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ABSTRACT: Long-term memory (LTM) formation relies on de novo protein
synthesis; however, the full complement of proteins crucial to LTM formation
remains unknown in any system. Using an aversive operant conditioning model of
aerial respiratory behavior in the pond snail mollusk, Lymnaea stagnalis (L.
stagnalis), we conducted a transcriptome-guided proteomic analysis on the central
nervous system (CNS) of LTM, no LTM, and control animals. We identified 366
differentially expressed proteins linked to LTM formation, with 88 upregulated and
36 downregulated in LTM compared to both no LTM and controls. Functional
annotation highlighted the importance of balancing protein synthesis and
degradation for LTM, as indicated by the upregulation of proteins involved in
proteasome activity and translation initiation, including EIF2D, mRNA levels of
which were confirmed to be upregulated by conditioning and implicated nuclear
factor Y as a potential regulator of LTM-related transcription in this model. This study represents the first transcriptome-guided
proteomic analysis of LTM formation ability in this model and lays the groundwork for discovering orthologous proteins critical to
LTM in mammals.
KEYWORDS: long-term memory, differential proteomics, Lymnaea stagnalis, conditioning, shotgun proteomics, neuroscience

■ INTRODUCTION
Long-term memory (LTM) formation relies on de novo protein
synthesis.1−4 This process is well known to be driven by
learning-dependent regulation of translation initiation.5,6

However, the identities of newly synthesized proteins, and
their signaling pathways and mechanisms as they relate to
consolidation and maintenance of LTM, remain unclear. With
the advent of high-quality proteomic databases, many studies
have attempted to identify the targets of learning-induced
novel protein synthesis using both top-down and bottom-up
proteomics and bioinformatics approaches in a variety of
models. In rodents, proteins regulated by LTM have been
identified at various time points and in various relevant brain
regions in spatial learning,7,8 contextual fear conditioning and
fear memory,9−13 auditory learning,14,15 and oculomotor
memory,16 and include proteins associated with regulation of
protein synthesis and degradation,7,8,11,13,14 metabolism and
enzyme activity,9,12,13 kinase activity,10,14 cytoskeletal organ-
ization,8,9,14 synaptic function,16 vesicle-mediated trafficking,
and exo/endocytosis.13−15 Many of these pathways are also
regulated in invertebrate models of LTM, such as in Drosophila
melanogaster visual and olfactory learning models which show
differential regulation of synaptic proteins17 and proteins
involved in endocytosis,18 and proteomic studies of memory-
deficient mutants show changes in the abundance of proteins

involved in metabolic pathways, protein folding/sorting/
degradation, transport proteins, and cell structure regulation.19

Similar approaches have been applied to mollusks such as
Aplysia californica20 and Hermissenda21 to identify differential
regulation of proteins involved in metabolism, cytoskeletal
regulation, signal transduction, RNA binding, and synaptic
function associated with simpler forms of conditioning and
memory-associated serotonin-stimulation. Together, these
findings suggest that LTM formation is associated with wide-
scale changes in protein synthesis in whole brains or brain
regions across taxa and that these changes are associated with
regulation of a wide variety of protein signaling pathways.
However, analyzing differential protein expression by compar-
ing animals subjected to conditioning or training with naiv̈e or
sham control ions introduces significant biological ambiguity.
It remains unclear which differentially expressed proteins are
essential for successful LTM formation following training or
learning.
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To address this, we sought to leverage a molluskan model of
LTM formation, aversive operant conditioning of aerial
respiratory behavior in the pond snail Lymnaea stagnalis (L.
stagnalis).22 This form of conditioning, where a sharp tactile
stimulus is applied to the animal’s pneumostome, or breathing
organ, leads to a robust decrease in its respiratory activity and a
form of LTM,22 which can persist up to 4 weeks.23 Like in
other models, LTM following aversive operant conditioning
requires protein synthesis.24,25 Though some proteins both
regulated by and crucial to LTM formation have been
identified in this model, such as calcium/cAMP-response
element-binding protein 1 (CREB1), dynamin-1, syntaxin-1,
NMDA receptors, protein kinase C, MAPK, and MEN1,26−28

large-scale proteomic analyses of LTM-regulated proteins have
either relied on bottom-up gel-based approaches29,30 or have

been hampered by a lack of transcriptomic protein-coding
sequence data.31 Most interestingly, we have observed in our
previous study that the ability of animals to form LTM is
variable in this model, and reported two groups of animals
subjected to aversive operant conditioning labeled as capable
and incapable of learning based on their ability to form LTM.32

Therefore, this model presents an advantageous opportunity to
examine proteins and signaling pathways regulated not only by
training itself but also by successful LTM formation following
training, thus identifying pathways that may be crucial to LTM
formation.
The quality of the L. stagnalis central nervous system (CNS)

transcriptome has increased significantly in recent years.33−35

Recently, our group sequenced the first genome-guided
transcriptome of the L. stagnalis CNS and generated the

Figure 1. Aversive operant conditioning results in distinct behavioral phenotypes in LTM and no LTM snails. (A) Timeline of behavioral
conditioning. 24 h prior to conditioning, basal aerial respiratory behavior is monitored in hypoxia for 45 min during a pretest (PT). Conditioning
consists of two training sessions (TS1 and TS2) of 45 min separated by 1 h, during which animals are returned to their home tank. Each training
session involves applying a sharp tactile stimulus to the area of the pneumostome each time the animal attempts pneumostome opening. 24 h after
the beginning of the second training session, respiratory behavior is once again monitored in hypoxia for 45 min in the memory test (MT). Each
observation/training session is preceded by a 10 min acclimation period. Yoke animals undergo an identical procedure but during conditioning
receive stimuli agnostic to pneumostome opening state. (B) Example aerial respiratory behavior patterns during the pretest and the 24 h memory
test in yoke control, LTM, and no LTM animals. (C) Total pneumostome opening time during pretest (PT) and 24 h memory test (MT) for yoke
control, LTM, and no LTM animals. (D) Number of pneumostome openings during pretest (PT) and 24 h memory test (MT) for yoke control,
LTM, and no LTM animals. All bar graphs are presented as mean ± standard error of the mean (SEM). Paired t test: NS = not significant, *p <
0.05, **p < 0.01.
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most comprehensive and well-annotated CNS to date.36 This
presents an unprecedented opportunity to analyze protein
sequencing from this model with greater depth and accuracy
than ever before. Therefore, in the current study, we sought to
identify the proteins and pathways regulated by LTM
formation ability following aversive operant conditioning in
L. stagnalis. We applied a bottom-up shotgun proteomics
approach to identify and characterize CNS proteins differ-
entially expressed between LTM, no LTM, and yoke control
CNS and identified a set of 366 proteins associated with the
ability to form LTM. Functional annotation of these proteins
by sequence similarity revealed their involvement in biological
processes (BP) such as cellular signaling, cellular organization,
metabolic processes, responses to stimuli, and intracellular
transport, molecular functions (MFs) such as nucleic acid
binding, metabolic activity, protein−protein binding, GTPase
binding, and ribosome binding, and cellular compartments
such as organelles, cytoskeleton, the proteasome, and the
spliceosome. We then identified proteins that appeared to be
upregulated or downregulated by LTM and determined, via
pathway annotation, that proteins associated with promoting
protein synthesis and degradation, such as EIF2D, CPEB2,
HERC2, HERC4, PSMC2, and PSMB6 appear to be
upregulated by LTM formation ability, as well as the
transcription factor NFYC. Finally, we assessed mRNA
expression of EIF2D following aversive operant conditioning
using reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) and demonstrated that EIF2D mRNA
is upregulated by conditioning but not in yoke animals.
Together, these data identify potential pathways that may be
crucial to LTM formation ability following aversive operant
conditioning in this model and form the basis for future
investigation of the involvement of key translation- and
transcription-associated proteins via genetic and pharmaco-
logical manipulation.

