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A B S T R A C T

In this study, we employed a reductionist (yet not simplistic) approach utilizing the established invertebrate 
model system of the pond snail, Lymnaea stagnalis, to investigate the behavioral and molecular effects of systemic 
administration of lipopolysaccharide (LPS)—a bacterial endotoxin—on the snails’ central ring ganglia. Snails 
received injections of either a low dose (2.5 μg) or a high dose (25 μg) of LPS, and their behavioral and molecular 
responses were assessed at 2, 6, and 24 h post-injection. With the high dose, snails exhibited a significant increase 
in homeostatic aerial respiration lasting for at least 24 h, consistent with a sickness-like state induced by the 
immune challenge. Additionally, we found that when administered 2, 6, or 24 h before operant conditioning 
training, the high dose of LPS, impaired memory formation. To further explore the underlying molecular 
mechanisms, we examined the transcriptional effects of the two doses of LPS in the snails’ central ring ganglia. 
Our analysis showed a dose- and time-dependent upregulation of immune and stress-related genes, including key 
enzymes involved in the kynurenine pathway (KP), toll-like receptor 4 (TLR4), and heat shock protein 70 
(HSP70). Metabolomic analysis suggested that the high LPS dose shifted KP metabolism toward the production of 
neurotoxic metabolites within the ganglia, indicating a LPS-induced neuroinflammatory state. Together, our 
findings provide valuable insight into the conserved mechanisms of neuroinflammation in this invertebrate 
model, offering a simplified yet effective tool to further explore the molecular interactions between the immune 
and central nervous systems.

1. Introduction

Neuroinflammation is the response of the reactive central nervous 
system (CNS) components to altered homeostasis, regardless of the 
endogenous or exogenous nature of the trigger [1]. Despite its 

recognized role in the etiology of neurodegenerative and neuropsychi
atric diseases, research into neuroinflammation remains extremely 
difficult [2]. This is in part due to the inherent complexity of the human 
CNS and the multifaceted interactions between neural and immune 
signaling pathways [3,4]. Complementary animal models can help to 
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elucidate the underlying mechanisms of neuroinflammation and facili
tate the development of therapeutic interventions [5]. In fact, as the 
inflammatory response has been highly conserved during evolution [6], 
in the last two decades, neuroscientists have increasingly turned to 
invertebrate models to understand molecular physio-pathological 
mechanisms related to neurological or psychiatric disorders [7–9]. A 
well-established model for studying neuroinflammation in a preclinical 
setting is the acute immune stimulation with the bacterial toxin lipo
polysaccharide (LPS) [10], which activates the innate immune system, 
promoting a highly conserved crosstalk between the immune and the 
central nervous systems [3,11]. After binding to toll-like receptor (TRL) 
4, LPS triggers the secretion of pro-inflammatory cytokines, which in
crease the expression and activity of many molecular cascades, 
including the kynurenine pathway (KP) [12,13], a complex, multi-step 
cascade responsible for degrading tryptophan into several neuroactive 
metabolites known as kynurenines [14–17].

In this study, we investigated the behavioral and molecular effects in 
the central ring ganglia induced by an immune challenge (i.e., LPS in
jection) into the pond snail Lymnaea stagnalis [18]. L. stagnalis is 
particularly well-suited for such studies due to its relatively simple CNS, 
open circulatory system, and well-characterized homeostatic behaviors 
[19]. Here, we focused on a highly tractable behavior—aerial respira
tion [20]—which can be operantly conditioned using a standardized 
behavioral protocol [21]. By administering either 2.5 μg and 25 μg of 
LPS, (i.e. low and high doses, respectively), we examined the effects of 
this immune challenge on homeostatic breathing behavior and the 
memory forming capability as well as their underlying molecular 
mechanisms. Thus, we evaluated the time- and dose-related effects of 
LPS on the expression levels of immune and stress-related targets 
involved in the innate immune response in the central ring ganglia of 
snails sacrificed 2, 6, or 24 h post-injection.

We first focused our attention on Toll-like receptor 4 (Lym TLR4), a 
key component for the innate immunity of invertebrates [12], allograft 
inflammatory factor (Lym AIF) [22], molluscan defense molecule (Lym 
MDM), an Ig-superfamily member which allows mollusks to mount an 
effective immune response and ensure their survival [23], and the heat- 
shock protein 70 (Lym HSP70), which plays a key conserved role in 
stress response [24,25]. Additionally, as we recently characterized the 
enzymes of the KP in our model organism [26], we investigated the 
transcriptional effects induced by this immune challenge on the 
expression levels of known KP enzymes in Lymnaea.

Changes in the levels of metabolites of the KP pathway were also 
evaluated in the ganglia of L. stagnalis following the systemic adminis
tration of LPS as studies from rodents demonstrated that inflammation 
can disrupt the balance between neurotoxic and neuroprotective KP 
metabolites, affecting the crosstalk between the immune and central 
nervous systems [27,28]. This disruption can impact metabolic function, 
cognition, pain, and emotion, potentially increasing the risk of psychi
atric disorders [29–34]. The conservation of the KP across species, from 
yeast to humans, suggests that simpler model organisms, such as Lym
naea, could provide an efficient way to unravel KP complexity while 
offering insights applicable to mammals [35].

To our knowledge, this is the first study investigating the relationship 
between immune stimulation, stress response, KP activation, and 
behavioral responses in an invertebrate model organism following an 
immune challenge. The use of L. stagnalis in LPS-induced neuro
inflammation and stress research provides a powerful tool for under
standing the conserved molecular and behavioral effects of these 
processes.

2. Materials and methods

2.1. Animals

Laboratory-bred L. stagnalis (Linnaeus, 1758), originally derived by 
the Vrije University in Amsterdam (The Netherlands), were housed at 

the University of Modena and Reggio Emilia (Italy) in aquaria with 
well‑oxygenated dechlorinated tap water at the temperature range of 
21–22 ◦C. Animals were subjected to a 12/12-h light/dark cycle (lights 
activated at 08:00 a.m.). Adult snails with shell lengths between 20 and 
25 mm were selected for the experiments. The diet consisted of 
pesticide-free romaine lettuce, provided twice a week.

2.2. LPS treatment

Snails were divided into three groups receiving either: 

1) snail saline solution (41.15 mM NaCl; 0.54 mM KCl; 3.55 mM CaCl2; 
2.61 mM MgCl2; 5 mM Tris; pH 7.5 [19,36]);

2) 2.5 μg of E. coli-derived LPS serotype O127:B8 (L3129, Merck KGaA; 
Darmstadt, Germany) dissolved in snail saline solution;

3) 25 μg of E. coli-derived LPS serotype O127:B8 dissolved in snail sa
line solution.

For each snail, a single intramuscular injection of 40 μL was 
administered into the foot using a 31G syringe. We calculated that a 
snail with a 20-mm shell length has a hemolymph volume of about 400 
μL and the weights approximately of 3 g. Thus, the doses were estimated 
to be 0.625 μg/mL and 6.25 μg/mL or 0.83 mg/kg and 8.3 mg/kg 
respectively.

2.3. Aerial respiration

In hypoxic conditions, snails move to the water’s surface and breathe 
through the respiratory orifice (i.e., the pneumostome) [37–39]. To 
induce a hypoxic environment, 100 % nitrogen (N2) was continuously 
bubbled into a 1-L beaker for 20 min before placing the animals [40,41]. 
Snails were then moved to the beaker and bubbling was reduced to 
maintain the hypoxic environment without disturbing the animals. 
Snails were given a 10-min acclimation period, after which we recorded 
the total breathing time (i.e., the total time the pneumostome is open - 
TBT) over 30 min. This is the homeostatic breathing time.

2.4. Operant conditioning of aerial respiration

Operant conditioning training consisted of a single 30-min training 
session (TS) during which a tactile stimulus (a hand-held sharpened 
wooden stick) was delivered to the pneumostome area each time it 
began to open in the hypoxic environment [42]. The same procedure 
was performed during the 30-min memory test (MT), performed 3 h 
after the training session. Great care was taken to use approximately the 
same stimulus strength within and between TS and MT, as well as be
tween each snail. During both the TS and MT, the number of ‘pokes’ (i.e., 
attempted pneumostome openings) was recorded [41,43]. Memory was 
formed if there was a significant reduction in the number of attempted 
pneumostome openings during the MT compared to the TS [44]. It is 
well-established that in laboratory-bred snails, such as those used in this 
study, a single 30-min TS induces intermediate-term memory (ITM) 
lasting for at least 3 h but 24 h.

2.5. Study design

To characterize L. stagnalis as a model system for studying the 
conserved mechanisms underlying LPS-induced neuroinflammation, we 
performed 4 experiments. The aim of Experiment 1 was to investigate 
whether the two selected doses of LPS altered the snails’ aerial respi
ratory behavior. Thus, we recorded snails’ TBT in hypoxic artificial pond 
water for 30 min. Three hours later, the snails were then divided 
randomly into 2 groups, one group received the high LPS dose while the 
other received the low dose. We then recorded the total time the 
pneumostome was open (i.e., TBT) for each snail was recorded during 
each of the 30-min observation periods, performed at 2-, 6-, 24-, and 48 
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h post-LPS injection [41]. Following each breathing observation period, 
snails were returned to their home eumoxic (i.e., normal atmospheric 
oxygen) aquaria. In Experiment 2, we investigated the effects of the 
selected doses of LPS on the learning and memory abilities of Lymnaea. 
Thus, snails were injected with the low and/or the high dose of LPS 2, 6, 
or 24 h before training. Memory was then assessed 3 h after the single 
0.5 h training session. If there was not a significant difference in the 
number of attempted pneumostome openings between the training and 
memory test sessions we concluded that there was memory impairment 
[37]. In Experiment 3, we investigated the transcriptional effects induced 
by LPS on key targets for immune and stress response in snails’ central 
ring ganglia. Thus, animals were injected with the low or the high dose 
of LPS or snail saline and sacrificed either 2-, 6-, or 24 h after injection. 
Finally, Experiment 4 aimed to investigate the impact of a 25 μg dose of 
LPS on metabolites within the KP in the central ring ganglia of 
L. stagnalis. To achieve this, snails received an injection of either 25 μg 
LPS or a control saline solution and were subsequently sacrificed at 2, 6, 
or 24 h post-treatment to assess temporal changes in KP metabolite 
levels.

