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Abstract
Carnosine is a naturally occurring endogenous dipeptide with well-recognized anti-
inflammatory, antioxidant, and neuroprotective effects at the central nervous system 
level. To date, very few studies have been focused on the ability of carnosine to res-
cue and/or enhance memory. Here, we used a well-known invertebrate model system, 
the pond snail Lymnaea stagnalis, and a well-studied associative learning procedure, 
operant conditioning of aerial respiration, to investigate the ability of carnosine to 
enhance long-term memory (LTM) formation and reverse memory obstruction caused 
by an immune challenge (i.e., lipopolysaccharide [LPS] injection). Exposing snails to 
1 mM carnosine for 1 h before training in addition to enhancing memory formation 
resulted in a significant upregulation of the expression levels of key neuroplasticity 
genes (i.e., glutamate ionotropic receptor N-methyl-d-aspartate [NMDA]-type subu-
nit 1—LymGRIN1, and the transcription factor cAMP-response element-binding pro-
tein 1—LymCREB1) in snails' central ring ganglia. Moreover, pre-exposure to 1 mM 
carnosine before an LPS injection reversed the memory deficit brought about by in-
flammation, by preventing the upregulation of key targets for immune and stress re-
sponse (i.e., Toll-like receptor 4—LymTLR4, molluscan defense molecule—LymMDM, 
heat shock protein 70—LymHSP70). Our data are thus consistent with the hypothesis 

https://doi.org/10.1002/jnr.25371
https://orcid.org/0000-0002-8413-4510
https://orcid.org/0000-0003-1571-5327
https://orcid.org/0000-0002-9867-6054
https://orcid.org/0000-0002-2332-3166
https://orcid.org/0000-0002-3422-004X
https://orcid.org/0000-0001-9028-1931
https://orcid.org/0000-0002-4974-1964
mailto:
https://orcid.org/0000-0003-0236-9525
http://creativecommons.org/licenses/by/4.0/
mailto:cristina.benatti@unimore.it
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjnr.25371&domain=pdf&date_stamp=2024-07-30


2 of 20  |     RIVI et al.

1  |  INTRODUC TION

It is becoming progressively evident that memory decline and cog-
nitive impairment linked to various central nervous system (CNS) 
pathologies are significantly influenced by neuroinflammation, 
oxidative stress, and the abnormal accumulation of proteins within 
the brain (Ahmad et al., 2022; Singh et al., 2022; Tangestani Fard & 
Stough, 2019; Wang et al., 2023). In light of this, the recognized an-
tioxidant, anti-inflammatory, and antiaggregation properties of car-
nosine, a naturally occurring endogenous dipeptide, have been more 
closely examined in order to gain deeper insights into its therapeutic 
potential in the treatment of cognitive disorders (Aloisi et al., 2013; 
Berezhnoy et al., 2019; Caruso et al., 2019; Schön et al., 2019).

Since its discovery more than 100 years ago by Gulewitsch and 
Amiradžibi (1900), a plethora of publications have been dedicated to 
the description of carnosine structure and biological activity in dif-
ferent body areas, showing that this dipeptide can be found at high 
concentrations (i.e., millimolar order) in the brain, as well as in car-
diac and skeletal muscles (up to 20 mM), where it exerts a multimodal 
mechanism of action (Bae et al., 2013; Bonfanti et al., 1999; Calabrese 
et al., 2005; Mannion et al., 1992). Additionally, in the last decade, 
the procognitive effects of carnosine supplements in patients suf-
fering from mild cognitive impairment (Afshin-Majd et al., 2015; Bae 
& Majid, 2013; Masuoka et al., 2019), diabetes, subcortical ischemic 
vascular dementia (Ahshin-Majd et al., 2016; Bakardjiev, 1998; Bauer 
et al., 1982; Corona et al., 2011; Ma et al., 2012), and Alzheimer's 
disease emerged (Berezhnoy et  al.,  2016; Boldyrev et  al.,  1997, 
2004, 2007; Boldyrev & Severin, 1990; Caruso et al., 2019; Privitera 
et al., 2023). However, although carnosine has become an appealing 
supplement for developing new therapeutic approaches to prevent 
or reduce cognitive impairment affecting various neurodegenerative 
and chronic disorders (Bellia et al., 2011; Cesak et al., 2023; Corona 
et  al.,  2011; Hisatsune et  al.,  2016; Santiago & Potashkin,  2023; 
Schön et al., 2019), to date the molecular mechanisms through which 
carnosine exerts its procognitive effects and rescues cognitive defi-
cit remain almost unexplored. This is in part due to the complexity 
of mammalian brains and behaviors, together with the complex etio-
pathogenesis of neurodegenerative disorders.

To overcome some of the aforementioned obstacles, we made 
use of our model system the pond snail Lymnaea stagnalis (Linnaeus, 
1758) to examine at both the behavioral and molecular levels how 
carnosine may enhance cognitive ability and suppress inflammatory 
effects. Lymnaea stagnalis has been shown to possess highly repro-
ducible associative learning procedures that are negatively impacted 
by inflammatory processes (Amorim et al., 2019; Audesirk et al., 1985; 

Rivi, Batabyal, Benatti, et  al., 2022; Rivi, Batabyal, Benatti, Blom, 
et al., 2023a; Rivi, Batabyal, Lukowiak, Benatti, et al., 2023). Thus, 
this model system would appear to be well suited to explore at both 
the behavioral and molecular levels how carnosine acts to enhance 
cognition and be an anti-inflammatory agent. Adopted as a model 
organism for learning and memory studies beginning in the 1960s 
(Coutellec & Lagadic, 2006; Dalesman, 2018; Fodor et al., 2020; Rivi 
et al., 2024; Rivi, Batabyal, Benatti, Blom, et al., 2023b), L. stagnalis 
provides a valid tool in which to investigate the action of carnosine 
on learning and memory, as well as its anti-inflammatory effects.

First, operant conditioning (a form of associative learning) of ae-
rial respiration has been studied in L. stagnalis since 1996 (Lukowiak 
et al., 1996). In addition, a single identified neuron is necessary for 
long-term memory (LTM) formation in the nervous system of this 
snail (Syed & Winlow, 1991).

Moreover, memory formation can be altered by environmental 
stressors and bioactive compounds, allowing us to assess how dif-
ferent factors alter memory formation (Batabyal et al., 2024; Gust 
et al., 2013; Kagan et al., 2022; Pyatt et al., 1997; Rivi et al., 2024; 
Rivi, Batabyal, Benatti, Tascedda, et al., 2023c, 2023d; Rivi, Benatti, 
Rigillo, & Blom, 2023).

Second, pond snails are aquatic invertebrates with an open cir-
culatory system, allowing the use of membrane-permeant drugs that 
can be easily absorbed—like carnosine—to unravel the complexity 
of various signaling pathways and to provide new insights on how 
bioactive compounds can modulate different neuronal functions 
and behaviors (Rivi et  al., 2022; Rivi, Batabyal, Benatti, Tascedda, 
et al., 2023e; Rivi, Batabyal, Wiley, et al., 2022; Rivi, Benatti, Rigillo, 
& Blom, 2023).

that carnosine can have positive benefits on cognitive ability and be able to reverse 
memory aversive states induced by neuroinflammation.

K E Y W O R D S
inflammation, invertebrates, learning, memory, stress

Significance

To the best of our knowledge, this is the first study show-
ing carnosine-mediated enhancement of long-term mem-
ory formation in an invertebrate model, the pond snail 
Lymnaea stagnalis, after an operant-conditioning proce-
dure. This work also provides the first support for car-
nosine to prevent the sickness state and memory block 
induced by an immune challenge (i.e., bacterial lipopolysac-
charide). These findings pave the way for mammalian ex-
periments, offering insights into the therapeutic potential 
of carnosine as a pharmacological tool for cognitive disor-
ders marked by immune overactivation and inflammation.
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Third, L. stagnalis responds to several bioactive compounds 
that can alter memory formation (Rivi, Batabyal, Benatti, Blom, 
et al., 2023b; Rivi, Batabyal, Lukowiak, Benatti, et al., 2023; Rivi, 
Benatti, Actis, et  al., 2022) and—even more importantly—the ef-
fects of these compounds often mirror those seen in vertebrates, 
strengthening the case for L. stagnalis as a model to unravel the 
conserved effects of carnosine at both behavioral and molecular 
levels.

To comprehensively examine whether and how carnosine may 
alter memory formation and a sickness state in L. stagnalis, we de-
signed and executed a series of experiments, each addressing spe-
cific questions.

Experiment 1, studied the effects of various doses of car-
nosine on snails' feeding behavior, a fundamental homeostatic be-
havior, assuming that a significant reduction in feeding behavior 
after carnosine exposure would be indicative of a sickness state 
(Benjamin, 1983).

In Experiment 2, we investigated whether exposure to car-
nosine before a .5-h training session (TS) for the operant con-
ditioning of aerial respiration (which typically results in a 3-h 
lasting intermediate-term memory—ITM) in laboratory-inbred 
snails (Lukowiak et al., 2000) would be able to enhance LTM (last-
ing for at least 24 h) formation. Moreover, as carnosine has been 
found to exert anti-inflammatory effects in many animal mod-
els (Caruso et  al.,  2019; Fleisher-Berkovich et  al.,  2009; Kubota 
et al., 2020), we explored whether exposure to carnosine would 
be able to prevent the lipopolysaccharide (LPS)-induced inflamma-
tion in snails' central ring ganglia. We recently demonstrated that 
the injection of 25 mg (6.25 μg/mL) of Escherichia coli-derived LPS 
serotype O127:B8—which is a potent activator of the immune sys-
tem—induces a “sickness state” that alters the ability of Lymnaea 
to form or recall LTM for operant conditioning of aerial respiration 
(Rivi, Batabyal, Benatti, et al., 2022; Rivi, Batabyal, Benatti, Blom, 
et al., 2023a).

Thus, we hypothesize that exposure to carnosine before the LPS 
injection would prevent the LPS-induced sickness at both behavioral 
and transcriptional levels (Experiments 3 and 4). In particular, we 
focused our attention on specific molecular targets known to play 
pivotal roles in inflammatory and stress responses, as well as neuro-
plasticity. These included Toll-like receptor 4 (LymTLR4) (Ciesielska 
et al., 2021; Escoubet-Lozach et al., 2011; Lu et al., 2008), molluscan 
defense molecule (LymMDM) (Hoek et  al.,  1996), heat shock pro-
tein 70 (LymHSP70) (Fei et al., 2007; Swinton et al., 2018), glutamate 
ionotropic receptor N-methyl-d-aspartate (NMDA)-type subunit 1 
(LymGRIN1) (Dhar & Wong-Riley, 2009; Luscher & Malenka, 2012), 
and the transcription factor cAMP-response element-binding pro-
tein 1 (LymCREB1) (Rivi et al., 2024). This allowed us to study the 
transcriptional effects induced by LPS injection, carnosine exposure, 
and the exposure to carnosine before the LPS injection in snails' cen-
tral ring ganglia.

Finally, in Experiment 5, we investigated whether the transcrip-
tional effects on the abovementioned targets in the central ring gan-
glia of snails were consistent with the observed behavioral effects. 

This experiment allowed us to test the hypothesis that carnosine 
exposure before an immune challenge would be able to reverse the 
memory block induced by LPS.

This multifaceted approach, with each experiment address-
ing specific questions, allowed for a nuanced exploration of the 
memory-enhancing and anti-inflammatory proprieties of carnosine 
and its ability to reverse a learning and memory deficit brought 
about by an immune challenge.

2  |  METHODS AND MATERIAL S

2.1  |  Snails and animal maintenance

Laboratory-reared L. stagnalis, originally derived from a stock gener-
ously donated by Prof. Lukowiak (University of Calgary, the W-strain), 
was used in this study. The “Canadian snails” stock originated from 
an inbred colony maintained at the Vrije University of Amsterdam 
and were originally bred from animals collected in the 1950s in 
polders near Utrecht, The Netherlands. Animals were maintained 
in aquaria at the University of Modena and Reggio Emilia (Italy) at 
21–23°C in well-aerated dechlorinated tap water on a 12/12-h light/
dark cycle (lights on at 08:00 a.m.). Six-month-old snails having shell 
lengths of 20–25 mm were used in these experiments. Animals were 
fed pesticide-free lettuce twice a week. In this study, we used 176 
snails. The sample size and the power analysis for each experiment 
were a priori calculated using G power 3.1.9.7 software (Heinrich-
Heine-Universität Düsseldorf, Düsseldorf, Germany—http://​www.​
gpower.​hhu.​de/​) (Faul et al., 2007). The optimal sample size, given 
a predicted effect (f) of .7, α of .05, and the power (1 − β) of .8, was 
calculated a priori to be N = 7 per group in G*Power 3.1.

