www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

mIiRNA-1175 downregulates a long
non-coding natural antisense RNA
and promotes long term memory
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Single-trial induced long-term memories (LTMs) require fast removal of inhibitory memory constraints
following learning. We propose that the interplay between short non-coding RNAs (sncRNAs) and
long non-coding RNAs (IncRNAs) is engaged in this process, suggesting the existence of a new and
unexpected pathway for LTM formation. In the mollusc Lymnaea, this pathway involves the functional
interaction between a typical sncRNA, Lym-miR-1175, and a IncRNA, Lym-NOS1AS. In the current
study, we validate this hypothesis and provide evidence that: (1) LTM formation in Lymnaea is
associated with the timed and targeted changes in the expression of Lym-miR-1175; (2) Lym-miR-1175
is a negative regulator of the Lym-NOS1AS; (3) Lym-miR-1175 is required for single-trial induced

LTM; (4) Lym-miR-1175 and Lym-NOS1AS are co-expressed in a key neuron of the Lymnaea memory
network. Thus, our data indicate an important role of the interaction between a miRNA and a IncRNA
in one-trial learning.

Keywords Long non-coding RNAs, Natural antisense transcripts, Long-term memory, MiRNA, Nitric oxide
synthase, Brain

Both our everyday experience and the numerous behavioural studies confirm the general importance of repetition
for the formation of enduring memories!. But sometimes a single but highly salient event also triggers long-term
memory (LTM). Examples of this type of memory include “flash-bulb” memories in humans and associative
memories for strongly aversive or highly rewarding stimuli in animals®’. For everyday human experience
even ordinary (i.e., non-flash-bulb type) single trial memories are much more relevant than those trained by
repetition. For example, episodic memories forming after just one trial, or single-trial visual discrimination or
social learning are probably more relevant to human behavior than most models based on conditioning and
repetition®. However, it is not well understood, either in humans or animals, how a single episode of learning can
gain immediate access to the molecular machinery responsible for LTM formation. New insights that can help to
answer this question have emerged from the recent discovery that small non-coding RNAs (sncRNAs), including
microRNAs (miRNAs), participate in the regulation of some important processes in the brain>%. For example, it
was reported that miRNAs are involved in the regulation of long-term synaptic plasticity’~'°. Recently, we have
extended these studies by addressing the question of whether miRNAs are engaged in the consolidation of LTM
after single-trial conditioning. Using a well-established molluscan model organism, Lymnaea stagnalis''~'4, we
identified several miRNAs exhibiting training-induced alterations in their expression (hereafter LTM-related
miRNAs). Of these LTM-related miRNAs, we have already characterised Lym-miR-137. We demonstrated
that this miRNA down-regulates Lym-CREB2 mRNA and thus removes an important molecular constraint of
memory consolidation!®. Interestingly, however, blockage of the Lym-miR-137 did not completely suppress
memory formation indicating that there are other, as-yet-unknown memory constraints. Hence, we focused on
Lym-miR-1175, which is also an example of the LTM-related miRNAs. Intriguingly, this miRNA has a putative
target sequence located within a long non-coding RNA (IncRNA) called Lym-NOSIAS'. This IncRNA is
transcribed from the non-template strand of the NOS1 (Nitric Oxide Synthase 1) locus and belongs to a subfamily
of IncRNAs known as long Natural Antisense Transcripts (long NATs). Notably, it was reported that the NOS-
related long NATSs act as negative regulators of NOS gene expression!’~>2. These observations are important
because NOS protein catalyses the production of nitric oxide (NO), which is required for memory formation?.
Taken together, these findings predict the existence of a new pathway for single-trial induced LTM formation,
which involves the functional interaction between the two different classes of non-coding RNAs (ncRNAs),
namely a typical sncRNA, Lym-miR-1175, and a long NAT, Lym-NOSIAS.
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In this study, we provide support to this hypothesis by presenting the following findings: (i) our quantitative
experiments reveal that single-trial reward conditioning leading to LTM formation is associated with the
timed and targeted changes in the expression of Lym-miR-1175, (ii) using gain-of-function and site-directed
mutagenesis experiments we demonstrate that Lym-miR-1175 is a negative regulator of the Lym-NOSIAS NAT,
(iii) by employing an in vivo loss-of-function approach we provide evidence that Lym-miR-1175 is required
for single-trial induced LTM, (iv) using in-situ hybridization and RT-PCR, we show that Lym-miR-1175, Lym-
NOSIAS NAT and Lym-NOSI mRNA are co-expressed in the identified cerebral giant cells (CGCs), which are
key neurons of the Lymnaea memory network?%.
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«Fig. 1. A LTM-related Lym-miRNA-1175 exhibits specific training-induced changes in its expression. (a)
Schematic representation of the experiment to identify miRNAs involved in single-trial reward conditioning.
(b) A schematic diagram showing that Lym-miR-1175 (red) has a putative target site (grey) located within
the Lym-NOSIAS (diagram not drawn to scale). (c) Schematic representation of the experiment conducted
to investigate whether single-trial reward conditioning is associated with specific changes in Lym-miR-1175
expression. A single pairing of amyl acetate, a conditioned stimulus (CS) and sucrose, an unconditioned
stimulus (US) was employed to produce LTM. (d, e) Results of quantitative RT-PCR performed on the cerebral
and buccal ganglia, respectively. The relative levels of Lym-miRNA-1175 expression in ganglia from unpaired
control (UP, white bars, the CS and the US were separated by an interval of 1 h) and conditioned (paired, P,
dark grey bars) animals dissected at 1 h, 2 h, 4 h and 6 h after training were calculated as 274, All data in
this figure are shown as means+ SEM (7 =20 in each group, collected in 5 tubes each containing 4 either BG or
CGQ). Asterisk indicates statistically significant difference (p=0.036, t=2.85, df=4.87, unpaired two-tailed t-test
with Welch’s correction) between the ‘conditioned’ and ‘unpaired’ cerebral ganglia at 1 h after training. See also
Supplementary Table SI.

