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Abstract

Serotonin plays a decisive role in long-term synaptic plasticity and long-term memory in mollusks.
Previously, we demonstrated that histone acetylation is a critical regulatory mechanism of long-term
memory in terrestrial snail. At the behavioral level, many studies were done in Helix to elucidate the role of
histone acetylation and serotonin. However, the impact of histone acetylation on long-term potentiation
of synaptic efficiency in electrophysiological studies in Helix has been studied only in one paper. Here we
investigated effects of serotonin, histone deacetylases inhibitors sodium butyrate and trichostatin A, and
a serotonergic receptor inhibitor methiothepin on long-term potentiation of synaptic responses in vitro.
We demonstrated that long-term potentiation was suppressed by methiothepin but rescued by co-
application of histone deacetylase inhibitors sodium butyrate or trichostatin A. Increased histone
acetylation compensated the loss of serotonergic activation. We showed that single serotonin application
in combination with histone deacetylase blockade could mimic the effect of repeated serotonin
applications and be enough for sustained long-lasting synaptic changes. The data obtained
demonstrated that histone deacetylases blockade ameliorated deficits in synaptic plasticity induced by
different paradigms (methiothepin treatment, the weak training protocol with single application of
serotonin), suggesting that histone acetylation contributes to the serotonin-mediated synaptic plasticity.

Introduction

According to modern concepts, serotonin plays a decisive role in the development and maintenance of
long-term synaptic plasticity and long-term memory in mollusks (Kandel and Schwartz 1982; Balaban et
al. 1987; Balaban and Bravarenko 1993; Balaban 2002; Alberini and Kandel 2014; Balaban et al. 2016;
Deryabina et al. 2018), but the molecular mechanism of its action still remains unclear.

Recently, experimental data on the link between serotonin and histone acetylation, its role in cognitive
functions appeared in literature (Zhu et al. 2021). It should be noted that the histone acetylation itself
plays an important role in synaptic plasticity and memory in invertebrates and vertebrates and acts as an
epigenetic controller (Vecsey et al. 2007; Chen et al. 2014, Barichello et al. 2015; Villain et al. 2016; Hu et
al. 2018; Campbell and Wood 2019; Zuzina et al. 2020; Kolotova et al. 2021). The inhibition of histone
deacetylases was shown to enhance the function of serotoninergic neurons in organotypic raphe slice
culture in rodents (Asaoka et al. 2015). Agudelo et al. (2012) demonstrated the link between 5-HT3,
serotonin, and histone deacetylases and histone acetyltransferases in alcohol dependence. Another study
has indicated that inhibition of histone deacetylases significantly upregulated the expression of serotonin
transporter (Bence et al. 2011). Activation of the 5-HT2A receptor by the endogenous serotonin repressed
the promoter activity of the histone deacetylase 2 gene in mice (Holloway and Gonzalez-Maeso

2015). The link between serotonin and histone acetylation was demonstrated in Aplysia californica:
administration of serotonin, providing long-term potentiation (LTP) of synaptic strength, increased the
acetylation of histone H3K14 and histone H4K8. Moreover, authors explored the chromatin structure in
Aplysia neuronal cultures in the context of learning-related synaptic plasticity. Chromatin

Page 2/20



immunoprecipitation assays showed that serotonin induced activity of the downstream gene C/EBP by
activating CREB1, which recruits CBP for histone acetylation (Guan et al. 2002).

The level of histone acetylation is determined by two groups of enzymes with opposite activity — histone
deacetylases (HDACs) and histone acetyltransferases. The use of histone deacetylase inhibitors
(HDACis) is effective for studying the role of histone acetylation in regulation of the synaptic plasticity
(Peixoto and Abel 2013; Penney and Tsai 2014). In a number of studies, it was shown that the HDACis
influence the long-term changes in efficiency of synaptic transmission in cellular and behavioral models
(Levenson et al. 2004; Lattal et al. 2007; Federman et al. 2009; Stefanko et al. 2009; Federman et al. 2012;
Chen et al. 2014). At the behavioral level, several studies were done in Helix to elucidate the role of
histone acetylation and effects of serotonin. In our previous studies, we have reported that serotonin
precursor 5-hydroxytryptophan, as well as HDACis, sodium butyrate (NaB) and trichostatin A (TSA),
restored the impaired memory (Zuzina et al. 2019, 2020). However, the effect of histone deacetylase
inhibition on the LTP of synaptic responses in electrophysiological studies in Helix was demonstrated
previously only once, without investigation of serotonin effects (Kolotova et al. 2021).