2.2  |  Liquid chromatography

The concentration of carnosine was measured in the ganglia of con-
trol L. stagnalis (N = 4). Each ganglion was homogenized in 100 μL 
of a solution of ascorbic acid .1% by sonication. Protein concentra-
tions of homogenates were determined using the Bradford assay 
(Merck KGaA, Darmstadt, Germany). To each 50 μL of sample, an 
equal volume of ice-cold 1 M perchloric acid (HClO4) fortified with l-
carnosine-d4 (final concentration 1 μM, Cayman Chemical, USA) was 
added. Samples were centrifuged (15,000 g, 15 min), and the super-
natants were collected and directly injected into LC–MS/MS. The 
analyses of carnosine in the supernatant were performed using an 
Agilent HP 1200 liquid chromatograph (Agilent, Milan, Italy) consist-
ing of a binary pump, an autosampler, and a thermostated column 
compartment.

Chromatographic separations were carried out using a Discovery 
HS-F5 column (3 μm particle size, 150 × 2.1 mm, Supelco, Milan, 
Italy) using .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.

 10974547, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25371 by C

ochraneItalia, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.gpower.hhu.de/
http://www.gpower.hhu.de/


4 of 20  |     RIVI et al.

The column was washed with 90% ACN for 3.5 min, then equil-
ibrated for 5 min with 5% ACN. The flow rate was .5 mL/min. The 
injection volume was 20 μL. An Agilent 6410 triple quadrupole mass 
spectrometer with an electrospray ion source operating in positive 
mode was used for detection. The SRM pairs were 227 to >110 and 
231 to >156 for l-carnosine and l-carnosine-d4, respectively. The 
calibration curves were constructed using calibration standards (l-
carnosine, Cayman Chemical, USA) and were linear over the con-
centration range of .0391–10.000 μM, with a correlation coefficient 
(r2) of .999. Carnosine concentrations were normalized to protein 
content.

2.3  |  Carnosine treatment

For each carnosine experiment, snails were exposed to carnosine 
(100 μM, 1 mM, or 10 mM) for 1 h. A 500 mM stock of carnosine (β-
alanyl-l-histidine; Merck KGaA, Darmstadt, Germany; MW: 226.23) 
was prepared in phosphate-buffered saline (PBS 1×). Then, we pre-
pared carnosine solutions at different concentrations by dissolving 
the stock in artificial pond water.

2.4  |  LPS treatment

For each LPS experiment, snails were randomly divided into 
groups of 7–8 animals for each. One group was injected with 25 μg 
of E. coli-derived LPS serotype O127:B8 (Merck KGaA, Darmstadt, 
Germany; L3129), which corresponds to approximately 8 mg/kg 
(Rivi, Batabyal, Lukowiak, Benatti, et al., 2023). LPS solution was 
prepared by dissolving 625 μg of LPS in 1 mL of snail saline solution 
(51.3 mM NaCl; 1.7 mM KCl; 5.0 mM MgCl2; 1.5 mM CaCl2; 5.0 mM 
HEPES; pH 7.9–8), as previously described (Straub et  al., 2004). 
We injected 40 μL of LPS into the abdominal body cavity of each 
snail. Snails used as sham-injected control were injected with 
40 μL of snail saline. Once injected, snails were kept in an upside-
down position without immersion in artificial pond water for 
10 min, consistent with previous studies (Rivi, Batabyal, Benatti, 
Blom, et al., 2023a).

As the calculated volume of hemolymph in a snail with a 20-mm 
shell length was 400 μL (Murakami et al., 2013), a single injection of 
40 mL was performed intramuscularly in the foot of the snail using 
a 31G syringe.

2.5  |  Study design

2.5.1  |  Experiment 1: Carnosine dosing

The number of rasps elicited by a “familiar taste”—lettuce slurry—
was measured 1, 3, and 24 h before snails were exposed to carnos-
ine 100 μM, 1 mM, or 10 mM for 1 h. Lettuce slurry was prepared by 
blending two medium leaves of romaine lettuce (approximately 20 g) 

along with 500 mL of artificial pond water, as previously described 
(Rivi, Batabyal, Benatti, Blom, et al., 2023a).

Following blending and straining the mixture, a lettuce slurry 
was obtained without any observable pieces of lettuce. To record 
the number of raps elicited by the lettuce slurry, snails were placed 
into a 14 cm diameter Petri dish with enough lettuce slurry to be par-
tially submerged. The snails were given a 5-min acclimation period 
before their rasping behavior was monitored. Each snail was moni-
tored for 2 min and the number of rasps was counted; the average 
number of rasps per minute was then calculated.

Snails were then returned to their home aquarium for 1 h before 
being exposed to carnosine. The same procedure was repeated at 3 
and 24 h postcarnosine exposure.

Thus, 32 snails were used in Experiment 1 and were randomly 
divided into the four experimental groups:

1.	 In eight snails we recorded the rasping behavior in the pres-
ence of lettuce slurry 1 h before and 3 and 24 h after being 
exposed to artificial pond water for 1 h.

2.	 In eight snails the rasping behavior in lettuce slurry was recorded 
1 h before and 3 and 24 h after being exposed to carnosine 100 μM 
for 1 h.

3.	 In eight snails the number of rasps elicited by the lettuce slurry 
was recorded 1 h before 3 and 24 h after being exposed to carno-
sine 1 mM for 1 h.

4.	 In eight snails the rasping behavior elicited by the lettuce slurry 
was recorded 1 h before and 3 and 24 h after being exposed to 
carnosine 10 mM for 1 h.

2.5.2  |  Experiment 2: Behavioral effects induced 
by the exposure to different doses of carnosine 
on the ability of snails to form ITM and/or LTM 
following the operant conditioning of aerial respiration 
training procedure

Artificial pond water was made hypoxic (≤.1 mL O2 L−1) by vigorously 
bubbling N2 gas through the water for 20 min before the operant-
conditioning TS. The hypoxic environment caused snails to move to 
the water surface and attempt to open their pneumostome more 
frequently (Lukowiak et  al.,  1996). Following these 20 min, the in-
tensity of bubbling was reduced and the snails to be trained were 
placed in the beaker for a 10-min acclimation period before training 
began. The reduced bubbling maintained the established hypoxia 
without disturbing the snails. The operant-conditioning procedure 
consisted of applying a tactile stimulus (i.e., a poke) to the edge of 
the pneumostome with a wooden stick every time a snail attempted 
to perform aerial respiration. The stimulus was strong enough to 
cause the pneumostome to close, but was gentle enough that the 
snails did not complete a full-body withdrawal response. The total 
number of pokes per snail was recorded. Between sessions, snails 
were returned to their home aquarium where they had ad  libitum 
access to food (Lukowiak et al., 1996). The memory test (MT) session 
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was performed in hypoxic artificial pond water at 3, 24, or 48 h post-
training. As in the TS, during the MT, snails received a tactile stimu-
lus each time they attempted to open their pneumostome in the .5-h 
MT. Memory has been operationally defined as significantly fewer 
attempted pneumostome openings in the MT session than in the TS.

Thus, four naïve cohorts of snails (N = 64) were used in this study:

1.	 A naïve cohort of snails (N = 16) was first exposed to carnosine 
100 μM for 1 h, and 3 h later was trained with a .5-h TS. In 
half of these snails (N = 8), ITM was tested 3 h later, whereas 
in the remaining group, LTM enhancement was tested 24 h 
post-TS.

2.	 A naïve cohort of snails (N = 16) was exposed to 1 mM carnosine 
for 1 h, and 3 h later was trained with a .5-h TS. In half of these 
snails (N = 8), ITM was tested 3 h later, whereas in the remaining 
group, LTM enhancement was tested 24 h post-TS.

3.	 A naïve cohort of snails (N = 16) was exposed to 10 mM carnosine 
for 1 h, and 3 h later was trained with a .5-h TS. In half of these 
snails (N = 8), ITM was tested 3 h later, whereas in the remaining 
group, LTM enhancement was tested 24 h post-TS.

4.	 Control snails (N = 16) were exposed to artificial pond water for 
1 h instead of carnosine. Three hours later, snails trained with 
a  .5-h TS. In half of these snails (N = 8), ITM was tested 3 h later, 
whereas in the remaining group, LTM enhancement was tested 
24 h post-TS.

Sixty-four snails were used in Experiment 2 and were randomly 
divided into the four experimental groups.

To minimize subjective bias, behavioral experiments were per-
formed blindly as the experimenter performing the MT did not know 
the previous treatment. Only after all the results were tabulated did 
we know the outcome of the various experiments.

2.5.3  |  Experiment 3: Behavioral effects induced by 
carnosine, LPS, and their paired presentation on snails' 
aerial respiration

Snails were placed in a 1-L beaker filled with 500 mL of artificial 
pond water made hypoxic (≤5% O2) by vigorously bubbling with N2 
for 20 min. The amount of time the pneumostome was open for each 
snail without any tactile stimulation (i.e., total breathing time, TBT) 
was recorded for .5 h (i.e., observation period 1). Three hours later, 
snails (N = 24) were randomly divided into three groups and were 
subjected to different treatments:

1.	 Eight naïve snails were injected with LPS.
2.	 Eight naïve snails were exposed to carnosine for 1 h.
3.	 Eight naïve snails were exposed to carnosine for 1 h and immedi-
ately after were injected with LPS.

Then, snails were returned to their home aquaria for 3 h, before 
the TBT was again recorded in hypoxic pond water.

2.5.4  |  Experiment 4: Transcriptional effects 
induced by carnosine, LPS, and their paired 
presentation in snails' central ring ganglia

Twenty-eight snails were used in Experiment 4 and were randomly 
divided into the four experimental groups (N = 7, each group):

1.	 Snails that were injected with snail saline.
2.	 Snails that were injected with 25 μg of LPS.
3.	 Snails that were exposed to carnosine for 1 h.
4.	 Snails that were exposed to carnosine for 1 h and immediately 
after were injected with LPS.

Three hours later, snails were euthanized in ice for 10 min, and 
the central ring ganglia were dissected (buccal ganglia were ex-
cluded) and stored at −80°C before analysis.

2.5.5  |  Experiment 5: Behavioral and transcriptional 
effects induced by carnosine exposure before LPS 
injection on snails' memory abilities

Twenty-eight snails were used in Experiment 4 and were randomly 
divided into the four experimental groups (N = 7, each group):

1.	 Snails that were injected with snail saline 3 h before the .5 h 
TS.

2.	 Snails that were injected with 25 μg of LPS 3 h before the .5 h TS.
3.	 Snails that were exposed to carnosine for 1 h and 3 h before 
the  .5 h TS.

4.	 Snails that were exposed to carnosine for 1 h before being in-
jected with LPS and 3 h later were trained for the operant condi-
tioning of aerial respiration.

Immediately after the MT at 3 h post-TS, snails were euthanized 
in ice for 10 min, and the central ring ganglia were dissected (buccal 
ganglia were excluded) and stored at −80°C before analysis.

Behavioral experiments were performed blindly, without the ex-
perimenter being aware of the previous treatment during the MT. 
The outcomes of the different experiments were only revealed after 
all the results were recorded and tabulated.

2.6  |  Total RNA extraction, reverse 
transcription, and real-time polymerase chain reaction

Total RNA extraction and DNAse treatment were performed 
on snails from Experiments 4 and 5 using GenElute™ Total RNA 
Miniprep Kit and DNASE70-On-Column DNase I Digestion Set 
(Merck KGaA, Darmstadt, Germany) as previously described (Cristina 
et al., 2022). A single, central ring ganglion was used for total RNA 
extraction. Seven samples were analyzed for each group. A 200-ng 
sample of total RNA was reverse transcribed with a High-Capacity 
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6 of 20  |     RIVI et al.

cDNA Reverse Transcription Kit (Thermo Fisher). Real-time quanti-
tative PCR was carried out on 20 ng mRNA using a Bio-Rad® CFX 
Connect™ Real-Time PCR Detection System with SYBR Green 
Master Mix (Bio-Rad). The cycling parameters were 95°C for 2 min 
and 95°C for 10 s, 60°C for 30 s for 40 cycles, and a dissociation 
curve analysis followed the amplification. Cycle threshold (Ct) val-
ues were determined by CFX Maestro™ Software (Bio-Rad). Specific 
forward and reverse primers were used at the final concentration of 
300 nM (Table 1). The mRNA levels of each target were normalized 
to two reference genes, elongation factor 1α and tubulin. The stabil-
ity of mRNA expression of these endogenous controls was assessed 
using Normfinder®, considering intra-  and intergroup variations. 
The mean between the two endogenous genes was found to be the 
most stable gene across groups and was used for gene normaliza-
tion. The endogenous control mRNA levels were not affected by any 
procedure (one-way analysis of variance [ANOVA]) and the amplifi-
cation efficiency of the target genes and endogenous control genes 
was approximately equal. For quantitative evaluation of changes, the 
comparative 2−ΔΔCt method was performed using the average lev-
els of expression of control animals as a calibrator. Before statistical 
analysis, we searched for extreme outliers using the boxplot tool in 
SPSS (more than 3× the interquartile range outside of the end of the 
interquartile box). No outliers were found.