Results

Single-trial reward conditioning induces the timed and targeted differential regulation of
Lym-miRNA-1175 in the learning ganglia

Our previous work established that the implicit memory trace resulting from classical conditioning in Lymnaea
is both acquired and stored in the neural circuit located in two distinct areas of the brain, namely the buccal and
cerebral ganglia (hereafter ‘learning ganglia’)*. Also, we have reported on the construction of sncRNA cDNA
libraries from the ‘learning ganglia’ dissected from trained snails to address the question of whether miRNAs
play a role in the consolidation of LTM after single-trial classical conditioning. Next Generation Sequencing of
these libraries has revealed several LTM-related miRNAs including miR-1175" (Fig. la). Our bioinformatic
analysis predicted that this miRNA could bind to a complementary target sequence located within a IncRNA
known as the Lym-NOSIAS NAT (Fig. 1b). Furthermore, our calculations of free energy of the Lym-miR-
1175/Lym-NOSIAS duplex formation (AGduplex, — 14.6 kcal/mol) and total free energy difference (AAG =
AGduplex - AGopen, — 9 kcal/mol) by the PITA algorithm?” indicated a high binding affinity between these
two ncRNAs. Consequently, these observations bring up the intriguing possibility that Lym-miR-1175 regulates
Lym-NOSIAS NAT and, through this, is involved in NO-dependent LTM.

If Lym-miR-1175 plays a role in LTM, it would be expected to see specific changes in its expression induced
by conditioning. Therefore, using RT-qPCR we quantified the expression level of Lym-miR-1175 in the buccal
(BG) and the cerebral (CG) ganglia dissected from conditioned snails at 1 h, 2 h, 4 h and 6 h after the training
trial (Fig. 1c). We revealed precisely timed and targeted learning-induced changes in the expression level of
Lym-miR-1175. Specifically, we found that Lym-miR-1175 was up-regulated (by approximately 4 times) in the
CG at 1 h after conditioning (Fig. 1d). We detected no significant alterations in the expression of Lym-miR-1175
in the BG (Fig. 1e).

