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pharmacological modulation in a molluscan model organism,
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Anxiety, a behavioral consequence of stress, has been characterized in humans and some vertebrates but remains largely
unexplored in invertebrates. Here, we demonstrate that after being exposed to fish water, which simulates the presence of
predators, pond snails (Lymnaea stagnalis) exhibit a series of sustained fear responses. These include increased aerial respiration,
changes in righting behavior, and reduced escape responses. Notably, these behaviors persist even after the stressor (fish water) is
removed, indicating that they likely represent an anxiety-like state rather than a simple conditioned reflex. Additionally, exposure to
fish water enhances long-term memory formation for the operant conditioning of aerial respiration, suggesting that the predator
scent potentially induces a state of heightened alertness, which enhances memory consolidation processes. Furthermore, when
snails experience fish water alongside an appetitive stimulus (carrot), they form configural learning—a higher form of learning —
where the appetitive stimulus now triggers a fear response instead of eliciting feeding. Importantly, the anxiolytic drug alprazolam
prevents these anxiety-like responses. Through dose-response experiments, we found that alprazolam at a concentration of 0.1 uM
for 15 min effectively counteracts predator-induced anxiety without causing sedation. This treatment also prevents the effects of
predator cues on learning and memory. However, consistent with data from vertebrates - alprazolam induces anterograde amnesia,
impairing the formation of new memories for up to 3 h after treatment, though it does not cause long-term memory deficits.
Overall, this is the first study showing that a molluscan model organism exhibits anxiety-like behaviors similar to those seen in
vertebrates, and these behaviors can be mitigated by an anti-anxiety drug. This suggests that fundamental anxiety mechanisms are
evolutionarily conserved across species. By using this simple invertebrate model, our research offers new insights into the biological

basis of anxiety and sets the stage for future pharmacological studies.
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INTRODUCTION

Fear and anxiety are complex behavioral responses to environ-
mental threats characterized by increased arousal, expectancy,
autonomic and neuroendocrine activation, and behavioral reduc-
tion of typical behaviors (like exploration and feeding) to facilitate
coping with adverse or unexpected situations [1, 2]. Fear is an
adaptive mechanism that typically arises in response to a real or
identifiable threat, triggering an immediate protective reaction to
avoid harm [3]. The amount of risk that an animal perceives is
associated with the degree of fear and the response of the animal
to any fear state depends on the different factors associated with
risk. In the case of predation threat for instance the predator size,
distance from a predator, and safe refuges around would all serve
as stimuli that an animal assesses before responding to the risk

and which contribute to the state of fearfulness in the animal [4].
Anxiety, instead, occurs even in the absence of a real threat or risk,
leading to an exaggerated response, which can cause unnecessary
physiological stress [5]. Anxiety is thus a state that allows for
prediction and preparedness for uncertainty [6]. Anxiety and fear
go hand in hand as both have the same evolutionary root wherein
fear is transient, requires the presence of a threat cue, is context-
dependent and anxiety is a continuation of this fear state in the
absence of the threat stimulus. Evolution of anxiety has thus
occurred because survival is more important than the quality of
life and over-preparedness for an uncertain threat can increase
chances of survival under dynamically risky environments [7].
However, when anxiety becomes excessive, it can be maladaptive
and lead to anxiety-related disorders, which may interfere with the
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ability to cope with stressful events [8] and affect cognitive
functions [9]. Anxiety-related disorders are among the most
prevalent psychiatric conditions, impacting 7-10% of the global
population, with their incidence steadily rising each year [10].
Despite their widespread nature, the precise etiopathogenetic
mechanisms underlying these disorders remain unclear [11].

Animal models are essential for unraveling the pathogenic
mechanisms of anxiety disorders, offering critical insights that
drive the development of safe and effective therapies [11].
Although non-human organisms cannot fully replicate the
complexity of human fear and anxiety disorders, these behaviors
can be broken down into fundamental components, enabling the
study of their underlying biological mechanisms [12]. In particular,
anxiety can be dissected into three primary components: (1) the
perception and evaluation of a threatening stimulus, (2) its
cognitive and physiological processing, and (3) the resulting
behavioral response [13]. These elements can be investigated
across a wide range of species, as most animals possess an innate
ability to perceive danger, adapt their behavior accordingly, and
learn to associate specific cues with threats, allowing them to
respond effectively to harmful stimuli [14]. Thus, the anxiety and
fear that have evolved under strong survival selection pressure
must be present across taxa in the Tree of Life. In rodent models,
anxiety is often assessed through behavioral tests that exploit the
approach-avoidance conflict, measuring the animals’ drive to
explore novel environments (approach) against their instinct to
avoid potential dangers (avoidance) [15, 16].

In recent years, studies on zebrafish have broadened the
concept of anxiety to include all vertebrates [17], while research
on Aplysia and bees has suggested that some aspects of the
anxiety response are even conserved in invertebrates [18-22].
Notably, in 2014, Fossat and colleagues demonstrated that
crayfish exhibit anxiety-like behaviors similar to those seen in
vertebrates, indicating that several underlying mechanisms have
been conserved from invertebrates to humans [22]. In particular,
using a dark/light maze, which is similar to the elevated plus-
maze used with rodents, it has been shown that crayfish
exposed to electric shocks develop a context-independent and
long-lasting avoidance behavior that mirrors the anxiety
responses observed in rodents [22]. Additionally, this anxiety-
like behavior can be mitigated by chlordiazepoxide, a potent
anxiolytic drug that modulates GABA type A receptors, suggest-
ing that GABA plays a role in regulating anxiety-like behavior in
crayfish as in mammals [18, 22-24]. Overall, these ground-
breaking findings paved the way for additional studies aimed at
investigating the ability of other invertebrates to exhibit anxiety-
like behaviors [25] akin to those observed in mammals. Research
utilizing invertebrate models in translational psychiatry offers
notable experimental efficiency due to several advantages.
These include shorter generation times, higher reproductive
rates, and reduced costs for animal care [26] compared to
mammals. Moreover, invertebrates are more amenable to
experimental manipulation, enabling streamlined studies and
rapid generation of data, which can significantly accelerate the
research pipeline [27-36].

Building on these foundations, this study examined whether the
pond snail Lymnaea stagnalis (L. stagnalis, Linnaeus, 1758) exhibits
anxiety-like behaviors and whether these behaviors can be
modulated by anxiolytic treatments [28, 34, 37]. Since the 1970s,
L. stagnalis has been widely used to study conserved neurobio-
logical mechanisms, showcasing advanced forms of learning
[38, 39] and memory once thought to be exclusive to mammals,
such as the Garcia effect—taste-specific conditioned aversion
requiring visceral sickness [40, 41]—and configural learning
[42, 43]. Additionally, prior research has demonstrated that various
stressors, including severe fasting [29, 44-47], bacterial endotoxins
(lipopolysaccharide) [48, 49], predator scent [50, 51], thermal
shock [52, 53], and overcrowding [54, 55], can significantly alter
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the snails’ behavior and memory formation, either enhancing or
impairing them depending on the intensity and timing of the
stressor [55]. Remarkably, laboratory-bred L. stagnalis snails,
maintained under controlled conditions for over 250 generations,
retain the ability to detect and respond to historically sympatric
predators, despite never encountering them [51]. This unique
feature allows the use of predator stress to explore maladaptive
and adaptive responses to threats in preclinical settings. For
example, we demonstrated that exposing snails to a noxious
stimulus followed by the scent of a predator (e.g., crayfish) induces
a state of emotional arousal reminiscent of fear and anxiety
observed in rodents exposed to predator cues [51, 56].

Another advantage of L. stagnalis as a model organism for
pharmacological studies is its open circulatory system and lack of
a blood-brain barrier, which facilitates drug administration
[57-591.

Compounds can be delivered by immersing the snails in a drug-
containing tank, ensuring efficient delivery to the central ring
ganglia. This approach has been used successfully with various
drugs, including acetylsalicylic acid (an anti-inflammatory)
[49, 60, 61], propranolol (a B-adrenergic receptor blocker) [25],
and bioactive compounds like carnosine [62] and the flavonoid
quercetin [42, 48, 63, 64]. Notably, administering propranolol
before operant conditioning training selectively impaired the
consolidation of emotional memories enhanced by nociception
and predator exposure [25]. This provided the first evidence in a
molluscan model that stressor-evoked memories can be categor-
ized as emotional or non-emotional and selectively modulated
pharmacologically [25].