2.6. RNA extraction and Retrotranscription

Snails were anesthetized on ice for 10 min, and subsequently, the 
central ring ganglia were dissected out and preserved at − 80 ◦C for later 
analysis. Total RNA extraction was carried out from a single ganglion. 
The extraction process, including DNAse treatment, utilized the GenE
lute™ Total RNA Miniprep Kit and DNASE70-On-Column DNase I 
Digestion Set (Merck KGaA; Darmstadt, Germany), following estab
lished protocols [45–47]. For reverse transcription, 500 ng of total RNA 
was utilized in a 20 μL reaction mix with the High-Capacity cDNA 
Reverse Transcription Kit (Life Technologies Corporation). Quantitative 
Real-Time PCR (qRT-PCR) was performed on 20 ng of cDNA using a Bio- 
Rad® CFX ConnectTM Real-Time PCR Detection System with SYBR 
Green Master Mix (Bio-Rad). The cycling parameters included an initial 
step at 95 ◦C for 2 min, followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C 

for 30 s. Cycle threshold (Ct) values were determined using CFX Maes
troTM Software (Bio-Rad). Specific forward and reverse primers, 
generating an amplicon between 100 and 200 bp, were used at a final 
concentration of 300 nM (Table 1).

The mRNA levels of each target were normalized on two reference 
genes, elongation factor 1α and β-tubulin. The stability of mRNA 
expression for these endogenous controls was evaluated using Norm
finder® [48,49], considering both intra- and inter-group variation. The 
geometric mean of Cycle Quantification values of the endogenous genes 
emerged as the most stable gene across groups and was utilized for gene 
normalization. The comparative 2− ΔΔCt method was employed for the 
quantitative evaluation of changes [50], using the average expression 
levels of control animals (i.e., saline-receiving animals sacrificed 2 h 
after injection) as the calibrator.

2.7. Liquid chromatography

The concentration of 5HT, TRP, KYN, KYNA, ANA, 3-HK, and QUIN 
was measured in the central ring ganglia of snails receiving snail saline 
or 25 μg of LPS (high-dose) and sacrificed either 2-, 6-, or 24 h after 
treatment as previously described with some modification [51]. Each 
ganglion was homogenized in 100 μL of an ascorbic acid solution of 0.1 
% by sonication. Protein concentration of homogenates was determined 
using the Bradford assay (Merck KGaA, Darmstadt, Germany). To each 
50 μL of the sample was added an equal volume of ice-cold 1 M 
perchloric acid (HClO4) fortified with a mix of 5HT-d4 (Cayman 
Chemical, USA), KYN-d4, KYNA-d5, QUIN-d3 (Buchem BV, Netherlands) 
and TRP-d5 (Merck KGaA, Darmstadt, Germany) each one at the final 
concentration of 1 μM. Samples were centrifuged (15,000 ×g, 15 min), 
and the supernatants were collected and directly injected into LC-MS/ 
MS.

The analysis of KP metabolites was performed using an Agilent HP 
1200 liquid chromatograph (Agilent, Milan, Italy) consisting of a binary 
pump, an autosampler, and a thermostated column compartment. 
Chromatographic separations were carried out using a Discovery HS-F5 

Table 1 
The forward (FW) and reverse (RV) primer nucleotide sequences utilized in qRT-PCR are provided, along with the accession number for each target and the size (bp) of 
the PCR product obtained through the amplification of cDNA (mRNA).

Gene bank accession Target Product length (bp) Type sequence (5’-3’)

DQ206432.1 L. stagnalis heat-shock protein 70  
Lym HSP70

199 bp FW: AGGCAGAGATTGGCAGGAT
RV: CCATTTCATTGTGTCGTTGC

U58769.1 L. stagnalis molluscan defense molecule  
Lym MDM

104 bp FW: CGGGTACACACACAGATGGA
RV: TGACTGAACATTGGGCACAC

DQ278446.1 L. stagnalis allograft inflammatory factor  
Lym AIF

116 bp FW: CGTTTATGGTAAGCTGGAAAGA
RV: CTGGGAGCAAAGTCAAGCAT

AY577328.1 L. stagnalis lipopolysaccharide binding protein-like protein 
Lym TLR4

134 bp FW: CTGAGGTCAAGAGGGTGCAG
RV: GATCCTGTCGCGGATCATGT

FX225637 L. stagnalis tryptophan 2,3 dioxygenase 
Lym TDO-like

120 bp FW: CTCTAGAATGTCGATTTGGT
RV: TGTCAGAGATATGTTCATGC

FX190660.1 L. stagnalis indoleamine 2,3-dioxygenase 
Lym IDO-like

179 bp FW: ACTTAGGAAGAGTTTCAGCA
RV: TTAAACCTAATCCCACAGAC

FX191423.1 L. stagnalis kynurenine formamidase 
Lym AFMID-like

138 bp FW: ACAAAATTAGGTTCCGTAAG
RV: ATGATCCTCCAGAGTTTAGA

FX185910 L. stagnalis kynurenine 3-monooxygenase  
Lym KMO-like

194 bp FW: ATTGTCCAATTTCTTCCTAA
RV: GGTATGGAGGACTGTATTGT

FX191915.1 L. stagnalis kynurenine aminotransferase 
Lym KYAT I/III-like

118 bp FW: GGAGGTATCACTGTCAATTT
RV: TACTTCATGATGGCTGATTA

FX183988.1 L. stagnalis kynurenine/alpha-aminoadipate aminotransferase 
Lym AADAT-like

189 bp FW: GTCAGCCTATAAGGAAAGAA
RV: GTAAACACCTGGAAGAAAAC

FX188572.1 L. stagnalis kynureninase  
Lym KYNU-like

178 bp FW: TTCCTTCAGATCATTACACA
RV: CTGTACACCAGAAAAACAAA

FX195327.1 L. stagnalis 3-hydroxyanthranilate 3,4-dioxygenase  
Lym HAAO-like

124 bp FW: GTCCAACTCTTTGGAGATAA
RV: TGAGTAACAACTGACTCACC

FX187039.1 L. stagnalis 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase  
Lym ACMSD-like

138 bp FW: TTTAGGAAATCTCTCAAGGA
RV: AAGAGCACAACTGTGTGATA

X15542.1 Snail, beta-tubulin  
LymTUB

100 bp FW: GAAATAGCACCGCCATCC
RV: CGCCTCTGTGAACTCCATCT

DQ278441.1 L. stagnalis elongation factor 1-alpha 
LymEF1α

150 bp FW: GTGTAAGCAGCCCTCGAACT
RV: TTCGCTCATCAATACCACCA
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column (3 μm particle size, 150 × 2.1 mm, Supelco, Milan, Italy) using 
0.1 % formic acid in water and acetonitrile (ACN) as mobile phase. The 
HPLC analyses were carried out using a linear elution profile of 15 min 
from 5 % to 90 % of ACN. The column was washed with 90 % ACN for 
3.5 min, then equilibrated for 5 min with 5 % ACN. The flow rate was 
0.5 mL/min. The injection volume was 20 μL. An Agilent 6410 triple 
quadrupole-mass spectrometer with an electrospray ion source oper
ating in positive mode was used for detection. The SRM pairs were 
171–>160, 181–>164, 205–>188, 210–>192, 190–>144, 193–>147, 
209–>192, 213–>196, 138–>120, 225–>208, 168–>78, and 
171–>153, for 5HT, 5HT-d4, TRP, TRP-d5, KYNA, KYNA-d5, KYN, KYN- 
d4, ANA, 3-HK, QUIN, and QUIN-d3 respectively. The calibration curves 
were constructed using calibration standards and were linear over the 
concentration range of 0.0391–10.000 μM with a correlation coefficient 
(r2) of 0.999 and an accuracy within acceptable range (100 % ± 20 %). 
KP metabolite concentrations were normalized to protein content. 
Metabolite concentrations were used to evaluate the activity of TDO/ 
IDO, KAT, KYNU, and KMO by calculating KYN/TRP ratio, KYNA/KYN 
ratio, ANA/KYN ratio, and 3-HK/KYN ratio respectively. The 5HT/TRP 
and 3-HK/KYNA ratio were calculated using the following formula: 
([5HT]/[TRP])x100 and ([3− HK]/[KYNA])x100.

2.8. Statistical analysis

Statistical analyses were conducted using SPSS version 29 (SPSS Inc., 
Chicago, USA) and graphs were created using GraphPad Prism v.10. 
First, we confirmed that our data were normally distributed using a 
Kolmogorov–Smirnov test (KS distance and P-value).

Data from Experiment 1 were analyzed using repeated measures (RM) 
analysis of variance (ANOVA) combined with post-hoc Tukey tests. Data 
from Experiment 2 were analyzed using paired t-tests. The main effects 
and interactions from Experiment 3 and 4 were assessed through two-way 
ANOVA (treatment x time).

Interaction effects were further analyzed by post-hoc contrasts of 
estimated marginal means, employing Bonferroni’s correction imple
mented in SPSS (with a significance level set at p < 0.05). Extreme 
outliers were excluded before statistical analysis using the boxplot tool 
in SPSS (instances more than 3 times the interquartile range outside the 
end of the interquartile box).

2.9. Ethics

Ethical approval was not required for this study, as pond snails 
(Lymnaea stagnalis) are invertebrates and do not fall under the juris
diction of the Institutional Animal Care and Use Committee (IACUC) 
(Italian Legislative Decree D.L. 4 marzo 2014, n. 26, “Attuazione della 
Direttiva n. 2010/63/UE sulla protezione degli animali utilizzati a fini 
scientifici”). Nevertheless, every effort was made to minimize the 
number of animals used and to ensure their well-being by providing 
proper nutrition, clean, oxygenated water, and low-density housing 
conditions. The LPS treatment used in this study has no long-term effects 
on snails. Therefore, this study fully adheres to the 3R principles 
(Replacement, Reduction, Refinement) in biomedical research.