■ EXPERIMENTAL PROCEDURES

Animals
Freshwater great pond snails (L. stagnalis) were bred and
maintained at aquaculture facilities at the University of
Toronto, originally obtained from an inbred culture at the
Vrije University in Amsterdam, as described previ-
ously.26,27,32,37 The animals were kept in water at 18−25 °C
on a 12 h light/12 h dark cycle and were fed lettuce three times
a week and fish food flakes once a week. Adult snails of
approximately 3.5−4 months of age and having shell length
from 20 to 30 mm were used in all experiments. Ethics
approval is not required for research work with L. stagnalis.
Aversive Operant Conditioning of Aerial Respiratory
Behavior
Aversive operant conditioning was conducted as done
previously26,27,32 (Figure 1A). Briefly, in a pretest, pneumo-
stome opening and closing was monitored for 45 min following
a 10 min acclimation period, 24 h prior to conditioning, in a 2
L beaker containing 1 L of dechlorinated hypoxic water
induced by bubbling with N2 gas for at least 20 min. Only
snails that opened their pneumostomes ≥5 times were
conditioned in subsequent experiments. Animals were then
returned to their home aquaria.
The next day, animals that qualified for training based on

their basal respiratory rates were divided into two groups, one
that underwent operant conditioning (trained) and another

that underwent yoking (yoke controls). Training or yoking was
undertaken as follows: animals acclimated in hypoxic water for
10 min, then either received a sharp tactile stimulus to the area
around the pneumostome each time they initiated pneumo-
stome opening22 (trained) or, in the case of yoke controls,
were paired to an animal undergoing training and received a
sharp tactile stimulus to the area around the pneumostome
each time their paired trained animal received a stimulus,
agnostic to whether they made an attempt to open the
pneumostome or not (yoked). Stimulus intensity was
optimized such that the animal immediately closed the
pneumostome but did not initiate the full-body withdrawal
response. Training or yoking was conducted in two 45 min
sessions separated by an hour. Snails were returned to their
home aquaria after training.
24 h after the beginning of the second training session,

trained or yoked animals were returned to hypoxic conditions
and once again allowed to acclimate for 10 min, after which
pneumostome opening and closing was monitored for 45 min
during the memory test. Animals were returned to their home
aquaria after the memory test. LTM was defined as a memory
test (MT) to pretest (PT) total pneumostome opening time
ratio of <0.6, while no LTM in trained snails was defined as an
MT to PT total pneumostome opening time ratio of >0.8.32

Tissue Preparations

Snails were anesthetized with 10% listerine in snail saline
(mM: NaCl 51.3, KCl 1.7, CaCl2 4.1, MgCl2 1.5, N-(2-
hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES) 2,
adjusted to pH 7.9 using NaOH) for 5 min and deshelled with
curved forceps. Tissue preparations of the isolated central ring
ganglia were dissected as described previously30,33,38 and
placed into microcentrifuge tubes prior to flash freezing in
liquid nitrogen. Samples were stored at −80 °C until protein
extraction.
Sample Preparation

Lysate Preparation. Protein lysates were prepared from
four ganglia per group (LTM, no LTM, yoke control) in 100
μL of lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM EGTA, 1%
NP-40 (v/v), 0.25% sodium deoxycholate (w/v), pH 7.5)
containing protease inhibitor cocktail (BioShop Canada, Inc.).
Following homogenization using a sonicator and tissue
grinding pestle on ice, samples were rocked at 4 °C for 1 h
and centrifuged at 13,000 rpm for 15 min, and then the
supernatant was transferred to a fresh tube.
Gel-Assisted Sample Preparation for Mass Spectrom-

etry. To remove detergents for mass spectrometry, samples
were processed via gel-assisted sample preparation.39 Briefly,
disulfides were reduced with 5 mM tris(2-carboxyethyl)-
phosphine (TCEP) then alkylated using 100 mM 2-
iodoacetamide (IAA) at 37 °C for 30 min. 30% T acrylamide
monomer solution (w/v) was added to the reduced and
alkylated protein lysates, vortexed, and mixed with 10%
ammonium persulfate (w/v) and tetramethylethylenediamine
(TEMED) to form a gel plug, which was diced and washed 6×
with 8 mg/mL ammonium bicarbonate in 50/50% acetonitrile
(ACN)/water (v/v). The diced gel containing reduced and
alkylated protein lysates was then dried by incubating with neat
ACN at room temperature until the gel became brittle and
white, after which the gel was air-dried at 37 °C for 20 min.
0.01 mg/mL trypsin in 0.5 mM acetic acid and 8 mg/mL
ammonium bicarbonate (approximately 1:30 trypsin/protein
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ratio, w/w) was used to digest proteins in-gel overnight at 37
°C. Gel plugs were then extracted with 50:50:0.1% ACN/
water/formic acid (v/v/v) by incubating at 37 °C for 15 min
six times. The final combined, gel-processed extracts were then
vacuum-centrifuged to dryness (SpeedVac, Eppendorf) and
reconstituted in aqueous 0.1% formic acid.
Mass Spectrometry

Nanoflow reversed-phase LC was performed on an EASY-nLC
1200 ultrahigh-pressure system coupled to a Q Exactive HF-X
mass spectrometer equipped with a nanoelectrospray ion
source (Thermo Fisher Scientific). Peptide digests (minimum
three technical replicates per sample) were loaded onto a 10

cm fused silica microcapillary column (75 μm i.d., Polymicro
Technologies), laser-pulled, and packed in-house with 10 cm
of Luna 3 μm C18 100 Å reversed-phase particles (ReproSil-
Pur 120 Å, Dr. Maisch GmbH). Mobile phases A and B were
water with 0.1% formic acid (v/v) and 80:20:0.1% ACN/
water/formic acid (v/v/v), respectively. Peptides were
separated at a constant flow rate of 300 nL/min with a linear
gradient of 5−30% B within 90 min, followed by a linear
increase from 30 to 95% B within 15 min and a 10 min plateau
before reequilibration.
Standard shotgun liquid chromatography-mass spectrometry

(LC-MS) experiments were performed with a data-dependent
top 10 method. A full MS scan range of m/z 350−1400 at a

Figure 2. Proteomic identification of LTM-associated proteins. (A) Proteomic identification and functional annotation workflow. Significant
differentially expressed proteins lie above the dashed red line, which corresponds to −log10(0.05). (B) Clustered heatmap of normalized log 2
average MaxLFQ quantification of protein expression in LTM, no LTM, and yoke control CNS samples. (C) Number of significant differentially
expressed proteins identified in each comparison (p < 0.05). (D) Euler diagram of intersecting significant differentially expressed proteins between
each behavioral group. Schematic created in BioRender.
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resolution of 120,000 at m/z 200 with an AGC target of 3 ×
106 ions and maximum injection time of 50 ms was used.
Precursor ions with charges of +2 to +6 were isolated with an
m/z window of 2 and fragmented by high energy dissociation
with a collision energy of 27% at a resolution of 60,000 at m/z
200. MS/MS scans were performed in the Orbitrap with the
AGC target, and injection time set to 5 × 105, 250 ms,
respectively. Previously targeted precursors were excluded
from resequencing for 20 s.
Proteomic Analysis