Based on these findings, in this study, we developed and
validated a behavioral paradigm to investigate, for the first time in
a molluscan model, the anxiogenic effects of predator exposure
on behavior. Next, we investigated whether the benzodiazepine
alprazolam could prevent the anxiogenic effects of predator
exposure in L. stagnalis. Alprazolam, an anti-anxiety drug,
enhances GABA's action at GABA-A receptors, increasing chloride
ion influx into neurons [24, 65-67]. Pharmacological and
molecular evidence supports the presence of functional GABA
receptors in Lymnaea, underscoring the model’s validity for
studying the effects of alprazolam [24, 68]. Thus, we determined
the optimal dose and treatment duration of alprazolam in snails
and assessed its sedative and anxiolytic effects as well as its
potential to induce anterograde amnesia —defined as the inability
to form new memories following a specific event, injury, or drug
exposure, while previously established memories remain intact
[69-71]. Since temporary anterograde amnesia is a well-
documented side effect of benzodiazepines [71], testing this
effect in a model organism with well-characterized learning and
memory processes [38, 39] provides valuable insight into how
alprazolam influences memory retention. By evaluating whether
snails can learn and form memory after alprazolam exposure, we
can further investigate the mechanisms underlying anterograde
amnesia and the broader effects of benzodiazepines across
species [72].

To our knowledge, this is the first study to investigate anxiety-
like behavior in a molluscan model. These findings pave the way
for future research aimed at dissecting the components of
anxiety-like behavior and evaluating anxiolytic drugs in non-
vertebrate organisms. Additionally, the evolutionary perspective
of inclusivity of different model systems to understand the
primary underlying principles of processes like fear and anxiety
opens the doors to investigating more questions on other
complex cognitive functions that till now were only being
researched on in vertebrates. This study brings together theories
from evolutionary biology, neurobiology, and pharmacology to
investigate anxiety which is the most prevalent psychiatric
condition in humans and predictively in other animal systems in
recent times.

Translational Psychiatry (2025)15:177



MATERIAL AND METHODS

Snails

L. stagnalis used in this study were bred and raised in the snail facility at
the University of Modena and Reggio Emilia (ltaly) from the strain from
Vrije Universiteit in Amsterdam. The ancestors of these snails were obtained
from ditches in a polder located near Utrecht in the early 1950s and since
then they have not been exposed to naturally occurring predators. In this
study, we used adult (6 months old) snails, with a~2.5cm shell length.
Snails were housed in home aquaria filled with artificial pond water (PW)
(0.26 gL' Instant Ocean; Spectrum Brands Inc,, Madison, WI, USA) with
calcium sulfate dihydrate added to maintain a Ca** concentration of
80mgL™. They were kept at room temperature (20-22°C) under a
12h:12h light-dark cycle (L:D) and fed lettuce ad libitum until
experimental treatment [40, 59, 73, 74].

Predator scent

Snails innately detect and respond to crayfish predators with anti-predator
behaviors [42, 50, 51, 54, 75, 76]. In this study, we expanded on this by
using fish predators and pseudo-predators (Cyprinus carpio and Carassius
auratus) to investigate whether similar responses occur across different
predator types. Carp and goldfish were housed in 50 L and 20 L aquariums,
respectively, maintained at a temperature of 22 °C, and fed fish pellets and
snails twice a week. The tanks were equipped with a filtration system and
aeration to ensure optimal water quality. Each aquarium contained 3-5
fish. The water in the fish tank, referred to as fish water (i.e., FW), was
collected after the fish had inhabited the tanks for 7 days. Thus, in this
study, snails were never directly exposed to fish but only to their waters.

Alprazolam treatment

To prepare a stock solution of Alprazolam 10 mM [77], we dissolved 3 mg
of alprazolam (MW: 308,765 g/mol) in 1 mL of Dimethyl sulfoxide (DMSO)
[65, 67, 78]. This stock solution was defined based on previous studies from
rodent models. From this stock, we made the following dilutions in 500 mL
of artificial pond water (PW): 0.1, 1, and 10 uM. Adult animals (25-30 mm in
shell length) were exposed to these doses for 15, 30, 45, or 60 min. Based
on our previous studies, we recorded snails’ feeding behavior in lettuce
slurry (i.e., a familiar taste, made by blending and straining a mixture of two
leaves of romaine lettuce along with 500 mL of artificial PW) three hours
before and at different times points after treatment [52, 60]. As feeding is a
homeostatic and robust behavior in L. stagnalis [38, 60], any reduction in
the number of rasps (i.e., repeated movements of the radulae scraping the
surface of a substrate, leading to the ingestion of food) elicited by lettuce
slurry was considered indicative of an aversive/sedative effect of the
treatment [40]. To observe and record snails’ feeding behavior, animals
were placed in a 14cm Petri dish with enough slurry for them to be
partially submerged [58].

Anxiety-like behaviors: aerial respiration, righting time,

and escape

Anxiety triggers a range of adaptive or defensive behaviors aimed at
escaping from potential threats or resolving motivational conflicts, with
specific behaviors varying according to context and species [79]. To assess
whether exposure to FW induces anxiety-like behaviors in our model
organism, we focused on three key indicators of prey vigilance: (1) aerial
respiration [80], (2) righting time after dislodgement from the surface [75],
and (3) exploratory (escape) behavior [81]. These behaviors have been
strongly validated and characterized in our model organism [75]. Notably,
an increase in aerial respiration, alongside reductions in righting time and
escape behavior following FW exposure, were considered predator-
induced fear responses [6, 14, 22]. If these behaviors persisted 18 h after
FW exposure in a different context (i.e, PW), they were considered
indicative of anxiety-like behavior, pointing to a stress-induced response
rather than an innate behavioral response.

Aerial respiration. L. stagnalis is a bimodal breather, obtaining oxygen
either through their skin or, in a hypoxic environment, via aerial respiration.
In such conditions, they move to the water surface and open their
pneumostome (i.e., respiratory orifice) [80]. To assess snails’ aerial
respiration, we measured the duration of pneumostome opening (i.e.,
total breathing time - TBT) in hypoxic (PO, <931 Pa) artificial PW for
30 min. Hypoxia was induced by bubbling N, gas through the water for
20 min. Three hours later, we recorded the TBT in hypoxic FW, and again in
artificial hypoxic PW after another 18 h. A significant increase in TBT in
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hypoxic FW compared to artificial PW indicated antipredator behavior. The
TBT of control snails was recorded in hypoxic artificial PW throughout the
experiment.

Righting behavior. To assess righting behavior, snails were first exposed
to soaked filter paper with artificial PW for 2 min, then flipped onto their
dorsal surface using a wooden stick. Each snail was dislodged 5 times, and
the average righting time was recorded for each treatment [75]. After a 3-h
interval, snails were exposed to soaked filter paper with FW for 2 min, and
their righting time was recorded again. The procedure was repeated 18 h
later in artificial PW. Control snails were exposed to artificial PW instead of
FW throughout the experiment.

Exploratory behavior. Finally, we tested exploratory behavior, an indicator
of vigilance that manifests itself in snails’ natural tendency to explore their
surroundings (i.e., escaping from a lid). Each snail was placed in the lid of a
35mm plastic Petri dish filled with artificial PW [81, 82]. The lids were
positioned on soaked filter paper with artificial PW and, 3 h later, with FW.

The number of escape attempts was recorded over 20min, with
subsequent recordings 18 h later in artificial PW. An “escape” was defined
when the snail extended its head out of the lid and contacted the water.
Control snails were exposed to artificial PW instead of FW throughout the
experiment.