3. Results

3.1. Experiment 1: Effects of the two doses of LPS on snails’ aerial 
respiration

First, we investigated whether the snails’ homeostatic aerial respi
ratory behavior would be altered by either of two doses of LPS. To assess 
this, we measured the TBT in hypoxic artificial pond water 3 h before (i. 
e., pre-LPS) and at 2, 6, 24, and 48 h after the LPS injection (Fig. 1). 
Injecting the snails with a low dose of LPS (2.5 μg) did not significantly 
alter their aerial respiratory behavior [F(2.627, 23.65) = 2.23; p = 0.12] 
(Fig. 1A). In contrast, a significant main effect of the high dose of LPS 

(25 μg) on TBT was observed [F(3.167, 28.50) = 32.85; p < 0.0001] 
(Fig. 1B). Specifically, Tukey’s post-hoc analysis revealed a significant 
increase in TBT at 2-, 6-, and 24-h post-injection compared to the pre- 
LPS levels (p < 0.0001 for 2 and 6 h post-injection; p = 0.02 for 24 h 
post-injection). No significant differences were found between TBT 
recorded at 48 h post-injection and the pre-LPS levels (p = 0.54). 
Additionally, there were no significant differences in TBT recorded 
before the injection between the low and high LPS doses (t = 0.60, df =
18, p = 0.55). Thus, only the high dose of LPS significantly altered ho
meostatic breathing behavior and those effects persisted for 24 h but not 
48 h. These data are consistent with our previous studies [37].

3.2. Experiment 2: Effects of the two doses of LPS on snails’ learning and 
memory abilities

Building on our findings that the high dose of LPS significantly 

Fig. 1. Behavioral effects induced by two doses of LPS on the duration of 
total breathing in hypoxic artificial pond water. (A) Snails total breathing 
time was recorded in a naive cohort of 10 snails (N = 10) in hypoxic artificial 
pond water 3 h before the injection with 2.5 μg of LPS (Pre LPS-closed circles) 
and 2 h (LPS 2 h – open circles), 6 h (LPS 6 h – closed squares), 24 h (LPS 24 h – 
open squares), and 48 h (LPS 48 h– downward triangles). (B) Snails total 
breathing time was recorded in a naive cohort of 10 snails (N = 10) in hypoxic 
artificial pond water 3 h before the injection with 25 μg of LPS (Pre LPS-closed 
circles) and 2 h (LPS 2 h – open circles), 6 h (LPS 6 h – closed squares), 24 h 
(LPS 24 h – open squares), and 48 h (LPS 48 h– downward triangles). Data are 
represented as means ± S.E.M. and were analyzed with repeated measure 
ANOVA followed by Tukey’s post-hoc test. **** p < 0.00001 and * p < 0.05; ns, 
not significant as p > 0.05.
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elevated homeostatic breathing behavior for at least 24 h, we next 
examined whether those doses would impact the snails’ ability to form 
intermediate-term memory (ITM) following a single 30 min operant 
conditioning training session (Fig. 2). Here we used a total of 90 snails 
divided up into 3 separate cohorts (N = 30 in each cohort). In each in
dividual cohort snails (n = 10) received either an injection of saline, a 
low dose of LPS, or a high dose of LPS. One cohort was operantly 
conditioned 2 h post injection (A,B,C); whilst the other two cohorts were 
trained 6 (D,E,F) and 24 h post injection (G,H,I). As can be seen, the 
saline and low-dose LPS injections did not alter the ability of snails to 
form memory (i.e., MT significantly less than TS) in the 3 cohorts (2 h – 
snail saline: t = 7.49, df = 9, p < 0.0001 – Fig. 2A; LPS low dose: t = 7.86, 
df = 9, p < 0.0001 – Fig. 2B; 2 h – snail saline: t = 7.66, df = 9, p <
0.0001 – Fig. 2D; LPS low dose: t = 8.51, df = 9, p < 0.0001 – Fig. 2E; 24 

h – snail saline: t = 7.49, df = 9, p < 0.0001 – Fig. 2G; LPS low dose: t =
5.58, df = 9, p = 0.0003 – Fig. 2H). In contrast, the high dose of LPS 
consistently impaired memory formation, with no significant reduction 
in attempted pneumostome openings in any of the time points tested (2, 
6, or 24 h post-injection: t = 0.28, df = 9, p = 0.78 – Fig. 2C; t = 0.15, df 
= 9, p = 0.88 – Fig. 2F; t = 0.001, df = 9, p > 0.99– Fig. 2I). These data 
show that the immune challenge caused by the high dose of LPS blocked 
the ability of snails to form ITM following the single 30 min operant 
conditioning training session for at least 24 h. Having shown in Exper
iment 1 that homeostatic breathing behavior returned to baseline levels 
48 h after a high-dose LPS injection, we hypothesized that snails trained 
48 h post-injection would regain the ability to form ITM. To test this, we 
injected a further 10 naïve snails with 25 μg of LPS and then trained 
them 48 h later.

Fig. 2. Effects induced by two doses of LPS on snails’ memory abilities. The timeline for each experiment is presented above the data. Snails were injected with 
snail saline (A, D, and G), LPS low dose (B, E, and H), or LPS high dose (C, F, and I) and were trained (TS—closed circles) 2, 6, or 24 h post-injection. Memory test (MT 
—open circles) was performed 3 h post-training. Snails injected with snail saline and the low dose of LPS formed ITM as a significant reduction in the attempted 
number of pneumostome openings was found. On the other hand, the high dose of LPS prevented memory formation as no significant differences in the number of 
attempted pneumostome openings were found. 
Comparisons were made by paired t-test. *** p < 0.001 and **** p < 0.0001; ns, not significant as p > 0.05.
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Our results supported this hypothesis, as there was a significant 
reduction in attempted pneumostome openings from the TS to the MT (t 
= 7.33, df = 9, p < 0.0001 – Supplementary Fig. 1), suggesting that 
once the “sickness state” subsides, snails can successfully form ITM.

3.3. Experiment 3: Effects of two different doses of LPS on the expression 
levels of immune- and stress-related targets in the central ring ganglia of 
Lymnaea

We evaluated the transcriptional effects of the two selected doses of 
LPS on the expression levels of immune- and stress-related target genes 
in the central ring ganglia of L. stagnalis (Figs. 3 and 4). Time points were 
chosen based on previous data obtained in immortalized cell lines and 
rodents exposed to LPS [52–54]. A main effect of treatment [F (2;78) =

Fig. 3. Effect of an immune challenge on expression levels of immune- and stress-related target genes in the central ring ganglia of Lymnaea stagnalis. 
Adult snails were injected with either snail saline, 2.5 or 25 μg of LPS, and sacrificed 2 (n = 9 for saline, LPS low-dose, and LPS-high dose), 6 (n = 8, 9, 8 for saline, 
LPS low-dose, and LPS-high dose respectively), or 24 h later (n = 9 for each group). (A) Lym HSP70, (B) Lym MDM, (C) LymAIF, and (D) Lym TLR4 mRNA expression 
in the ganglia, with LymTUB/EF-1α as endogenous controls, were measured by qRT-PCR. Open circles indicate the individual data points. Data are represented as 
means ± S.E.M. and were analyzed with two-way ANOVA followed by Bonferroni *** p < 0.0001; ** p < 0.01; * p < 0.05. Time-dependent differences are reported 
as: +++ p < 0.0001; ++ p < 0.01; + p < 0.05 vs matching treatment at 2 h; ### p < 0.0001; ## p < 0.01 vs matching treatment at 6 h.
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33.111; p < 0.0001], time after injection [F (2;78) = 26.821; p <
0.0001], and an interaction between the two terms [F (4;78) = 9.252; p 
< 0.0001] was observed on the expression levels of Lym HSP70. Two 
hours after the immune challenge, the higher LPS dose significantly 
increased Lym HSP70 mRNA levels in the ganglia above those of animals 
receiving either the lower dose of LPS (p < 0.0001) or saline (p <
0.0001). Similar data were obtained in animals sacrificed 6 h after 
treatments: both doses of the immune challenge increased Lym HSP70 
gene expression with respect to saline-exposed animals (p < 0.0001). 

However, the effect evoked by the higher dose remained significantly 
higher with respect to that of the lower dose (p = 0.005). No difference 
was observed in Lym HSP70 mRNA levels between animals treated with 
saline or LPS and sacrificed 24 h later (Fig. 3A). For Lym MDM mRNA 
levels, two-way ANOVA revealed a main effect of treatment [F (2;78) =
19.93; p < 0.0001], time after injection [F (2;78) = 9.07; p < 0.0001] 
and interaction between the two terms [F (4;78) = 3.890; p = 0.007]. An 
injection of 25 μg of LPS resulted in a significant increase in Lym MDM 
mRNA levels in the ganglia with respect to their saline-injected 

Fig. 4. Effects of an immune challenge on the transcriptional levels of putative KP enzymes in the central ring ganglia of Lymnaea stagnalis. Adult snails 
were injected with either snail saline, 2.5 or 25 μg of LPS, and sacrificed 2 (n = 9 for saline, LPS low-dose, and LPS-high dose), 6 (n = 8, 9, 8 for saline, LPS low-dose, 
and LPS-high dose respectively), or 24 h later (n = 9 for each group). (A) Lym TDO-like, (B) Lym IDO-like, (C) Lym AFMID-like, (D) Lym KMO-like, (E) Lym KYAT I/ 
III-like, (F) Lym AADAT -like, (G) Lym KYNU-like, (H) Lym HAAO-like, and (I) Lym ACMSD-like mRNA expression in the ganglia, with LymTUB/EF-1α as 
endogenous controls, were measured by qRT-PCR. Open circles indicate the individual data points. Data are represented as means ± S.E.M. and were analyzed with 
two-way ANOVA followed by Bonferroni *** p < 0.0001; ** p < 0.01; * p < 0.05. Time-dependent differences are reported as: +++ p < 0.0001; ++ p < 0.01; + p <
0.05 vs matching treatment at 2 h; ### p < 0.0001; # p < 0.05 vs matching treatment at 6 h.
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counterparts sacrificed 2 or 6 h later (p < 0.0001 at both time points). 
The lower dose of LPS caused a similar effect 2 h after treatment (p =
0.014 vs saline), which did not last up to the six-hour time point when 
the expression levels of this target returned to control levels while being 
significantly lower than their counterparts treated with 25 μg of LPS (p 
= 0.007). Again, no difference was present in Lym MDM gene expression 
in animals sacrificed 24 h after injection, irrespective of the treatment 
received (Fig. 3B).