2.7  |  Statistical analyses

First, we confirmed that our data were normally distributed using 
a Kolmogorov–Smirnov test (KS distance and p value). Behavioral 
data from Experiment 1 were analyzed using a repeated measures 
(RM) ANOVA combined with post hoc Tukey's tests to compare 
the number of rasps elicited by lettuce slurry before and after the 

carnosine exposure for 1 h. In Experiment 2, we compared the 
number of attempted pneumostome openings between the .5-h 
TS and the MTs performed at 3 and 24 h post-TS using a one-way 
ANOVA followed by Tukey's post hoc test. Significant differences 
between the two groups were examined by Student's paired t test. 
Behavioral data from Experiment 3 were analyzed using a paired t 
test to compare the differences between the TBT before and after 
the treatment (i.e., carnosine alone, LPS alone, or carnosine before 
LPS). Behavioral data of Experiment 5 were analyzed using a paired 
t test to compare the differences between the number of attempted 
pneumostome openings recorded during the .5-h TS and the MT 
performed 3 h after the treatment (i.e., carnosine alone, LPS alone, 
or carnosine before LPS). For the molecular data of Experiments 4 
and 5, one-way ANOVA was used to compare the expression lev-
els of each target in the central ring ganglia of snails of the differ-
ent groups. Significant changes were determined by Tukey's post 
hoc test. In all analyses reported here, a type I error rate of .05 
was used. Data were presented as mean ± standard error (SEM). 
All statistical analyses were performed using SPSS software ver. 
26.0 (IBM Corp., Armonk, NY, United States), whereas graphs were 
created using GraphPad Prism v. 9.00e for Windows® (GraphPad 
Software, Inc., La Jolla, CA, USA).

3  |  RESULTS

3.1  |  l-Carnosine levels in the ganglia of L. stagnalis

The levels of carnosine were measured by liquid chromatography 
in the ganglia of control snails. Basal level of carnosine in the gan-
glia was ~.0035 μM/μg protein (±.0026 SD) (i.e., ~.783 μmole/μg 
protein).

TA B L E  1 Nucleotide sequence of the forward and reverse primers used for real-time PCR.

Gene bank accession Target Product length (bp) Type sequence

X15542.1 Snail, beta-tubulin LymTUB 100 bp (92–192) FW: GAAATAGCACCGCCATCC

RV: CGCCTCTGTGAACTCCATCT

DQ278441.1 Lymnaea stagnalis elongation factor 1alpha 
LymEF1α

150 bp (7–157) FW: GTGTAAGCAGCCCTCGAACT

RV: TTCGCTCATCAATACCACCA

AY577328.1 Lymnaea stagnalis Toll-like receptor 4 LymTLR4 100 bp (74–174) FW: GGAGGGTCAAGCATAAAGTGT

RV: CATCAAGGTCAACGCCAAT

U58769.1 Lymnaea stagnalis molluscan defense molecule 
precursor LymMDM

104 bp (1614–1718) FW: CGGGTACACACACAGATGGA

RV: TGACTGAACATTGGGCACAC

DQ206432.1 Lymnaea stagnalis heat-shock protein 70 
LymHSP70

199 bp (134–333) FW: AGGCAGAGATTGGCAGGAT

RV: CCATTTCATTGTGTCGTTGC

AY571900.1 Lymnaea stagnalis NMDA-type glutamate receptor 
subunit 1 LymGRIN1

140 bp (831–917) FW: AGAGGATGCATCTACAATTT

RV: CCATTTACTAGGTGAACTCC

AB041522.1 Lymnaea stagnalis cAMP-responsive element-
binding protein LymCREB1

180 bp (49–229) FW: GTCAGCAGGGAATGGTCCTG

RV: ACCGCAGCAACCCTAACAA

Note: For each target, the accession number and the size (bp) of the PCR product obtained by the amplification of the cDNA (mRNA) are given.
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    |  7 of 20RIVI et al.

3.2  |  Experiment 1: The exposure to carnosine 
100 μM and 1 mM does not affect snails' feeding 
behavior, whereas the exposure to carnosine 10 mM 
results in significant suppression of feeding

In Experiment 1, we investigated whether exposure to 100 μM, 
1 mM, or 10 mM carnosine for 1 h would affect snails' feeding be-
havior. We first ascertained that the repeated handling procedure 
(i.e., from the home aquaria to the Petri dish where the feeding 
behavior was recorded and back, and from the home aquaria to 
the beaker used for the treatment and back) would not affect 
snails' feeding behavior. Thus, in a naïve cohort of eight snails, we 
measured the number of rasps elicited by a “familiar taste,” let-
tuce slurry, 1 h before and 3 and 24 h after the exposure to artifi-
cial pond water (20°C) (Figure 1a). We found that the response to 
the lettuce slurry was not affected by the handling of snails (RM 
ANOVA, F[1.678, 11.74] = .014, p = .971), as no significant differ-
ences in the number of rasps elicited by the lettuce slurry were 
found. Then, the effect of this behavior of three different doses of 
carnosine was evaluated.

Eight snails per group were exposed for 1 h to either 100 μM, 
1 mM, or 10 mM carnosine in their home aquaria. For all the an-
imals, the number of rasps elicited by the lettuce slurry was re-
corded for 2 min, 1 h before, 3 h, and 24 h after the treatment with 
carnosine. We found that the response to the lettuce slurry was 
not affected by the exposure to lower doses of carnosine (100 μM) 
(RM one-way ANOVA, F[1.760, 12.32] = .573, p = .551 for 100 mM 
and F[1.630, 11.41] = 1.762, p = .211 for 1 mM), as no significant dif-
ferences were found in the number of rasps elicited by the lettuce 
slurry 1 h before and 3 h and 24 h after the treatment (Figure 1b,c). 
A main effect of the treatment was found after exposing snails to 
10 mM carnosine (RM ANOVA, F[1.104, 7.729] = 21.38, p = .002). 
In particular, Tukey's post hoc analysis revealed a significant re-
duction in the number of rasps elicited by the lettuce slurry 3 h 
after the exposure to carnosine compared to that recorded be-
fore (p = .007). When we recorded the number of rasps elicited by 
the lettuce slurry 24 h postcarnosine 10 mM exposure, we found 
that snails returned to normal feeding as no significant differences 
were found in the number of rasps elicited by the lettuce slurry 1 h 
before and 24 h after the exposure to carnosine 10 mM (p = .0002) 
(Figure 1d).

3.3  |  Experiment 2: Memory effects of different 
doses of carnosine

In Experiment 2, we investigated the possible memory-enhancing 
effects induced by different doses of carnosine in snails trained 
using the operant conditioning of aerial respiration procedure 
(Lukowiak et al., 1996). First, we wanted to confirm that a single 
.5-h TS only resulted in 3 h lasting memory (i.e., ITM), but was 
not sufficient to cause LTM to form. Thus, in a naïve cohort of 
snails (N = 16) in artificial pond water, snails received a single .5-h 

TS. Memory was then tested for 3 h (N = 8; MT 3 h) and 24 h later 
(N = 8; MT 24 h). A main effect of the training procedure was found 
(one-way ANOVA, F[2, 29] = 22.33, p < .0001). Tukey's post hoc 
test revealed a significant reduction in the number of attempted 
pneumostome openings between TS and MT at 3 h (p < .0001), 
consistent with ITM formation. However, consistent with previ-
ous studies (Rivi, Batabyal, Benatti, et  al.,  2022), a significant 
reduction was not found between TS and MT at 24 h (p = .764), 
indicative that LTM did not form (Figure 2a). We next tested three 
different concentrations of carnosine (100 μM, 1 mM, and 10 mM) 
in naïve cohorts of snails in the operant conditioning of aerial res-
piration procedure. For each dose, a cohort of naïve snails (N = 16) 
was exposed to carnosine for 1 h and then trained 3 h later in pond 
water with a .5-h TS. In each cohort, half of the snails (N = 8) ITM 
were tested 3 h later (MT 3 h), and the remaining cohort (N = 8) 24 h 
later (MT 24 h). In Figure 2b, the lowest dose of carnosine (100 μM) 
was used. A one-way ANOVA revealed a main effect of the train-
ing procedure (F[2, 29] = 13.45, p = .0001). In the 3-h MT (MT 3 h), 
a significant reduction (p < .001) in the number of attempted pneu-
mostome openings between was found; however, these snails did 
not form LTM, as the number of attempted openings in the 24 h 
MT (MT 24 h) was not significantly reduced (p = .732). Thus, the 
exposure to 100 μM carnosine for 1 h did not block ITM formation, 
but also did not enhance LTM formation.

Similarly (Figure  2c), a carnosine concentration of 1 mM was 
used and the obtained results were different from the outcome with 
100 μM carnosine. That is, with pretreatment with 1 mM carnosine, 
ITM formation occurred, but so did LTM formation (Figure  2c). A 
main effect of the training procedure was found for the 1 mM dose 
(ANOVA, F[2, 29] = 22.39, p < .0001). Tukey's post hoc test revealed 
a significant reduction in the number of attempted pneumostome 
openings at the 3-h MT (MT 3 h; p = .0001). That is, ITM was formed. 
Moreover, these snails also showed LTM as MT 24 h was significantly 
less than TS (p < .0001). Thus, in snails exposed to 1 mM carnosine 
enhancement of LTM formation was shown.

Finally, we examined the effect produced by the highest concen-
tration of carnosine used (i.e., 10 mM; Figure 2d). With this concen-
tration of carnosine, neither ITM nor LTM formed. That is an ANOVA 
followed by Tukey's post hoc test showed that no memory formation 
occurred following the operant-conditioning training procedure (F[2, 
29] = 1.31, p = .293; TS vs. MT 3 h and MT 24 h, respectively, p = .944 
and .221) later. Having shown that a carnosine concentration of 
1 mM enhanced LTM formation, we next determined (Figure 3) if the 
enhancement also resulted in a longer lasting LTM. Thus, a naïve co-
hort (N = 7) was first exposed to 1 mM carnosine for 1 h and 3 h later 
was trained with a .5-h TS. A MT (MT 48 h) was performed 48 h later 
and no significant difference in the number of attempted pneumos-
tome openings between TS and the 48-h MT was found (t = 2.20, 
df = 6, p = .072). Thus, the exposure to carnosine 1 mM for 1 h before 
the TS resulted in an LTM lasting at least 24 h, but not 48 h (Figure 3). 
Based on these data, we focused our attention on the behavioral 
and transcriptional effects induced by the exposure to 1 mM of car-
nosine in snails' central ring ganglia.
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8 of 20  |     RIVI et al.

F I G U R E  1 Exposure to 100 μM or 1 mM carnosine does not affect snails' feeding behavior, whereas exposure to 10 mM carnosine causes 
a significant suppression of feeding. The timeline for the experiment is presented above the data. The number of rasps elicited by the lettuce 
slurry (L) was recorded in a naïve cohort of eight snails 1 h before (closed circles) and 3 and 24 h after (open circles) the exposure to artificial 
pond water (a), 100 μM carnosine (b), 1 mM carnosine (c), and 10 mM carnosine (d). Comparisons were performed using RM ANOVA followed 
by Tukey's post hoc test. The solid line is the mean and the error bars are the SEM. ***p < .001; **p < .01.
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    |  9 of 20RIVI et al.

3.4  |  Experiment 3: Behavioral effects induced 
by carnosine, LPS, and their paired presentation on 
snails' aerial respiration

We previously demonstrated that injecting snails with LPS altered 
their homeostatic aerial respiratory behavior in hypoxic pond water 
for at least 24 h, suggesting that the observed significant increase 
in TBT following the LPS injection was consistent with the hypoth-
esis that the LPS injection resulted in sickness state (Rivi, Batabyal, 
Benatti, et  al., 2022). In Experiment 3 (Figure  4), we investigated 
whether exposing snails to carnosine for 1 h would prevent the 

LPS-induced sickness state as evidenced by a significant increase in 
TBT in hypoxic conditions.

Thus, in a naïve cohort of snails (N = 7), we recorded the TBT 
in hypoxic artificial pond water for .5 h. One hour later, snails 
were injected with 25 mg of LPS, and 4 h later the TBT was again 
recorded.

A significant increase in the TBT (t = 5.33, df = 6, p = .002) was 
found (Figure 4a). These data confirm the earlier findings that the 
LPS injection significantly increased TBT. Next, we asked whether 
exposure to 1 mM carnosine for 1 h altered TBT in hypoxic pond 
water.