Learning and memory paradigms: operant conditioning of
aerial respiration and configural learning

To test whether exposure to FW would enhance long-term memory (LTM)
formation (i.e,, lasting for at least 24 h) for the operant conditioning of
aerial respiration, snails were removed from home aquaria and exposed to
FW for 1 h [83, 84]. Three hours later, snails were put into a 1L beaker
containing 500 mL of hypoxic PW and given a 10-min acclimatization
before a 30-min training session (TS). During the TS, snails were operantly
conditioned by applying a gentle tactile stimulus with a sharpened
wooden stick to their pneumostome as it began to open (i.e., an attempted
pneumostome opening). The stimulus was strong enough to cause the
snails to close the pneumostome yet gentle enough that the snails did not
perform the full body withdrawal response [80]. Every time the snail
opened its pneumostome, it received a poke. The snails were then tested
for memory formation (MT) using a procedure similar to that of the
training. Memory was defined as a significant reduction in the number of
pneumostome openings after TS. This behavioral protocol typically results
in an intermediate-term memory (ITM) lasting for at least 3 but not 24 h
[85]. Thus, if following FW exposure LTM is formed (i.e., a significant
reduction in the number of attempted pneumostome openings is found
when snails are tested at 24 h post-TS), this suggests a FW-induced
memory enhancement. Control snails were exposed to artificial PW for 1 h
instead of FW.

Operant conditioning of aerial respiration was also adopted to study the
effects of alprazolam treatment on learning and memory formation. As this
learning paradigm is extremely robust [85], any memory impairment
observed would suggest a memory block (i.e, anterograde amnesia)
induced by the treatment.

In this study, we also investigated whether the simultaneous exposure
to two contrasting stimuli together, such as FW and food taste, resulted in
configural learning, a higher form of learning [42, 86]. In particular, we
investigated whether snails can assign a new ‘meaning’ to the food
stimulus as a result of experiencing it simultaneously in the presence of
FW, which evokes anti-predator responses. If snails form configural
learning, the food stimulus becomes a risk signal and evokes a significant
reduction in feeding, which is part of a suite of anti-predator behaviors,
phenotypically similar to those elicited by exposure to FW. In our validated
configural learning procedure [86], snails were first exposed to an
appetitive stimulus, carrot slurry (prepared by mixing and blending two
medium-sized organic carrots along with 500 mL of artificial PW), and the
number of rasps was recorded for 2 min [29]. To observe and record the
snails’ feeding behavior, the animals were placed in a 14 cm Petri dish with
enough carrot slurry for them to be partially submerged. The snails were
given a 3-min acclimation period in each session. Animals were then
returned to their home aquaria for 18h, before being exposed
simultaneously to carrot slurry + FW for 45 min.

Three hours later, the number of rasps elicited by the carrot slurry alone
was calculated. A significant reduction in feeding response elicited by the
carrot slurry alone following its simultaneous presentation with FW
suggests that snails have the ability to undergo configural learning.

SPRINGER NATURE
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2D PCA

To compare all experimental groups, we performed principal component
analysis (PCA). We first classified the data into four distinct groups: (1)
Control snails not exposed to FW, not treated with alprazolam, and tested
in PW, (2) Predator-exposed snails, not treated with alprazolam, and tested
in FW, (3) Predator-exposed snails, not treated with alprazolam, and re-
tested in PW 18 h after being exposed to FW, and (4) alprazolam-treated
snails before being exposed to FW. These groups were represented in
purple, blue, green, and yellow, respectively. To analyze the behavioral
data—TBT, righting time, and exploratory behavior—we performed a 2D
Principal Component Analysis. The PCA plot revealed the distribution of
data across two principal components, PC1 and PC2, which represent the
most significant variance within the dataset. Data points are further
distinguished by shape—circles and triangles—to indicate two experi-
mental conditions: “PW” and “FW.” PC1 and PC2 serve as the primary axes
of data distribution, with PC1 capturing the highest variance and PC2 the
second highest. Black arrows with red labels (vectors) indicate the direction
and influence of specific behavioral metrics on the principal components.
Colored ellipses surrounding each group represent 95% confidence
intervals, showing where the majority of data points are concentrated
within each category. These ellipses illustrate the variance within and
overlap among the groups, providing insights into how different
experimental conditions cluster and separate along the principal
components.

Experimental design and statistical analysis

The sample size for each experiment was determined through a power
analysis conducted using G*Power, ensuring adequate statistical power to
detect a predefined effect size and minimizing the risk of Type Il errors
while accounting for variability in behavioral responses. Animals were
randomly selected from their aquaria and assigned to experimental groups
through a randomized allocation process, ensuring unbiased group
distribution. Exclusion criteria were not predefined, data were screened
for outliers using the ‘outlier’ function in SPSS (version 23.0, IBM Inc.,
Armonk, NY, USA), though no outliers were identified. The researchers
conducting the behavioral experiments were not blinded to group
allocation, whereas those performing the data analysis were blinded to
group assignment throughout the study. Statistical analyses were
performed using GraphPad Prism (version 10.2, GraphPad Software Inc.,
La Jolla, CA, USA) and SPSS (version 23.0, IBM Inc., Armonk, NY, USA). Data
are presented as mean + SEM. Prior to statistical analysis, the normality of
the data was evaluated using the Shapiro-Wilk test, and homogeneity of
variances was assessed using Levene’s test. For normally distributed data
with equal variances, differences between two groups were evaluated
using a paired Student’s t-test. Differences among three or more groups
were analyzed using one-way ANOVA, followed by Tukey’s post hoc test
for multiple comparisons. For non-normally distributed data, the Kruskal-
Wallis H test was employed, followed by Dunn'’s post-hoc test for pairwise
comparisons among groups. In cases involving non-parametric data with
repeated measures, the Friedman test was used to assess differences
between groups, with Dunn’s post-hoc test used to identify specific group
differences. Statistical significance was set at p < 0.05 for all tests.

RESULTS

The exposure to the fish effluent increases snails’ aerial
respiration and reduces snails’ righting time and exploratory
behavior

Our study first revealed that exposure to hypoxic FW significantly
increased snails’ aerial respiratory behavior (Friedman test:
F=27.70; P <0.0001, Fig. 1A). Specifically, there was a significant
increase in aerial respiration in FW compared to PW (Dunn'’s post
hoc: p <0.0001). Notably, this heightened respiration persisted
18 h after FW exposure, even in a different context (PW) (Dunn'’s
post hoc: p=0.0001), indicating a long-lasting, context-
independent effect. Control snails, tested in hypoxic PW three
times without FW exposure, showed no significant changes in
aerial respiration (RM ANOVA: F 14 0= 82.62; P <0.0001, Fig. 1B),
confirming that the increased respiration in the experimental
group was specifically linked to FW exposure and not due to
repeated testing or hypoxic conditions alone. Next, we observed
that FW exposure significantly reduced the time it took for snails
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to right themselves from a vulnerable position (i.e, with the
ventral part of the foot exposed and away from the substrate) and
regain their foothold, minimizing the time spent upside-down (RM
ANOVA: F 1933=233; P=0.017 - Fig. 1C). In particular, the
righting time was significantly shorter after FW exposure
compared to PW (Tukey’s post hoc test: p <0.0001, q=12.88),
and this heightened responsiveness persisted 18 h later in PW
(Tukey's post hoc test: p=0.005, q=6.61), suggesting that the
snails remained on high alert, while a significant increase - albeit
slight - in the righting time was observed when animals were re-
tested in PW after being exposed to FW (p =0.011 and q =4.57).

Control snails not exposed to FW showed no significant
differences in righting time across trials (RM ANOVA:
Fo13=1.036; P=0.45, Fig. 1D), indicating that the observed
behavioral changes in the experimental group were specifically
due to FW exposure and not repeated testing or handling. Finally,
we found that FW exposure significantly reduced snails’ explora-
tory behavior (RM ANOVA: F 1933 =2,16; P =0.0213, Fig. 1E). The
number of escape attempts was significantly lower in FW
compared to PW (Tukey’s post hoc test: p<0.0001, q=11.33),
and this reduction persisted 18 h later when tested in PW (Tukey’s
post hoc test: p <0.0001, g = 13.07). Control snails not exposed to
FW showed no significant differences in exploratory behavior
across trials (RM ANOVA: F ¢,3 =2.26; P =0.067, Fig. 1F), further
supporting that the behavioral changes observed in the experi-
mental group were specifically due to FW exposure and not
repeated testing or handling.