Raw DDA MS files were analyzed by DIA-NN (version
1.8.1)40 using a library-free search, based on an in silico spectral
library generated from predicted protein-coding sequences
from the most comprehensive L. stagnalis transcriptome to
date.36 All protein-coding sequences are available for BLAST
search at https://lymnaea.org and as a fasta file in our
MassIVE deposition. Both peptides and proteins were filtered
with a maximum false discovery rate (FDR) of 0.01. All
unmentioned parameters used the default settings of DIA-NN,
and can be found in the file “report_2023oct02.log.txt”, which
is available in our MassIVE data repository. As DIA-NN is not
typically used for protein identification for DDA files, raw
DDA MS files were also analyzed in MaxQuant (version
2.4.2.0)41,42 using the same L. stagnalis predicted protein-
coding sequences with match-between-runs (MBR) enabled,
and filtering of peptides and proteins with a maximum FDR of
0.01. All unmentioned parameters used the default settings of
MaxQuant, and can be found in the file “mqpar.xml”, which is
available in our MassIVE data repository.
Downstream analysis of the DIA-NN output files was

performed by R statistical computing environment (version
4.2.2) and the DEP BioConductor package43 (version
DEP_1.20.0). 1% FDR-filtered technical replicates of normal-
ized maximum label-free quantification values (*pg_matrix.tsv
file) were averaged for each individual biological replicate,
excluding technical replicates for each sample where no protein
was detected (NA). The subsequent data set (Supporting
Table 1) was used as input to the DEP package, where protein
groups that had missing values in all biological replicates of a
single experimental group were removed from further analyses.
Data were normalized using variance stabilizing transformation
using the built-in DEP “normalize_vsn” function. Differential
enrichment analysis was conducted using the built-in DEP
“test_diff” function, which uses protein-wise linear models and
empirical Bayes statistics to test for differentially enriched
proteins across all biological replicates. Proteins were
considered significantly differentially enriched between exper-
imental groups if the adjusted p-value (FDR q-value) < 0.05
and log2-fold change > log2(1.5). Missing values were imputed
as 0 for biological replicates of incomplete groups (i.e.,
experimental groups with >0 missing values).
Bioinformatics Analysis

As functional annotation information for L. stagnalis predicted
protein-coding sequences based on transcriptomic data
remains limited, identified differentially expressed proteins
were functionally annotated by homology using NCBI
protein−protein BLAST (version 2.6.0+)44 against the
mouse Uniprot proteome (UP000000589, release 2023_03)
using output format 6, max hsps 1, max target seqs 1. Mouse
homologues of L. stagnalis proteins, taken as the BLASTp hit
with the lowest e-value <1 × 10−5, were used for all subsequent
functional annotations (Supporting Figure 2). GO terms for

each differentially expressed protein were retrieved from the
Uniprot knowledgebase45 and summarized using ReViGO
(web server version 1.8.1)46 into a small (0.5) list. Output plot
R scripts were further processed and customized in R using
ggplot47 and output graphs of semantically related terms were
visualized using Cytoscape (version 3.10.1).48 Clustergram-
mer49 (web server) was used to visualize clusters of proteins
with similar patterns of differential expression between LTM
and yoke control, LTM and no LTM, and no LTM and yoke
controls. Protein−protein interactions were predicted using
STRINGdb50 using only physical subnetwork prediction and
with medium confidence (0.4) and visualized in Cytoscape
using the stringApp plugin.51 Functional enrichment analysis of
GO term annotations of proteins associated with LTM and up-
and downregulated clusters of LTM-associated proteins was
conducted using Enrichr (web server).52−54 Pathways and
terms were considered significantly enriched if enrichment
adjusted p-value (FDR) < 0.05 (Figure 2A) against a
background consisting of all 3273 proteins observed in the
proteomic screen. Finally, sequence alignment was conducted
using T-Coffee (web server)55 and visualized using Jalview.56

Protein domain analysis was conducted using InterProScan.57

RT-qPCR
Total RNA was extracted from whole L. stagnalis CNS using
the Trizol reagent (Thermo Fisher Scientific) according to the
manufacturer’s protocols and reverse transcribed into cDNA
using Superscript IV Reverse Transcriptase (Thermo Fisher
Scientific). Gene-specific primers were designed based on
transcript sequences using PrimerQuest (Integrated DNA
Technologies) with the following sequences: Eif 2d (evgLo-
cus_scallop_AF_8451; forward: 5′-AAAGAGTCTGGGA-
TAGCCAAAG-3′, reverse: 5′-TGGGATTAGCTTGTTGGA-
GATT-3′) and β-actin (evgLocus_Scallop_DRR_20351; for-
ward: 5′-TATCCACGAGACCACCTACAA-3′, reverse: 5′-
CAGCAATGCCTGGGTACATA-3′). Data were analyzed
using the ΔCt method and normalized to the reference gene,
β-actin.

■ RESULTS

Animals Have Variable Learning Performance Following
Aversive Operant Conditioning of Aerial Respiratory
Behavior
Aversive operant conditioning was performed as done
previously in our laboratory26,27,32 (Figure 1A). Animals’
respiratory behavior was observed 24 h prior to and 24 h after
conditioning, where timings of pneumostome opening and
closing were noted and observed to decrease in frequency and
duration of opening in LTM but not in no LTM or yoke
control animals (Figure 1B). Total pneumostome opening
time decreased significantly in the LTM (728.75 ± 127.68 in
PT vs 262.50 ± 62.54 in MT; paired t test p = 0.00642) but
not the yoke (216.50 ± 107.69 in PT vs 216.75 ± 80.03 in
MT; paired t test p = 0.9959) or no LTM (312.50 ± 34.06 in
PT vs 560.00 ± 48.94 in MT; paired t test p = 0.02026)
animals following training/yoking (Figure 1C). Similarly, the
number of pneumostome openings decreased significantly
from the pretest in the LTM (13.00 ± 3.19 in PT vs 5.00 ±
0.91 in MT; paired t test p = 0.04052) but not yoke (7.00 ±
1.68 in PT vs 6.75 ± 1.80 in MT; paired t test p = 0.7177) or
no LTM (6.00 ± 0.41 in PT vs 10.25 ± 0.48 in MT; paired t
test p = 0.006627) animals 24 h following conditioning (Figure
1D).
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Mass Spectrometric Analysis of L. stagnalis CNS Proteins
Establishes the Proteomic Trace of LTM Formation Ability

In order to identify the set of proteins associated with LTM
formation ability, we established an analysis pipeline for the

identification and characterization of CNS proteins from LTM,
no LTM, and yoke animals. Immediately following the 24 h
memory test, the whole CNS of yoke control (n = 4), LTM (n
= 4), and no LTM (n = 4) animals were dissected and lysed in