For Lym AIF expression levels, a two-way ANOVA revealed a main 
effect of treatment [F (2;78) = 31.88; p < 0.0001], time after injection [F 
(2;78) = 23.70; p < 0.0001] and interaction between the two terms [F 
(4;78) = 6.06; p < 0.0001]. Two hours after an injection of 25 μg of LPS 
a significant increase in Lym AIF mRNA levels was observed compared 
to their saline-injected counterparts (p < 0.0001). The lower dose of LPS 
caused an increase in the transcriptional levels of this target that reached 
statistical significance only 6 h after injection (p < 0.0001 vs saline), as 
observed for Lym HSP70. At this time point, Lym AIF mRNA levels were 
significantly increased by the higher immune stimulus with respect to 
both saline-injected animals (p < 0.0001) and snails receiving 2.5 μg of 
LPS (p = 0.008). No difference was revealed between animals sacrificed 
24 h after the injection irrespective of the treatment administered 
(Fig. 3C).

A two-way ANOVA revealed a main effect of treatment [F (2;77) =
11.59; p < 0.0001], time after injection [F (2;77) = 8.54; p < 0.0001], 
and an interaction between the two terms [F (4;77) = 5.97; p < 0.0001] 
on the transcriptional levels of Lym TLR4. After 2 h, in the ganglia of 
animals exposing to immune challenge, the mRNA levels of Lym TLR4 
were significantly increased when compared to saline-exposed animals, 
irrespective of the dose (p = 0.044 and p = 0.001 for 2.5 and 25 μg of LPS 
respectively). At the 6-h time point, the gene expression of Lym TLR4 
remained significantly high only in the group exposed to the lower dose 
of LPS compared to both saline-exposed animals (p < 0.0001) and the 
group receiving the higher dose of LPS (p = 0.007). No difference in the 
expression levels of this target was still present between the groups 
sacrificed 24 h after treatment (Fig. 3D).

Next, we focused our attention on the transcriptional effects induced 
by the two doses of LPS on the expression levels of the KP enzymes 
genes. For Lym TDO-like expression levels (Fig. 4A), a main effect of 
treatment [F (2;72) = 9.90; p < 0.0001], time after injection [F (2;72) =
26.01; p < 0.0001] and an interaction between the two terms [F (4;72) 
= 6.086; p < 0.0001] emerged. The higher dose of LPS (25 μg) increased 
significantly Lym TDO-like mRNA levels compared to saline-injected 
animals (p < 0.0001) and to snails exposed to the lower dose of LPS 
(p = 0.002) at 2 h. At 6 h, a significant difference between animals 
receiving the different doses of the endotoxin was still present (p =
0.017). No difference was revealed between groups of animals sacrificed 
24 h after the injection irrespective of the treatment.

Lym TDO-like mRNA levels at this time point were significantly 
lower with respect to animals sacrificed at the earlier time points 
receiving a matching treatment. Only for this target, we observed a 
significant difference between saline-receiving animals sacrificed at 6 
and 24 h (p = 0.043). No other difference was reported between saline- 
exposed animals sacrificed at different time points for any of the targets 
evaluated. Concerning Lym IDO-like gene, two-way ANOVA revealed a 
main effect of treatment [F (2;73) = 12.383; p < 0.0001] and an inter
action between treatment and time [F (4;73) = 3.058; p = 0.023] 
(Fig. 4B).

Again, an upregulation of Lym IDO-like mRNA levels was present in 
animals receiving the higher dose of LPS induced and sacrificed 2 h later 
with respect to saline-injected animals (p < 0.0001), and to snails 
receiving 2.5 μg of LPS (p < 0.0001). No difference was revealed be
tween the groups sacrificed 6 or 24 h after the injection, irrespective of 
the treatments. For Lym AFMID-like mRNA levels (Fig. 4C), two-way 
ANOVA revealed a main effect of time after injection [F (2;76) =
10.446; p < 0.0001]. No difference was observed between animals 
sacrificed at the same time-point irrespective of the treatments, while 

24 h after the exposure to either dosage of LPS an upregulation of Lym 
AFMID-like gene expression was observed within the groups receiving a 
matching treatment sacrificed 2 h later (p = 0.005 for the lower dose, p 
= 0.027 for the higher dose).

Two-way ANOVA for the time of injection and treatment revealed no 
main effects in transcriptional levels for Lym KMO-like (Fig. 4D) and 
Lym KYAT-like (Fig. 4E) in our experimental conditions. A main effect of 
treatment [F (2;75) = 8.694; p < 0.0001] and an interaction between 
treatment and time [F (4;75) = 3.575; p = 0.011] was revealed for Lym 
AADAT-like mRNA levels.

In animals receiving 25 μg of LPS a significant decrease in expression 
levels of Lym-AADAT was observed with respect to their saline-injected 
counterparts sacrificed 6 h (p < 0.0001) or 24 h later (p = 0.024) 
(Fig. 4F). This effect was present even when comparing the two doses of 
the immune challenge: Lym AADAT-like gene expression was signifi
cantly lower in animals receiving the higher dose of LPS with respect to 
the lower one 6 h after injection (p < 0.0001), and a similar trend was 
observed at the 24-h time point (p = 0.063).

For Lym KYNU-like gene, we found a main effect of time after in
jection [F (2;74) = 6.412; p = 0.003] and an interaction between 
treatment and time [F (4;74) = 3.112; p = 0.021]. Six hours after the 
immune challenge, the higher dose of LPS decreased significantly Lym 
KYNU-like ganglia expression with respect to snails receiving either the 
lower dose of LPS (p = 0.017) or saline (p = 0.014). No effects were 
reported in cohorts of animals sacrificed 2 or 24 h after injection 
(Fig. 4G).

For Lym HAAO-like expression, two-way ANOVA only revealed a 
main effect of treatment [F (2;78) = 3.397; p = 0.04] (Fig. 4H). 
Regarding Lym ACMSD-like gene, two-way ANOVA statistical analysis 
revealed a main effect of treatment [F (2;74) = 84.26; p < 0.0001], time 
after injection [F (2;74) = 27.59; p < 0.0001] and interaction between 
the two terms [F (4;74) = 30.40; p < 0.0001] (Fig. 4I). The higher dose 
of LPS induced in snails a significant increase in mRNA levels of Lym 
ACMSD-like compared to animals exposed to either 2.5 μg of LPS (p <
0.0001) or saline (p < 0.0001) and sacrificed after 2 h. No difference was 
present between animals receiving saline and the lower dose of LPS at 
this time point. When considering animals sacrificed 6 h after treatment, 
Lym ACMSD-like expression was significantly increased by both doses of 
the endotoxin with respect to snails injected with saline (p = 0.002 and 
p < 0.0001 for the low and high doses respectively). Following 25 μg of 
LPS, the upregulation of Lym ACMSD-like expression remained signifi
cantly higher concerning the group exposed to 2.5 μg (p = 0.002). At the 
24-h time point, the three groups have similar expression levels of Lym 
ACMSD-like.

3.4. Experiment 4: Effects of LPS on the levels of the metabolites of the KP 
in the central ring ganglia of Lymnaea

Given that the most significant transcriptional effects were observed 
following treatment with the higher dose of LPS, we only measured the 
concentrations of key metabolites from the KP enzyme activity in the 
ganglia of L. stagnalis receiving that dose (Fig. 5). Data normalized to 
μmol/μg protein are presented in Supplementary Table 1. Serotonin to 
tryptophan levels were not affected by the immune challenge: no main 
effects for the time of injection and treatment were revealed in our 
experimental conditions (Fig. 5A). To assess enzyme activity, we 
analyzed the ratios KYN/TRP, KYNA/KYN, ANA/KYN, and 3-HK/KYN, 
which reflect the activity of TDO/IDO, KAT, KYNU, and KMO, respec
tively. We found an interaction between treatment and time for the 
KYN/TRP ratio [F (2;33) = 4.092; p = 0.028]: KYN/TRP in saline- 
exposed animals was significantly higher concerning their LPS- 
receiving counterparts (p = 0.006) (Fig. 5B). A similar effect was 
observed for the KYNA/KYN ratio that failed to reach statistical signif
icance (Fig. 5C). Although no main effect was reported for the ANA/KYN 
ratio (Fig. 5D), two-way ANOVA revealed a main effect of treatment [F 
(1,35) = 8.524; p = 0.007] and an interaction between treatment and 

V. Rivi et al.                                                                                                                                                                                                                                     International Immunopharmacology 152 (2025) 114418 

8 



time [F(2,35) = 7.474; p = 0.002] for 3-HK/KYN ratio. Specifically, LPS 
treatment significantly increased the 3-HK/KYN ratio compared to 
saline-exposed animals at 2- and 24-h post-treatment (p = 0.001 and p =
0.006, respectively). Additionally, saline-exposed animals sacrificed 6 h 
after injection showed a higher 3-HK/KYN ratio compared to those 
sacrificed at 2 or 24 h (p = 0.019 and p = 0.007, respectively) (Fig. 5E). 
For the QUIN/KYN ratio, two-way ANOVA revealed an interaction be
tween treatment and time [F (2;34) = 3.373; p = 0.049]: animals 
exposed to the immune challenge and sacrificed after 24 h showed a 
significant increase in the ratio of QUIN to KYN compared to their saline- 
injected counterparts (p = 0.011). Moreover, snails injected with saline 
and sacrificed 6 h after injection showed a higher QUIN/KYN ratio than 
their counterparts sacrificed after 24 h (p = 0.038; Fig. 5F).

Finally, animals receiving LPS and sacrificed after 24 h showed a 
significant increase in the 3-HK to KYNA ratio (p = 0.014), two-way 
ANOVA revealed a main effect of treatment for this parameter in our 
experimental conditions [F (2;36) = 4.386; p = 0.045] (Fig. 5G).

4. Discussion

Over the past thirty years, LPS-induced neuroinflammation has been 
largely employed in rodents [55–58] to study the mechanisms under
lying sickness behavior and to evaluate the effects of therapeutic in
terventions [3,24,54,59,60]. The present study is the first to explore at 
both the behavioral and molecular levels the effects induced by LPS on 
immune activation and KP modulation in the central ring ganglia of an 
invertebrate model organism, providing novel insights into the 
conserved mechanism underlying neuroinflammation and their possible 
effect on behavior. In particular, we found that the injection of a high 

dose of LPS induces dose-dependent distinct temporal behavioral and 
molecular changes.