These findings collectively demonstrate that FW exposure
induced long-lasting anxiety-like behaviors in snails, as evi-
denced by increased aerial respiration, reduced righting time,
and decreased exploratory behavior. Having shown that these
anti-predatory behaviors persisted for at least 18 h after FW
exposure in a different context (i.e., PW), they were considered
indicative of anxiety-like behavior, pointing to a stress-induced
response rather than an innate behavioral response. In other
words, they reflected a stress-induced response rather than
simple conditioned reflexes, providing a robust model for
studying anxiety-like states and their modulation by pharmaco-
logical interventions.

Exposure to fish water enhances long-term memory for the
operant conditioning of aerial respiration and results in
configural learning

Next, we investigated whether exposing snails to FW before the
30-min TS would enhance LTM formation for the operant
conditioning of aerial respiration (Fig. 2). Thus, snails (N=10)
were exposed to FW for 1 and, 3 h later, were trained with a single
30-min TS in PW. Twenty-four hours later, LTM was tested, and a
significant reduction in the number of attempted pneumostome
openings was found (paired t-test: t =8.94, df =19, p <0.0001),
indicating that LTM was enhanced (Fig. 2A). Control snails were
exposed to artificial PW for 1 h instead of FW and consistent with
previous studies [85]; LTM was not formed as no significant
differences between TS and MT performed 24 h post-TS were
found (paired t-test: t=1.74, df=19, p=0.96) (Fig. 2B). The
enhanced LTM formation following FW exposure suggests that FW
may induce a state of heightened alertness or stress, potentially
facilitating memory consolidation processes.

We then tested whether snails possess the capacity to form LTM
after the configural learning training following exposure to two
conditions simultaneously: an appetitive taste (carrot slurry) and
FW as the stressful stimulus. Forming LTM for configural learning
requires snails to make a higher-order association between two
opposing stimuli which in our study are an appetitive food
stimulus and predator odour [86] (Fig. 3). Snails (N = 16) were first
exposed to the carrot slurry (prepared using PW - C pre) and the
number of rasps was counted for 2 min; 18 h later, animals were
exposed to the carrot slurry in FW for 45 min and their response to
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the carrot slurry (in PW) was tested 3, 24, and 48 h later. Friedman
test (F=32.63; P<0.0001 - Fig. 3A) revealed a significant
reduction in the number of rasps at 3 and 24 h following the
configural learning procedure (p <0.0001 and p = 0.0047, respec-
tively - Dunn’s post hoc). When tested 48 h post-configural
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learning procedure, the response to carrot slurry was not
significantly different from C pre (p>0.99), suggesting that
configural learning LTM lasted for at least 24 but not 48 h. Control
snails (N=10), exposed only to carrot slurry (without simulta-
neous FW exposure), showed no significant differences in rasping
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Fig. 1 The exposure to fish water induces anxiety-like behaviors, persisting for up to 18 h and in a different context. A timeline of the
experiment is presented above the data. A-B Aerial Respiration. A Naive snails (N = 20) were placed in hypoxic artificial pond water (PW) for
30 min (beige bars), and the total breathing time was recorded. Three hours later, the total breathing time was recorded in hypoxic fish water
(FW) (green bar). A significant increase in aerial respiration was observed in FW compared to artificial PW. This anti-predatory behavior
persisted 18 h later when aerial respiration was recorded again in artificial PW (beige bars). B Control snails (N = 11) exposed only to artificial
PW (beige bars) showed no significant differences in total breathing time. C-D Righting Time. C Naive snails (N =20) were placed in a
vulnerable position with their ventral part exposed, and the righting time was recorded after exposure to PW (beige bar) and 3 h later to FW
(green bar). Snails significantly decreased their righting time following FW exposure. This reduced righting time persisted when tested 18 h
later in artificial PW. D Control snails (N = 10) exposed only to artificial PW (beige bars) showed no significant differences in righting time. E-F
Escape Behavior. E Naive snails (N = 20) were placed in a lid containing artificial PW. The lids were placed on filter paper soaked with artificial
PW, and the number of escapes was recorded for 30 min (beige bar). Three hours later, the lids were placed on filter paper soaked with FW,
and the number of escapes was recorded again (green bar). A significant reduction in the number of escapes was found following FW
exposure. This reduced escape behavior persisted when tested 18 h later in artificial PW. F Control snails (N = 10) exposed only to artificial PW
(beige bars) showed no significant differences in escape behavior. The data demonstrate that exposure to FW induces significant anti-
predatory behaviors in snails, evidenced by increased aerial respiration, decreased righting time, and reduced escape behavior. These
responses persisted even after the initial FW exposure, indicating a lasting behavioral change. Control snails that were not exposed to FW did
not show significant changes in any of the measured behaviors, confirming that the observed effects were specific to the FW exposure. Data
shown in Fig. 1A were analyzed using the Friedman test followed by Dunn’s post-hoc test, whereas data shown in Fig. 1B-F were analyzed
using repeated measures ANOVA (RM ANOVA) followed by Tukey post hoc tests B-F. **** p <0.0001, *** p <0.001, * p<0.05, ns = not
significant (p > 0.05). The solid line represents the mean, and the error bars represent the standard error of the mean (SEM.).
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Fig.2 The exposure to fish water enhances long-term memory formation for the operant conditioning of aerial respiration. A timeline of
the experiment is presented above the data. A Ten naive snails were exposed to fish water (FW) for 1 h. Three h later, snails were trained with a
single 30-min TS (grey circles), and long-term memory (LTM) was tested 24 h post-TS (i.e., MT - black circles). LTM was formed as a significant
reduction in the number of attempted pneumostome openings was found. B Ten naive snails were exposed to artificial PW for 1 h before
being trained for 30 min 3 h later (TS - grey circles). Twenty-four hours after training, LTM was tested (MT - black circles). No significant
reductions in attempted pneumostome openings were found between TS and MT, suggesting that LTM was not formed. Data are represented
as means + SEM and analyzed with a paired t-test. ****p < 0.0001, ns = not significant as p > 0.05.

behavior when tested at 3, 24, and 48 h (RM ANOVA: Fg, ,7 =9.06;
P <0.0001 - Fig. 3B).

To ensure that repeated exposure to carrot slurry did not
influence snails’ feeding behavior and to confirm that the
observed reduction was due to memory formation rather than
handling procedures, we conducted control experiments (Supple-
mentary Material). Two cohorts of naive snails (N =10 per group)
were exposed to carrot slurry (prepared with PW) for 2 min,
followed by exposure for 45 min to carrot slurry prepared with FW
18 h later. Memory formation for configural learning was assessed
using carrot slurry (prepared with PW) after 24 h (Supplementary
Fig. 1A) or 48 h (Supplementary Fig. 1B). Consistent with Fig. 3A,
we observed a significant reduction in the number of rasps at 24 h

SPRINGER NATURE

but not at 48 h post-configural learning (paired t-test: t =8.35,
df =9, p<0.0001; t=0.31, df=9, p = 0.76, respectively). Thus, our
study shows for the first time FW can lead to LTM formation for
the operant conditioning of aerial respiration and configural
learning task in L. stagnalis.

Defining the optimal dose and exposure duration of
alprazolam

We next examined whether a well-characterized anxiolytic drug,
alprazolam, could prevent the behavioral changes induced by FW.
First, we performed experiments aimed at defining the optimal
dose and treatment duration, avoiding the sedative/hypnotic
effects typically induced by benzodiazepine. Based on data from
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Fig. 3 The simultaneous exposure to fish water and carrot slurry results in long-term memory for configural learning. A timeline of the
experiment is presented above the data. A Sixteen naive snails were exposed to an appetitive taste (carrot slurry — C), and the number of rasps
was recorded for 2 min. Eighteen hours later, snails were simultaneously exposed to fish water (FW) and C for 45 min (CL), and the number of
rasps elicited by C alone was recorded 3, 24, and 48 h later. LTM for configural learning was formed as a significant reduction in the number of
rasps was found at 3 and 24 h post-CL. At 48 h post-CL, no significant differences in the number of rasps compared to C pre were found,
suggesting that LTM for CL lasted for at least 24 h but not 48 h. B Control snails (N = 10) were exposed to PW + C instead of FW + C. No
significant differences in the number of rasps elicited by C were found, suggesting that CL was not formed, and the handling procedure did
not affect snails’ feeding behavior. Data are represented as means + SEM and analyzed. Data shown in Fig. 3A were analyzed using the
Friedman test followed by Dunn’s post-hoc test, whereas data shown in Fig. 3B were analyzed with RM-ANOVA followed by Tukey post hoc.