Given the importance of histone acetylation in synaptic plasticity, a putative serotonin-histone acetylation
connection, and the lack of knowledge regarding the contribution of histone acetylation in synaptic
plasticity in Helix, we conducted a novel research involving serotonin, HDACis, and nonselective
antagonist of serotonergic receptors methiothepin (MET) to investigate the role of histone acetylation in
LTP. The data obtained clearly demonstrated that HDAC inhibition ameliorated deficits in synaptic
potentiation induced by different paradigms (MET treatment, the weak training protocol with single
serotonin application), suggesting that histone acetylation mediates the fundamental processes
underlying serotonin-mediated synaptic plasticity.

Materials And Methods

Animals

Experiments were carried out in adult Helix lucorum taurica L.(Crimea population). All animals for these
experiments were comparable in weight (15g+5). All animals were kept in terraria at temperature 22 + 2°C,
ata 12:12 light/dark cycle. The snails were kept in an active state at least 2 weeks before the experiment
in a wet environment and were fed ad libitumwith cabbage and carrots. Isolated central nervous system
(CNS) was used for electrophysiological experiments. Details of preparation and identification of neurons
are given elsewhere (lerusalimsky et al.1992; Balaban2002). Injection of cold isotonic MgCl, was made
before the CNS isolation to minimize pain. Experimental procedures were in compliance with the Guide
for the Care and Use of Laboratory Animals published by the National Institutes of Health, and the
protocol was approved by the Ethical Committee of the Institute of Higher Nervous Activity and
Neurophysiology of Russian Academy of Sciences.

Electrophysiological experiments
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Intracellular recordings from isolated brain ganglia were made using standard electrophysiological
techniques. Identified withdrawal giant interneurons of the parietal ganglia (Pa3 and Pa2; Balaban2002)
were penetrated with sharp glass microelectrodes filled with 2 M potassium acetate (tip resistance, 15—
20 MOhm). The cutaneal and intestinal nerves were stimulated via plastic suction electrodes with 3 ms
stimuli. The cutaneous and intestinal nerves were chosen because published data suggest that
mechanosensory neurons receiving information from the skin (cutaneous nerve) form a glutamatergic-
like synapses with the premotor neurons triggering withdrawal (Malyshev and Balaban2002;Bravarenko
et al. 2003), while the neurons receiving information via intestinal nerve have quite different transmitter
suggested to be acetylcholine (Ter-Markarian et al. 1990). Testing these two functionally and
neurochemically different synaptic inputs to the same identified premotor neurons allowed us to widen
the options for interpretation of results. Intensity of stimuli was adjusted in each experiment to elicit
complexexcitatory postsynaptic potentials (EPSPs) of 5-12 mV amplitude from each stimulated nerve in
the giant premotor interneurons. Intracellular signals were recorded with preamplifiers (Axoclamp 2B,
Axon Instruments, CA, USA), digitized, and stored on a computer (Digidata 1400A A/D converter and
Axoscope 10.0 software, both from Axon Instruments, CA, USA).

In the current study, we chose two distinct types of the training protocol: a strong training protocol (five
tetanizations combined with five serotonin applications) to induce long-lasting LTP, and a weak training
protocol based on pilot experiments (five tetanizations only or five tetanizations+single serotonin
application) to induce a transient potentiation (Fig. 1). Both protocols were necessary for examination of
the ability of HDAC inhibitors to affect the memory. The strong training protocol started with five test
stimuli with a 10 min interstimulus interval, followed by tetanization (five high-frequency 10 Hz trains of
stimuli, duration of each train 1 min, 5 min intervals between the trains, test stimulus amplitude was
increased 10 fold), followed by posttetanic testing with a single stimuli of initial amplitude with 10 min
interstimulus intervals for several hours. Serotonin was applied to the experimental bath just before each
tetanization train to a final bath concentration of 107> M with washout in 2 min after each tetanization
train. The weak training protocols started with five test stimuli with a 10 min interstimulus interval,
followed by tetanization (five high-frequency 10 Hz trains of stimuli; duration of each train 1 min; with 5
min intervals between trains; test stimulus amplitude was increased 10 fold), followed by posttetanic
testing with a single stimuli of initial amplitude with10 min interstimulus interval for several hours.
Serotonin was applied to the experimental bath once before a tetanization train or not applied at all. The
estimated final bath concentration of serotonin in all cases was 107> M. The EPSP amplitudes were
scored for at least 4 h after the end of tetanizations. In our experiments, we investigated a homosynaptic
plasticity, using the same nerve (cutaneal or intestinal) for test stimulation and tetanization.