Lym-miR-1175 downregulates the non-coding NOS-related long natural antisense transcript
Lym-NOS1AS

Our suggestion that Lym-miR-1175 can specifically target the NOS-related NAT was based on the observation
that the seed region of the Lym-miR-1175 exhibited 100% complementarity to the putative recognition site within
the Lym-NOSIAS (Fig. 2a). To provide more direct evidence for the role of Lym-miR-1175 in the regulation of
Lym-NOSIAS, we used the gain-of-function approach. Specifically, we have inserted a large fragment of the Lym-
NOSI1AS into the pcDNA5/SV40/GFP plasmid, downstream of a GFP ORF and upstream of a polyadenylation
site (Fig. 2a). The recombinant plasmid was transfected into HEK293 cells and a cell line with stable expression
of the GFP/Lym-NOS1AS was generated. The generated cells were then treated with either Lym-miR-1175 mimic
or negative control mimic and the expression level of the GFP/Lym-NOSI1AS transgene was measured by real-
time RT-PCR. As shown on Fig. 2a, overexpression of miR-1175 results in the decreased level of the GFP/Lym-
NOSIAS compared with the effect caused by the negative control mimic.

To further strengthen our idea that Lym-miR-1175 specifically binds to the target site within the Lym-
NOSI1AS, we employed a site-directed mutagenesis approach. Specifically, we made 5 nucleotide substitutions
in the putative binding site. This lowered significantly the level of complementarity to the Lym-miR-1175
(Fig. 2b). We then generated a cell line with stable expression of the mutated variant of the Lym-NOSI1AS (GFP/
Lym-NOS1ASmut). Importantly, the overexpression of the miR-1175 in these cells did not significantly change
the transgene expression (Fig. 2b). This supports strongly our hypothesis that Lym-miR-1175 specifically
downregulates Lym-NOSIAS NAT.

Lym-miRNA-1175 is required for single-trial induced LTM formation

To investigate if Lym-miR-1175 is required for memory formation we employed an in vivo loss-of-function
approach. First, in our control experiments, we examined whether the transfection reagent Invivofectamine
causes any unwanted toxic/stressful reaction in our system. We made a direct comparison between the feeding
responses to the CS of naive animals, control conditioned animals and conditioned animals injected with
Invivofectamine. Importantly, our results demonstrate that the control and Invivofectamine treated conditioned
groups exhibit very similar conditioned responses (Fig. 3a). This proves that Invivofectamine does not impair
LTM formation and, therefore, can be used in our further experiments. Consequently, in the second set of tests
we compared the conditioned feeding responses of animals injected with either the miR-1175 inhibitor or the
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Fig. 2. Lym-miR-1175 downregulates Lym-NOSIAS NAT. (a) Schematic diagram of the experiments showing
that overexpression of miR-1175 in the stably transfected HEK293 GFP/NOS1AS cell line results in the
decreased level of the GFP/Lym-NOS1AS transgene expression. Hatched box shows the putative binding site
within the Lym-NOSIAS. It is important to note that the seed region of the Lym-miR-1175 exhibits 100%
complementarity to the target site located within the Lym-NOSI1AS (the non-Watson-Crick G-U base pairs
are shown by dots). Asterisk indicates significant difference between the control (white bar, NCmim) and the
experimental (grey bar, 1175mim) samples (Mann-Whitney U Test, z-score 2.50672, p=0.012). (b) Schematic
diagram of the experiments showing that overexpression of miR-1175 in stably transfected HEK293 GFP/
NOS1ASmut cell line does not change the level of the GFP/Lym-NOS1ASmut transgene expression. Nucleotide
substitutions in the Lym-NOS1ASmut, which lower the level of complementarity to the Lym-miR-1175, are
shown by lowercase letters. The Mann-Whitney U Test reveals no significant difference between the control
(white bar, NCmim) and the experimental (grey bar, 1175mim) samples. Of note, the whole procedure was run
5 times to enable statistics and all data in this figure are shown as means+SEM. See also Supplementary Table
S2. The approximate positions of primers used in RT-PCR experiments are shown by half arrows.

negative control inhibitor (Fig. 3b). We found that the injection of the miRNA-1175 inhibitor into the snails
significantly suppressed LTM.

Lym-miR-1175, Lym-NOS1AS NAT and Lym-NOS1 mRNA are co-expressed in a key neuron of
the memory network