*¥**¥n < 0.0001, **p < 0.01, ns = not significant as p > 0.05.

rodents [77, 78], we selected 3 doses: 0.1, 1, and 10 uM. For each
dose, 4 groups of snails (N =13 each group) were used, and the
snails’ feeding behavior was tested 3 h after being exposed to
alprazolam for 15, 30, and 60 min (Fig. 4). Control snails were not
exposed to alprazolam.

As feeding behavior is a robust homeostatic behavior [52,
57, 87], any significant reduction in the number of rasps in lettuce
slurry (i.e, a familiar taste) post-treatment was considered
indicative of a sedative effect induced by the treatment. We
found that treating snails with alprazolam 1 or 10 uM induced a
significant reduction in feeding behavior, regardless of the
treatment duration (One-way ANOVA: F3 45 =43.75; P <0.0001 -
Fig. 4C and Kruskal-Wallis test: H=30.39; P <0.0001 - Fig. 4D).
Similar results were observed when snails were treated with
alprazolam 0.1 uM for 30 or 60 min, but not 15 min (Kruskal-Wallis
test: H=38.48; P <0.0001, Fig. 4B). Thus, the dose of 0.1 uM for
15 min was identified as optimal because it did not significantly
reduce feeding behavior, suggesting it avoided the sedative
effects of alprazolam observed at higher doses and longer
durations, making it a suitable condition for studying the
anxiolytic effects of alprazolam without sedation. To ensure that
the observed effects were due to alprazolam treatment rather
than the potential toxicity of its vehicle, DMSO [64], we conducted
additional control experiments. Three cohorts of naive snails
(N =38, each group) were exposed to DMSO at 0.1 uyM (Supple-
mentary Fig. 2A), 1uM (Supplementary Fig. 2B), or 10puM
(Supplementary Fig. 2C) for 15, 30, or 60 min. Their feeding
behavior was then assessed in lettuce slurry 3 h later. Regardless
of concentration or exposure duration, no significant differences
in feeding behavior were observed compared to untreated control
snails (One-way ANOVA: F;,3=049, P=0.68, F3,3=1.28,
P=10.30, and F3 3 =1.6, P =0.21).
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Exposing snails with alprazolam 0.1 uM for 15 min induces
anti-anxiety effects

We next investigated whether treating snails with alprazolam
0.1 uM for 15 min could counteract the anti-predatory behaviors
induced by FW (i.e., increased TBT and reduced righting time and
exploratory behavior), indicating an anti-anxiety effect. Thus, 4
groups of snails (N =20, each) were used for each behavioral
procedure: (1) snails exposed to PW for 15min and, 3 h later,
tested in PW; (2) snails exposed to alprazolam 0.1 uM for 15 min
and, 3 h later, tested in PW; (3) snails exposed to PW for 15 min
and, 3 h later, tested in FW; (4) snails exposed to alprazolam 0.1 uM
for 15 min and, 3 h later, tested in FW.

Consistent with the data shown in Fig. 1, FW exposure significantly
increased aerial respiration (Kruskal-Wallis: H=39.45, p <0.0001;
Fig. 5B) and reduced both righting time (Kruskal-Wallis: H = 37.48,
p<0.0001; Fig. 5C) and exploratory behavior (Kruskal-Wallis:
H=44.46, p <0.0001; Fig. 5D). However, these FW-induced beha-
vioral changes were prevented by alprazolam treatment for 15 min.
Compared to untreated snails tested in FW, those treated with
alprazolam and tested in FW showed a significant increase in TBT
and a reduction in both righting time and escape behaviors
(p < 0.0001, Dunn’s post-hoc for all).

No significant differences were observed between control snails
(i.e., untreated snails tested in PW), those treated with alprazolam
and tested in FW, and those treated with alprazolam and tested in
PW. These findings confirm that alprazolam effectively prevents
the behavioral changes induced by FW.

The effects induced by alprazolam 0.1 uM for 15 min last for at
least 24 h but not 48 h

To test the duration of the effects induced by alprazolam 0.1 uM
for 15 min, we focused on the exploratory behavior in FW (Fig. 6).

SPRINGER NATURE



V. Rivi et al.

PW
A — 15min
Alprazolam 3h Feeding behavior
— 15min in lettuce slurry
—_ 30min
—_ 60min
Alprazolam Alprazolam Alprazolam
0.1 uM 1M 10 pM
* ok ok k
N s
I B A— : * % % 5
; T E pee— : :
* % i e g : : :
............................... : : * %k
20_ 15_ * * * * 15_ ...............
E | = " £ o < s :
€ : 3 . £ .
~. 15— ° : : > ° i : ~ : :
a ° : : a 10 : : ] ° : :
o ®oo0 °® : : 10 ® : H Q. 10+ ® : :
u ° ®e i ; g (X ‘ : » : ‘
© H : 1 : : © : :
- o ® ° : : o *° : : - s : :
s 10 < e° oo ° (o} H ‘S .:.
[ : S : H s :
] °o®° 8 54 ° N cdc . g 54 ¢
2 | 0®® o° : e o s 2 : :
g ® 52 o. g SAs °3° ° g s . :
2 S 2 il 3 - ¢ ¢
0 T T T L 0 T T ' 0——T——seepro—oopeo—enpe—
Q> R RN & «Q)' 6’\\0 6'\\0 «Q}' 6’\\0 6‘\\0 ({\\Q
SOOI oo O

Fig. 4 Dose-response effects induced by alprazolam: identification of the optimal dose and treatment duration that avoids sedative
effects while potentially retaining anxiolytic properties. A The timeline of the experiment is presented above the data. Snails were exposed
to alprazolam 0.1 uM (B), 1 pM (C), or 10 uM (D) for 15, 30, and 60 min, and the feeding behavior was tested 3 h later in lettuce slurry. Control
snails (CTRL) were not treated. We found that alprazolam 1 pM and 10 uM treatment led to a significant reduction in feeding behavior across
all treatment durations (15, 30, and 60 min), with the sole exception of 0.1 uM for 15 min. N = 13-14. Data are represented as means + SEM.
Data shown in Figs. 4B and D were analyzed using the Kruskal-Wallis H test, followed by Dunn’s post-hoc, whereas data shown in Fig. 4C were
analyzed with one-way ANOVA followed by Tukey post hoc. ****p < 0.0001, ** p <0.01, ns = not significant as p > 0.05.

We selected this behavior as it is largely used to test anxiety in
mammals [88]. Five cohort of snails (N =20, each) were used in
this study: (1) snails exposed to PW for 15 min and tested in PW
18 h later (PW group); (2) snails exposed to PW for 15 min and
tested in FW 18h later (FW group); (3) snails treated with
alprazolam 0.1 uM for 15 min and tested in FW 18 h later; (4) snails
treated with alprazolam 0.1 uM for 15 min and tested in FW 24 h
later; and (5) snails treated with alprazolam 0.1 uM for 15 min and
tested in FW 48 h later (Fig. 6B). A one-way ANOVA revealed a
significant main effect of the procedure (F,,o; = 22.38, P < 0.0001).
Consistent with Fig. 1, the number of escapes in FW was
significantly lower than in PW (Tukey's post hoc: p <0.0001;
q = 10.23). However, snails treated with alprazolam and tested in
FW at 18 and 24h post-treatment showed no significant
differences in escape behavior compared to the PW group. In
contrast, snails tested 48 h post-alprazolam treatment exhibited a
significantly lower number of escapes compared to both the PW
group (Tukey's post hoc: p < 0.0001, g = 8.93) and those tested at
18 (Tukey's post hoc: p<0.0001, q=8.09) and 24h post
alprazolam treatment (Tukey's post hoc: p=0.0002, q=6.39).
Thus, the anti-anxiety effects of alprazolam persist for at least 24
but not 48 h.