Drugs

Methiothepin (MET) (Sigma, St. Louis, USA) - the established nonselective serotonergic receptors
inhibitor, sodium butyrate (NaB) - a histone deacetylases inhibitor (Sigma, St. Louis, USA), and serotonin
(5-HT) (Tocris, Bristol, UK) were dissolved in a sterile Ringer saline (in mM: 100 NacCl, 4 KCI, 7 CaCl,, 5
MgCl,, and 10 Tris-HCI buffer (pH 7.8)). Trichostatin A (TSA) — a histone deacetylases inhibitor (Sigma,
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St. Louis, USA) was dissolved in DMSO to a concentration of 10 mM to make a stock solution. Estimated
final bath concentration of methiothepin was 1.4x10°M, sodium butyrate - 6x10°M, trichostatin A —
0.5x10°M, and serotonin - 10"°M. These concentrations were shown to produce the significant effects of
chosen chemical substances in pilot experiments in isolated nervous system of the snail. The specific
timing at which the substances were applied is indicated in each figure.

Several experimental series were performed: (1) Recordings of the EPSP to test stimuli without any
influences; (2) Tetanization accompanied by bath application of 5-HT in weak and strong training
protocol models; (3) Tetanization accompanied by bath application of 5-HT with MET added to the bath
40 min before the tetanization in the strong training protocol model; (4) Tetanization accompanied by
bath application of 5-HT with MET+NaB/ MET+TSA added to the bath 40 min before the tetanization in
the strong training protocol model; (5) Tetanization accompanied by bath application of NaB/ TSA added
to the bath 40 min before the tetanization in weak training protocol models.

In all experimental series the bath-perfused drugs (MET, NaB, TSA) were present for 40 min before the
tetanization trains; the perfusion system was in the closed mode. After the last tetanization, the perfusion
system was switched to an open state (washout), while the flow rate was 0.2 ml/min at a bath volume of
3 ml. In control experiments without tetanization and serotonin application, the perfusion system was
switched to an open state at the same time.

Data analysis

All data are presented as the meantS.E.M. Statistical analyses were performed using StatSoft Statistica
version 10. Results were compared using ANOVA. p < 0.05 was predetermined as defining the statistically

significant differences, and in figures was denoted by **.

Results

In the first series of experiments, we investigated whether the inhibition of serotonergic receptors due to
administration of MET would affect the LTP. As a first step, experiments without LTP induction were
conducted to test whether prior application of serotonergic receptor inhibitor MET would affect synaptic
transmission. In all control recordings, test stimulation without tetanization caused a gradual decrease in
the complex EPSPs amplitudes in command neurons (habituation) (Control, n.cutaneus, n=9,
n.intestinalis, n=9). In another series of experiments, MET was applied during the first 40 min of the
experiment and was washed out after. The untetanized inputs (both nerves) (Fig. 2a, b) showed no
significant changes in synaptic transmission under MET administration, except a few time points at
cutaneal nerve stimulation (Control+MET, n.cutaneus, n =8, n.intestinalis, n=9) compared to the Control
groups.

In the next series of experiments, we performed test stimulation of cutaneal nerve combined with its
tetanization accompanied by the serotonin bath application. The baseline complex EPSPs were recorded
for 40 minutes at 10-minute intervals. Five serotonin applications and tetanic stimulations elicited a
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robust LTP that was constant over 240 minutes (Fig. 2c, group 5x(5-HT+tet), n = 10). Thus, 2 hours after
the last tetanization and serotonin application, the EPSP amplitude was 138.1 + 17.1% of the initial value,
while in the Control group, the response attenuated, and at the same time point the EPSP amplitude was
63.1 + 5.4%, (p < 0.0001). Four hours after tetanization, the amplitude of the EPSP of tetanized inputs
also significantly exceeded the response amplitudes in the Control group (5x(5-HT+tet) group, 150.0 +
23.6%; Control group, 31.6 + 5.8%, p < 0.0001). Application of MET 40 minutes before tetanization +
application of serotonin affected the amplitude of EPSP drastically: it caused markedly declined LTP (Fig.
2c, MET+5x(5-HT+tet) group, n=10). So, 2 hours after the last tetanization + serotonin, the EPSP
amplitude in the MET + 5x (5-HT + tet) group was 59.4 + 13.1% and significantly differed from the EPSP
amplitudes in the 5x (5-HT + tet) (138.1 £ 17.1%, p < 0.005). During the next 2 hours there was a gradual
decrease in the amplitude of EPSP in MET+5x(5-HT+tet). So, 4 hours after the last tetanization +
application of serotonin the EPSP amplitude in the MET + 5x (5-HT + tet) was 27.7 + 4.7%, while in the
5x(5-HT+tet) group it was 150.0 + 23.6% (p < 0.0005) (Fig. 3a).