First, we assessed the effects of the two doses of LPS on snails’ aerial 
respiration (i.e., a key homeostatic behavior [20]) to determine the 
optimal dose to use to assess the conserved mechanisms involved in 
neuroinflammation. We found that only the high dose of LPS was robust 
enough to increase homeostatic aerial respiratory behavior. This 
heightened respiratory activity may reflect the snails’ physiological 
attempt to manage immune-induced stress, potentially by increasing 
oxygen intake to support immune and metabolic processes [61,62]. 
These data are consistent with previous studies showing that the hu
moral immune response in Lymnaea is activated between 2 and 24 h 
after a parasite inoculation [63]. In line with our findings in L. stagnalis, 
organisms experiencing fever also exhibit an elevated respiratory rate 
[64,65].

Thus, the long-lasting increase in TBT rate induced by the injection of 
25 μg of LPS may be indicative of a sickness state [66]. On the other 
hand, the low dose of LPS did not induce such respiratory changes, 
suggesting that mild immune activation does not demand the same 
physiological adjustment. The dose-dependent effects observed here 
mirror patterns seen in mammals [62], suggesting that once the immune 
response diminishes, homeostatic processes, including respiratory 
behavior, return to normal levels. Additionally, the finding that TBT 
returned to baseline at 48 h after high-dose LPS injection is consistent 
with a temporary “sickness state” induced by immune activation [37]. 
This recovery pattern reinforces the resilience of Lymnaea’s homeostatic 
systems, which, after coping with a high immune challenge, re-establish 
baseline physiological function. As the homeostatic respiration was 
altered by the LPS injection this led us to ask if cognitive ability of the 

Fig. 5. Effects of an immune challenge on 5HT, TRP, and kynurenine metabolism in the central ring ganglia of Lymnaea stagnalis. 
Adult snails were injected with either snail saline or 25 μg of LPS and sacrificed 2 (n = 8–6 for saline and LPS-high dose respectively), 6 (n = 6 for each group), or 24 h 
(n = 8–6 for saline and LPS-high dose respectively). The ratios (A) serotonin (5HT)/tryptophan (TRP), (B) kynurenine (KYN)/TRP, (C) kynurenic acid (KYNA)/KYN, 
(D) anthranilic acid (ANA)/KYN, (E) 3-hydroxykynurenine (3-HK)/KYN, (F) quinolinic acid (QUIN)/KYN, and (G) 3-HK/KYNA were measured by HPLC/MS in the 
ganglia; open circles indicate the individual data points. Data are represented as means ± S.E.M. and were analyzed with two-way ANOVA followed by Bonferroni: ** 
p < 0.01; * p < 0.05. Time-dependent differences are reported as: + p < 0.05 vs matching treatment at 2 h; # p < 0.05 vs matching treatment at 6 h.
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snails was altered as well.
Therefore, we investigated the effects of the two doses (low and high) 

on snails’ learning and memory abilities, providing important insights 
into the conserved mechanisms through which immune challenges may 
impact cognitive behaviors such as memory formation. We found clear 
dose and time-dependent effects of LPS on the snails’ ability to form ITM 
for operant conditioning of aerial respiration. These data are consistent 
with previous data from mammals [4,67–69]. Across all time points (2-, 
6-, and 24-h post-injection), both the saline-injected and low-dose LPS 
groups were able to form ITM and this consistent performance suggests 
that the mild immune challenge does not block the ability of snails to 
form ITM. On the other hand, a significant memory block induced by the 
high dose of LPS was observed. This finding indicates that a high im
mune challenge interferes with the molecular mechanisms underlying 
memory formation following operant conditioning training. These re
sults align with the hypothesis that the high-dose LPS induces a “sickness 
state,” which appears to suppress cognitive functions related to memory, 
at least temporarily [66,70–72].

However, at 48 h post-injection, we found that both homeostatic 
aerial respiration and memory abilities were restored. This implies that 
the physiological effects of the immune challenge have subsided by this 
time and that the memory block observed after the high-dose LPS 
exposure is reversible and related to the duration of the immune- 
induced sickness state [73]. These findings corroborates the concept of 
a “cognitive cost” associated with high levels of immune activation 
[37,41,43,47,54,74,75], which may prioritize energy and resources for 
physiological homeostasis over cognitive functions such as memory 
formation. This temporary suppression of memory formation likely re
flects an adaptive response to acute immune stress. Once the immune 
challenge and its physiological effects subside, cognitive functions are 
restored, as evidenced by the ability of snails to form ITM 48 h post-LPS 
injection. From a translational neuroscience perspective, these results 
underscore the potential impact of immune challenges on cognition, 
particularly under conditions of high immune activation.

Consistent with our previous studies, we found that the treatment 
with 25 μg of LPS induced a significant upregulation of the expression of 
immune- and stress-related genes [70,76]. In particular, the immune 
response of L. stagnalis was evaluated by assessing the gene expression of 
allograft inflammatory factor-1 (Lym AIF [8]), an interferon-like medi
ator, and the molluscan defense molecule (Lym MDM [23]), an immu
noglobulin, that plays significant roles in immune defense reactions and 
different host responses to inflammatory stimuli. The exposure to 25 μg 
of LPS caused a significant upregulation of Lym MDM and Lym AIF 
transcriptional levels 2- and 6-h post-injection and returned to control 
levels after 24 h. As observed in rodents, the LPS-induced increase in 
their mRNA levels was positively correlated with its dose: the lower dose 
still evoked a similar but less marked effect [77,78]. An analogous trend 
was observed for the mRNA levels of Lym HSP70. We have previously 
shown that the transcription of this HSP is regulated by a variety of 
stressful situations in the ganglia of L. stagnalis, including LPS, acute heat 
shock, prolonged food deprivation, and exposure to the predator 
[19,45,79,80]. Here, we confirmed that the immune challenge induced a 
dose-dependent increase in mRNA levels of Lym HSP70 at the 2- and 6-h 
time points, which was no longer present 24 h after the injection.

Moreover, we confirmed that exposure to both doses of LPS was 
associated with an increased expression of the mRNA levels of Lym TLR4 
in the first hours after the immune challenge [12]. Studies from mam
mals, including humans, have shown that the TLR family is capable of 
detecting various pathogen-associated molecular patterns [81]. 
Notably, TLR4 functions as a primary signaling receptor for LPS [12,82]. 
Upon activation, it engages key transcription factors, leading to the 
heightened synthesis of effector inflammatory genes [83]. Moreover, in 
vitro studies have demonstrated that LPS stimulation upregulates TRL4 
expression [84,85]. Thus, these data from L. stagnalis suggest that the 
LPS-induced upregulation of TLR4, and the resulting inflammatory 
cascade activation, has been highly conserved over evolutionary history.

Importantly, LPS injection strongly induced the transcription of 
specific enzymes of the KP in the central ring ganglia of L. stagnalis, with 
this effect being particularly evident in animals subjected to the higher 
dose of LPS [86]. Because of that, we measured the central levels of 
serotonin, tryptophan, and KP metabolites in snails injected with this 
high dose of LPS [26]. At the transcriptional level, we found a significant 
upregulation of Lym IDO- and Lym TDO-like mRNA levels at 2 and 6 h 
post-high LPS dose. Despite their structural differences, IDO and TDO 
catalyze the same reaction: the conversion of tryptophan to N-formyl 
kynurenine, serving as the initial and rate-limiting enzymes in the KP 
[87–89].

Although, in mammals, TDO mainly acts under normal physiological 
circumstances, whereas IDO-dependent tryptophan metabolism is 
strongly activated in response to proinflammatory stimuli (i.e., 
including LPS) [90,91], in L. stagnalis, these enzymes are both induced 
by the LPS immune challenge. It is therefore possible to speculate that 
their actions are generalized. In other words, the complexity of verte
brate immune and nervous systems may have subjected them to selec
tive pressures, resulting in the specialization of these enzymes in distinct 
tissues and under different conditions [7,92,93]. However, the time- 
dependent effects of LPS on inflammatory-related targets and IDO 
found here are consistent with data from rodents [31,60,88,94,95], as 
the same LPS serotype was demonstrated to induce a transient increase 
in the expression of IDO 6 h after treatment in selected brain areas and 
returned to basal levels after 24 h [96]. In mice, this effect was 
accompanied by a stronger overexpression of proinflammatory media
tors that lasted up to 24 h after the immune challenge and was associ
ated with an elevation in the kynurenine levels and kynurenine/ 
tryptophan ratio also occurred (unpublished results; [86]). In the 
ganglia of snails that received the higher dose of LPS, we did not observe 
any changes in tryptophan levels or an increase in the KYN/TRP ratio.

The LPS treatment at the concentrations used in this study did not 
induce upregulation of the orthologues of the KP enzymes downstream 
of IDO. Notably, Lym KMO and Lym HAAO gene expression remained 
unaffected by LPS treatment at all the time points considered. KMO 
converts kynurenine into 3-hydroxykynurenine (3− HK), and HAAO 
further processes 3-hydroxy anthranilic acid into quinolinic acid 
(QUIN), both of which can be neurotoxic and contribute to neuro
inflammation [96]. The higher ratio of 3-hydroxykynurenine to kynur
enine (3-HK/KYN) at 2 and 24 h post-immune challenge in snails’ 
ganglia suggests that KMO activity may increase, aligning with obser
vations in mammals, where the activity of this enzyme can increase 
during inflammatory responses, potentially leading to a rise in neuro
toxic metabolites [96]. Snails may have developed a more conservative 
metabolic response to stress and inflammation, possibly as an adaptation 
to their ecological niche where immediate survival may take precedence 
over rapid immune activation [39,45].

On the other hand, gene expression analysis revealed that Lym KYNU 
mRNA levels were downregulated 6 h after high-dose LPS treatment. A 
decrease in this enzyme – which catalyzes the conversion of kynurenine 
to anthranilic acid - could limit the production of anthranilic acid and 
potentially redirect the metabolic flow toward other branches of the KP, 
which might favor the production of neuroprotective metabolites 
instead of neurotoxic ones [57]. Thus, a decrease in KYNU expression 
could potentially redirect the metabolic flow toward other branches of 
the KP, which might favor the production of neuroprotective metabo
lites instead of neurotoxic ones. KYNU activity was assessed by 
measuring the ratio between anthranilic acid and kynurenine, as the 
levels of 3-hydroxy anthranilic acid were below detection limits in both 
hemolymph and ganglia of L. stagnalis. This ratio, however, showed no 
significant change under our experimental conditions suggesting that 
the immediate effects of LPS treatment may not be sufficient to alter this 
balance.