SPRINGER NATURE

Treating snails with alprazolam 0.1 pM for 15 min prevents
the effects of predator exposure on learning and memory
abilities
Having shown that treating snails with alprazolam 0.1 uM for
15 min prevents anxiety-like behaviors induced by predator cues,
we investigated whether the same treatment could prevent
predator-induced LTM formation for the operant conditioning
(Fig. 7A) and configural learning (Fig. 7B). Thus, snails (N=10)
were exposed to alprazolam 0.1 uM for 15 min and immediately
later to FW for 1 h, before being trained with a single training
session (30 min). LTM was tested 24 h later. As no significant
differences were found in the number of pneumostome openings
between TS and MT (paired t-test: t =0.001, df =9, p = 0.99) (Fig.
7A), we concluded that alprazolam prevented the FW-induced
LTM enhancement for the operant conditioning of aerial
respiration. Then, a naive cohort of snails was first exposed to
carrot slurry for 2 min and, 18 h later, was treated with alprazolam
for 15 min, followed by a 45-min exposure to carrot slurry mixed
with FW. Three hours later, their feeding behavior (i.e., number of
rasps) in the carrot slurry alone was recorded for 2 min.

The number of rasps did not significantly decrease (paired t-
test: t=0.57, df =9, p = 0.57), indicating that configural learning
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Fig. 5 Exposure to alprazolam (0.1 uM for 15 min) prevents the anxiety-like behaviors induced in snails by fish water. A Study design: 4
distinct experimental conditions were used in this study: animals treated with PW for 15 min and tested in PW 3 h later (beige bars); animals
treated with alprazolam 0.1 pM for 15 min and tested in PW 3 h later (diagonal beige bars); animals treated with PW for 15 min and tested in
FW 3 h later (green bars), and animals treated with aprazolam 0.1 pM for 15 min and tested in FW 3 h later (diagonal green bars). B Aerial
Respiration: alprazolam prevented the FW-induced increase in breathing time. C Righting Behavior: alprazolam prevented the FW-induced
reduction in righting time. D Escape Behavior: alprazolam prevented the FW-induced reduction in escape behavior. Data are represented as
means + SEM and analyzed with the Kruskal-Wallis H test, followed by Dunn’s post-hoc. ****p < 0.0001, ns = not significant as p > 0.05.

was not formed (Fig. 7B). These results support the hypothesis that
reducing anxiety can prevent memories associated with stress or
danger.

Treating snails with alprazolam 0.1 pM for 15 min

blocks memory

To test if alprazolam affects snails’ ability to form memory
resulting in an anterograde amnesia-like effect (i.e, a loss of
memory for events occurring forward in time) [71] similar to what
observed in mammals (including humans), we treated snails
(N =15) with alprazolam for 15 min before undergoing a 30-min
TS for operant conditioning of aerial respiration. This procedure
typically results in a 3 h-lasting ITM [85], however, the alprazolam
treatment blocked memory formation (RM ANOVA: Fi44, =1.77;
P =0.07- Fig. 8A) as memory testing (MT1) conducted 3 h post-
training showed no significant reduction in memory performance.
In a follow-up experiment 24 h later, the same snails underwent a
new training session (TS2) after a 15-min exposure to artificial PW
instead of alprazolam. This time, ITM was successfully formed, as
evidenced by a significant reduction in pneumostome openings
(Tukey’s post hoc: p <0.0001, g = 14.55). These results suggest
that alprazolam blocks learning and/or ITM, preventing the snails
from remembering the association between the pneumostome
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opening and poking. The effects of alprazolam suggest that the
drug’s memory-blocking effects are shorter-lived than its anti-
anxiety effects. Control snails (N = 15) exposed to PW instead of
alprazolam (RM ANOVA: F,4 4,=37.49; P<0.0001 - Fig. 8B)
formed ITM after both training sessions (Tukey’s post hoc: TS1 vs
MT1: p<0.0001 and g=10.79; TS2 vs MT2: p<0.0001 and
q=15.11), confirming that the repeated operant conditioning
procedure did not affect the ability of snails to form ITM. Overall,
these findings suggest that alprazolam can block learning or the
new protein synthesis necessary for ITM, resulting in somewhat
similar to anterograde amnesia.

PCA to further explore alprazolam’s modulation of anxiety-
like behaviors

While t-tests and ANOVA identify significant differences between
groups for individual behavioral variables, they assume these
variables are independent. However, in behavioral pharmacology,
multiple measures often reflect interrelated aspects of a broader
behavioral construct, such as anxiety-like responses. PCA comple-
ments these analyses by identifying correlations between
variables, allowing us to visualize how behavioral patterns emerge
across experimental groups in a multidimensional space (Fig. 9).
This provides a more holistic view of how anxiety-like behaviors
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Fig. 6 The effects of alprazolam (0.1 pM for 15 min) last for at least 24 h but not 48 h. A Study design: five cohorts of snails were used in
this study: (1) snails exposed to PW for 15 min and tested in PW 18 h later (beige bar); (2) snails exposed to PW for 15 min and tested in FW
18 h later (green bar); (3) snails treated with alprazolam 0.1 pM for 15 min and tested in FW 18 h later (diagonal green bars); (4) snails treated
with alprazolam 0.1 pM for 15 min and tested in FW 24 h later (diagonal green bars); and (5) snails treated with alprazolam 0.1 pM for 15 min
and tested in FW 48 h later (diagonal green bars). N = 20 each group. B The number of escapes was recorded for 20 min. Alprazolam treatment
prevents FW-induced reduction in the number of escapes and this effect lasts for at least 24 h but not 48 h. No effects induced by Alprazolam
alone were found. Data are represented as mean + SEM and analyzed using one-way ANOVA followed by Tukey post hoc tests. ****p < 0.0001;

***p < 0.001; ns = not significant (p > 0.05).

manifest and how pharmacological interventions modulate them.
Additionally, when PCA results align with univariate tests, they
reinforce the robustness of the findings by demonstrating that
group differences are not limited to single variables but rather
reflect a broader shift in behavioral profiles. The PCA plot (PC1 vs.
PC2) in Fig. 9 captures 85% of the variance in the dataset and
provides clear evidence of distinct behavioral clustering between
experimental conditions.

The exploratory behavior aligns with negative PC1 and positive
PC2 values, righting time with negative values for both PC1 and
PC2, and TBT with positive PC1 and negative PC2 values. The
control group (purple) is centrally positioned, showing a balanced
behavioral profile without strong alignment to any specific
variable. This suggests a baseline state where snails exhibit

SPRINGER NATURE

natural exploratory tendencies, normal righting times, and a stable
breathing pattern. The predator-exposed groups (blue and green)
show a marked shift towards TBT, indicating an anxiety-like state
characterized by increased aerial respiration—a key indicator of
heightened stress in L. stagnalis. This effect is particularly
pronounced in snails tested directly in FW (green), suggesting
that the presence of predator cues leads to a stronger and more
persistent physiological response compared to those re-tested in
PW (blue), where the behavioral shift is still present but less
extreme. The alprazolam-treated group (yellow) clusters near
exploratory behavior and righting time, demonstrating a restora-
tion of normal behavioral responses. Unlike predator-exposed
snails, this group does not strongly correlate with TBT, reinforcing
the anxiolytic effect of alprazolam in preventing predator-induced
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Fig. 7 Treating snails with alprazolam (0.1 pM for 15 min) blocks the enhancement of long-term memory formation for the operant
conditioning of aerial respiration and prevents configural learning. A timeline of the experiment is presented above the data. A Ten naive
snails were exposed to alprazolam 0.1 pM for 15 min and immediately later to FW for 1 h. Three hours later, snails were trained with a single
training session (TS), and the LTM for the operant conditioning of aerial respiration was tested 24 h later (MT). No significant reduction in the
number of attempted pneumostome openings was found, suggesting that LTM was not enhanced. B Ten naive snails were exposed to carrot
slurry (C), and the feeding behavior (i.e,, number of rasps) was recorded for 2 min. 18 h later, snails were exposed to alprazolam 0.1 pM for
15 min and, immediately later, were simultaneously exposed to fish water (FW) and carrot. When the number of rasps elicited by the carrot
was recorded 3 h later, no significant reduction in the number of rasps was found, suggesting that configural learning was not formed. Data

are represented as single data points and were analyzed with paired t-tests. ns = not significant as p > 0.05.