Figure 3. Clustergrammer clustering of proteins based on log2-fold change between groups identifies proteins up- and downregulated and
associated with LTM formation. (A) Using Clustergrammer,49 LTM-associated proteins were scaled row-wise and hierarchically clustered based on
log2-fold change in expression between LTM and yoke control, LTM and no LTM, and no LTM and yoke control CNS. Two sets of regulated
proteins were identified. The “upregulated” set was identified as the set of proteins that had strongly positive (dark red) normalized LTM vs no
LTM and LTM vs yoke control log2-fold changes while normalized no LTM vs yoke control remained weakly positive, close to zero, or negative
(blue) (outlined in red). Conversely, the “downregulated” set was identified as the set of proteins that had strongly negative (dark blue) normalized
LTM vs no LTM and LTM vs yoke control log2-fold changes while normalized no LTM vs yoke control remained weakly negative, close to zero, or
positive (outlined in blue). (B) Gene symbols and raw log2-fold change values for proteins identified as downregulated in LTM. (C) Gene symbols
and raw log2-fold change values for proteins identified as upregulated in LTM.
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preparation for LC-MS/MS. Following mass spectrometry,
DIA-NN40 was used for protein identification from peptides
based on protein sequences predicted from protein-coding
transcripts in our high-throughput L. stagnalis transcriptome36

to take advantage of the increased power of neural networks
for the library generation of the predicted proteome, thus
improving accurate identification. Compared to a MaxQuant
library search using the same predicted L. stagnalis proteome,
DIA-NN analysis identified 3273 L. stagnalis proteins
compared to MaxQuant analysis, which identified 1030
(Supporting Figure 1A). Additionally, 94% (969) of proteins
identified by MaxQuant were also identified by DIA-NN,
demonstrating the superiority of DIA-NN analysis for the
identification of proteins in our samples (Supporting Figure
1B). Though an L. stagnalis proteome has been published using
a similar approach,58 we chose to utilize our published
reference transcriptome to create a translated proteome due to
a larger number of protein-coding transcripts identified. To
infer function by sequence similarity, we annotated identified
proteins against the UniProt Mus musculus proteins via
protein−protein BLAST. The top M. musculus protein−protein
BLAST hit with e-value <1 × 10−5 (Supporting Figure 2) for
each identified L. stagnalis protein was subsequently used for
functional annotation via GO term enrichment, pathway
enrichment, and STRING interactor prediction analysis
(Figure 2A). Differentially expressed proteins based on label-
free quantification (LFQ) values were identified by using the

DEP package for R (Supporting Table 2) in order to identify
differentially expressed proteins between LTM and no LTM
(Supporting Figure 3A), LTM and yoke control (Supporting
Figure 3B), and no LTM and yoke control (Supporting Figure
3C) CNS. In total, 3274 predicted L. stagnalis proteins were
identified (Figure 2B). Of these, 32 were significantly
differentially expressed in LTM vs no LTM, 642 were
significantly differentially expressed in LTM vs yoke control,
and 617 were significantly differentially expressed in no LTM
vs yoke control (Figure 2C).
In order to identify proteins uniquely associated with LTM

formation ability, we then identified the intersections and
differences between the three significantly differentially
expressed protein sets. Significant proteins uniquely differ-
entially expressed between LTM and yoke control CNS as well
as differentially expressed proteins common to both the LTM
vs yoke control and LTM vs no LTM sets were considered to
be associated with the ability to form LTM (Figure 2D). In
total, we identified 366 proteins associated with the ability to
form LTM (Supporting Table 3) that were used for
subsequent bioinformatic analyses.
GO Term Annotation Reveals LTM-Associated Protein
Functions

To determine the potential functions of LTM-associated
proteins, we retrieved GO terms associated with the 366
proteins from the UniProt Knowledgebase45 and performed
semantic multidimensional scaling of related GO terms using

Figure 4. STRING protein−protein interaction prediction identifies clusters of interacting proteins within up- and downregulated LTM-associated
proteins. Proteins identified as upregulated or downregulated within the set of LTM-associated proteins were annotated against the STRING
database (PPI enrichment p-value = 0.00815).50 Those proteins that were part of a physical subnetwork (i.e., where evidence of interaction was
found in textmining, experimental evidence, and protein−protein interaction databases) and with a confidence level of >0.4 are shown, where
interactions with experimental evidence have green lines (darker green indicates higher experimental evidence score) and interactions with only
textmining or database evidence have black lines. For all lines, the width indicates the STRING score for the interaction, with wider lines
corresponding to higher STRING interaction confidence. Labels correspond to gene symbols of associated proteins.
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ReViGO.46 Biological process (BP) GO terms occurring
within the LTM formation-associated protein set formed
clusters of related terms, including those involved in regulatory
processes (Supporting Figure 4A), cellular organization
(Supporting Figure 4B), metabolic processes (Supporting
Figure 4C), cellular responses to molecules (Supporting Figure
4D), and intracellular transport (Supporting Figure 4E). LTM-
associated molecular function (MF) GO terms formed clusters
of terms associated with metabolic activity (Supporting Figure
5A), nucleic acid binding and translation (Supporting Figure
5B), protein−protein binding (Supporting Figure 5C),
ATPase/GTPase binding (Supporting Figure 5D), and
ribosome binding (Supporting Figure 5E). Finally, LTM-
associated cellular component (CC) GO terms formed a large
cluster of cytosolic terms, including those associated with
vesicles, organelles, cytoskeleton, proteasome, and spliceosome
(Supporting Figure 6).
Clusters of Similarly Regulated Proteins Identify Potential
Protein Signaling Pathways Upregulated and
Downregulated by LTM

In order to identify proteins with similar expression patterns
between our three conditions, we used Clustergrammer49 to
cluster proteins associated with the ability to form LTM based
on their LTM vs no LTM, LTM vs yoke control, and no LTM
vs yoke control row-wise scaled log2-fold expression change
values. The interactive Clustergrammer heatmap can be found
at the fol lowing l ink: https://maayanlab.c loud/
clustergrammer/viz/657f8a7da2b01c00101eeac2/set1_

clustergrammer.txt. We determined proteins to be “upregu-
lated in LTM” if their log2-fold changes for LTM vs no LTM
and LTM vs yoke control were strongly positive while their
log2-fold change for no LTM vs yoke control was close to zero
or negative. Conversely, we determined proteins to be
“downregulated in LTM” if their scaled log2-fold changes for
LTM vs no LTM and LTM vs yoke control were strongly
negative while their log2-fold change for no LTM vs yoke
control was close to zero or positive. We thus identified 88
proteins as upregulated in LTM and 36 proteins as
downregulated in LTM, which were used in subsequent
bioinformatic analyses (Figure 3A). The gene symbols of
downregulated in LTM proteins and their raw log2-fold change
values are shown in Figure 3B, while the gene symbols of
upregulated in LTM proteins and their raw log2-fold change
values are shown in Figure 3C. Note that while the
Clustergrammer heatmap is scaled row-wise, heatmaps in
Figure 3B,C represent raw log2-fold change values, thus colors
differ slightly while relative log2-fold change patterns remain
similar.
Proteins Regulated by LTM Formation Form Physical
Interaction Networks

To determine potential interaction clusters of proteins
differentially regulated by LTM, we predicted physical
protein−protein interactions between proteins upregulated
and downregulated by LTM using STRINGdb.50 Indeed,
several predicted physical interaction complexes were found to
be regulated by LTM formation (Figure 4). For instance,

Table 1. Top 10 Reactome Pathways for Each Up- and Downregulated LTM-Associated Protein Set

reactome pathway
expression
pattern p-value

adjusted p-
value
(FDR) associated genes

G2/M checkpoints R-HSA-69481 ↑ 2.41 × 10−05 0.00849 PSMB6; BABAM2; HERC2; CHEK2; PSMC2; REXO2
G2/M DNA damage checkpoint R-HSA-69473 ↑ 2.30 × 10−04 0.0297 BABAM2; HERC2; CHEK2; REXO2
metabolism R-HSA-1430728 ↑ 2.53 × 10−04 0.0297 MTMR10; UQCRB; NFYC; MCCC1; RPL11; MTR; FMO3;