F I G U R E  2 Effects of different doses of carnosine on memory formation for the operant conditioning of aerial respiration. The timeline 
for each experiment is presented above the data. Snails (N = 16 for each group) were exposed to either artificial pond water (a), 100 μM 
carnosine (b), 1 mM (c), and 10 mM (d) for 1 h and, 3 h later, were trained with a .5-h training session (TS—black circles). In eight snails, ITM 
was tested 3 h later (MT 3 h—white circles) and in the remaining eight snails, LTM was tested 24 h post-training (MT 24 h—black squares). 
Memory was formed when a significant reduction in the number of attempted pneumostome openings was found between TS and MT. 
Comparisons were made by RM ANOVA followed by Tukey's post hoc test. The solid line is the mean and the error bars are the SEM. 
****p < .01; ***p < 0.01; ns = not significant as p > .05.
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10 of 20  |     RIVI et al.

Exposure to carnosine did not significantly alter TBT (t = .27, df = 6, 
p = .793; Figure 4b). Finally, we assessed the effect of the combination 
of 1 mM carnosine exposure followed by the LPS injection on TBT in 
another naïve cohort of snails (N = 7; Figure 4c). As can be seen, the 
exposure to carnosine mitigated the effect that LPS had on TBT. That 
is, where previously LPS significantly increased TBT, now the LPS injec-
tion had no discernable effect on TBT in hypoxic pond water (t = 1.18, 
df = 6, p = .281). Thus, these data are consistent with the hypothesis 
that exposure to carnosine prevented the sickness state induced by LPS 
(Figure 4c).

3.5  |  Experiment 4: Transcriptional effects induced 
by carnosine, LPS, and their paired presentation in 
snails' central ring ganglia

We next ascertained the transcriptional effects induced by carnos-
ine, LPS, and their paired presentation on the expression levels of key 
targets involved in the immune and stress response (i.e., LymTLR4, 
LymMDM, and LymHSP70) and neuroplasticity (LymGRIN1 and 
LymCREB1) in snails' central ring ganglia. A main effect of the treat-
ments was observed (Figure  5a–c) for LymTLR4 (F[3, 24] = 46.86, 
p < .001), LymMDM (F[3, 24] = 7.65, p = .0009), and LymHSP70 
(F[3, 24] = 18.45, p < .0001). Tukey's post hoc multiple comparison 
tests showed significant upregulation of the expression levels of 
these targets in LPS-injected snails compared to the other groups 
(LymTLR4: p < .0001, for all; LymMDM: LPS vs. saline: p = .0075, vs. 
carnosine: p = .004, vs. carnosine before LPS: p = .0016; LymHSP70: 

F I G U R E  3 When tested 48 h post-training, snails exposed to 
1 mM carnosine before training did not show LTM. The timeline 
for the experiment is presented above the data. Seven naïve snails 
were exposed to carnosine 1 mM for 1 h, and 3 h later were trained 
with a .5-h training session (TS—black circles). When LTM was 
tested 48 h later (MT 48 h—white squares), no significant reduction 
was found. Comparisons were made by paired t test. The solid line 
is the mean and the error bars are the SEM. ns = not significant as 
p > .05.

F I G U R E  4 Exposure to 1 mM carnosine before the LPS injection prevents the LPS-induced sickness status. The timeline for the 
experiment is presented above the data. The total breathing time (TBT) was recorded 1 h before and 4 h after the LPS injection (a), the 
exposure to carnosine 1 mM (b), and the exposure to 1 mM carnosine followed by the LPS injection (c). The solid line is the mean and the 
error bars are the SEM. Comparisons were made by paired t test. **p < .01; ns = not significant as p > .05.
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    |  11 of 20RIVI et al.

LPS vs. saline: p < .0001, vs. carnosine: p = .0002, vs. carnosine be-
fore LPS: p < .0001). No significant differences were found between 
snails injected with saline, those exposed to only carnosine, and 
those exposed to carnosine before the LPS injection (LymTLR4: sa-
line vs. carnosine: p = .682, saline vs. carnosine before LPS: p = .997, 
carnosine vs. carnosine before LPS: p = .534; LymMDM: saline vs. 
carnosine: p = .999, saline vs. carnosine before LPS: p = .911, carno-
sine vs. carnosine before LPS: p = .971; LymHSP70: saline vs. car-
nosine: p = .981, saline vs. carnosine before LPS: p = .451, carnosine 
vs. carnosine before LPS: p = .258). We also examined two different 
neuroplasticity targets: LymGRIN1 and LymCREB1 (Figure 5d,e). No 
main effects of the treatment were observed for these neuroplas-
ticity targets: LymGRIN1 (F[3, 24] = 1.57, p = .222) and LymCREB1 
(F[3, 24] = .098, p = .961) (Figure 5d,e). Thus, our data suggest that 
exposure to 1 mM carnosine for 1 h before the LPS injection pre-
vents the LPS-induced upregulation of key targets involved in im-
mune (LymTLR4 and LymMDM) and stress (LymHSP 70) responses, 
but did not cause significant upregulation of two neuroplasticity 
targets.

3.6  |  Experiment 5: Behavioral and transcriptional 
effects induced by carnosine exposure before LPS 
injection on snails' memory abilities

We previously demonstrated that exposure to LPS 3 h before the 
single .5 h TS for the operant conditioning of aerial respiration ob-
structs memory formation (Rivi, Batabyal, Benatti, et  al.,  2022). 
Experiment 5 was performed to investigate—both at the behavioral 
and transcriptional levels—whether the exposure to 1 mM carnos-
ine for 1 h before the LPS injection would prevent the LPS-induced 
memory impairment (Figure 6). Consistent with our previous studies 
(Rivi, Batabyal, Benatti, et al., 2022), we first showed (Figure 6a) that 
the injection of snail saline into a naïve cohort of snails (N = 7) 3 h 
before the .5 h TS did not prevent the ability of snails to form ITM 
(t = 6.97, df = 6, p = .0004).

We then showed (Figure 6b) that ITM was blocked (i.e., no signifi-
cant difference in the number of attempted openings in MT 3 h com-
pared to TS) if a cohort of naïve snails (N = 7) were injected with LPS 
injection 3 h before the .5 h TS (t = .00001, df = 6, p > .999). Again, 

F I G U R E  5 Transcriptional effects induced by LPS injection, 1 mM carnosine exposure, and their paired presentation in snails' central ring 
ganglia. The expression of LymTLR4 (a), LymMDM (b), LymHSP70 (c), LymGRIN1 (d), and LymCREB1 (e) has been measured in the central ring 
ganglia of snails injected with snail saline (white bars), snails injected with LPS (black bars), snails exposed to 1 mM carnosine for 1 h (pink 
bars), and snails exposed to 1 mM carnosine for 1 h before the LPS injection (pink bars with black diagonals). Three hours later, snails were 
sacrificed, the central ring ganglia were dissected, and the RNA was extracted. The mRNA levels were analyzed by real-time PCR. N = 7 
for each group. Data are represented as means ± SEM and were analyzed with one-way ANOVA followed by Tukey's post hoc analyses. 
****p < .0001, ***p < .001, **p < .01.
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12 of 20  |     RIVI et al.

the data shown in Figure  6a,b are consistent with previous find-
ings. Next, we investigated whether exposure to 1 mM carnosine 
in a naïve cohort of snails (N = 7) altered ITM formation (Figure 6c). 
These data show that ITM formed; that is, there was a significant 
reduction of attempted openings in the MT (MT 3 h) compared to TS 
(t = 11.51, df = 6, p < .0001).

Finally, we investigated whether the exposure to 1 mM carnosine 
prevented the memory-obstructing effects caused by LPS. Thus, a 
naïve cohort of snails (N = 7) was exposed to 1 mM carnosine for 1 h 
and then immediately the snails were injected with LPS. The sin-
gle  .5-h TS was performed 3 h later (Figure 6d). Snails treated in this 
manner exhibited ITM; that is, there was a significant decrease in the 
number of attempted openings in MT 3 h compared to TS (t = 4.03, 
df = 6, p = .007). Thus, 1 mM carnosine prevented the memory block 
due to a sickness state brought about by the immune challenge 
evoked by the LPS injection. As shown in Figure 7, after each of the 

behavioral experiments shown in Figure 6 (i.e., immediately after MT 
3 h), the snails were sacrificed and we examined the transcriptional 
effects in the central ring ganglia induced by the respective treat-
ments on the expression levels of LymTLR4, LymMDM, LymHSP70, 
LymGRIN1, and LymCREB1. First, we examined the expression lev-
els of transcripts (LymTLR4 and LymMDM) associated with the im-
mune response (Figure 7a,b).

A one-way ANOVA followed by Tukey's post hoc test showed a 
main effect of the behavioral procedure on the expression levels of 
LymTLR4 (F[3, 24] = 13.34, p < .0001) and LymMDM (F[3, 24] = 15.40, 
p < .0001). These data are similar to the data shown in untrained 
snails (Figure 5); that is, the injection of LPS exposure induced signif-
icant upregulation of the mRNA levels of these targets compared to 
the other groups (LymTLR4: LPS vs. saline: p = .0008, vs. carnosine: 
p < .0001, vs. carnosine before LPS: p = .0016; LymMDM: LPS vs. 
saline: p = .0001, vs. carnosine: p < .0001, vs. carnosine before LPS: 

F I G U R E  6 Behavioral effects induced by LPS injection, 1 mM carnosine exposure, and their paired presentation on memory formation 
for the operant conditioning of aerial respiration. The timeline for each experiment is presented above the data. Snails (N = 7 for each group) 
were injected with snail saline (a) and LPS (b), were exposed to 1 mM carnosine for 1 h (c), or were exposed to 1 mM carnosine for 1 h and 
then injected with LPS (d), and 3 h later, were trained with a .5-h training session (TS—black circles). Memory was tested 3 h later (MT 3 h—
white circles). Memory was formed when a significant reduction in the number of attempted pneumostome openings was found between 
TS and MT. The solid line is the mean and the error bars are the SEM. Comparisons were made by paired t test. ****p < .0001; ***p < .001; 
**p < .01; ns = not significant as p > .05.
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p = .0001). No significant differences were found between snails in-
jected with saline, those exposed to carnosine, and those exposed 
to carnosine before the LPS injection (LymTLR4: saline vs. carnosine: 
p = .440, saline vs. carnosine before LPS: p = .999, carnosine vs. car-
nosine before LPS: p = .291; LymMDM: saline vs. carnosine: p = .923, 
saline vs. carnosine before LPS: p > .999, carnosine vs. carnosine be-
fore LPS: p = .912).

Similarly, as shown in Figure  7c, the expression levels of 
LymHSP70 were upregulated (F[3, 24] = 45.11, p < .0001) in snails in-
jected with LPS compared to the other groups following the behav-
ioral procedure (p < .0001, for all) (Figure 7c). Again, no significant 
differences were found between snails injected with saline, those 
exposed to carnosine, and those exposed to carnosine before the 
LPS injection (saline vs. carnosine: p = .999, saline vs. carnosine be-
fore LPS: p = .971, carnosine vs. carnosine before LPS: p = .892).

Importantly, a main effect of the operant-conditioning procedure 
was found on the expression levels of LymGRIN1 (F[3, 24] = 13.692, 
p < .0001) (Figure  7d) and LymCREB1 (F[3, 24] = 8.181, p = .0006) 
(Figure 7e). Specifically, Tukey's multiple post hoc comparison test 
showed a significant upregulation of the expression levels of these 
targets only in snails exposed to 1 mM carnosine compared to the 
other groups (LymGRIN1: carnosine vs. saline: p = .0003, vs. LPS: 
p < .0001, vs. carnosine before LPS: p = .0008; LymCREB1: car-
nosine vs. saline: p = .0008, vs. LPS: p = .003, vs. carnosine before 
LPS: p = .011). No significant differences were found between snails 
injected with saline, those injected with LPS, and those exposed 
to carnosine before the LPS injection (LymGRIN1: saline vs. LPS: 
p = .792, saline vs. carnosine before LPS: p = .971, LPS vs. carnosine 
before LPS: p = .53; LymCREB1: saline vs. LPS: p = .949, saline vs. car-
nosine before LPS: p = .689, LPS vs. carnosine before LPS: p = .94).

F I G U R E  7 Transcriptional effects induced by LPS injection, 1 mM carnosine exposure, and their paired presentation in the central 
ring ganglia of snails trained for the operant conditioning of aerial respiration. The expression of LymTLR4 (a), LymMDM (b), LymHSP70 
(c), LymGRIN1 (d), and LymCREB1 (e) has been measured in the central ring ganglia of snails injected with snail saline (white bars), snails 
injected with LPS (black bars), snails exposed to 1 mM carnosine for 1 h (pink bars), and snails exposed to 1 mM carnosine for 1 h before 
the LPS injection (pink bars with black diagonals). Three hours after the treatments, snails were trained for the operant conditioning of 
aerial respiration with a .5-h training session and 3 h later the memory test was performed. Immediately after the memory test, snails 
were sacrificed, the central ring ganglia were dissected, and the RNA was extracted. The mRNA levels were analyzed by real-time PCR. 
N = 7 for each group. Data are represented as means ± SEM and were analyzed with one-way ANOVA followed by Tukey's post hoc test. 
****p < .0001, ***p < .001, **p < .01, *p < .05.
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4  |  DISCUSSION

In this study, we used our well-grounded model system, the pond 
snail L. stagnalis, along with a well-understood associative learning 
procedure (i.e., operant conditioning of aerial respiration) to investi-
gate the possible memory-enhancing and anti-inflammatory proper-
ties of carnosine. Carnosine is an endogenous dipeptide found in the 
brain and muscle (Cheng et al., 2011; Chez et al., 2002; De Marchis 
et  al.,  1997; Derave & Sale 2012; Fedorova et  al.,  2006, 2009, 
2017), and is available as an over-the-counter food supplement 
(KL, personal observations). It is thought to possess potent antioxi-
dant and anti-inflammatory properties, as well as neuroprotective 
benefits that may improve brain function (e.g., cognitive ability; 
Ahshin-Majd et al., 2016; Feng et al., 2009; Flancbaum et al., 1990; 
Kubota et al., 2020; Ma et al., 2012; Masuoka et al., 2019; Ouyang 
et al., 2016; Prokopieva et al., 2016).