behavioral alterations. The fact that the PCA positions this group
close to controls suggests that alprazolam effectively counteracts
the physiological and behavioral impact of stress, allowing the
snails to behave as if they had never been exposed to predator
cues. This multivariate approach strengthens our interpretation of
the data by showing that anxiety-like behavior is not limited to
changes in individual measures but rather represents a coordi-
nated shift across multiple behavioral dimensions. PCA highlights
the strong relationship between predator exposure and altered
respiratory behavior, confirming that snails exposed to FW exhibit
a stress response even when tested in a different environment
later. Moreover, it demonstrates that alprazolam effectively
mitigates this response, normalizing exploratory and righting
behaviors while reducing excessive aerial respiration. By providing
a comprehensive, integrated view of behavioral changes, PCA
proves to be a powerful tool for a clearer differentiation between
experimental groups and enhances the translational relevance of
our findings by confirming that fundamental mechanisms of
anxiety and its treatment are preserved across species.

DISCUSSION

The behavioral consequences of predator odor exposure have
long been studied as an anxiety-like paradigm in rodents [89, 90].
To our knowledge, this is the first study where a molluscan model
—1L. stagnalis— shows anxiety-like behaviors, which can be
prevented by a well-established anxiolytic drug. Our findings
contribute to a deeper understanding of anxiety-like behavior in
invertebrates and offer insights into the conserved mechanisms
underlying stress responses. We found that exposure to FW, a
proxy for predator presence, induces a marked increase in aerial
respiration and a decrease in righting behavior from a vulnerable
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position and exploratory behavior among snails lasting for at least
18 h. These behavioral shifts suggest a severe stress response
characterized by heightened vigilance and a reduction in risk-
taking behaviors [43, 91].

Notably, these changes persisted even after the removal of the
stressor, indicating that the snails exhibited a sustained anxiety-
like state rather than a mere reflexive response [92]. Interestingly,
we observed a “faster recovery” in righting time compared to TBT
and escape behavior. Specifically, when snails were re-tested in
PW after exposure to FW, we found that the reduction in righting
time induced by FW was less intense and less reinforced, and
significantly longer than the response recorded in FW. A possible
explanation for this could be the energy demands of the righting
process, which requires considerable muscular effort and coordi-
nation. As a result, the increase in righting time when snails were
re-exposed to PW following FW may be attributed to the greater
complexity of the rotational process. Nevertheless, both FW and
PW post-FW recordings exhibited significantly shorter righting
times compared to the initial PW recordings, suggesting that after
FW exposure, snails remain in a heightened state of alertness
when re-tested in PW.

The persistence of FW-induced response in a different and ‘safe’
context is consistent with the criteria for anxiety observed in
vertebrates, reflecting a deeper, potentially evolutionary con-
served mechanism. In particular, studies from rodents show that
exposure to predator odors or other threats can trigger behavioral
changes similar to those observed in snails, such as increased
vigilance, reduced exploration, and avoidance of risky situations
[56, 89]. These behaviors are critical for survival, helping animals
avoid potential dangers in their environment. Similarly, in humans,
exposure to stressful or threatening situations can result in
increased anxiety, hypervigilance, and avoidance behaviors [2].
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Fig. 8 Treating snails with alprazolam (0.1 pM for 15 min) induces anterograde amnesia in snails trained for the operant conditioning of
aerial respiration. A timeline of the experiment is presented above the data. A Fifteen naive snails were exposed to alprazolam for 15 min and
then were trained with a 30-min training session (TS1). Three hours later, ITM was tested (MT1). No significant reduction in the number of
attempted pneumostome openings was found (i.e., ITM was not formed). Twenty-four hours later, these snails were exposed to artificial PW for
15min and then re-trained (TS2) for 30 min. ITM was tested 3 h later (MT2). As a significant reduction in the number of attempted
pneumostome openings was found, ITM was formed. B Fifteen control snails were exposed to artificial PW for 15 min and were trained with a
30-min training session (TS1). Three hours later, ITM was formed (MT1) as a significant reduction in the number of attempted pneumostome
openings was found. Twenty-four hours later, these snails were re-exposed to artificial PW for 15 min and then re-trained (TS2) for 30 min. ITM
was tested 3 h later (MT2), and a significant reduction in the number of attempted pneumostome openings was found, suggesting that ITM
was formed. Data are represented as means + SEM and analyzed with RM-way ANOVA followed by Tukey’s post hoc ****p < 0.0001; ns = not
significant as p > 0.05.
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Fig. 9 2D Principal Component Analysis (PCA) of snail behavioral data across different experimental conditions. The PCA plot presents
the behavioral data of snails classified into four groups: Control (not exposed to fish water (FW) and not treated with alprazolam - purple),
Predator-exposed snails (green), Predator-exposed snails tested in artificial pond water (PW - blue), and alprazolam-treated snails before being
exposed to FW (yellow). The data are plotted along two principal components, PC1 and PC2, which capture the most significant variance in
the dataset. Shapes: Circles refer to PW, and Triangles to FW. PC1 and PC2 axes represent the most substantial variance in the behavioral data.
Vectors: Black arrows with red labels indicate the influence and direction of specific behavioral metrics on the principal components.
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The implications of these findings are significant, suggesting that
the mechanisms underlying anxiety and stress responses are
deeply rooted in evolutionary history and may have been
conserved across diverse species as a critical survival strategy
[93]. This could provide valuable insights into the evolutionary
origins of anxiety and stress-related behaviors and offer a more
comprehensive understanding of how stress and anxiety are
regulated at the molecular and neural levels [92, 94, 95]. We also
found that exposure to FW can enhance LTM formation for the
operant conditioning of aerial respiration and induce configural
learning [76, 86]. These results allow us to uncover the basic
principles of stress-related memory modulation, offering a more
comprehensive view of how stress and environmental cues
influence cognitive functions.

In particular, our results on configural learning directly
demonstrate that lab-bred snails have the capacity and ability to
form a relationship between two stimuli (i.e., carrot slurry and FW)
and can treat them as different from the simple sum of the stimuli
alone (i.e,, are capable of configural learning) [14, 20, 58]. As the
ability to form associations between predator risk factors and the
surrounding environment is necessary for predator avoidance
strategies, configural learning should be seen as a key adaptation
enabling animals to assign new meaning to stimuli in their
environment [96]. These data are all consistent with previous
studies from Lukowiak's lab, further remarking on the solidity of
this behavioral paradigm and its validity for pharmacological
studies [49, 53, 62, 64, 75, 83], and aligns with the snail’s ability in
other learning paradigms in Koene's lab [97, 98] and Kemenes's
lab [91, 99]. Moreover, data from operant conditioning strongly
suggest that the detection of predators primes the molecular
mechanisms responsible for LTM formation, consistent with
previous studies from L. stagnalis [51, 84]. Similar to snails, rodents
have been shown to experience enhanced memory formation
when exposed to stressors or predator-related cues [100]. For
instance, the presence of a predator or predator odor can enhance
the rodent’s ability to remember and avoid locations associated
with danger, akin to the way fish kairomones or crayfish exposure
primes memory formation in snails [101]. Overall, the findings in
snails, when considered alongside research in rodents and
humans, highlight the conserved nature of memory modulation
mechanisms across species [37]. These parallels suggest that
studying simpler organisms like snails can offer valuable insights
into the basic principles of cognitive function, which can be
applied to understanding more complex brains in rodents and
humans [102].

We also assessed the effectiveness of alprazolam in modulating
the anxiety-like behavior induced by FW. At higher doses (1 and
10 uM), snails exhibited a significant reduction in feeding behavior
regardless of the treatment duration [65].