MED15; DDO; PSMB6; CS; GALE; SPTLC2; CHEK2; PSMC2;
PI4KA; PDK3; CIAPIN1; ARSB

cell cycle checkpoints R-HSA-69620 ↑ 6.53 × 10−04 0.0398 PSMB6; BABAM2; HERC2; CHEK2; PSMC2; REXO2
mRNA splicing�major pathway R-HSA-72163 ↑ 6.99 × 10−04 0.0398 SNRNP40; PRPF38A; PRCC; USP39; SNRPA
mRNA splicing R-HSA-72172 ↑ 8.50 × 10−04 0.0398 SNRNP40; PRPF38A; PRCC; USP39; SNRPA
Cargo trafficking to periciliary membrane R-
HSA-5620920

↑ 9.69 × 10−04 0.0398 TCP1; BBS9; EXOC2

translocation of SLC2A4 (GLUT4) to plasma
membrane R-HSA-1445148

↑ 0.00103 0.0398 RALGAPA2; REXO2; EXOC2

ubiquitin-mediated degradation of
phosphorylated Cdc25A R-HSA-69601

↑ 0.00103 0.0398 PSMB6; CHEK2; PSMC2

Chk1/Chk2 (Cds1) mediated inactivation of
cyclin B:Cdk1 complex R-HSA-75035

↑ 0.00113 0.0398 CHEK2; REXO2

RNA polymerase II transcription termination R-
HSA-73856

↓ 0.00485 0.187 SRSF4; SNRPD3

choline catabolism R-HSA-6798163 ↓ 0.00929 0.187 CHDH
GDP-fucose biosynthesis R-HSA-6787639 ↓ 0.00929 0.187 FCSK
regulation of cytoskeletal remodeling and cell
spreading by IPP complex components R-
HSA-446388

↓ 0.0124 0.187 PXDN

defective factor IX causes hemophilia B R-HSA-
9668250

↓ 0.0124 0.187 GGCX

β-oxidation of pristanoyl-CoA R-HSA-389887 ↓ 0.0139 0.187 CRAT
cross-linking of collagen fibrils R-HSA-2243919 ↓ 0.0154 0.187 PXDN
γ-carboxylation of protein precursors R-HSA-
159740

↓ 0.0154 0.187 GGCX

SLBP independent processing of histone pre-
mRNAs R-HSA-111367

↓ 0.0154 0.187 SNRPD3

γ-carboxylation, transport, and amino-terminal
cleavage of proteins R-HSA-159854

↓ 0.0170 0.187 GGCX
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upregulated proteins large ribosomal subunit protein uL5
(Rpl11), small ribosomal subunit protein bS1m (Mrps35), and

large ribosomal subunit protein mL62 (Mrpl58) were found to
form an interaction complex with the downregulated proteins

Figure 5. Identities and relative expression pattern of proteins associated with LTM formation as related to common and relevant pathway and GO
terms. (A) Terms enriched in upregulated protein set with hits to downregulated proteins, along with identities of proteins corresponding to these
terms. (B) Protein synthesis- and protein degradation-related terms in upregulated and downregulated protein sets, along with identities of proteins
corresponding to these terms. (C) Transcription-related terms in upregulated and downregulated protein sets along with identities of proteins
corresponding to these terms. For all term plots, larger dot sizes indicate higher −log10 adjusted p-values, while red and blue indicate that terms are
associated with upregulated and downregulated protein sets, respectively. For all protein plots, filled rectangles and their color indicate the presence
and regulation of a protein for a particular term, with red corresponding to upregulated and blue corresponding to downregulated. In cases where
proteins correspond to multiple pathway or GO terms, the protein is shown as a member of the largest, and therefore most common, term to which
it belonged.
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SERPINE1 mRNA-binding protein 1 (Serbp1), mitochondrial
ribosomal protein L50 (Mrpl50), and HD domain containing 3
(Hddc3), suggesting that regulation of mitochondrial proteins
and their interactors is associated with LTM formation.
Additionally, the presence of a predicted protein complex
consisting of upregulated proteins U5 small nuclear ribonu-
cleoprotein 40 kDa protein (Snrnp40), U1 small nuclear
ribonucleoprotein A (Snrpa), ubiquitin carboxyl-terminal
hydrolase 39 (Usp39), telomerase-associated protein 1

(Tep1), PRP38 pre-mRNA processing factor 38 (yeast)
domain containing A (Prpf38a), and downregulated protein
small nuclear ribonucleoprotein Sm D3 (Snrpd3) suggests that
differential regulation of mRNA splicing may be associated
with LTM formation. Meanwhile, the predicted protein
complexes consisting of: serine/threonine-protein kinase
Chk2 (Chek2), BRISC and BRCA1-A complex member 2
(Babam2), and E3 ubiquitin protein ligase HERC2 (Herc2);
vacuolar protein sorting-associated protein 41 homologue

Figure 6. Proposed LymEIF2D mRNA expression is upregulated in aversive operant conditioning. (A) Sequence alignment of the protein sequence
of LymEIF2D with its closest mouse homologue, EIF2D (Q61211). (B) mRNA expression of LymEif 2d relative to reference gene LymActb in yoke
control (n = 4), LTM (n = 4), and no LTM (n = 4) CNS. Bar graph is presented as mean ± SEM. Unpaired t test with Bonferroni correction: NS =
not significant, *p < 0.05.
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(Vps41) and cation-independent mannose-6-phosphate recep-
tor (Igf2r); and proteasome subunit β type-6 (Psmb6) and 26S
proteasome regulatory subunit 7 (Psmc2) were upregulated in
LTM, suggesting that the protein degradation and transport
functions of these proteins may be upregulated in LTM.
Finally, ubiquinol-cytochrome c reductase binding protein
(Uqcrb) was found to be upregulated and predicted to bind
the downregulated ubiquinol-cytochrome c reductase, Rieske
iron−sulfur polypeptide 1 (Uqcrfs1), and the upregulated
exocyst complex component 2 (Exoc2) was predicted to bind
the downregulated WASH complex subunit 1 (Washc1),
suggesting that LTM formation may involve differential action
of pathways involving these proteins.
Proteins Regulated by LTM Formation Are Involved in the
Regulation of Protein Turnover and Transcription

LTM formation following aversive operant conditioning is
associated with the expression of proteins involved in mRNA
splicing, transcription, and protein synthesis and degradation
balance. Following Clustergrammer identification of up- and
downregulated proteins associated with LTM formation, we
performed Enrichr52−54 GO and pathway enrichment analysis
of each set of proteins to identify potential pathways up- and
downregulated in LTM. The top 10 Reactome pathways by p-
value for the up- and downregulated protein sets are shown in
Table 1.
Several pathways were found to be significantly enriched in

the upregulated LTM-associated protein sets, which despite
being nonsignificantly enriched in the downregulated LTM-
associated protein sets also had several hits to downregulated
proteins and included metabolism, mRNA splicing, and
translocation of SLC2A4 (GLUT4) to the plasma membrane,
suggesting that different protein components of these pathways
may be differentially regulated in LTM. For instance, mRNA
splicing proteins PRCC, USP39, SNRPA, SNRNP40, and
PRPF38A are upregulated in LTM, while mRNA splicing
proteins SNRPD3 and SRSF4 are downregulated in LTM
(Figure 5A).
As changes in protein synthesis2,6,59 and degradation60 are