As well, it may also play a role in the downregulation of medi-
ators related to inflammation (Kubota et  al., 2020), as well as the 
modulation of the release of molecules implicated in the pathophys-
iology of cognitive impairment by microglia (Caruso et  al.,  2019; 
Fresta et al., 2020; Gallant et al., 2000; Hipkiss et al., 1997; Hobart 
et al., 2004; Kulikova et al., 2016; Lopachev et al., 2016; Mehrazad-
Saber et al., 2018; Rajanikant et al., 2007; Rokicki et al., 2015).

Here, we first demonstrated that carnosine is present in the 
ganglia of L. stagnalis at a concentration of .0035 μM/μg protein. 
Carnosine has been identified in the muscles of some inverte-
brates such as crabs (Cameron, 1989). While no previous report on 
the CNS of invertebrates is available, in the mouse brain carnosine 
concentration is usually ∼.1 mM or lower (Boldyrev et al., 2013; Jain 
et al., 2020).

To determine if carnosine could play any role in the modulation 
of the immune system of the snail or impact cognitive ability, we 
first had to determine a concentration of carnosine that did not neg-
atively impact important homeostatic behavior such as feeding but 
one that had a positive effect on cognition. We thus examine a range 
of carnosine concentrations (100 μM, 1 mM, or 10 mM carnosine). 
We first found that the exposure of snails to 100 μM carnosine for 
1 h did not enhance LTM formation, whereas the exposure to 10 mM 
carnosine affected snails' feeding behavior and blocked learning and 
memory formation.

These data suggest that a dose of 100 μM is too low to induce any 
effect on snails' neuroplasticity, whereas 10 mM may be perceived 
as too high by snails, to which they respond by suppressing their 
feeding behavior. On the other hand, snails exposed to 1 mM car-
nosine for 1 h showed enhanced LTM for the operant conditioning of 
aerial respiration lasting for at least 24 h, but not 48 h. This is not sur-
prising, as different studies are showing the importance of the selec-
tion of a specific concentration of carnosine in the models employed 
to obtain the maximal therapeutic effects. In particular, carnosine 
at the concentration of 20 mM, representing the gold standard in in 
vitro studies, and being the highest carnosine concentration at tis-
sue levels, is more effective in murine models, while decreased cell 

viability and induced molecular alterations in human microglial cells 
(where 10 mM was instead protective) (Privitera et al., 2023). These 
results are also consistent with those obtained with other bioactive 
compounds, including the flavonoids quercetin and epicatechin (Rivi 
et al., 2022; Rivi, Batabyal, Benatti, Tascedda, et al., 2023e), further 
showing that L. stagnalis represents a well-founded model organism 
in which to investigate the effects of various compounds and mole-
cules on learning and memory formation.

Importantly, we found that the pre-exposure to 1 mM carnosine 
before the LPS injection prevented the LPS effects both at the be-
havioral and molecular levels. Consistent with our previous studies 
(Rivi, Batabyal, Lukowiak, Benatti, et al., 2023), we found that the 
LPS injection induced a significant increase in the TBT (indicative of 
a sickness state). These data are also consistent with those of many 
mammalian studies showing that systemic inflammation affects 
sensory receptors that modulate breathing and can trigger inflam-
matory responses in the CNS, affecting various behaviors and cog-
nition (Zhao et al., 2019). Moreover, many human clinical conditions 
associated with inflammation are characterized by strong activation 
of the respiratory control circuits which increase breathing to com-
pensate for and maintain adequate ventilation (Hocker et al., 2017; 
Kugelberg, 2014; Peña-Ortega, 2019; Zwaag et al., 2022).

Therefore, our data suggest that in snails as in mammals, the in-
creased aerial respiration following the LPS injection may be indica-
tive of inflammatory/sickness status (Hocker et al., 2017; Saarentaus 
et al., 2023; Tzani et al., 2010). The ability of carnosine to counteract 
LPS-induced molecular alterations in numerous in vitro and in vivo 
studies has also been well documented (Caruso et al., 2019; Fresta 
et al., 2020; Ma et al., 2020; Tanaka et al., 2017).

Here, we also replicated many of our previous findings showing 
that injecting snails with LPS before a .5-h TS for the operant con-
ditioning of aerial respiration blocks learning and memory formation 
(Rivi, Batabyal, Benatti, et al., 2022) Complementary to that finding, 
we found that at 3 h post-LPS injection, homeostatic respiration (i.e., 
TBT) is significantly increased due to the sickness state, suggesting 
that being sick at the time of training could either impair learning 
and/or obstruct memory formation.

Those behavioral data were congruent with our gene expression 
analyses, showing that the LPS injection upregulated the expression 
levels of LymTLR4 and LymMDM in snails' central ring ganglia, which 
are key mediators of the immune response (Rivi, Batabyal, Lukowiak, 
Benatti, et al., 2023). These data are also consistent with previous 
studies from mammals (including humans), showing that the stimula-
tion of TLR4 by LPS induces the release of critical proinflammatory 
cytokines that are necessary for inducing a strong immune re-
sponse, triggering sickness behavior (Dantzer, 2009). Furthermore, 
we found that the LPS injection induced a significant upregulation 
of LymHSP70, which plays a key role in stress response, suggesting 
that the LSP injection not only created a sickness status, but also 
acted as a stressor. On the other hand, 1 mM carnosine was effec-
tive in preventing the effects of LPS on snails' cognitive functions 
and respiratory rate. That is, when the LPS injection was preceded 
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by exposure to 1 mM carnosine snails exhibited normal homeostatic 
aerial respiration in a hypoxic environment and formed ITM follow-
ing a single .5-h TS.

Although 1 mM carnosine per se did not affect the expression 
levels of LymTLR4, LymMDM, and LymHSP70, when 1 mM carnosine 
preceded the LPS injection, the LPS-induced upregulation of these 
targets was prevented. These data suggest that carnosine, by block-
ing LPS-induced activation of LymTLR4, LymMDM, and LymHSP70, 
may prevent downstream immune signaling in the nervous system 
and suppress the inflammatory cascade, the inflammatory state, and 
therefore, behaviorally, the sickness behavior and the memory block 
induced by LPS.

The suppression of the upregulation of TLR4 in the central 
ring ganglia of LPS-treated snails is in agreement with the ability 
of carnosine to downregulate the expression of this mediator of 
inflammation in an in vitro model of Parkinson's disease (Kubota 
et  al.,  2020), while the negative regulation of LymMDM, an Ig-
superfamily member linked to effective immune response and 
survival (Hoek et al., 1996), is in line with the decreased response 
of immune cells such as macrophages (Caruso et al., 2019; Fresta 
et al., 2020) and microglia (Fleisher-Berkovich et al., 2009) under 
proinflammatory conditions (e.g., LPS stimulation). In a recent 
study, carnosine has also been shown to be able to downregu-
late HSP70 oxidative stress response marker in zebrafish larvae 
(Caruso et  al.,  2023), and this ability was also demonstrated in 
LPS-treated snails.

Finally, we found that while exposing snails to carnosine 1 mM 
alone did not induce any significant effect on the expression levels of 
targets for neuroplasticity (i.e., LymGRIN1 and LymCREB1), expos-
ing snails to carnosine 1 mM for 1 h before the operant-conditioning 
procedure resulted in a significant upregulation of LymGRIN1 and 
LymCREB1. Our data suggest that the memory enhancement in-
duced by 1 mM may be due to the upregulation of these targets 
in the snails' central ring ganglia. With regard to the CREB target, 
the data obtained in snails are corroborated by previous findings 
by Fujii and collaborators (Fujii et al., 2017), showing that carnosine 
activates the CREB pathway, augmenting the expression of CREB-
regulated genes in Caco-2 cells, suggesting that an improvement of 
brain function could be the result of carnosine-induced activation 
of brain–gut interaction (Fujii et al., 2017). Carnosine has also been 
shown to modulate the glutamatergic system by upregulating the 
glutamate transporter 1 and reducing glutamate concentrations in 
the CNS (Ouyang et  al., 2016). The abovementioned data regard-
ing the preclinical efficacy of carnosine on cognitive status are also 
strengthened by a recent systematic review with meta-analysis 
giving preliminary evidence of the clinical efficacy of carnosine 
against cognitive decline in elderly subjects; in the four selected 
double-blind, randomized, placebo-controlled trials considered, the 
administration of carnosine in combination with its methylated an-
alog anserine for 12 weeks, at a dose of 500 mg-1 g/day, was able 
to improve global cognitive function and verbal memory (Caruso 
et al., 2019).

To our knowledge, this is the first—albeit preliminary—study 
showing in an invertebrate model system that the exposure to 
carnosine not only enhances LTM, but can also prevent the LPS-
induced effects both at the transcriptional and behavioral levels. 
Given the interesting results of this study, in the near future, we 
plan to perform proteomic and metabolomic analyses to cor-
relate the effects of carnosine exposure and behavioral proce-
dures on the homeostatic functions in L. stagnalis as well as on 
neuroplasticity.

The results obtained in this study raise several questions.
First, as L. stagnalis possesses an open circulatory system, an 

injection of LPS, as well as exposure to carnosine also affect the 
peripheral nervous system as well as other organs. Consequently, 
in our upcoming set of experiments, we intend to assess and 
compare the expression levels of specific targets across multiple 
tissues. Second, as many conditioning procedures have been val-
idated in L. stagnalis and because this model can form high-order 
forms of learning (Ito et  al.,  1999; Kita et  al., 2011), we plan to 
investigate the ability of carnosine to enhance memory formation 
in snails trained for different learning paradigms conditioned taste 
aversion, Garcia effect, operant conditioning of escape behavior, 
and configural learning.

To date, precise targets of carnosine action within the central 
ring ganglia of snails remain unknown, but represent an intriguing 
avenue for prospective studies. Previous studies demonstrated 
that aerial respiration is controlled by a central pattern generator, 
the neurons of which, as well as the motoneurons innervating the 
pneumostome, have previously been identified and their synaptic 
connections well characterized. In particular, right pedal dorsal 1 
(RPeD1), which starts the activity within the circuit, plays a crucial 
role in memory formation, reconsolidation, and extinction for the 
operant conditioning of aerial respiration (Syed & Winlow,  1991). 
RPeD1 emerges as a pivotal neural component orchestrating vari-
ous hierarchical facets of memory for the operant conditioning of 
aerial respiration (Syed & Winlow, 1991). Having shown in this study 
that exposure to carnosine before training enhances LTM for oper-
ant conditioning of aerial respiration, we asked: is it possible that 
carnosine may exert its effects on RPeD1 neuron? Future studies 
will aim to answer this question.

Finally, as carnosine has proven to prevent the LPS-induced up-
regulation of LymHSP70 mRNA levels, it may likely modulate the 
effects of other stressors, like heat shock, food deprivation, and 
predator scent, which have shown to upregulate the expression lev-
els of LymHSP70. Thus, future experiments will aim to answer this 
question.

Of importance here, this is the first study showing that carnosine 
can prevent the sickness state and memory block induced by LPS in 
an invertebrate model system, opening new avenues of research 
into more detailed studies in mammals to elucidate the neuronal and 
molecular effects of this dietary supplement, as well as its role in 
modulating the complex interaction between the immune system 
and CNS, and the neuroplasticity processes.
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5  |  CONCLUSIONS

In summary, we provide the first evidence of the ability of 1 mM 
carnosine to enhance LTM formation following a single .5-h 
operant-conditioning TS in L. stagnalis. Interestingly, this effect 
was concentration specific as the exposure of snails to 100 μM 
carnosine did not lead to LTM formation, whereas 10 mM car-
nosine negatively affected snails' feeding behavior and blocked 
learning and memory formation. The memory-enhancing effect of 
1 mM carnosine was paralleled by the upregulation of LymGRIN1 
and LymCREB1 (markers of neuroplasticity) in snails' central ring 
ganglia 3 h after the 1 h exposure to carnosine. Carnosine at a 
concentration of 1 mM was also able to prevent the LPS-induced 
upregulation of LymTLR4, LymMDM, and LymHSP70 (mark-
ers of immune response and inflammatory state) in the central 
ring ganglia of snails and, behaviorally, counteract the sickness 
status and reversed the memory block induced by the immune 
challenge.