Our findings that the Lym-miR-1175 supresses the Lym-NOSI1AS NAT and is required for LTM are of great
interest because they indicate that the interaction between the two different types of ncRNAs is involved in
memory formation. Furthermore, previously we and others demonstrated that NOS-related NATs (e.g., Lym-
NOSIAS) act as negative regulators of NO production in the brain most likely through down-regulation of
the NOS-encoding mRNAs!®-18. Of note, NO has been shown to be necessary for memory formation after
single-trial conditioning in Lymnaea?’. But the proposed interplay between Lym-miR-1175, Lym-NOSIAS and
Lym-NOSI mRNA is possible only if these three RNAs co-exist in a neuron (Fig. 4a). To address this important
point, we exploited the advantage of the existence of the pair of CGCs in the Lymnaea brain, which are identified
neurons with a well-established role in the long-term conditioned feeding response. Using a combination of in
situ hybridization and RT-PCR, we demonstrate that Lym-miR-1175, Lym-NOSIAS and Lym-NOSI mRNA are
indeed co-expressed in the CGCs (Fig. 4a). Thus, collectively, these findings support our idea that Lym-miR-
1175/Lym-NOS1AS/Lym-NOS1 interaction is required for single-trial induced LTM formation.
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Fig. 3. The role of Lym-miR-1175 in LTM. (a) Injection of snails with Invivofectamine does not impair LTM
formation. Snails injected with Invivofectamine were trained and then tested for feeding response to the amyl
acetate (CS) at 24 h after training. One-way ANOVA with post-hoc Tukey HSD test revealed no significant
changes between the mean feeding responses of the Control Conditioned snails (light grey bar, CC, n=16)

and the conditioned animals injected with InvivoFectamine (dark grey bar, IE, n=22, p=0.11). Note that the
feeding response of Naive animals (white bar, N, n=17) is significantly lower than the response of the CC
group (n=16, p<0.00001) and the IF group (n=22, p<0.001). (b) Blocking of Lym-miR-1175 impairs LTM
after single-trial conditioning in vivo. All snails were tested for feeding response to the CS at 24 h after training.
To test if the Lym-miR-1175 inhibitor down regulates LTM formation, we used the unpaired two-sample
one-tailed t-test. It showed that the mean feeding response of the animals injected with the Lym-miR-1175
Inhibitor (red bar, INH) is significantly lower than the response of the snails injected with the Negative Control
Inhibitor (black bar, NCI, n=20, p=0.035, t=1.86). All data in these figures are shown as means + SEM. See
also Supplementary Table S3.
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Fig. 4. Co-expression of Lym-miR-1175, Lym-NOS1AS NAT and Lym-NOSI mRNA in the cerebral giant cell
is in favour of the existence of a new pathway involved in LTM formation. (a) Lym-miR-1175, Lym-NOSI1AS
NAT and Lym-NOSI mRNA are co-expressed in the cerebral giant cell (CGC). (ai) The results of RT-PCRs
conducted on RNA extracted from isolated CGCs indicate the presence of Lym-NOSIAS NAT and Lym-
miR-1175. Of note, PCR products of the expected sizes were detected using standard DNA electrophoresis in a
mini gel, and their identity was confirmed by cloning and sequencing. The ‘RT-’ lanes represent the outcome
of the control experiments in which reverse transcriptase was omitted. See also Supplementary Fig. 1. (aii)

In situ hybridization reveals the presence of Lym-NOSI mRNA in the cytoplasm of the CGC. (b) Schematic
diagram shows the proposed role of the Lym-miR-1175/Lym-NOS1AS/Lym-NOS1 pathway in single-trial
induced LTM.
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Discussion

Our everyday life instructs that not all our experiences culminate in the formation of durable long-lasting
memories. This is due to the existence of the molecular mechanisms that provide inhibitory constraints on
LTM formation. Therefore, single-trial induced LTMs require this suppressive effect to be immediately removed
following the learning event. Recent findings indicate that miRNAs play important roles in this process by
targeting specific messenger RNAs that encode memory-suppressor proteins”®!>. However, little is known about
whether such ‘memory enhancer’ miRNAs can interact with IncRNAs, especially those that are classified as long
NATs. In the current paper, we aim to fill this gap by presenting experimental data uncovering the role of the
interaction between a miRNA and a NOS-related long NAT in NO-dependent LTM (Fig. 4b).

First, we report on the discovery of the LTM-related Lym-miR-1175, the seed region of which is 100%
complementary to a potential recognition site within the Lym-NOSIAS long NAT. Furthermore, we provide
evidence that one-trial learning causes very specific temporal and spatial change in Lym-miR-1175 expression.
More specifically, we found that Lym-miR-1175 was up-regulated in the cerebral ganglia at 1 h after training.
Notably, this targeted up-regulation of Lym-miR-1175 agrees with the previous findings, which showed that the
cerebral ganglia perform most of the NO-dependent information processing during memory consolidation'®.
Thus, the results of our quantitative analysis are in favour of our proposition that Lym-miRNA-1175 is involved
in single-trial induced LTM formation, possibly through the interaction with Lym-NOSIAS.