well known to be involved in LTM, we investigated whether
translation and proteasome GO and pathway terms and
associated proteins were associated with proteins regulated in
LTM. Indeed, while pathways associated with proteasome
activity and translation were not significantly enriched relative
to the experimental background in the protein set up- and
downregulated by LTM, a number of proteins with annotated
terms and pathways corresponding to protein synthesis and
degradation were present in our upregulated protein set, such
as ubiquitination/proteasome degradation proteins HERC2,
HERC4, PSMB6, PSMC2, RNF115, and ANKZF1 and the
translational proteins MRPL58, MRPS35, and RPL11, as well
as more specific regulators of cytoplasmic translation such as
CPEB2 and EIF2D. Interestingly, protein synthesis and
degradation pathway term-associated proteins also included
several from the downregulated LTM set, including UFL1,
which mapped to ubiquitination/proteasome degradation, as
well as regulators of translation MRPL50, SERBP1, and
SNRPD3 (Figure 5B). Finally, as transcription is well known
to be regulated by and critical to LTM formation,61−66 we
investigated whether transcription-related terms were associ-
ated with proteins present in our regulated in LTM sets. As
expected, the majority of transcription-related annotations
were associated with the upregulated in the LTM set of

proteins, though several downregulated in LTM proteins also
mapped to transcription-related terms, such as “Positive
Regu l a t i on o f DNA-Temp l a t ed Tran s c r i p t i on ”
(GO:0045893), “RNA Polymerase II-specific DNA-binding
Transcription Factor Binding” (GO:0061629), and “Negative
Regulation of NF-kappaB Transcription Factor Activity”
(GO:0032088). Upregulated proteins involved in transcription
include PRCC, RPL11, CHEK2, HDAC9, MED15, NFYC,
PSMB6, PSMC2, REXO2, RPRD2, TDRKH, and TTC5.
Meanwhile, downregulated proteins involved in transcription
included TACC1, DNAJC2, UFL1, GTF3C5, SMARCD1,
SNRPD3, SRSF4, and TCEA1 (Figure 5C). Together, these
data imply a key role of metabolism, mRNA splicing, and
GLUT4 transport pathway activation in LTM, and suggest that
expression of proteins involved in protein synthesis, protein
degradation, and transcription, while generally upregulated,
may involve targeted suppression of the expression of proteins
involved in specific subprocesses of these critical LTM-related
functions.
LymEIF2D mRNA Expression is Upregulated by Aversive
Operant Conditioning

Having identified a number of proteins differentially expressed
in LTM formation, we performed a set of RT-qPCR
experiments to validate whether mRNA expression of an
identified protein of interest, EIF2D, was correlated to its
protein levels as quantified in our mass spectrometry
experiments. Mass spectrometry results showed that Ly-
mEIF2D was significantly increased in LTM vs yoke control
CNS (adjusted p-value = 0.0227), increased, while not
significantly, in LTM vs no LTM CNS (adjusted p-value =
0.0992), and decreased, though not significantly, in no LTM vs
yoke (adjusted p-value = 0.1391) (Supporting Table 2). The
proposed L. stagnalis EIF2D predicted protein-coding
sequence shares 41.391% identity with its top mouse
protein−protein BLAST hit (e-value = 7.09 × 10−131),
eIF2D (UniProt accession Q61211) (Supporting Table 1;
Figure 6A). Therefore, in the absence of an appropriate
antibody, we tested whether mRNA levels of LymEIF2D were
altered by LTM formation in a new set of LTM (n = 4), no
LTM (n = 4), and yoke control (n = 4) CNS samples
immediately following the memory test. Indeed, LymEIF2D
mRNA expression was significantly increased in LTM
compared to yoke controls (0.0239 ± 0.00222 vs 0.0153 ±
0.00142; unpaired t test with Bonferroni correction p-value =
0.045) (Figure 6B), validating that the protein levels of our
proteomic results are correlated with changes in mRNA
expression in LTM and yoke control animals. However,
LymEIF2D mRNA expression was also significantly increased
in no LTM CNS vs yoke controls (0.0241 ± 0.00230 vs 0.0153
± 0.00142; unpaired t test with Bonferroni correction p-value
= 0.04), suggesting that while aversive operant conditioning
may upregulate LymEIF2D mRNA levels, these transcripts
may not be translated or may be selectively degraded following
translation selectively in no LTM animals.

■ DISCUSSION
In this study, we identified and characterized differentially
expressed CNS proteins associated with LTM formation using
a combined behavioral, proteomic, and bioinformatics
approach. We have identified several protein signaling
pathways for further investigation into their specific roles in
LTM formation and consolidation, including the regulation of
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protein synthesis, protein degradation, and transcription.
Finally, we have confirmed that a proposed L. stagnalis
translation initiation factor, LymEIF2D, is upregulated at least
on the mRNA level following aversive operant conditioning,
validating the results of our mass spectrometry experiments.
Functions of Differentially Expressed Proteins Associated
with LTM Formation

We identified significant proteins uniquely differentially
expressed between LTM and yoke control and between
LTM and no LTM CNS and identified the potential functions
of these proteins. Several L. stagnalis proteins to be involved in
translation regulation were identified as upregulated in LTM
according to our criteria, such as the proposed Lymnaea
homologues of eukaryotic translation initiation factor 2D
(EIF2D), cytoplasmic polyadenylation element-binding pro-
tein 2 (CPEB2), HECT and RLD domain containing E3
ubiquitin protein ligase 2 and 4 (HERC2/4), proteasome 26S
subunit, ATPase 2 (PSMC2), proteasome 20S subunit β 6
(PSMB6), and nuclear transcription factor Y subunit γ
(NFYC) (Figure 7). We further validated the observed
increase in the expression of LymEIF2D on the mRNA level
following aversive operant conditioning, confirming that this
protein may be involved in LTM formation in this model.
Protein Synthesis and Degradation. Alterations in

protein synthesis are well known to be associated with LTM
formation, and accordingly, several proteomic LTM screens
have identified translation-related proteins as differentially
expressed and associated with learning.8,13,19,67 While LTM-
associated translation initiation of de novo protein synthesis is
canonically regulated by eukaryotic translation initiation factor
eIF2α,5,68−70 eIF2D (previously erroneously named ligatin71),

which we identified as upregulated by LTM on the protein
level and upregulated by aversive operant conditioning on the
mRNA level, is implicated in noncanonical translation
initiation events, such as reinitiation72 and non-AUG trans-
lation initiation,73−75 particularly in promotion of translation of
ATF4,76 suggesting that its action may counteract LTM-
associated eIF2α phosphorylation-mediated repression of
ATF4 translation.68 ATF4, in turn, represses CREB and
therefore LTM,77,78 including in another model of L. stagnalis
associative learning.79 While the role of ATF4 has not been
established in the current model of LTM formation, as CREB1
expression has also been shown to be essential to LTM
following aversive operant conditioning,27 ATF4 may play a
similar role. It would therefore be of interest to compare ATF4
activity between CNS of LTM and no LTM animals in this
model, as increased eIF2D expression in LTM vs no LTM
animals would suggest increased ATF4 translation, though this
effect may be balanced by a conserved decrease in
phosphorylated eIF2α. Upregulation of eIF2D associated
with LTM formation and conditioning also suggests that
transcripts selectively translated via reinitiation events via
DENR-MCT-1, such as those related to cell proliferation and
signaling,72 may be regulated by LTM formation in this model.
It may therefore be of interest to specifically profile translation
of DENR-dependent, eIF2α-independent transcripts in LTM
vs no LTM animals to determine whether this process may
represent a novel mechanism for protein synthesis that may be
critical to LTM formation in this model.
We identified cytoplasmic polyadenylation element-binding

protein 2 (CPEB2) as upregulated in LTM in our proteomic
screen. CPEBs are well known to be associated with LTM,
where CPEB1 plays an established role in stimulating LTM-