In the next series of experiments, we performed test stimulation of intestinal nerve combined with its
tetanization accompanied by the serotonin bath application. The baseline EPSP was recorded for 40
minutes at 10-minute intervals. Five serotonin application and tetanus stimulation elicited a robust LTP
that was persistent over 240 minutes (Fig. 2d, group 5x(5-HT+tet), n = 11). Thus, 2 hours after the last
tetanization and serotonin application, the EPSPs amplitude was 139.7 + 14.4% of the initial value, while
in the Control group, the response attenuated, and at the same time point the EPSP amplitude was 56.1
12.1% (p < 0.0005). Four hours after tetanization, the amplitude of the EPSP of tetanized inputs also
significantly exceeded the response amplitudes in the Control group (5x(5-HT+tet) group, 124.5 + 9.8%;
Control group, 36.8 + 10.7%, p < 0.0001). MET application significantly impaired the EPSPs amplitude in
MET+5x(5-HT+tet) group (n=10) in comparison to the control (Fig. 2d) in experiments with stimulation of
the intestinal nerve. For example, the levels of LTP, expressed as a percentage baseline and quantified at 2
hours after the tetanus, were 65.9+16.0% in MET+5x(5-HT+tet) and 139.7 + 14.4% in 5x(5-HT+tet)
(p<0.005). Remarkably, MET significantly influenced only the late phase of LTP. The EPSP amplitude in
presence of MET was reduced to 27.9+7.8% vs 124.5 + 9.8% in 5x(5-HT+tet) at 4 hours after the tetanus
(p<0.0001) (Fig. 3b). It should be noted that MET application didn’t change the EPSPs without the LTP
induction. Thus, electrophysiological analysis revealed that repeated serotonin applications and
tetanizations facilitated the EPSPs in the premotor interneurons, and this effect was suppressed by
pharmacological inhibition of serotonergic receptors with MET.

In the second series of experiments, we investigated whether the increased histone acetylation upon
administration of HDACis NaB or TSA would prevent the disruption of LTP by MET. First, we checked for
possible effects of the HDACis on basal synaptic transmission. In all recordings, test stimulation without
tetanization caused a gradual decrease in the EPSPs amplitudes in command neurons (habituation)
(groups Control, n.cutaneus, n=9, n.intestinalis, n=9, Fig. 4a, b). In a separate series of experiments, NaB
or TSA were applied during the first 40 min of the experiment and were washed out after. The untetanized
inputs (both nerves) showed no significant changes in synaptic transmission under HDACis
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administration (Fig. 4a, b, groups Control+NaB, n.cutaneus, n =8, n.intestinalis, n=8; Control+TSA,
n.cutaneus, n=9, n.intestinalis, n=9) compared to the Control groups.

The next step was to find out whether the HDACis are able to rescue the MET-induced impairment of
potentiation (Fig. 4c, d). In the next series of experiments, the cutaneal nerve was chosen for tetanization.
The baseline EPSPs were recorded for 40 minutes at 10-minute intervals. Five serotonin applications and
tetanic stimulations elicited the robust LTP that lasted over 240 minutes (Fig. 4c, group 5x(5-HT+tet), n =
11). NaB or TSA treatments combined with MET not only rescued the serotonin-evoked LTP, but increased
it (Fig. 4c, NaB+MET+5x(5-HT+tet), n = 10, TSA+MET+5x(5-HT+tet) groups, n = 10). For example, the
levels of LTPR, quantified at 70 minutes after the first tetanus, were 191.7+21.9% in NaB+MET+5x(5-
HT+tet) and 196.4 + 20.1% in TSA+MET+5x(5-HT+tet), these values significantly differed from 5x(5-
HT+tet) (133.4 £ 10.7%) at this time point (NaB+MET+5x(5-HT+tet) vs. 5x(5-HT+tet), p<0.05;
TSA+MET+5x(5-HT+tet) vs. 5x(5-HT+tet), p<0.05). Two hours after the last tetanization and serotonin
application, the EPSPs amplitudes were 174.6 + 23.9% and 177.8 + 16.5% of the initial value in
NaB+MET+5x(5-HT+tet) and TSA+MET+5x(5-HT+tet), respectively, in 5x(5-HT+tet) group the response at
the same time point was 138.1 + 17.1% (p >0.05). Four hours after the tetanus, the EPSPs amplitudes
were 143.2 + 18.1% and 130.6 * 13.8% of the initial value in NaB+MET+5x(5-HT+tet) and
TSA+MET+5x(5-HT+tet), respectively, in 5x(5-HT+tet) group the response at the same time point was
150.0 + 23.6% (p >0.05) (Fig. 5a). We did not observe any difference between these groups during the late
LTP.