Despite its considerable evolutionary distance from humans, 
L. stagnalis exhibits both molecular and behavioral characteristics 
that make it a versatile model for investigating the pharmacological 
impacts of carnosine, paving the way for future studies in mam-
mals aimed at further exploring the therapeutic potential of car-
nosine as a new pharmacological tool in the context of cognitive 
disorders characterized by immune overactivation and inflamma-
tion. From an ethical point of view, the use of snail models will limit 
as much as possible the use of mammals in preclinical studies and 
allow mammals to be involved only for the validation of the results 
obtained from invertebrates. This will reduce by several orders of 
magnitude the costs of numerous studies. Thus, L. stagnalis offers 
a translational approach that may help gain important knowledge 
and comprehension in the field of Translational Neuroscience and 
Pharmacology.

DECL AR ATION OF TR ANSPARENC Y
The authors, reviewers and editors affirm that in accordance to the 
policies set by the Journal of Neuroscience Research, this manuscript 
presents an accurate and transparent account of the study being re-
ported and that all critical details describing the methods and results 
are present.

AUTHOR CONTRIBUTIONS
Conceptualization, C.B. and G.C.; Methodology, V.R. and S.A.; 
Investigation, V.R.; Validation, V.R.; Formal analysis, V.R. and C.B.; 
Resources, F.T., K.L., J.M.C.B., G.C., and C.B.; Supervision, C.B.; 
Writing—original draft, V.R., C.B., and G.C.; Writing—review & editing, 
K.L., S.A., F.T., L.P., J.M.C.B., and F.C.; Visualization, J.M.C.B., F.T. and 
F.C.; Funding acquisition, F.T., L.P., and C.B.

ACKNOWLEDG MENTS
Funding for the project was: “FAR2023_Ricerca diffusa” provided 
by the Department of Biomedical, Metabolic and Neural Sciences, 
University of Modena and Reggio Emilia to L.P. and C.B. and 

“FAR2023” provided by the Department of Life Sciences, University 
of Modena and Reggio Emilia to F.T.

CONFLIC T OF INTERE S T S TATEMENT
All authors declare that they have no known or potential conflict of 
interest, including financial, personal, or other relationships, which 
could inappropriately influence or be perceived to influence the 
work presented here.

PEER RE VIE W
The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1002/​jnr.​
25371​.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Veronica Rivi   https://orcid.org/0000-0002-8413-4510 
Giuseppe Caruso   https://orcid.org/0000-0003-1571-5327 
Filippo Caraci   https://orcid.org/0000-0002-9867-6054 
Silvia Alboni   https://orcid.org/0000-0002-2332-3166 
Fabio Tascedda   https://orcid.org/0000-0002-3422-004X 
Ken Lukowiak   https://orcid.org/0000-0001-9028-1931 
Johanna M. C. Blom   https://orcid.org/0000-0002-4974-1964 
Cristina Benatti   https://orcid.org/0000-0003-0236-9525 

R E FE R E N C E S
Afshin-Majd, S., Khalili, M., Roghani, M., Mehranmehr, N., & 

Baluchnejadmojarad, T. (2015). Carnosine exerts neuroprotective 
effect against 6-hydroxydopamine toxicity in hemiparkinsonian rat. 
Molecular Neurobiology, 51, 1064–1070.

Ahmad, M. A., Kareem, O., Khushtar, M., Akbar, M., Haque, M. R., Iqubal, 
A., Haider, M. F., Pottoo, F. H., Abdulla, F. S., Al-Haidar, M. B., & 
Alhajri, N. (2022). Neuroinflammation: A potential risk for demen-
tia. International Journal of Molecular Sciences, 23, 616.

Ahshin-Majd, S., Zamani, S., Kiamari, T., Kiasalari, Z., Baluchnejadmojarad, 
T., & Roghani, M. (2016). Carnosine ameliorates cognitive deficits 
in streptozotocin-induced diabetic rats: Possible involved mecha-
nisms. Peptides, 86, 102–111.

Aloisi, A., Barca, A., Romano, A., Guerrieri, S., Storelli, C., Rinaldi, R., & 
Verri, T. (2013). Anti-aggregating effect of the naturally occurring 
dipeptide carnosine on a beta 1-42 fibril formation. PLoS One, 8, 
e68519.

Amorim, J., Abreu, I., Rodrigues, P., Peixoto, D., Pinheiro, C., Saraiva, A., 
Carvalho, A. P., Guimarães, L., & Oliva-Teles, L. (2019). Lymnaea 
stagnalis as a freshwater model invertebrate for ecotoxicological 
studies. Science of the Total Environment, 669, 11–28.

Audesirk, G., Audesirk, T. M., Caman, R. E., & Ono, J. K. (1985). Evidence 
for genetic influences on neurotransmitter content of identi-
fied neurones of Lymnaea stagnalis. Comparative Biochemistry and 
Physiology Part C: Comparative Pharmacology, 81, 57–60.

Bae, O. N., & Majid, A. (2013). Role of histidine/histamine in carnosine-
induced neuroprotection during ischemic brain damage. Brain 
Research, 1527, 246–254.

Bae, O. N., Serfozo, K., Baek, S. H., Lee, K. Y., Dorrance, A., Rumbeiha, 
W., Fitzgerald, S. D., Farooq, M. U., Naravelta, B., Bhatt, A., & 

 10974547, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25371 by C

ochraneItalia, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/jnr.25371
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/jnr.25371
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/jnr.25371
https://orcid.org/0000-0002-8413-4510
https://orcid.org/0000-0002-8413-4510
https://orcid.org/0000-0003-1571-5327
https://orcid.org/0000-0003-1571-5327
https://orcid.org/0000-0002-9867-6054
https://orcid.org/0000-0002-9867-6054
https://orcid.org/0000-0002-2332-3166
https://orcid.org/0000-0002-2332-3166
https://orcid.org/0000-0002-3422-004X
https://orcid.org/0000-0002-3422-004X
https://orcid.org/0000-0001-9028-1931
https://orcid.org/0000-0001-9028-1931
https://orcid.org/0000-0002-4974-1964
https://orcid.org/0000-0002-4974-1964
https://orcid.org/0000-0003-0236-9525
https://orcid.org/0000-0003-0236-9525


    |  17 of 20RIVI et al.

Majid, A. (2013). Safety and efficacy evaluation of carnosine, an 
endogenous neuroprotective agent for ischemic stroke. Stroke, 
44, 205–212.

Bakardjiev, A. (1998). Carnosine and beta-alanine release is stimulated 
by glutamatergic receptors in cultured rat oligodendrocytes. Glia, 
24, 346–351.

Batabyal, A., Rivi, V., Benatti, C., Blom, J. M. C., Tascedda, F., & Lukowiak, 
K. (2024). 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. Comparative Biochemistry and Physiology 
Part C: Toxicology & Pharmacology, 276, 109805.

Bauer, K., Hallermayer, K., Salnikow, J., Kleinkauf, H., & Hamprecht, 
B. (1982). Biosynthesis of carnosine and related peptides by glial 
cells in primary culture. The Journal of Biological Chemistry, 257, 
3593–3597.

Bellia, F., Vecchio, G., Cuzzocrea, S., Calabrese, V., & Rizzarelli, E. (2011). 
Neuroprotective features of carnosine in oxidative driven diseases. 
Molecular Aspects of Medicine, 32, 258–266.

Benjamin, P. R. (1983). Gastropod feeding: Behavioural and neural analy-
sis of a complex multicomponent system. Symposia of the Society for 
Experimental Biology, 37, 159–193.

Berezhnoy, D. S., Fedorova, T. N., Stvolinskii, S. L., & Inozemtsev, A. N. 
(2016). Carnosine modulates oxidative homeostasis and levels of 
neurotransmitters in the brain in models of learning with positive 
and negative reinforcement. Neurochemical Journal, 10, 273–279.

Berezhnoy, D. S., Stvolinsky, S. L., Lopachev, A. V., Devyatov, A. A., 
Lopacheva, O. M., Kulikova, O. I., Abaimov, D. A., & Fedorova, T. N. 
(2019). Carnosine as an effective neuroprotector in brain pathology 
and potential neuromodulator in normal conditions. Amino Acids, 
51, 139–150.

Boldyrev, A., Bulygina, E., Leinsoo, T., Petrushanko, I., Tsubone, S., & 
Abe, H. (2004). Protection of neuronal cells against reactive ox-
ygen species by carnosine and related compounds. Comparative 
Biochemistry and Physiology. Part B, Biochemistry & Molecular 
Biology, 137, 81–88.

Boldyrev, A. A., Aldini, G., & Derave, W. (2013). Physiology and 
pathophysiology of carnosine. Physiological Reviews, 93(4), 
1803–1845.

Boldyrev, A. A., & Severin, S. E. (1990). The histidine-containing dipep-
tides, carnosine and anserine: Distribution, properties and biologi-
cal significance. Advances in Enzyme Regulation, 30, 175–194.

Boldyrev, A. A., Stvolinskii, S. L., & Fedorova, T. N. (2007). Carnosine: 
Endogenous physiological corrector of antioxidative system activ-
ity. Uspekhi Fiziologicheskikh Nauk, 38, 57–71.

Boldyrev, A. A., Stvolinsky, S. L., Tyulina, O. V., Koshelev, V. B., Hori, N., 
& Carpenter, D. O. (1997). Biochemical and physiological evidence 
that carnosine is an endogenous neuroprotector against free radi-
cals. Cellular and Molecular Neurobiology, 17, 259–271.

Bonfanti, L., Peretto, P., De Marchis, S., & Fasolo, A. (1999). Carnosine-
related dipeptides in the mammalian brain. Progress in Neurobiology, 
59, 333–353.

Calabrese, V., Colombrita, C., Guagliano, E., Sapienza, M., Ravagna, 
A., Cardile, V., Scapagnini, G., Santoro, A. M., Mangiameli, A., 
Butterfield, D. A., Giuffrida Stella, A. M., & Rizzarelli, E. (2005). 
Protective effect of carnosine during nitrosative stress in astroglial 
cell cultures. Neurochemical Research, 30, 797–807.

Cameron, J. N. (1989). Intracellular buffering by dipeptides at high and 
low temperature in the blue crab Callinectes sapidus. The Journal of 
Experimental Biology, 143, 543–548.

Caruso, G., Caraci, F., & Jolivet, R. B. (2019). Pivotal role of carnosine 
in the modulation of brain cells activity: Multimodal mechanism of 
action and therapeutic potential in neurodegenerative disorders. 
Progress in Neurobiology, 175, 35–53.

Caruso, G., Privitera, A., Saab, M. W., Musso, N., Maugeri, S., Fidilio, 
A., Privitera, A. P., Pittalà, A., Jolivet, R. B., Lanzanò, L., Lazzarino, 
G., Caraci, F., & Amorini, A. M. (2023). Characterization of 

carnosine effect on human microglial cells under basal conditions. 
Biomedicines, 11, 474.

Cesak, O., Vostalova, J., Vidlar, A., Bastlova, P., & Student, V. (2023). 
Carnosine and beta-alanine supplementation in human medicine: 
Narrative review and critical assessment. Nutrients, 15, 1770.

Cheng, J., Wang, F., Yu, D. F., Wu, P. F., & Chen, J. G. (2011). The cy-
totoxic mechanism of malondialdehyde and protective effect of 
carnosine via protein cross-linking/mitochondrial dysfunction/re-
active oxygen species/MAPK pathway in neurons. European Journal 
of Pharmacology, 650, 184–194.

Chez, M. G., Buchanan, C. P., Aimonovitch, M. C., Becker, M., Schaefer, 
K., Black, C., & Komen, J. (2002). Double-blind, placebo-controlled 
study of L-carnosine supplementation in children with autistic 
spectrum disorders. Journal of Child Neurology, 17, 833–837.

Ciesielska, A., Matyjek, M., & Kwiatkowska, K. (2021). TLR4 and CD14 
trafficking and its influence on LPS-induced pro-inflammatory sig-
naling. Cellular and Molecular Life Sciences, 78, 1233–1261.

Corona, C., Frazzini, V., Silvestri, E., Lattanzio, R., La Sorda, R., Piantelli, 
M., Canzoniero, L. M. T., Ciavardelli, D., Rizzarelli, E., & Sensi, S. L. 
(2011). Effects of dietary supplementation of carnosine on mito-
chondrial dysfunction, amyloid pathology, and cognitive deficits in 
3xTg-AD mice. PLoS One, 6, e17971.

Coutellec, M. A., & Lagadic, L. (2006). Effects of self-fertilization, en-
vironmental stress and exposure to xenobiotics on fitness-related 
traits of the freshwater snail Lymnaea stagnalis. Ecotoxicology, 15, 
199–213.