Figure 7. Protein signaling pathways associated with the LTM formation ability following aversive operant conditioning. LTM formation following
aversive operant conditioning in L. stagnalis is associated with increased expression of eIF2D and CPEB2, which may promote translation of as yet
unknown LTM-specific transcripts via eIF2α-independent and polyadenylation-dependent translation, respectively, specifically in LTM but not in
no LTM animals. Increases in HERC2 and HERC4, E3 ubiquitin ligases, may promote ubiquitination of LTM-specific transcripts, which may then
be targeted for degradation by upregulated PSMC2 and PSMB6, components of the proteasome complex, leading to LTM-specific protein
degradation, specifically in LTM but not no LTM animals. Finally, increased NFYC activation in LTM but not no LTM animals following aversive
operant conditioning may lead to increased transcription of NFY transcription targets. Schematic created in BioRender.
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and LTP/LTF-related de novo protein synthesis,80,81 while
CPEB2 has been shown to be required for both spatial
memory in mice via its interaction with GRASP182 and in
Drosophila long-term courtship memory, where the CPEB2
homologue is named Orb2.83 Interestingly, similarly to EIF2D,
upregulated CPEB2 in LTM may function to control the
translation of specific transcripts key to LTM formation due to
its ability to bind and stimulate translation of specific mRNA
transcripts,84 such as glutamate receptor interacting protein-
associated protein 1 (GRASP1),82 ephrin type-A receptor 4
(EphA4).85 It would therefore be of interest to determine the
expression of proteins under translational control of CPEB2 in
the LTM and no LTM CNS to determine whether CPEB2
may regulate the expression of LTM-associated proteins, and
compare these to noncanonical EIF2D-mediated translation.
While de novo protein synthesis and thus translation play key

roles in the consolidation of LTM, so does specific ubiquitin-
proteasome-mediated protein degradation. We identified
proteins involved in ubiquitin-proteasome-mediated protein
degradation as upregulated in LTM, such as HERC2/4,
PSMB6, and PSMC2. These results are consistent with
previous studies indicating the requirement of proteasome
activity for LTM formation and LTP induction in various
organisms60,86−90 as well as previous results from our
laboratory, where we used two-dimensional fluorescence
difference in gel electrophoresis (2-D DIGE) approach to
identify proteasome subunit β type-1 precursor as differentially
expressed between LTM and yoke control CNS.30 Other
proteomic screens have also identified components of the
proteasome to be upregulated by spatial learning, such as
PSMB6 in rat dentate gyrus8 and PSMA6 in mouse
hippocampus.67 Proteasome-mediated degradation appears to
target ATF4, where inhibition of the proteasome leading to
decreased ability to maintain late LTP also led to increased
ATF4 immunoreactivity in hippocampal slices.89 Thus, while
eIF2D upregulation may result in subsequent ATF4
upregulation in LTM in this model, activity-dependent
activation of the ubiquitin-proteasome complex may concom-
itantly degrade newly translated ATF4 stimulated by increased
eIF2D activity, while potentially leaving other LTM-specific
eIF2D targets intact. Interestingly, while the ubiquitin ligase
HERC1 has been shown to be required for associative learning
in mice,91 previous studies on the effects of decreased HERC2,
a ubiquitin ligase,92 on LTM formation showed either no
deficits, in heterozygous HERC2 knockout mice,93 or better
learning performance, in Drosophila.94,95 HERC2 is further
identified as a CrebB target gene.95 As these data contrast with
the results of the current screen, further investigation of the
specific role of HERC2 in mediating LTM formation in this
model and others is required.
Transcription. We identified a number of proteins as

upregulated in LTM with functions involving transcription,
consistent with the well-known requirement of transcription
for LTM formation.59,61 However, while LTM-associated
transcription is well known to be dependent on activation of
the transcription factor CREB, our screen identified nuclear
transcription factor Y subunit γ (NFYC) as upregulated in
LTM, a transcription factor responsible for transcription of
many cell cycle proteins.96−98 However, we did not identify
any cell cycle proteins under the control of NFYC activity such
as Cdc25, as associated with LTM (Table S2). Therefore,
additional investigation is required to determine whether
transcription general CCAAT-box promoter genes,96 i.e., those

under the control of NFYC, are associated with LTM
formation in this model.
Due to a lack of availability of commercially available

antibodies for L. stagnalis, biological validation of LTM-related
changes in the expression of specific proteins was not
conducted and represents a limitation of the data presented
here. Screening for appropriate antibodies for candidate
proteins based on sequence similarity presents a significant
challenge, and due to the large number of candidate proteins
identified in the current study, it will be a focus for future work.
Individual proteins of interest could be verified by the
generation of custom antibodies, especially for novel proteins
identified in the current study. Furthermore, as relevant
protein-coding sequences have been confirmed here as present
in the L. stagnalis proteome, commercially available antibodies
could be adapted for use in L. stagnalis based on protein
sequences in order to verify changes in protein expression
associated with LTM formation. It would be of additional
interest to characterize the LTM, no LTM, and yoke CNS
transcriptomes via RNaseq to quantify whole-brain transcript
abundance and subsequently verify differentially expressed
transcripts via qPCR, as we have done with LymEIF2D (Figure
6B). As mRNA and protein levels may not necessarily correlate
when cells are not at steady-state99,100 (i.e., during the memory
consolidation process), RNaseq quantification and qPCR
verification of differentially expressed mRNAs of candidate
proteins identified in the current screen would provide a more
thorough understanding of the molecular changes associated
with consolidation.
Additionally, although many candidate proteins associated

with LTM formation have been identified, it is still unclear
which may be required for LTM formation. Previous studies
have utilized RNA interference to knock down protein
expression and assess effects on L. stagnalis behav-
ior,26,27,37,79,101−103 a promising approach for assessing if
candidate proteins identified in the current proteomic screen
are critical to LTM formation. Furthermore, as CRISPR/Cas9
gene editing has recently been developed for use in L.
stagnalis,104 it may be possible to identify the specific protein
domains critical to LTM for previously identified or novel
candidate LTM-associated proteins.
Novel L. stagnalis Proteins Associated with LTM Formation

While the current study focused on identifying potential
functions of LTM-associated proteins with identified mouse
homologues, as determined by protein−protein BLAST, 25/
366 (6.83%) did not have a significant protein−protein
BLAST hit in the mouse Uniprot proteome. The identities,
closest homologues in other molluscan or invertebrate species,
and inferred functions of these proteins would therefore be of
interest for identifying potentially novel proteins critical to
LTM with no conserved mammalian homologues or perhaps
no conserved homologues whatsoever. Furthermore, though
many proteins had a significant protein−protein BLAST hit to
the mouse Uniprot proteome, many identified Lymnaea
proteins had low (<30%) percentage identity to putative
mouse homologues, suggesting that these proteins may have
functions in addition to those inferred by sequence similarity.
Future studies may therefore focus on phylogenetic and
protein domain analyses of such proteins as well as the study of
their in vitro and in vivo functions in Lymnaea to determine
whether their functions are novel or conserved with
mammalian proteins.
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LTM Following Behavior Is Associated with Whole-CNS
Changes in Protein Expression