In the next series of experiments, the intestinal nerve was chosen for tetanization. The baseline EPSPs
were recorded for 40 minutes at 10-minute intervals. Five serotonin applications and tetanic stimulations
elicited a robust LTP that was constant over 240 minutes (Fig. 4d, group 5x(5-HT+tet), n = 11). NaB or
TSA treatment combined with MET significantly increased the serotonin-evoked LTP (NaB+MET+5x(5-
HT+tet), n = 10, TSA+MET+5x(5-HT+tet) groups, n = 11). For example, the levels of LTP, quantified at 70
minutes after the first tetanus, were 190.6+ 13.8% in NaB+MET+5x(5-HT+tet) and 198.2 + 13.4% in
TSA+MET+5x(5-HT+tet) which were significantly different from that of 5x(5-HT+tet) (149.8 + 10.3%) at
this time point (NaB+MET+5x(5-HT+tet) vs. 5x(5-HT+tet), p<0.05; TSA+MET+5x(5-HT +tet) vs. 5x(5-
HT+tet), p<0.05). Two hours after the last tetanization and serotonin application, the EPSP amplitude
was 173.4 + 14.8% and 158.0 + 7.6% of the initial value in NaB+MET+5x(5-HT+tet) and TSA+MET+5x(5-
HT+tet) respectively, in 5x(5-HT+tet) group the response at the same time point was 139.7 + 14.4% (p
>0.05). Four hours after the tetanus trains the EPSP amplitude was 118.8 + 11.8% and 113.1 + 10.2% of
the initial value in NaB+MET+5x(5-HT+tet) and TSA+MET+5x(5-HT+tet) respectively, in 5x(5-HT +tet)
group the response at the same time point was 124.5 + 9.8% (p >0.05) (Fig. 5b). We did not observe any
difference between these groups during late LTP.

Thus, in experiments with a strong tetanization protocol, MET application led to a significant decrease in
EPSP amplitude. When NaB or TSA was co-applied with MET, the EPSPs remained stably elevated.
HDACis-mediated rescue effects were observed for both synaptic inputs (n.cutaneus, n.intestinalis).
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These results suggest that HDAC blockade during LTP induction could rescue the impaired synaptic
potentiation in the MET-treated isolated CNS via upregulation of the histone acetylation.