This reduction in feeding, a solid homeostatic behavior,
indicates a sedative effect, consistent with the known properties
of benzodiazepines like alprazolam [67, 103, 104]. Such sedation is
characterized by a diminished ability to engage in normal feeding
activities, reflecting a hypnotic state rather than simply an anxiety
reduction. Conversely, alprazolam at 0.1 yM for 15 min did not
significantly alter feeding behavior, suggesting it did not induce
noticeable sedation. This dosage, in fact, prevented predator-
induced increased aerial respiration, restored normal exploratory
behavior, and adjusted righting times to baseline levels. This
outcome is particularly significant as it mirrors the anxiolytic
effects of alprazolam observed in rodents, where similar doses are
used to reduce anxiety-like behaviors across various tests, such as
the elevated plus maze and open field test [22]. The duration of
alprazolam’s anxiolytic effects was evaluated by measuring
exploratory behavior over time. Our data indicate that the
anxiolytic effects lasted for up to 24 h, aligning with the drug’s
pharmacokinetic profile and offering a window into its practical
application in managing acute anxiety-like behavior [66, 67, 105].
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Overall, our behavioral data offer valuable insights into how
alprazolam influences snails exposed to predator cues and helps
to clarify how these behaviors change under different conditions,
particularly in the context of stress induced by predator scent
[106]. This may be particularly relevant in a more ecological
context, given that many pharmaceuticals (including alprazolam)
can also be found in the aquatic environment in which these
species normally live (https://www.norman-network.com/). Such
pollutants, especially if their effects are persistent and/or if they
are not easily broken down [107, 108], may affect snail survival,
given that they interfere with natural predator avoidance
responses and predicting opportunities based on learning and
memory. For this purpose, we plan to conduct a detailed
investigation into the potential behavioral differences between
freshly collected snails and lab-inbred ones. Understanding
whether the behavior of freshly collected snails aligns with that
of lab-grown snails would shed light on the ecological relevance
of our experimental models [60, 109-111].

Lab-inbred snails are typically used for their controlled genetic
backgrounds, whereas freshly collected snails might display
different behavioral patterns influenced by factors such as
predator exposure, environmental stressors, and genetic varia-
bility. This comparison will enhance the ecological validity of our
findings. Thus, by expanding our investigations to include freshly
collected snails and assessing environmental contaminants in
natural habitats, we aim to deepen our understanding of how our
experimental results may translate to ecological and environ-
mental contexts.

Alprazolam'’s effects on learning and memory were also
assessed, revealing the impaired formation of new memories for
up to 3 h post-treatment [69, 105]. This temporary memory block
aligns with the known effects of benzodiazepines in rodents,
where benzodiazepines can disrupt the encoding of new
memories.

The memory-blocking effects of alprazolam observed in L.
stagnalis raise intriguing parallels with its well-documented impact
on anterograde amnesia in rodents [69]. Future studies will assess
memory formation at different time intervals post-treatment,
comparing short- and long-term memory effects and investigating
specific neural correlates of memory disruption. The results of
these studies not only deepen our understanding of how
benzodiazepines affect memory across species but also establish
L. stagnalis as a potential model for studying pharmacologically
induced amnesia and its underlying mechanisms.

The conserved nature of anxiolytic responses across species
suggests that fundamental mechanisms of anxiety and its
modulation by different benzodiazepine drugs are broadly
applicable [112, 113], providing insights into the evolution of
stress responses. In particular, our study demonstrates that
invertebrates offer a simpler yet effective model for studying the
conserved mechanism of anxiety-like behaviors and pharmacolo-
gical interventions, complementing the more complex rodent
models typically used in this field.

These results paved the way for future studies currently
undergoing in our lab to investigate the molecular mechanisms
underlying the effects of FW and the alprazolam treatment. We
hypothesized that the GABAergic system plays a key role in
regulating anxiety-like behavior in snails as in mammals [114]. As
mentioned in the Introduction, pharmacological and scant
molecular evidence support the presence of GABA-A receptors
in mollusks as well [115]. Moreover, just like mammalian GABA-A
receptors, invertebrate GABA-A receptors seem to be activated by
anxiolytic drugs [22]. However, in contrast to Drosophila melano-
gaster [116] or vertebrate models, much less information is
available on molluscan GABA-A receptors (e.g., number of
homolog subunits, structure). Investigations are already in
progress in our lab to unequivocally clear the function and
evolution of the GABAergic system in L. stagnalis (and mollusks in
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general). Based on our unpublished data, we propose that
functional GABA-A receptors are present in L. stagnalis, which
can potentially be activated by alprazolam, contributing to the
prevention of anxiety-like responses demonstrated in the present
study. Based on the findings of a previous study, the RPeD1
neuron of L. stagnalis, one of the CPG neurons of the aerial
respiration behaviour and a key neuron in operant conditioning
[28], has a functional GABA-A receptor [117]. Future experiments
will allow us to investigate whether alprazolam would exert its
anxiolytic effect via this neuron in L. stagnalis.

With their relatively simple nervous systems, open circulatory
system, and easily measurable but solid behaviors, Lymnaea
provide a straightforward platform for evaluating drug effects,
including optimal dosing and duration for alprazolam without
significant sedation. This simplicity, alongside the conserved
nature of anxiety mechanisms across species, supports the use
of invertebrate models like snails for translational research.
Despite the study’s novelty, there are limitations. The simplicity
of the behavioral assays may not fully capture the complexity of
anxiety symptoms or drug effects seen in higher organisms.
Additionally, while snails exhibit anxiety-like behaviors and
pharmacological responses similar to those in rodents, the study’s
focus on a single drug (alprazolam) and the short-term nature of
assessments limit the scope of insights. Future research should
expand to include a broader range of anxiolytic compounds,
explore long-term effects, and delve into the neurobiological
mechanisms underlying these behaviors. By refining this model
and incorporating more complex behavioral assays, as well as
molecular analysis, we can further enhance the validity and
applicability of findings from invertebrates to more complex
systems.

CONCLUSIONS

Historically, research into anxiety has predominantly focused on
vertebrate models, particularly rodents and humans, due to their
more complex nervous systems and behavioral repertoires. By
extending this research to pond snails, a simpler invertebrate
model, the study provides novel insights into the fundamental
mechanisms of anxiety and its modulation. First, our study
introduces a new model organism for studying anxiety-like
behavior. Pond snails, with their relatively straightforward nervous
system, offer a unique perspective on anxiety research, allowing
for the investigation of basic neural and behavioral processes
without the confounding complexity of more advanced organ-
isms. This innovative approach helps elucidate the evolutionary
conservation of anxiety mechanisms and the basic principles
underlying stress responses across different phyla. Second, the
application of a benzodiazepine like alprazolam in an invertebrate
model is pioneering. While the effects of such compounds have
been well-documented in vertebrates, their impact on simpler
nervous systems has been less explored. Finally, we emphasize the
ethical significance of this study, which adheres to the ‘3Rs
principles’ for more responsible preclinical research [118]. Rather
than considering Lymnaea as an ‘alternative’ model, we define it
as a complementary organism that enhances, rather than replaces,
mammalian models in preclinical studies. By integrating snail
models, we can significantly reduce the reliance on mammals,
reserving their use for validating findings from invertebrate
studies. This approach not only upholds ethical research standards
but also dramatically reduces costs by several orders of
magnitude. Moreover, research in mammalian models can inspire
targeted studies in Lymnaea (like we did here), while findings from
Lymnaea can, in turn, simplify and guide mammalian research.
Given the complexity of psychiatric disorders, certain processes
are often difficult to dissect in mammals, whereas the simpler
nervous system of L. stagnalis allows for a more precise and
mechanistic understanding. Overall, our findings underscore the
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value of L. stagnalis as a robust and versatile model system,
providing a powerful experimental tool with direct translational
relevance. By bridging the gap between simple and complex
systems, our findings contribute to a more comprehensive
understanding of anxiety and drug action, ultimately guiding
the development of targeted therapeutic strategies for anxiety
disorders in humans.

DATA AVAILABILITY
The data will be made available upon reasonable request from Veronica Rivi and
Cristina Benatti.
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