On the opposing metabolic branch, the expression levels of the 
orthologues of KAT enzymes (Lym KYAT and Lym AADAT) were 
differentially regulated by the treatment with the high dose of LPS. 
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While Lym KYAT remained unaffected, Lym AADAT was significantly 
downregulated in 6 and 24 h snails’ central ring ganglia after the 
treatment with the high dose of LPS. Consistently with our results, in 
rodents at 24 h post-LPS, AADAT(KATII) expression was reduced in the 
hippocampus, enhancing the neurotoxic branch of the KP by increasing 
the 3-HK/KYNA ratio [95,97–99]. Thus, the downregulation of AADAT 
following LPS exposure in snails’ central ring ganglia may contribute to 
an altered balance in KP metabolites, potentially favoring neurotoxic 
over neuroprotective metabolites, similar to findings in rodents. 
Consistent with findings in rodents, we also observed a significant in
crease in the ratio of 3-hydroxykynurenine to kynurenic acid 24 h after 
high-dose LPS treatment [100]. However, the KYNA/KYN ratio 
remained unaffected by the immune challenge.

Interestingly, in L. stagnalis CNS the mRNA levels of the orthologue of 
ACMSD were upregulated by the exposure to both doses of LPS. In 
particular, we observed an immediate increase at 2 h post-high dose that 
was still present at the 6-h time point and returned to basal levels after 
24 h. The lower dose instead caused a gradual increase in the expression 
levels of Lym ACMSD at the 2- and 6-h time point, which was no longer 
present in snails sacrificed 1 day after treatment with either LPS or sa
line. As ACMSD converts 2-amino-3-carboxymuconic acid semialdehyde 
into the neuroprotective picolinic acid, its upregulation at 2 h post- 
injection suggests a compensatory mechanism aimed at mitigating 
neurotoxicity by shifting the KP toward protective pathways, potentially 
reducing the synthesis of harmful metabolites like quinolinic acid 
[101,102]. In vitro studies showed that under inflammatory conditions 
the overexpression of the Acmsd gene can reduce the expression levels of 
the Ido1 gene and reduce TRP degradation [87,103,104]. Thus, future 
studies are needed to evaluate whether the increase in Lym ACMSD 
mRNA induced by LPS in snails’ central ring ganglia may represent a 
compensatory mechanism that may switch the pathway toward the 
production of the neuroprotective KP metabolites [105].

To date, the role of QUIN as a neurotoxic mediator and precursor of 
NAD+ synthesis during an inflammatory insult is poorly understood 
[95,102].

Overall, our approach aligns with existing research that primarily 
utilizes gene expression analysis to estimate the expression of KP en
zymes in both in vitro and in vivo studies [106,107]. However, there are 
limitations in measuring protein levels, especially in humans and ro
dents, and specific antibodies for KP enzyme orthologues in L. stagnalis 
are currently unavailable. Recent studies suggest that analyzing 
metabolite concentration ratios can serve as a more reliable metric for 
assessing KP enzyme activity in humans and rodents [108]. It is also 
crucial to recognize that the effects of LPS at transcriptional level may 
take time to manifest in KP metabolism. Additionally, the open circu
latory system of L. stagnalis may alter the distribution of newly synthe
sized metabolites differently compared to more complex models, 
impacting how these metabolites are transported to and from the central 
ring ganglia.

Critical methodological considerations—including sensitivity, sam
ple variability, and the translation of findings to mammalian system
s—underscore the necessity for rigorous data collection and reporting to 
enable reproducibility and consistency across laboratories. While these 
physical and biological constraints present challenges, they also provide 
an invaluable opportunity to refine methodologies and establish 
benchmarks that enhance the robustness of the model. This study can 
serve as a foundational reference for other researchers investigating the 
KP in L. stagnalis and potentially in other invertebrate models. Such ef
forts are critical to broadening our understanding of the KP’s evolu
tionary conservation and adaptability across species, ultimately 
facilitating its application in translational studies to mammalian sys
tems. Systematic data sharing and collaborative standardization efforts 
will be essential to strengthen the model’s reliability and utility in 
broader neurobiological and pharmacological research contexts.

5. Conclusion

The behavioral and molecular parallels drawn between L. stagnalis 
and mammalian models reinforce the utility of this invertebrate or
ganism as a valid tool for exploring the evolutionary conservation of the 
mechanisms underlying neuroinflammation. The findings provided in 
this study reveal advantages that highlight L. stagnalis as a promising 
model organism and limitations that underscore areas for further 
exploration. One major advantage is that this study provides unique 
insights into invertebrate responses to immune challenges, specifically 
examining LPS-induced effects at behavioral and molecular levels. Our 
findings suggest that mechanisms of neuroinflammation, including KP 
modulation, may be conserved across species. This conservation is 
emphasized by the dose- and time-dependent immune responses in 
snails, which resemble those observed in mammals, especially in terms 
of dose-specific behavioral adaptations and memory suppression. 
Behavioral observations, such as increased aerial respiration in response 
to high-dose LPS, point to the relevance of L. stagnalis for modeling 
sickness-like behavior, as they suggest an adaptive physiological 
response to immune-induced stress.

We also demonstrated that the cognitive cost of an immune chal
lenge, evidenced by reversible memory block, may mirror similar effects 
in mammals. Overall, the study illustrates the potential of L. stagnalis as a 
model for investigating immune-induced neuroinflammatory effects and 
their impact on cognition. At the same time, the findings underscore the 
importance of developing methods to quantify KP enzyme protein levels 
directly and to examine the broader evolutionary significance of KP 
modulation in invertebrates. However, our findings could refine 
L. stagnalis’ utility as a model organism, and deepen our understanding 
of neuroinflammation across species. In conclusion, despite its evolu
tionary distance from humans, L. stagnalis exhibits molecular and 
behavioral properties that are conserved, rendering it a versatile plat
form for exploring new dimensions in understanding the intricate 
landscape of neuroinflammatory processes in the CNS.

Thus, although snails can never replace mammal models in pre
clinical research, the use of L. stagnalis aims to reduce as much as 
possible the use of rodents, with mammals involved only for result 
validation.
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[1] R. Kölliker-Frers, L. Udovin, M. Otero-Losada, T. Kobiec, M.I. Herrera, J. Palacios, 
G. Razzitte, F. Capani, Neuroinflammation: an integrating overview of reactive- 
Neuroimmune cell interactions in health and disease, Mediat. Inflamm. 2021 
(2021) 9999146, https://doi.org/10.1155/2021/9999146.

[2] C.R. Balistreri, R. Monastero, Neuroinflammation and neurodegenerative 
diseases: how much do we still not know? Brain Sci. 14 (2023) 19, https://doi. 
org/10.3390/brainsci14010019.

[3] L. Qin, X. Wu, M.L. Block, Y. Liu, G.R. Breese, J.-S. Hong, D.J. Knapp, F.T. Crews, 
Systemic LPS causes chronic Neuroinflammation and progressive 
neurodegeneration, Glia 55 (2007) 453–462, https://doi.org/10.1002/ 
glia.20467.

[4] J. Zhao, W. Bi, S. Xiao, X. Lan, X. Cheng, J. Zhang, D. Lu, W. Wei, Y. Wang, H. Li, 
Y. Fu, L. Zhu, Neuroinflammation induced by lipopolysaccharide causes cognitive 
impairment in mice, Sci. Rep. 9 (2019) 5790, https://doi.org/10.1038/s41598- 
019-42286-8.

[5] Y. Tamura, M. Yamato, Y. Kataoka, Animal models for Neuroinflammation and 
potential treatment methods, Front. Neurol. 13 (2022), https://doi.org/10.3389/ 
fneur.2022.890217.

[6] D. Okin, R. Medzhitov, Evolution of inflammatory diseases, Current Biology : CB 
22 (2012) R733, https://doi.org/10.1016/j.cub.2012.07.029.

[7] K. Buchmann, Evolution of innate immunity: clues from invertebrates via fish to 
mammals, Front. Immunol. 5 (2014), https://doi.org/10.3389/ 
fimmu.2014.00459.

[8] H. Al-Khalaifah, A. Al-Nasser, Immune response of Molluscs, IntechOpen (2018), 
https://doi.org/10.5772/intechopen.81778.

[9] V. Rivi, A. Batabyal, C. Benatti, P. Sarti, J.M.C. Blom, F. Tascedda, K. Lukowiak, 
A translational and multidisciplinary approach to studying the Garcia effect, a 
higher form of learning with deep evolutionary roots, J. Exp. Biol. 227 (2024) 
jeb247325, https://doi.org/10.1242/jeb.247325.

[10] M. Kalyan, A.H. Tousif, S. Sonali, C. Vichitra, T. Sunanda, S.S. Praveenraj, B. Ray, 
V.R. Gorantla, W. Rungratanawanich, A.M. Mahalakshmi, M.W. Qoronfleh, T. 
M. Monaghan, B.-J. Song, M.M. Essa, S.B. Chidambaram, Role of endogenous 
lipopolysaccharides in neurological disorders, Cells 11 (2022) 4038, https://doi. 
org/10.3390/cells11244038.

[11] E. Ottaviani, A. Accorsi, G. Rigillo, D. Malagoli, J.M.C. Blom, F. Tascedda, 
Epigenetic modification in neurons of the mollusc Pomacea canaliculata after 
immune challenge, Brain Res. 1537 (2013) 18–26, https://doi.org/10.1016/j. 
brainres.2013.09.009.

[12] A. Ciesielska, M. Matyjek, K. Kwiatkowska, TLR4 and CD14 trafficking and its 
influence on LPS-induced pro-inflammatory signaling, Cell. Mol. Life Sci. 78 
(2020) 1233–1261, https://doi.org/10.1007/s00018-020-03656-y.

[13] Y.-C. Lu, W.-C. Yeh, P.S. Ohashi, LPS/TLR4 signal transduction pathway, 
Cytokine 42 (2008) 145–151, https://doi.org/10.1016/j.cyto.2008.01.006.