Cristina, B., Veronica, R., Silvia, A., Andrea, G., Sara, C., Luca, P., Nicoletta, 
B., MC, B. J., Silvio, B., & Fabio, T. (2022). Identification and char-
acterization of the kynurenine pathway in the pond snail Lymnaea 
stagnalis. Scientific Reports, 12(1), 15617. https://​doi.​org/​10.​1038/​
s41598-​022-​19652-​0

Dalesman, S. (2018). Habitat and social context affect memory pheno-
type, exploration and covariance among these traits. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 373, 
20170291.

Dantzer, R. (2009). Cytokine, sickness behavior, and depression. 
Immunology and Allergy Clinics of North America, 29, 247–264.

De Marchis, S., Melcangi, R. C., Modena, C., Cavaretta, I., Peretto, P., 
Agresti, C., & Fasolo, A. (1997). Identification of the glial cell types 
containing carnosine-related peptides in the rat brain. Neuroscience 
Letters, 237, 37–40.

Derave, W., & Sale, C. (2012). Carnosine in exercise and disease: 
Introduction to the International Congress held at Ghent University, 
Belgium, July 2011. Amino Acids, 43(1), 1–4. https://​doi.​org/​10.​
1007/​s00726-​012-​1281-​3

Dhar, S. S., & Wong-Riley, M. T. T. (2009). Coupling of energy metabo-
lism and synaptic transmission at the transcriptional level: Role of 
nuclear respiratory factor 1 in regulating both cytochrome c oxi-
dase and NMDA glutamate receptor subunit genes. The Journal of 
Neuroscience, 29, 483–492.

Escoubet-Lozach, L., Benner, C., Kaikkonen, M. U., Lozach, J., Heinz, S., 
Spann, N. J., Crotti, A., Stender, J., Ghisletti, S., Reichart, D., Cheng, 
C. S., Luna, R., Ludka, C., Sasik, R., Garcia-Bassets, I., Hoffmann, 
A., Subramaniam, S., Hardiman, G., Rosenfeld, M. G., & Glass, C. K. 
(2011). Mechanisms establishing TLR4-responsive activation states 
of inflammatory response genes. PLoS Genetics, 7, e1002401.

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power 3: A 
flexible statistical power analysis program for the social, behavioral, 
and biomedical sciences. Behavior Research Methods, 39, 175–191.

Fedorova, T., Gavrilova, S. A., Morozova, M. P., Deviatov, A. A., Berezhnoy, 
D. S., & Stvolinskii, S. L. (2017). Neuroprotective action of carnosine 
in focal brain ischemia conditions. Voposy Biologicheskoi, Medicinskoi 
I Farmacevticheskoi, 20, 25–31.

Fedorova, T. N., Belyaev, M. S., Trunova, O. A., Gnezditsky, V. V., 
Maximova, M. Y., & Boldyrev, A. A. (2009). Neuropeptide carnosine 
increases stability of lipoproteins and red blood cells as well as 

 10974547, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25371 by C

ochraneItalia, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41598-022-19652-0
https://doi.org/10.1038/s41598-022-19652-0
https://doi.org/10.1007/s00726-012-1281-3
https://doi.org/10.1007/s00726-012-1281-3


18 of 20  |     RIVI et al.

efficiency of immune competent system in patients with chronic 
discirculatory encephalopathy. Biochemistry (Moscow), Supplement 
Series A: Membrane and Cell Biology, 3, 62–65.

Fedorova, T. N., Macletsova, M. G., Kulikov, A. V., Stepanova, M. S., & 
Boldyrev, A. A. (2006). Carnosine protects from the oxidative 
stress induced by prenatal hypoxia. Doklady Biological Sciences, 408, 
207–210.

Fei, G., Guo, C., Sun, H. S., & Feng, Z. P. (2007). Chronic hypoxia stress-
induced differential modulation of heat-shock protein 70 and pre-
synaptic proteins. Journal of Neurochemistry, 100, 50–61.

Feng, Z. Y., Zheng, X. J., & Wang, J. (2009). Effects of carnosine on the 
evoked potentials in hippocampal CA1 region. Journal of Zhejiang 
University. Science. B, 10, 505–511.

Flancbaum, L., Fitzpatrick, J. C., Brotman, D. N., Marcoux, A. M., Kasziba, 
E., & Fisher, H. (1990). The presence and significance of carnosine 
in histamine-containing tissues of several mammalian species. 
Agents and Actions, 31, 190–196.

Fleisher-Berkovich, S., Abramovitch-Dahan, C., Ben-Shabat, S., Apte, R., 
& Beit-Yannai, E. (2009). Inhibitory effect of carnosine and N-acetyl 
carnosine on LPS-induced microglial oxidative stress and inflamma-
tion. Peptides, 30, 1306–1312.

Fodor, I., Hussein, A. A., Benjamin, P. R., Koene, J. M., & Pirger, Z. (2020). 
The unlimited potential of the great pond snail, Lymnaea stagnalis. 
eLife, 9, e56962.

Fresta, C. G., Fidilio, A., Lazzarino, G., Musso, N., Grasso, M., Merlo, 
S., Amorini, A. M., Bucolo, C., Tavazzi, B., Lazzarino, G., Lunte, S. 
M., Caraci, F., & Caruso, G. (2020). Modulation of pro-oxidant and 
pro-inflammatory activities of M1 macrophages by the natural di-
peptide carnosine. International Journal of Molecular Sciences, 21, 
776.

Fujii, K., Abe, K., Kadooka, K., Matsumoto, T., & Katakura, Y. (2017). 
Carnosine activates the CREB pathway in Caco-2 cells. 
Cytotechnology, 69, 523–527.

Gallant, S., Kukley, M., Stvolinsky, S., Bulygina, E., & Boldyrev, A. (2000). 
Effect of carnosine on rats under experimental brain ischemia. The 
Tohoku Journal of Experimental Medicine, 191, 85–99.

Gulewitsch, W., & Amiradžibi, S. (1900). Ueber das Carnosin, eine neue 
organische Base des Fleischextractes. Berichte der Deutschen 
Chemischen Gesellschaft, 33(2), 1902–1903.

Gust, M., Fortier, M., Garric, J., Fournier, M., & Gagné, F. (2013). Effects 
of short-term exposure to environmentally relevant concentrations 
of different pharmaceutical mixtures on the immune response of 
the pond snail Lymnaea stagnalis. Science of the Total Environment, 
445-446, 210–218.

Hipkiss, A. R., Preston, J. E., Himswoth, D. T., Worthington, V. C., 
& Abbot, N. J. (1997). Protective effects of carnosine against 
malondialdehyde-induced toxicity towards cultured rat brain endo-
thelial cells. Neuroscience Letters, 238, 135–138.

Hisatsune, T., Kaneko, J., Kurashige, H., Cao, Y., Satsu, H., Totsuka, M., 
Katakura, Y., Imabayashi, E., & Matsuda, H. (2016). Effect of an-
serine/carnosine supplementation on verbal episodic memory in 
elderly people. Journal of Alzheimer's Disease, 50, 149–159.

Hobart, L. J., Seibel, I., Yeargans, G. S., & Seidler, N. W. (2004). Anti-
crosslinking properties of carnosine: Significance of histidine. Life 
Sciences, 75, 1379–1389.

Hocker, A. D., Stokes, J. A., Powell, F. L., & Huxtable, A. G. (2017). The 
impact of inflammation on respiratory plasticity. Experimental 
Neurology, 287, 243–253.

Hoek, R. M., Smit, A. B., Frings, H., Vink, J. M., de Jong-Brink, M., & 
Geraerts, W. P. (1996). A new Ig-superfamily member, mollus-
can defence molecule (MDM) from Lymnaea stagnalis, is down-
regulated during parasitosis. European Journal of Immunology, 26, 
939–944.

Ito, E., Kobayashi, S., Kojima, S., Sadamoto, H., & Hatakeyama, D. (1999). 
Associative learning in the pond snail, Lymnaea stagnalis. Zoological 
Science, 16, 711–723.

Jain, S., Kim, E.-S., Kim, D., Burrows, D., De Felice, M., Kim, M., Baek, 
S.-H., Ali, A., Redgrave, J., Doeppner, T. R., Gardner, I., Bae, O. N., 
& Majid, A. (2020). Comparative cerebroprotective potential of 
d- and l-carnosine following ischemic stroke in mice. International 
Journal of Molecular Sciences, 21, 3053.

Kagan, D., Batabyal, A., Rivi, V., & Lukowiak, K. (2022). A change in taste: 
The role of microRNAs in altering hedonic value. The Journal of 
Experimental Biology, 225, jeb243840.

Kita, S., Hashiba, R., Ueki, S., Kimoto, Y., Abe, Y., Gotoda, Y., Suzuki, R., 
Uraki, E., Nara, N., Kanazawa, A., Hatakeyama, D., Kawai, R., Fujito, 
Y., Lukowiak, K., & Ito, E. (2011). Does conditioned taste aversion 
learning in the pond snail Lymnaea stagnalis produce conditioned 
fear? The Biological Bulletin, 220, 71–81.

Kubota, M., Kobayashi, N., Sugizaki, T., Shimoda, M., Kawahara, M., & 
Tanaka, K. (2020). Carnosine suppresses neuronal cell death and 
inflammation induced by 6-hydroxydopamine in an in vitro model 
of Parkinson's disease. PLoS One, 15, e0240448.

Kugelberg, E. (2014). Breathing into allergic inflammation. Nature 
Reviews. Immunology, 14, 281.

Kulikova, O. I., Fedorova, T. N., Stvolinsky, S. L., & Orlova, V. S. (2016). 
Neuroprotective effect of new carnosine-derived nanostructural 
complexes in experimental models of Parkinson's disease. Eurasian 
Union Science, 25, 116–120.

Linnaeus, C. (1758). Systema naturae per regna tria naturae, secundum 
classes, ordines, genera, species, cum characteribus, differentiis, 
synonymis, locis. In Tomus I. Editio decima, reformata. Holmiae [= 
Stockholm] (p. 824). L. Salvii.

Lopachev, A. V., Lopacheva, O. M., Abaimov, D. A., Koroleva, O. V., 
Vladychenskaya, E. A., Erukhimovich, A. A., & Fedorova, T. N. 
(2016). Neuroprotective effect of carnosine on primary culture 
of rat cerebellar cells under oxidative stress. Biochemistry, 81, 
511–520.

Lu, Y.-C., Yeh, W.-C., & Ohashi, P. S. (2008). LPS/TLR4 signal transduc-
tion pathway. Cytokine, 42, 145–151.

Lukowiak, K., Ringseis, E., Spencer, G., Wildering, W., & Syed, N. (1996). 
Operant conditioning of aerial respiratory behaviour in Lymnaea 
stagnalis. The Journal of Experimental Biology, 199, 683–691.

Lukowiak, K., Adatia, N., Krygier, D., & Syed, N. (2000). Operant con-
ditioning in Lymnaea: Evidence for intermediate-  and long-term 
memory. Learning & Memory, 7(3), 140–150. https://​doi.​org/​10.​
1101/​lm.7.​3.​140

Luscher, C., & Malenka, R. C. (2012). NMDA receptor-dependent long-
term potentiation and long-term depression (LTP/LTD). Cold Spring 
Harbor Perspectives in Biology, 4, a005710.

Ma, J., Xiong, J.-Y., Hou, W.-W., Yan, H.-J., Sun, Y., Huang, S.-W., Jin, L., 
Wang, Y., Hu, W.-W., & Chen, Z. (2012). Protective effect of car-
nosine on subcortical ischemic vascular dementia in mice. CNS 
Neuroscience & Therapeutics, 18, 745–753.

Ma, J., Xu, X., Wang, R., Yan, H., Yao, H., Zhang, H., Jiang, S., & Xu, A. 
(2020). Lipopolysaccharide exposure induces oxidative damage 
in Caenorhabditis elegans: Protective effects of carnosine. BMC 
Pharmacology and Toxicology, 21, 85.

Mannion, A. F., Jakeman, P. M., Dunnett, M., Harris, R. C., & Willan, P. 
L. (1992). Carnosine and anserine concentrations in the quadriceps 
femoris muscle of healthy humans. European Journal of Applied 
Physiology and Occupational Physiology, 64, 47–50.

Masuoka, N., Yoshimine, C., Hori, M., Tanaka, M., Asada, T., Abe, K., & 
Hisatsune, T. (2019). Effects of anserine/carnosine supplementa-
tion on mild cognitive impairment with APOE4. Nutrients, 11, 1626.

Mehrazad-Saber, Z., Kheirouri, S., & Noorazar, S. G. (2018). Effects of L-
carnosine supplementation on sleep disorders and disease severity 
in autistic children: A randomized, controlled clinical trial. Basic & 
Clinical Pharmacology & Toxicology, 123, 72–77.

