysiology.

Additionally, our molecular data suggest that CL. memory formation may reflect a coordinated modulation of functionally
distinct pathways, including serotonergic signalling, purinergic transmission and the endocannabinoid system, suggesting that
these transcriptional effects may be modulated, at least in part, by broader transcriptomic programmes potentially controlled
by master transcription factors or other global regulatory elements. However, in this study, we focused on specific genes
with established roles in learning, neuromodulation and stress adaptation, rather than conducting a genome-wide survey.
To fully elucidate the molecular architecture underlying CL and individual variability, future research should incorporate
transcriptome-wide methods such as RNA sequencing. These approaches would enable the identification of co-regulated
gene modules, uncover key transcriptional regulators and map the broader signalling networks engaged during predator
cue processing and memory formation. Moreover, transcriptomic datasets allow for advanced multivariate analyses, such as
principal component analysis, hierarchical clustering and gene co-expression network inference, that can reveal latent structure
and functional organization within high-dimensional gene expression data [154].

Moreover, it is important to emphasize that our behavioural measure focused exclusively on feeding behaviour, which is
shaped by a complex interplay of motivational, cognitive and physiological factors [155-158]. While reduced feeding in this
context is regarded as a valid proxy for CL, it may also reflect modulations in arousal, stress responses or general motivational
states. Consequently, future studies integrating complementary behavioural, physiological and neurobiological measures will
disentangle the relative contributions of these factors.

Future research should explore a wider range of learning paradigms [45,62,115,159,160], as different stressors can selec-
tively affect various cognitive processes. These results emphasize the importance of paradigm-specific assessments to fully
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understand how individual differences in stress sensitivity impact learning and memory. Additionally, they underline the m
necessity of examining multiple behavioural contexts to capture the complexity and variability of cognitive responses to
environmental challenges.

Additionally, in the current study, we did not quantify behaviour during the 45 min conditioning period, focusing instead
on post-conditioning feeding responses as indicators of learning and memory. However, in ongoing unpublished experiments,
we have begun to characterize behavioural dynamics during this critical exposure phase. Preliminary observations indicate
that snails exposed to C+CE exhibit pronounced anti-predatory behaviours, including a significant decrease in rasping activity
and increased time spent withdrawn inside their shells. Quantifying these dynamic anti-predatory behaviours in real time
could provide valuable insights into how the balance between stress-induced inhibition and learning-related plasticity unfolds
within individuals. Moreover, exploring individual differences in the magnitude or duration of these early stress responses
may help clarify why some snails successfully form aversive associative memories while others do not. Thus, future studies
integrating detailed behavioural monitoring during conditioning with concurrent molecular and neurophysiological measure-
ments could illuminate the temporal interplay between stress and learning systems, ultimately advancing our understanding of
how immediate environmental challenges shape cognitive outcomes at the individual level.

In the present study, we focused on a single post-training time point corresponding to intermediate-term memory, which
relies on de novo protein synthesis and persists up to 3 hours [71,161]. While this approach allowed us to capture transcriptional
changes associated with memory that requires protein synthesis, it does not provide information about earlier (i.e. short-term
memory) or later (i.e. LTM) molecular events. Future studies examining multiple time points will be critical to elucidate the
temporal progression of transcriptional responses, including how early gene expression patterns may prime neural circuits for
plasticity and how late transcriptional changes consolidate memory. Such time-course analyses will also allow for the identi-
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fication of transient versus sustained molecular signatures, and clarify how stress-sensitive pathways interact with memory
formation across distinct temporal phases.

Finally, this study focused exclusively on the central ring ganglia, though future work will expand to peripheral tissues,
including the buccal ganglia. The central ring ganglia contain the cerebral giant cells [34,115,162,163], which are well-established
as necessary for both the formation and recall of LTM in Lymnaea [164]. Based on this pivotal role, we targeted our molecular
analyses to the central ring ganglia and deliberately did not assay other ganglia. By concentrating on this region, we could
capture the molecular signatures most directly linked to behavioural outcomes. Indeed, our results demonstrate that these
transcriptional changes in the central ring ganglia track with individual learning performance and stress sensitivity, reinforcing
their central role in memory-related plasticity. Thus, focusing on the central ring ganglia initially provides the most meaningful
and biologically relevant insights into the molecular mechanisms underlying learning in Lymnaea. However, we plan to perform
additional experiments to include the buccal ganglia, which are directly involved in feeding behaviours, as well as other
peripheral ganglia, to determine whether the transcriptional changes observed in the central ring ganglia are conserved across
neural regions. These analyses will allow us to evaluate region-specific versus systemic patterns of gene expression and examine
potential interactions between central and peripheral circuits in mediating stress responsiveness and behavioural plasticity.

5. Conclusion

This study reveals that even within a genetically and environmentally uniform population of Lymnaes, individuals vary
markedly in their ability to form configural memories—differences reflected at the transcriptional level by key targets involved
in stress response, anti-predatory behaviour and synaptic plasticity. While our targeted approach highlights critical molecular
players, it also opens the door for future research into broader, dynamic regulatory networks shaping learning at the individual
level. The challenge ahead lies in unravelling how these molecular signatures translate into functional neural circuits and
enduring behavioural adaptations. Exploring this intricate “behavioural, molecular, and neural dance’ promises to deepen our
understanding not only of invertebrate cognition but also of fundamental principles governing learning and memory across all
animals.
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