Second, we understand that what is currently known about the interaction between miRNAs and long NATs
is rather limited and, therefore, our prediction that Lym-miR-1175 targets Lym-NOS1AS long NAT, although
intriguing and inspiring, requires robust experimental evidence. Therefore, we used a combination of gain-
of-function and site-directed mutagenesis experiments and demonstrated that Lym-miR-1175 indeed down-
regulates the Lym-NOSIAS NAT. But NOS-related NATs were shown to regulate NOS gene expression'’~2? and
NOS, in its turn, produces NO, which plays an important role in the early stages of memory formation. For
example, in Lymnaea, there is an obligatory requirement for NO signalling in single-trial induced LTM for a
continuous period of about 6 h post-training?’. Thus, collectively, our data raise the exciting possibility that Lym-
miR-1175, through negative regulation of Lym-NOSIAS NAT, acts as an important memory promoter molecule.

Third, in order to further strengthen our reasoning for the role of the Lym-miR-1175 in LTM formation, we
carried out behavioural experiments with intact snails. Specifically, we injected animals with either the miR-
1175 inhibitor or an unrelated negative control inhibitor. We found that the injection of miR-1175 inhibitor had
a significant suppressive effect on memory formation, supporting the importance of Lym-miR-1175 for LTM.
However, we have to mention that blockage of Lym-miR-1175 did not completely suppress LTM, likely because
of the existence of other powerful memory constraints'®.

Finally, we would like to draw attention to some interesting correlations between training-induced expression
profiles of Lym-miR-1175, Lym-NOSIAS and Lym-NOSI mRNA in the cerebral ganglia. Indeed, whereas the
current study reveals up-regulation of Lym-miR-1175, our previous work showed that Lym-NOSIAS is down-
regulated in the same ganglia after conditioning!®. Furthermore, we can deduce from our earlier studies that
this down-regulation of Lym-NOSIAS is followed by the up-regulation of Lym-NOSI mRNA'®. These findings
suggest the existence of a new pathway for LTM formation, which depends on the interaction between Lym-
miR-1175, Lym-NOSIAS NAT and Lym-NOSI mRNA. In this pathway, Lym-miR-1175 appears to act as a critical
trigger, removing the Lym-NOSIAS memory constraint. In turn, this promotes Lym-NOSI mRNA expression,
ensuring the production of NO, which is essential for LTM formation (Fig. 4b). We understand that this interplay
between different classes of RNAs involved in the regulation of NO signalling can occur only if Lym-miR-1175,
Lym-NOSIAS and Lym-NOSI mRNA co-exist in a neuron or neurones with a key role in memory formation.
Importantly, our in situ hybridisation and single-cell RT-PCR experiments confirmed that these three RNAs are
indeed co-expressed in the CGCs, which fulfil the above criterion?4.

In conclusion, while a number of miRNAs regulating other types of IncRNAs (for example, intergenic
IncRNAs) have been identified*®-**, the interplay between miRNAs and long NATs remains an under-investigated
area®!~ 3%, Consequently, we anticipate that the results presented here will contribute to a better understanding
of the molecular neurobiology of single-trial induced LTM and will also generate new insights into complex
relationships between miRNAs and IncRNAs.

Methods

Experimental animals

Specimens of Lymnaea stagnalis were raised in the breeding facility of the University of Sussex, where they were
kept in 20-22 °C copper free water under 12 h light/dark cycle. The snails were fed on lettuce and a vegetable-
based fish food.

Single-trial conditioning protocol

Reward conditioning was performed using a method based on a previously published protocol?*. Briefly, snails
were randomly assigned to experimental (paired) and control (unpaired) groups. The experimental group was
exposed to a solution of amyl acetate (CS, 0.04%) and immediately after that to a sucrose solution (US, 0.67%).
Animals from the control group were exposed to the CS and to the US, separated by an interval of 1 h. A
randomly chosen subset of 20 animals from each group was retained and tested for LTM formation at 24 h after
the paired and unpaired trials.