[14] J. Savitz, The kynurenine pathway: a finger in every pie, Mol. Psychiatry 25 
(2020) 131–147, https://doi.org/10.1038/s41380-019-0414-4.

[15] A.A.-B. Badawy, Kynurenine pathway of tryptophan metabolism: regulatory and 
functional aspects, Int J Tryptophan Res 10 (2017), https://doi.org/10.1177/ 
1178646917691938, 1178646917691938.

[16] A. Tsuji, Y. Ikeda, S. Yoshikawa, K. Taniguchi, H. Sawamura, S. Morikawa, 
M. Nakashima, T. Asai, S. Matsuda, The tryptophan and kynurenine pathway 
involved in the development of immune-related diseases, Int. J. Mol. Sci. 24 
(2023) 5742, https://doi.org/10.3390/ijms24065742.

[17] S. Pathak, R. Nadar, S. Kim, K. Liu, M. Govindarajulu, P. Cook, C.S. Watts 
Alexander, M. Dhanasekaran, T. Moore, The influence of kynurenine metabolites 
on neurodegenerative pathologies, Int. J. Mol. Sci. 25 (2024) 853, https://doi. 
org/10.3390/ijms25020853.

[18] I. Fodor, A.A. Hussein, P.R. Benjamin, J.M. Koene, Z. Pirger, The unlimited 
potential of the great pond snail, Lymnaea stagnalis, eLife 9 (2020) e56962, 
https://doi.org/10.7554/eLife.56962.

[19] V. Rivi, C. Benatti, P. Actis, F. Tascedda, J.M.C. Blom, Behavioral and 
transcriptional effects of short or prolonged fasting on the memory performances 
of Lymnaea stagnalis, Neuroendocrinology (2022), https://doi.org/10.1159/ 
000527489.

[20] K. Lukowiak, K. Martens, M. Orr, K. Parvez, D. Rosenegger, S. Sangha, 
Modulation of aerial respiratory behaviour in a pond snail, Respir. Physiol. 
Neurobiol. 154 (2006) 61–72, https://doi.org/10.1016/j.resp.2006.02.009.

[21] K. Lukowiak, E. Ringseis, G. Spencer, W. Wildering, N. Syed, Operant 
conditioning of aerial respiratory behaviour in Lymnaea stagnalis, J. Exp. Biol. 
199 (1996) 683–691.

[22] H. Al-Khalaifah, A. Al-Nasser, H. Al-Khalaifah, A. Al-Nasser, Immune Response of 
Molluscs, Molluscs, IntechOpen, in, 2018, https://doi.org/10.5772/ 
intechopen.81778.

[23] R.M. Hoek, A.B. Smit, H. Frings, J.M. Vink, M. de Jong-Brink, W.P. Geraerts, 
A new Ig-superfamily member, molluscan defence molecule (MDM) from 
Lymnaea stagnalis, is down-regulated during parasitosis, Eur. J. Immunol. 26 
(1996) 939–944, https://doi.org/10.1002/eji.1830260433.

[24] K. Dokladny, R. Lobb, W. Wharton, T.Y. Ma, P.L. Moseley, LPS-induced cytokine 
levels are repressed by elevated expression of HSP70 in rats: possible role of NF- 
kappaB, Cell Stress Chaperones 15 (2010) 153–163, https://doi.org/10.1007/ 
s12192-009-0129-6.

[25] M.P. Mayer, B. Bukau, Hsp70 chaperones: cellular functions and molecular 
mechanism, Cell. Mol. Life Sci. 62 (2005) 670–684, https://doi.org/10.1007/ 
s00018-004-4464-6.

[26] B. Cristina, R. Veronica, A. Silvia, G. Andrea, C. Sara, P. Luca, B. Nicoletta, B.J.M. 
C.B. Silvio, T. Fabio, Identification and characterization of the kynurenine 
pathway in the pond snail Lymnaea stagnalis, Sci. Rep. 12 (2022) 15617, https:// 
doi.org/10.1038/s41598-022-19652-0.

[27] M.N. Mithaiwala, D. Santana-Coelho, G.A. Porter, J.C. O’Connor, 
Neuroinflammation and the kynurenine pathway in CNS disease: molecular 
mechanisms and therapeutic implications, Cells 10 (2021) 1548, https://doi.org/ 
10.3390/cells10061548.

[28] T. Kondo, Y. Okada, S. Shizuya, N. Yamaguchi, S. Hatakeyama, K. Maruyama, 
Neuroimmune modulation by tryptophan derivatives in neurological and 
inflammatory disorders, Eur. J. Cell Biol. 103 (2024) 151418, https://doi.org/ 
10.1016/j.ejcb.2024.151418.

[29] A. Morozova, Y. Zorkina, O. Abramova, O. Pavlova, K. Pavlov, K. Soloveva, 
M. Volkova, P. Alekseeva, A. Andryshchenko, G. Kostyuk, O. Gurina, 
V. Chekhonin, Neurobiological highlights of cognitive impairment in psychiatric 
disorders, Int. J. Mol. Sci. 23 (2022) 1217, https://doi.org/10.3390/ 
ijms23031217.

[30] N. van de Burgt, W. van Doesum, M. Grevink, S. van Niele, T. de Koning, 
N. Leibold, P. Martinez-Martinez, T. van Amelsvoort, D. Cath, Psychiatric 
manifestations of inborn errors of metabolism: a systematic review, Neurosci. 
Biobehav. Rev. 144 (2023) 104970, https://doi.org/10.1016/j. 
neubiorev.2022.104970.

[31] N. Braidy, R. Grant, Kynurenine pathway metabolism and neuroinflammatory 
disease, Neural Regen. Res. 12 (2017) 39, https://doi.org/10.4103/1673- 
5374.198971.

[32] A.B. Dounay, J.B. Tuttle, P.R. Verhoest, Challenges and opportunities in the 
discovery of new therapeutics targeting the kynurenine pathway, J. Med. Chem. 
58 (2015) 8762–8782, https://doi.org/10.1021/acs.jmedchem.5b00461.

[33] M. Favennec, B. Hennart, R. Caiazzo, A. Leloire, L. Yengo, M. Verbanck, 
A. Arredouani, M. Marre, M. Pigeyre, A. Bessede, G.J. Guillemin, G. Chinetti, 
B. Staels, F. Pattou, B. Balkau, D. Allorge, P. Froguel, O. Poulain-Godefroy, The 
kynurenine pathway is activated in human obesity and shifted toward kynurenine 
monooxygenase activation: kynurenine pathway activation in human obesity, 
Obesity 23 (2015) 2066–2074, https://doi.org/10.1002/oby.21199.

[34] L.-M. Chen, C.-H. Bao, Y. Wu, S.-H. Liang, D. Wang, L.-Y. Wu, Y. Huang, H.-R. Liu, 
H.-G. Wu, Tryptophan-kynurenine metabolism: a link between the gut and brain 
for depression in inflammatory bowel disease, J. Neuroinflammation 18 (2021) 
135, https://doi.org/10.1186/s12974-021-02175-2.

[35] A. Newton, L. McCann, L. Huo, A. Liu, Kynurenine pathway regulation at its 
critical junctions with fluctuation of tryptophan, Metabolites 13 (2023) 500, 
https://doi.org/10.3390/metabo13040500.

[36] J. Murakami, R. Okada, H. Sadamoto, S. Kobayashi, K. Mita, Y. Sakamoto, 
M. Yamagishi, D. Hatakeyama, E. Otsuka, A. Okuta, H. Sunada, S. Takigami, 
M. Sakakibara, Y. Fujito, M. Awaji, S. Moriyama, K. Lukowiak, E. Ito, 
Involvement of insulin-like peptide in long-term synaptic plasticity and long-term 
memory of the pond snail Lymnaea stagnalis, J. Neurosci. 33 (2013) 371–383, 
https://doi.org/10.1523/JNEUROSCI.0679-12.2013.

[37] V. Rivi, A. Batabyal, C. Benatti, F. Tascedda, J.M.C. Blom, K. Lukowiak, Aspirin 
reverts lipopolysaccharide-induced learning and memory impairment: first 
evidence from an invertebrate model system, Naunyn Schmiedeberg’s Arch. 
Pharmacol. 395 (2022) 1573–1585, https://doi.org/10.1007/s00210-022- 
02286-4.

[38] D. Kagan, A. Batabyal, K. Lukowiak, Remember the poke: microRNAs are 
required for long-term memory formation following operant conditioning in 
Lymnaea, J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 209 
(2023) 403–410, https://doi.org/10.1007/s00359-022-01604-8.

[39] A. Batabyal, D. Chau, V. Rivi, K. Lukowiak, Risk in one is not risk in all: snails 
show differential decision making under high- and low-risk environments, Anim. 
Behav. 190 (2022) 53–60, https://doi.org/10.1016/j.anbehav.2022.05.013.

[40] V. Rivi, A. Batabyal, C. Benatti, F. Tascedda, J.M.C. Blom, K. Lukowiak, A novel 
behavioral display in Lymnaea induced by quercetin and hypoxia, Biol. Bull. 
(2023), https://doi.org/10.1086/725689.

[41] V. Rivi, A. Batabyal, C. Benatti, J.M. Blom, F. Tascedda, K. Lukowiak, A flavonoid, 
quercetin, is capable of enhancing long-term memory formation if encountered at 
different times in the learning, memory formation, and memory recall continuum, 
J. Comp. Physiol. A. (2021), https://doi.org/10.1007/s00359-021-01522-1.