Murakami, J., Okada, R., Sadamoto, H., Kobayashi, S., Mita, K., Sakamoto, 
Y., Yamagishi, M., Hatakeyama, D., Otsuka, E., Okuta, A., Sunada, 
H., Takigami, S., Sakakibara, M., Fujito, Y., Awaji, M., Moriyama, S., 

 10974547, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25371 by C

ochraneItalia, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1101/lm.7.3.140
https://doi.org/10.1101/lm.7.3.140


    |  19 of 20RIVI et al.

Lukowiak, K., & Ito, E. (2013). Involvement of insulin-like peptide in 
long-term synaptic plasticity and long-term memory of the pond 
snail Lymnaea stagnalis. The Journal of Neuroscience, 33, 371–383.

Ouyang, L., Tian, Y., Bao, Y., Xu, H., Cheng, J., Wang, B., Shen, Y., Chen, Z., 
& Lyu, J. (2016). Carnosine decreased neuronal cell death through 
targeting glutamate system and astrocyte mitochondrial bioener-
getics in cultured neuron/astrocyte exposed to OGD/recovery. 
Brain Research Bulletin, 124, 76–84.

Peña-Ortega, F. (2019). Clinical and experimental aspects of breathing 
modulation by inflammation. Autonomic Neuroscience, 216, 72–86.

Privitera, A., Cardaci, V., Weerasekara, D., Saab, M. W., Diolosà, L., 
Fidilio, A., Jolivet, R. B., Lazzarino, G., Amorini, A. M., Camarda, 
M., Lunte, S. M., Caraci, F., & Caruso, G. (2023). Microfluidic/HPLC 
combination to study carnosine protective activity on challenged 
human microglia: Focus on oxidative stress and energy metabolism. 
Frontiers in Pharmacology, 14, 1161794.

Prokopieva, V. D., Yarygina, E. G., Bokhan, N. A., & Ivanova, S. A. 
(2016). Use of carnosine for oxidative stress reduction in differ-
ent pathologies. Oxidative Medicine and Cellular Longevity, 2016, 
2939087.

Pyatt, F. B., Pyatt, A. J., & Pentreath, V. W. (1997). Short communica-
tion—Distribution of metals and accumulation of lead by different 
tissues in the freshwater snail Lymnaea stagnalis (L.). Environmental 
Toxicology and Chemistry, 16, 1393–1395.

Rajanikant, G. K., Zemke, D., Senut, M. C., Frenkel, M. B., Chen, A. F., 
Gupta, R., & Majid, A. (2007). Carnosine is neuroprotective against 
permanent focal cerebral ischemia in mice. Stroke, 38, 3023–3031.

Rivi, V., Batabyal, A., Benatti, C., Blom, J. M., Tascedda, F., & Lukowiak, 
K. (2022). A flavonoid, quercetin, is capable of enhancing long-term 
memory formation if encountered at different times in the learn-
ing, memory formation, and memory recall continuum. Journal 
of Comparative Physiology. A, Neuroethology, Sensory, Neural, and 
Behavioral Physiology, 208(2), 253–265. https://​doi.​org/​10.​1007/​
s00359-​021-​01522-​1

Rivi, V., Batabyal, A., Benatti, C., Blom, J. M. C., Tascedda, F., & Lukowiak, 
K. (2023a). Novel taste, sickness, and memory: Lipopolysaccharide 
to induce a Garcia-like effect in inbred and wild strains of Lymnaea 
stagnalis. Physiology & Behavior, 263, 114137.

Rivi, V., Batabyal, A., Benatti, C., Blom, J. M. C., Tascedda, F., & Lukowiak, 
K. (2023b). Investigating the interactions between multiple memory 
stores in the pond snail Lymnaea stagnalis. Journal of Comparative 
Physiology. A, Neuroethology, Sensory, Neural, and Behavioral 
Physiology, 210, 91–102.

Rivi, V., Batabyal, A., Benatti, C., Sarti, P., Blom, J. M. C., Tascedda, F., 
& Lukowiak, K. (2024). A translational and multidisciplinary ap-
proach to studying the Garcia effect, a higher form of learning 
with deep evolutionary roots. Journal of Experimental Biology, 227, 
jeb247325.

Rivi, V., Batabyal, A., Benatti, C., Tascedda, F., Blom, J. M. C., & Lukowiak, 
K. (2022). Aspirin reverts lipopolysaccharide-induced learning and 
memory impairment: First evidence from an invertebrate model 
system. Naunyn-Schmiedeberg's Archives of Pharmacology, 395, 
1573–1585.

Rivi, V., Batabyal, A., Benatti, C., Tascedda, F., Blom, J. M. C., & Lukowiak, 
K. (2023c). Prey populations with different predation histories 
show differences in behavioral and transcriptional effects under 
acute predation threat. Neurobiology of Learning and Memory, 203, 
107775.

Rivi, V., Batabyal, A., Benatti, C., Tascedda, F., Blom, J. M. C., & Lukowiak, 
K. (2023d). Comparison of behavioural and transcriptional re-
sponses to a heat stressor between freshly collected and an inbred 
strain of Lymnaea. Canadian Journal of Zoology, 101, 904–912.

Rivi, V., Batabyal, A., Benatti, C., Tascedda, F., Blom, J. M. C., & Lukowiak, 
K. (2023e). A novel behavioral display in Lymnaea induced by quer-
cetin and hypoxia. The Biological Bulletin, 244, 115–127.

Rivi, V., Batabyal, A., Lukowiak, K., Benatti, C., Rigillo, G., Tascedda, F., & 
Blom, J. M. C. (2023). LPS-induced Garcia effect and its pharmaco-
logical regulation mediated by acetylsalicylic acid: Behavioral and 
transcriptional evidence. Biology (Basel), 12, 1100.

Rivi, V., Batabyal, A., Wiley, B., Benatti, C., Tascedda, F., Blom, J. M. C., 
& Lukowiak, K. (2022). Fluoride affects memory by altering the 
transcriptional activity in the central nervous system of Lymnaea 
stagnalis. Neurotoxicology, 92, 61–66.

Rivi, V., Benatti, C., Actis, P., Tascedda, F., & Blom, J. M. C. (2022). 
Behavioral and transcriptional effects of short or prolonged 
fasting on the memory performances of Lymnaea stagnalis. 
Neuroendocrinology, 113, 406–422.

Rivi, V., Benatti, C., Rigillo, G., & Blom, J. M. C. (2023). Invertebrates 
as models of learning and memory: Investigating neural and 
molecular mechanisms. Journal of Experimental Biology, 226, 
jeb244844.

Rokicki, J., Li, L., Imabayashi, E., Kaneko, J., Hisatsune, T., & Matsuda, 
H. (2015). Daily carnosine and anserine supplementation  
alters verbal episodic memory and resting state network 
connectivity in healthy elderly adults. Frontiers in Aging 
Neuroscience, 7, 219.

Saarentaus, E. C., Karjalainen, J., Rämö, J. T., Kiiskinen, T., Havulinna, 
A. S., Mehtonen, J., Hautakangas, H., Ruotsalainen, S., Tamlander, 
M., Mars, N., FINNGEN, Toppila-Salmi, S., Pirinen, M., Kurki, M., 
Ripatti, S., Daly, M., Palotie, T., Mäkitie, A., & Palotie, A. (2023). 
Inflammatory and infectious upper respiratory diseases as-
sociate with 41 genomic loci and type 2 inflammation. Nature 
Communications, 14, 83.

Santiago, J. A., & Potashkin, J. A. (2023). Physical activity and lifestyle 
modifications in the treatment of neurodegenerative diseases. 
Frontiers in Aging Neuroscience, 15, 1185671.

Schön, M., Mousa, A., Berk, M., Chia, W. L., Ukropec, J., Majid, A., 
Ukropcová, B., & de Courten, B. (2019). The potential of carnosine 
in brain-related disorders: A comprehensive review of current evi-
dence. Nutrients, 11, 1196.

Singh, P., Barman, B., & Thakur, M. K. (2022). Oxidative stress-mediated 
memory impairment during aging and its therapeutic intervention 
by natural bioactive compounds. Frontiers in Aging Neuroscience, 14, 
944697.

Straub, V. A., Styles, B. J., Ireland, J. S., O'Shea, M., & Benjamin, P. R. 
(2004). Central localization of plasticity involved in appetitive con-
ditioning in Lymnaea. Learning & Memory, 11, 787–793.

Swinton, E., de Freitas, E., Swinton, C., Shymansky, T., Hiles, E., Zhang, 
J., Rothwell, C., & Lukowiak, K. (2018). Green tea and cocoa en-
hance cognition in Lymnaea. Communicative & Integrative Biology, 11, 
e1434390.

Syed, N. I., & Winlow, W. (1991). Respiratory behavior in the pond 
snail Lymnaea stagnalis. Journal of Comparative Physiology. A, 169, 
557–568.

Tanaka, K.-I., Sugizaki, T., Kanda, Y., Tamura, F., Niino, T., & Kawahara, 
M. (2017). Preventive effects of carnosine on lipopolysaccharide-
induced lung injury. Scientific Reports, 7, 42813.

Tangestani Fard, M., & Stough, C. (2019). A review and hypothesized 
model of the mechanisms that underpin the relationship be-
tween inflammation and cognition in the elderly. Frontiers in Aging 
Neuroscience, 11, 56.

Tzani, P., Pisi, G., Aiello, M., Olivieri, D., & Chetta, A. (2010). Flying with 
respiratory disease. Respiration, 80, 161–170.

Wang, C., Zong, S., Cui, X., Wang, X., Wu, S., Wang, L., Liu, Y., & Lu, Z. 
(2023). The effects of microglia-associated neuroinflammation on 
Alzheimer's disease. Frontiers in Immunology, 14, 1117172.

Zhao, J., Bi, W., Xiao, S., Lan, X., Cheng, X., Zhang, J., Lu, D., Wei, W., 
Wang, Y., Li, H., Fu, Y., & Zhu, L. (2019). Neuroinflammation in-
duced by lipopolysaccharide causes cognitive impairment in mice. 
Scientific Reports, 9, 5790.

 10974547, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25371 by C

ochraneItalia, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s00359-021-01522-1
https://doi.org/10.1007/s00359-021-01522-1


20 of 20  |     RIVI et al.

Zwaag, J., Naaktgeboren, R., van Herwaarden, A. E., Pickkers, P., & Kox, 
M. (2022). The effects of cold exposure training and a breathing 
exercise on the inflammatory response in humans: A pilot study. 
Psychosomatic Medicine, 84, 457–467.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Transparent Science Questionnaire for Authors

How to cite this article: Rivi, V., Caruso, G., Caraci, F., Alboni, 
S., Pani, L., Tascedda, F., Lukowiak, K., Blom, J. M. C., & 
Benatti, C. (2024). Behavioral and transcriptional effects of 
carnosine in the central ring ganglia of the pond snail 
Lymnaea stagnalis. Journal of Neuroscience Research, 102, 
e25371. https://doi.org/10.1002/jnr.25371

 10974547, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25371 by C

ochraneItalia, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/jnr.25371

	Behavioral and transcriptional effects of carnosine in the central ring ganglia of the pond snail Lymnaea stagnalis
	Abstract
	1|INTRODUCTION
	2|METHODS AND MATERIALS
	2.1|Snails and animal maintenance
	2.2|Liquid chromatography
	2.3|Carnosine treatment
	2.4|LPS treatment
	2.5|Study design
	2.5.1|Experiment 1: Carnosine dosing
	2.5.2|Experiment 2: Behavioral effects induced by the exposure to different doses of carnosine on the ability of snails to form ITM and/or LTM following the operant conditioning of aerial respiration training procedure
	2.5.3|Experiment 3: Behavioral effects induced by carnosine, LPS, and their paired presentation on snails' aerial respiration
	2.5.4|Experiment 4: Transcriptional effects induced by carnosine, LPS, and their paired presentation in snails' central ring ganglia
	2.5.5|Experiment 5: Behavioral and transcriptional effects induced by carnosine exposure before LPS injection on snails' memory abilities

	2.6|Total RNA extraction, reverse transcription, and real-­time polymerase chain reaction
	2.7|Statistical analyses

	3|RESULTS
	3.1|l-­Carnosine levels in the ganglia of L. stagnalis
	3.2|Experiment 1: The exposure to carnosine 100 μM and 1 mM does not affect snails' feeding behavior, whereas the exposure to carnosine 10 mM results in significant suppression of feeding
	3.3|Experiment 2: Memory effects of different doses of carnosine
	3.4|Experiment 3: Behavioral effects induced by carnosine, LPS, and their paired presentation on snails' aerial respiration
	3.5|Experiment 4: Transcriptional effects induced by carnosine, LPS, and their paired presentation in snails' central ring ganglia
	3.6|Experiment 5: Behavioral and transcriptional effects induced by carnosine exposure before LPS injection on snails' memory abilities

	4|DISCUSSION
	5|CONCLUSIONS
	DECLARATION OF TRANSPARENCY

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