Quantitative real-time RT-PCR
RNA preparations were obtained from the cerebral and the buccal ganglia dissected at 1 h,2h,4hand 6 h
after training from conditioned (paired) and control (unpaired) snails (n=20 in each group, collected in 5
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tubes each containing 4 either BG or CG) by means of the Absolutely RNA miRNA kit (Agilent). The purified
RNA samples were treated with DNase TURBO (Ambion) to remove any traces of DNA. Each purified RNA
sample was divided into two equal parts. The first parts were used to quantify Lym-miR-1175 by employing the
Custom TagMan™ Small RNA Assay 4,398,987/CS1RUKG (Life Technologies). RNAs from the second part were
copied into cDNAs using the iScript cDNA synthesis kit (Bio-Rad). The cDNAs produced were amplified and
analysed on the Mx3000P real-time cycler (Stratagene) using the SYBR Green qPCR Master mix (Biotool). We
used primers 5'-AAGGGACATTACACAGAGG-3' and 5'-GTGTCAGTTGGAATCCTTG-3’ for the detection
of B-tubulin (endogenous reference). The expression level of Lym-miR-1175, normalized to the endogenous
reference and relative to a calibrator, was calculated as 2722CT 37,

Gain-of-function experiments

Plasmid vector construction. The CMV/TetO2 promoter was removed from the pcDNA5SFRT/TO plasmid
(ThermoFisher Scientific) and replaced with the SV40 promoter. Also, the GFP-encoding gene was inserted
downstream of the CMV promoter. The new plasmid vector was named pcDNA5/SV40/GFP.

Construction of recombinant plasmids expressing the Lym-NOSIAS. The forward (5-ACTTGCTCGAGTGTG
TGCAGTTACTTGAG-3’) and reverse (5- ACTTGCTCGAGATTTACCACAATGGCTCAG-3’) PCR primers
were used to amplify a 455 bp fragment of Lym-NOSIAS containing the putative binding site for the Lym-
miR-1175. The product was digested with Xhol, purified and inserted into the pcDNA5/SV40/GFP. The resulting
recombinant plasmid was named pcDNA5/SV40/GFP/NOSI1AS. In parallel experiments, the Lym-NOSIAS
containing mutated bunding site cTtAgTaTg (lowercase letters show the difference from the wild type binding
site) exhibiting a low level of complementarity to Lym-miR-1175 was created using PCR-based site-directed
mutagenesis. The mutated construction was ligated with the pcDNA5/SV40/GFP, and the resulted recombinant
plasmid was named pcDNA5/SV40/GFP/NOS1ASmut.

Stable cell line generation. The Flp-In™ 293 T-REx cell lines (ThermoFisher Scientific) were cultured in DMEM
supplemented with 10% foetal bovine serum, 2 mM L-glutamate and 1% penicillin-streptomycin.

pOG44 Flp-recombinase expression vector (Invitrogen) was co-transfected into the Flp-In 293 T-REx cells
with either the pcDNA5/SV40/GFP/NOSIAS or the pcDNA5/SV40/GFP/NOS1ASmut. Hygromycin (150 mg/
ml) was added and single clones of stable transfectants were individualized and selected after 14 days of
incubation. These resulting stable cell lines were termed HEK293 GFP/NOS1AS and HEK293 GFP/NOS1ASmut.

Transfection of miR-1175 mimic in stably transfected HEK293 GFP/NOSIAS and HEK293 GFP/NOS1ASmut
cell lines. The same protocol was used for the HEK293 GFP/NOS1AS and HEK293 GFP/NOS1ASmut cell lines.
Briefly, one day before transfection, 10,000 stably transfected HEK293 cells were plated in a 4 cm? dish containing
MEM supplemented with 15% foetal bovine serum. On the day of transfection, we diluted the mirVana miR-
1175 mimic MC15379 (#4464066, Ambion) in Opti-MEM Reduced Serum Medium for a final concentration
of 120 nM. In a separate tube, Lipofectamine 2000 (Invitrogen) was diluted 50 times using the same medium.
We then mixed 100 pl of the miR-1175 mimic and 100 ul of the diluted Lipofectamine 2000 and incubated the
mixture for 20 min at room temperature. We added 200 ul of the miR-1175 mimic-Lipofectamine complex to the
dish containing stably transfected HEK293 cells. The cells were incubated at 37 °C in a CO, incubator for 24 h
until they were ready for quantitative real-time RT-PCR analysis. Of note, in the control experiment, the miR-
1175 mimic was replaced with the mirVana miRNA Mimic Negative Control 1 (#4464058, Ambion).