We have demonstrated alterations in whole-CNS protein
expression between LTM, no LTM, and yoke control animals,
consistent with previous reports where whole-CNS inhibition
of translation25 and knockdown of expression of specific
proteins critical to LTM26,27 have been sufficient to eliminate
LTM. Together with previous studies demonstrating similar
whole-CNS alterations in protein expression associated with
this model of LTM,30,31 this suggests that a key element of
LTM consolidation in this model is alterations in protein
synthesis and thus neuronal properties in a large number of
CNS neurons, in addition to the single CPG circuit, driven by
the activity of the pacemaker neuron right pedal dorsal 1
(RPeD1), that is known to be the locus of LTM formation in
this model.105 While the activity of the central pattern
generator circuit, particularly RPeD1, has been shown to be
altered by LTM formation,32,106 CPG neurons have projec-
tions throughout the CNS,105,107 suggesting that activity-
dependent changes in their output could lead to long-term
modifications in activity CNS-wide. Recent studies on the A.
californica have used single-neuron resolution voltage imaging
to image activities of individual neurons108 and to identify
neuronal population activity dynamics associated with operant
learning in isolated ganglia preparations.109 A similar approach
could be applied to Lymnaea to determine whether LTM-
related changes in protein synthesis are reflected as whole-CNS
changes in activity. Furthermore, droplet-based single-cell
RNaseq110 and proteomics111 could be used to profile RNA
and protein expression changes in individual neurons across
the CNS using the L. stagnalis proteomic resource established
in the current study and others.58 Transcriptomes and
proteomes of identified CPG neurons, such as RPeD1, could
further be profiled and expression of transcripts and proteins,
such as the large number of ion channels expressed in L.
stagnalis CNS,36 could be correlated with previously observed
alterations in intrinsic and extrinsic neuronal properties of
CPG neurons.
Our analyses identified 32 significantly differentially ex-

pressed proteins between LTM and no LTM CNS (Figure
2C), of which 8 did not differ significantly between no LTM
and yoke controls (Table S2). These proteins were spermato-
genesis-associated protein 13, serine palmitoyltransferase 2,
partitioning defective 6 homologue γ, mitochondrial ribosome-
associated GTPase 1, XK-related protein 6, dynamin-1-like,
ATP-dependent (S)-NAD(P)H-hydrate dehydratase, and one
protein (transcript ID: evgLocus_strawberry_AH_33731)
which had no mouse homologue according to our criteria.
While no clear pattern of function is evident within these
proteins, of particular interest for subsequent investigation is
serine palmitoyltransferase 2 (SPTLC2). Serine palmitoyl-
transferases are the rate-limiting enzyme complexes in
ceramide synthesis,112 where ceramide and its derivatives
regulate a wide variety of neuronal functions, including AMPA
and NMDA receptor function.113 Therefore, increased
expression of SPTLC2 specifically in LTM and not in no
LTM animals, as we observed in our screen, may increase the
availability of ceramides within the whole CNS, suggesting that
it may be necessary for consolidation of LTM formation in this
model.
Though the current study did not focus on the set of 330

unique proteins associated with the inability to form LTM
(Supporting Figure 3C), the differential expression of these

between no LTM and yoke control CNS implies that failure to
acquire to LTM following aversive operant conditioning does
not result in the activation of the same pathways as are
associated with the yoking process. Indeed, the existence of
differentially regulated proteins between yoke controls and no
LTM CNS imply the existence of a “non-learned” or “learning-
resistant” brain state that is distinct from simple exposure to
hypoxia or aversive stimuli. Future work will examine the
protein signaling pathways specifically associated with the
failure to form LTM following aversive operant conditioning.
Comparison to Previous L. stagnalis LTM Proteomics
Studies and Limitations

The current study identified 366 proteins associated with the
ability to form LTM following aversive operant conditioning, a
significant increase over the previous study, which identified
approximately 40.31 The current study directly utilized an L.
stagnalis-specific predicted protein sequence library for protein
identification followed by inference of function by sequence
similarity, while the previous study used the Swiss Prot
database for protein identification directly. Furthermore, while
the previous study analyzed ganglia immediately following a
third training session 24 h following aversive operant
conditioning, our memory test did not involve administering
aversive stimuli and thus did not reinforce LTM. The previous
study also removed certain ganglia from the central ganglia
preparation used for subsequent analysis while we looked at
protein expression in the whole CNS. Finally, while our study
used learning performance to segregate LTM from no LTM
animals and compared with yoke control animals, the previous
study compared LTM and yoke control or naiv̈e animals.
Therefore, as our protein set excludes proteins significantly
regulated between no LTM and yoke control animals, some
differentially expressed proteins may not overlap between these
data sets.
Indeed, while several differentially expressed proteins

potentially similar to those identified in the previous study
were identified in our set of 366 LTM-associated proteins
(proteins from the previous proteomic screen in parentheses),
such as kinesin-1 heavy chain (kinesin-like protein KIF14),
phosphatidylinositol 4-kinase α (phosphatidylinositol 4
phosphate 3 kinase C2 domain containing α polypeptide),
cytochrome P450 2C44/3A11 (cytochrome P450 26A1),
importin subunit α-4 (importin 9), and 39S ribosomal protein
L4/L40, mitochondrial (39S ribosomal protein L17, mitochon-
drial), though without raw peptide sequences these compar-
isons may not be accurate. Importantly, we did not detect a
significant upregulation of adenylate cyclase type 8 between
the yoke control and LTM animals. However, as Western blot
validation in the previous study demonstrated a significant
difference in protein expression between LTM and naiv̈e but
not between LTM and yoke control ganglia, this suggests that
potential differences may be difficult to detect. Furthermore, as
our memory test did not involve a reinforcement-like step, it is
possible that such stimulation may lead to short-term activity-
dependent alterations in protein synthesis that may not have
been triggered by our behavioral paradigm.
Notably, differences in identified proteins associated with

LTM formation may be attributed to the possibility of false
positives within our identified differentially expressed set, due
to the assumption during our analyses that undetected proteins
were truly absent from the sample, and therefore inherent bias
within our data set toward high-abundance proteins. As we

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.4c00055
J. Proteome Res. 2025, 24, 27−45

40

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.4c00055/suppl_file/pr4c00055_si_003.xls
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.4c00055/suppl_file/pr4c00055_si_001.pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.4c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


have verified that at least one of our LTM-associated proteins,
EIF2D, appears to be upregulated by aversive operant
conditioning at least on the transcript level, we suggest that
further verification of differentially expressed proteins
associated with LTM be conducted by utilizing less resource-
intensive methods such as qPCR prior to proceeding to more
costly antibody-based verification of protein levels.

■ CONCLUSIONS
In conclusion, this study represents the first proteomic screen
of LTM formation ability following aversive operant
conditioning in L. stagnalis that takes advantage of a newly
improved transcriptome-guided protein sequence library and
collectively shows that LTM formation induces changes in the
expression of proteins associated with protein synthesis,
degradation, and transcription in this model. We have defined
a set of 366 LTM-associated proteins and identified clusters of
proteins with similar expression patterns between LTM, no
LTM, and yoke controls, characterizing 88 as upregulated and
36 as downregulated in LTM, where upregulated proteins had
significant functional enrichment for mRNA splicing and
ubiquitin-mediated degradation pathways, suggesting that
these pathways are upregulated by LTM formation in this
model. Furthermore, our data identify, for the first time, a
proposed L. stagnalis protein homologue of eukaryotic
translation initiation factor 2D (LymEIF2D) and demonstrate
upregulation of the corresponding transcript by aversive
operant conditioning, suggesting that noncanonical translation
initiation via EIF2D may play a role in promoting expression of
LTM-specific proteins in this model. Our results further imply
proteomic whole-brain states associated with successful LTM
formation 24 h following aversive operant conditioning that are
distinct from yoke controls. Further studies will explore the
transcript levels of additional identified proteins and determine
whether they are critical for LTM formation, hence using the
current study as a jumping off point for a more detailed
exploration of a diverse set of protein signaling pathways and
their involvement in LTM. Analysis of whole CNS and specific
neural activity associated with LTM-related alterations in
protein signaling identified in the current study will lead to the
discovery of novel mechanisms of regulation of neuronal
function in learning and memory.
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