V. Rivi et al.                                                                                                                                                                                                                                     International Immunopharmacology 152 (2025) 114418 

12 

https://doi.org/10.1016/j.intimp.2025.114418
https://doi.org/10.1016/j.intimp.2025.114418
https://doi.org/10.1155/2021/9999146
https://doi.org/10.3390/brainsci14010019
https://doi.org/10.3390/brainsci14010019
https://doi.org/10.1002/glia.20467
https://doi.org/10.1002/glia.20467
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.3389/fneur.2022.890217
https://doi.org/10.3389/fneur.2022.890217
https://doi.org/10.1016/j.cub.2012.07.029
https://doi.org/10.3389/fimmu.2014.00459
https://doi.org/10.3389/fimmu.2014.00459
https://doi.org/10.5772/intechopen.81778
https://doi.org/10.1242/jeb.247325
https://doi.org/10.3390/cells11244038
https://doi.org/10.3390/cells11244038
https://doi.org/10.1016/j.brainres.2013.09.009
https://doi.org/10.1016/j.brainres.2013.09.009
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1038/s41380-019-0414-4
https://doi.org/10.1177/1178646917691938
https://doi.org/10.1177/1178646917691938
https://doi.org/10.3390/ijms24065742
https://doi.org/10.3390/ijms25020853
https://doi.org/10.3390/ijms25020853
https://doi.org/10.7554/eLife.56962
https://doi.org/10.1159/000527489
https://doi.org/10.1159/000527489
https://doi.org/10.1016/j.resp.2006.02.009
http://refhub.elsevier.com/S1567-5769(25)00408-4/rf0105
http://refhub.elsevier.com/S1567-5769(25)00408-4/rf0105
http://refhub.elsevier.com/S1567-5769(25)00408-4/rf0105
https://doi.org/10.5772/intechopen.81778
https://doi.org/10.5772/intechopen.81778
https://doi.org/10.1002/eji.1830260433
https://doi.org/10.1007/s12192-009-0129-6
https://doi.org/10.1007/s12192-009-0129-6
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1038/s41598-022-19652-0
https://doi.org/10.1038/s41598-022-19652-0
https://doi.org/10.3390/cells10061548
https://doi.org/10.3390/cells10061548
https://doi.org/10.1016/j.ejcb.2024.151418
https://doi.org/10.1016/j.ejcb.2024.151418
https://doi.org/10.3390/ijms23031217
https://doi.org/10.3390/ijms23031217
https://doi.org/10.1016/j.neubiorev.2022.104970
https://doi.org/10.1016/j.neubiorev.2022.104970
https://doi.org/10.4103/1673-5374.198971
https://doi.org/10.4103/1673-5374.198971
https://doi.org/10.1021/acs.jmedchem.5b00461
https://doi.org/10.1002/oby.21199
https://doi.org/10.1186/s12974-021-02175-2
https://doi.org/10.3390/metabo13040500
https://doi.org/10.1523/JNEUROSCI.0679-12.2013
https://doi.org/10.1007/s00210-022-02286-4
https://doi.org/10.1007/s00210-022-02286-4
https://doi.org/10.1007/s00359-022-01604-8
https://doi.org/10.1016/j.anbehav.2022.05.013
https://doi.org/10.1086/725689
https://doi.org/10.1007/s00359-021-01522-1


[42] K. Lukowiak, N. Adatia, D. Krygier, N. Syed, Operant conditioning in Lymnaea: 
evidence for intermediate- and long-term memory, Learn. Mem. 7 (2000) 
140–150.

[43] V. Rivi, A. Batabyal, C. Benatti, F. Tascedda, J.M.C. Blom, K. Lukowiak, 
Quercetin, the new stress buster: investigating the transcriptional and behavioral 
effects of this flavonoid on multiple stressors using Lymnaea stagnalis, Comp 
Biochem Physiol C Toxicol Pharmacol 287 (2024) 110053, https://doi.org/ 
10.1016/j.cbpc.2024.110053.

[44] V. Rivi, G. Caruso, F. Caraci, S. Alboni, L. Pani, F. Tascedda, K. Lukowiak, J.M. 
C. Blom, C. Benatti, Behavioral and transcriptional effects of carnosine in the 
central ring ganglia of the pond snail Lymnaea stagnalis, J. Neurosci. Res. 102 
(2024) e25371, https://doi.org/10.1002/jnr.25371.

[45] V. Rivi, A. Batabyal, B. Wiley, C. Benatti, F. Tascedda, J.M.C. Blom, K. Lukowiak, 
Fluoride affects memory by altering the transcriptional activity in the central 
nervous system of Lymnaea stagnalis, Neurotoxicology 92 (2022) 61–66, https:// 
doi.org/10.1016/j.neuro.2022.07.007.

[46] A. Batabyal, V. Rivi, C. Benatti, J.M.C. Blom, K. Lukowiak, Long-term memory of 
configural learning is enhanced via CREB upregulation by the flavonoid quercetin 
in Lymnaea stagnalis, J. Exp. Biol. 224 (2021) jeb242761, https://doi.org/ 
10.1242/jeb.242761.

[47] A. Batabyal, V. Rivi, C. Benatti, J.M.C. Blom, F. Tascedda, K. Lukowiak, Snails go 
on a fast when acetylsalicylic acid comes along with heat stress: a possible effect 
of HSPs and serotonergic system on the feeding response, Comp. Biochem. 
Physiol., Part C: Toxicol. Pharmacol. 276 (2024) 109805, https://doi.org/ 
10.1016/j.cbpc.2023.109805.

[48] NormFinder – Tool for identifying normalization genes | HSLS, (n.d.). https:// 
www.hsls.pitt.edu/obrc/index.php?page=URL1131645625 (accessed August 27, 
2024).

[49] W. De Spiegelaere, J. Dern-Wieloch, R. Weigel, V. Schumacher, H. Schorle, 
D. Nettersheim, M. Bergmann, R. Brehm, S. Kliesch, L. Vandekerckhove, C. Fink, 
Reference gene validation for RT-qPCR, a note on different available software 
packages, PLoS One 10 (2015) e0122515, https://doi.org/10.1371/journal. 
pone.0122515.

[50] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real- 
time quantitative PCR and the 2− ΔΔCT method, Methods 25 (2001) 402–408, 
https://doi.org/10.1006/meth.2001.1262.

[51] C.G. Atene, S. Fiorcari, N. Mesini, S. Alboni, S. Martinelli, M. Maccaferri, 
G. Leonardi, L. Potenza, M. Luppi, R. Maffei, R. Marasca, Indoleamine 2, 3- 
dioxygenase 1 mediates survival signals in chronic lymphocytic leukemia via 
kynurenine/aryl hydrocarbon receptor-mediated MCL1 modulation, Front. 
Immunol. 13 (2022) 832263, https://doi.org/10.3389/fimmu.2022.832263.

[52] G. Rigillo, A. Vilella, C. Benatti, L. Schaeffer, N. Brunello, J.M.C. Blom, M. Zoli, 
F. Tascedda, LPS-induced histone H3 phospho(Ser10)-acetylation(Lys14) 
regulates neuronal and microglial neuroinflammatory response, Brain Behav. 
Immun. 74 (2018) 277–290, https://doi.org/10.1016/j.bbi.2018.09.019.

[53] M. Ciani, G. Rigillo, C. Benatti, L. Pani, J.M.C. Blom, N. Brunello, F. Tascedda, 
S. Alboni, Time- and region-specific effect of Vortioxetine on central LPS-induced 
transcriptional regulation of NLRP3 Inflammasome, Curr. Neuropharmacol. 
(2024), https://doi.org/10.2174/1570159X22666240705143649.

[54] S. Alboni, C. Benatti, C. Colliva, G. Radighieri, J.M.C. Blom, N. Brunello, 
F. Tascedda, Vortioxetine prevents lipopolysaccharide-induced memory 
impairment without inhibiting the initial inflammatory Cascade, Front. 
Pharmacol. 11 (2020) 603979, https://doi.org/10.3389/fphar.2020.603979.

[55] M.K. Larsson, A. Faka, M. Bhat, S. Imbeault, M. Goiny, F. Orhan, A. Oliveros, 
S. Ståhl, X.C. Liu, D.S. Choi, K. Sandberg, G. Engberg, L. Schwieler, S. Erhardt, 
Repeated LPS injection induces distinct changes in the kynurenine pathway in 
mice, Neurochem. Res. 41 (2016) 2243–2255, https://doi.org/10.1007/s11064- 
016-1939-4.

[56] K. Ciapała, J. Mika, E. Rojewska, The kynurenine pathway as a potential target for 
neuropathic pain therapy design: from basic research to clinical perspectives, 
IJMS 22 (2021) 11055, https://doi.org/10.3390/ijms222011055.

[57] J. Lucchetti, F. Fumagalli, D. Olivari, R. Affatato, C. Fracasso, D. De Giorgio, 
C. Perego, F. Motta, A. Passoni, L. Staszewsky, D. Novelli, A. Magliocca, 
S. Garattini, R. Latini, G. Ristagno, M. Gobbi, Brain kynurenine pathway and 
functional outcome of rats resuscitated from cardiac arrest, J. Am. Heart Assoc. 
10 (2021) e021071, https://doi.org/10.1161/JAHA.121.021071.

[58] G. Allegri, E. Ragazzi, A. Bertazzo, C.V.L. Costa, R. Rocchi, Tryptophan 
metabolism along the kynurenine pathway in rats, in: G. Allegri, C.V.L. Costa, 
E. Ragazzi, H. Steinhart, L. Varesio (Eds.), Developments in Tryptophan and 
Serotonin Metabolism, Springer US, Boston, MA, 2003, pp. 481–496, https://doi. 
org/10.1007/978-1-4615-0135-0_56.

[59] H.J. Yuasa, H.J. Ball, Efficient tryptophan-catabolizing activity is consistently 
conserved through evolution of TDO enzymes, but not IDO enzymes, J. Exp. Zool. 
B Mol. Dev. Evol. 324 (2015) 128–140, https://doi.org/10.1002/jez.b.22608.

[60] H.J. Yuasa, M. Takubo, A. Takahashi, T. Hasegawa, H. Noma, T. Suzuki, 
Evolution of vertebrate Indoleamine 2,3-dioxygenases, J. Mol. Evol. 65 (2007) 
705, https://doi.org/10.1007/s00239-007-9049-1.

[61] S. Biesmans, T.F. Meert, J.A. Bouwknecht, P.D. Acton, N. Davoodi, P. De Haes, 
J. Kuijlaars, X. Langlois, L.J.R. Matthews, L. Ver Donck, N. Hellings, R. Nuydens, 
Systemic immune activation leads to Neuroinflammation and sickness behavior in 
mice, Mediat. Inflamm. 2013 (2013) 271359, https://doi.org/10.1155/2013/ 
271359.

[62] A.D. Hocker, J.A. Stokes, F.L. Powell, A.G. Huxtable, The impact of inflammation 
on respiratory plasticity, Exp. Neurol. 287 (2017) 243–253, https://doi.org/ 
10.1016/j.expneurol.2016.07.022.
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