Quantification of transgene expression. RNA was extracted from the transfected cells by means of Absolutely
RNA Microprep Kit (Agilent), then copied into cDNA using the iScript cDNA synthesis kit (Bio-Rad) and
the ¢cDNA produced was amplified using the SYBR Green qPCR Master mix (Biotool). Primers 5-TGGCC
GACAAGCAGAAGA-3 and 5-GTGTTCTGCTGGTAGTGG-3" were used to quantify transgene expression.
Primers 5-AAGGTGAAGGTCGGAGTC-3’ and 5-GTAAACCATGTAGTTGAGGTC-3’ were used to detect
the GAPDH gene expression. The expression level of the transgene, normalized to the endogenous reference
(GAPDH) and relative to a calibrator, was calculated as 2724CT,

Notably, the whole procedure was run 5 times to enable statistics.

Silencing of Lym-miR-1175 in vivo

To investigate if Invivofectamine 2 (Life Technologies) has a nonspecific side effect on LTM formation, we
injected the reagent into the haemolymph of 20 snails before single-trial training. The feeding response of the
injected snails to the CS was tested 24 h after training and compared to the feeding responses of naive snails and
snails subjected to a standard procedure of classical single-trial conditioning.

To silence Lym-miR-1175 in vivo, we used the mirVANA miRNA inhibitor (#4464086, Ambion). Specifically,
the inhibitor complex containing 50 ul (17 pg) of the miRNA-1175 inhibitor, 50 pl of complexation buffer
and 100 pl of Invivofectamine 2 was prepared according to the manufacturer’s protocol (Life Technologies).
The complex was incubated at 50 °C for 30 min and then purified using the Float-A-Lyzer G2 dialysis device
according to the manufacturer’s protocol (Spectrum Medical Laboratories). The volume was adjusted to 2.5 ml
with the saline buffer and 100 pl of the final solution was injected into the haemolymph of 20 snails 48 h before
training. A control group of snails (n=20) was subjected to the same procedure but animals from this group
were injected with the Negative Control Inhibitor (#4464076, Ambion), which is a random sequence anti-miR
molecule that has been validated to produce no identifiable effects on known miRNA function.

All experimental and control animals were tested with the CS 24 h after training to evaluate LTM formation.
An individual feeding score was calculated by subtracting the number of rasps elicited by water from that elicited
by the addition of the CS.
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RT-PCR on the cerebral giant cells

The cell bodies of CGCs were identified and dissected from the CNS of Lymnaea as described previously'®. Total
RNA extracted from the CGCs by means of the Absolutely RNA miRNA kit (Agilent) was split into separate
halves. The first half was used to detect Lym-miR-1175 with the aid of the Custom TagMan™ Small RNA Assay
4,398,987/CS1RUKG (Life Technologies). The second half was used to identify Lym-NOSIAS. Specifically, the
purified RNA was copied into cDNAs using the iScript cDNA synthesis kit (Bio-Rad) and the cDNA produced
was amplified using the SYBR Green qPCR Master mix (Biotool) in the presence of 5'-GTAATAAGCGCATTT
GCATAC-3’ and 5'-CCTGGTGTGAAGCTGATC-3' primers. The identity of the PCR products was confirmed
by cloning and sequencing.

In situ hybridization

Detection of Lym-NOSI mRNA in frozen sections of Lymnaea CNS by in situ hybridization was performed as
previously described?®. The labelled probe (5'-CACAGGA(AC)GGTATGGTGTTCT-3') was prepared using the
DIG Oligonucleotide Tailing Kit (Roche) according to the manufacturer’s protocol.

Statistical analysis

In both the behavioural and molecular experiments comparisons between two independent groups (e.g.,
unpaired and paired) were carried out using unpaired two-tailed Student’s t-tests or Mann-Whteney U-tests.
Welch’s correction was used when the samples had unequal variances. A one-tailed t-test was performed when
we were testing for a change in one direction only. Differences among more than two groups were tested using
ANOVA followed by Tukey’s multiple comparisons. The differences were considered statistically significant at
p<0.05.

Data availability

All data generated during this study are included in the published article and its supplementary information files.
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