In an independent series of experiments, we tested whether the histone acetylation blockade can
influence synaptic plasticity in experiments with a weak training protocol. There were no long-term effects
in all experiments in which the weak training protocols were applied. In groups 5tet, S5tet+1x5-HT,
NaB+5tet/ TSA+5tet we observed a short-term increase of responses to cutaneal nerve stimulation in the
first 90 minutes after the tetanization session (Figs. 6a, c) followed by a decrease in the EPSPs
amplitudes below 100%. Similar results were observed for the intestinal nerve (Figs. 6b, d). At the same
time, the amplitudes of the EPSPs in these groups during the entire time of the experiment practically did
not differ from each other and were significantly less than 5x(5-HT+tet) at the late phase of potentiation.
Altogether, the data obtained confirm that multiple 5-HT applications are necessary for LTP in this
experimental model. However, applications of HDACis (NaB/ TSA) led to increase of both early and late
LTP even in experiments with the weak training protocol with single serotonin application. For example,
when the cutaneal nerve was tetanized, the levels of LTP, quantified at 60 minutes after the first tetanus,
were 181.6+18.6% in NaB+5tet+1x5-HT which were significantly different from that of 5x(5-HT+tet)
(124.5 £ 11.5%) at this time point (p<0.05). The EPSP amplitude at 2 hours after the last tetanization and
serotonin application in the presence of NaB/ TSA was 148.9+16.3% (NaB+5tet+1x5-HT, n=10) and
134.6+14.3% (TSA+5tet+1x5-HT, n=10) what was comparable to 5x(5-HT+tet) (138.1+17.1%, n=10,
p>0.05). Late phase of LTP (4 hours after tetanus) in the presence of NaB/ TSA was comparable to 5x(5-
HT+tet) (NaB+5tet+1x5-HT, 149.5+20.3%, TSA+5tet+1x5-HT, 107.0+ 15.2%, 5x(5-HT+tet), 150.5+23.6%,
p>0.05) (Fig. 7a). When the intestinal nerve was tetanized, the levels of LTP, quantified at 60 minutes
after the first tetanus, were 240.3+20.3% in NaB+5tet+1x5-HT, which were significantly different from that
of 5x(5-HT+tet) (147.3 £ 13.1%) at this time point (p<0.001). In the presence of TSA, the levels of LTP,
quantified at 60 minutes after the first tetanus, were 205.2+16.7% in TSA+5tet+1x5-HT, which were
significantly different from that of 5x(5-HT+tet) (147.3 + 13.1%) at this time point (p<0.005). The EPSP
amplitude at 2 hours after the last tetanization and serotonin application in the presence of NaB/ TSA
was 140.1+23.7% (NaB+5tet+1x5-HT, n=10) and 181.0+29.3% (TSA+5tet+1x5-HT, n=10), what was
comparable to 5x(5-HT+tet) (139.7+14.4%, n=10, p>0.05). Late phase of LTP (4 hours after tetanus
trains) in the presence of NaB/ TSA was comparable to 5x(5-HT+tet) (NaB+5tet+1x5-HT, 95.9+15.4%,
TSA+5tet+1x5-HT, 125.9+17.6%,5x(5-HT +tet), 124.5+9.8%, p>0.05) (Fig. 7b). Thus, the EPSPs
amplitudes in weak protocol experiments showed the following trend: potentiation was observed during
early phase of LTP but the late phase at the end of experiments was absent. It was curious that
application of NaB or TSA without serotonin produced potentiation lasting only minutes that gradually
declined to the pre-tetanic values. Only in the presence of single pulse of 5-HT and NaB or TSA, the LTP
was induced and lasted over 240 minutes which was comparable to the potentiation induced by five
pulses of 5-HT.

Discussion
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First of all, it should be noted that LTP in mollusks provides a valuable model for studying the molecular
mechanisms underlying synaptic plasticity. In all series of our electrophysiological experiments, a session
of five tetanizing stimuli associated with 5-HT applications led to a significant long-term increase of
neuronal synaptic responses. All experiments without tetanization showed incremental decrease in
responses during 5 h of experiment that is consistent with the literature data obtained on this model
(Malyshev and Balaban 2002) (Figs. 2, 4, 6). Responses to stimulation of cutaneous and intestinal nerves
changed similarly in spite of their different innervation targets and presumed different transmitters of
presynaptic sensory neurons involved (Ter-Markarian et al. 1990; Bravarenko et al. 2003).

In the present study we examined whether the nonselective serotonin receptors inhibitor MET shown to
effectively impair the learning in behavioral experiments in Helix (Abramova et al. 2006; Solntseva and
Nikitin 2008) would impair the long-term plasticity in isolated CNS of Helix. We found that a strong
training protocol that typically induced LTPR, induced only a transient potentiation in the presence of MET
(Fig. 2c, d). When the cutaneous nerve was used for stimulation, application of MET induced a potent
inhibition of potentiation beginning almost immediately after the last presentation of
tetanization+serotonin. No differences were observed only during the first 40 min after beginning of
tetanization. When the intestinal nerve was used for stimulation, the observations were the same - in the
presence of MET a potent inhibition of potentiation started almost immediately after the last presentation
of tetanization+serotonin. No differences were observed only during the first 40 minutes after the last
tetanization+serotonin. Thus, MET alone dramatically decreased both the early and the late phases of
LTP showing important role of serotonergic receptors/ serotonin and their cascades in changes of
synaptic plasticity occurring after the LTP induction. These data are consistent with earlier works, where it
was shown that methiothepin disrupts the acquisition of both sensitization of defensive reaction in snails
(Abramova et al. 2006) and consolidation of associative reflexes (Solntseva and Nikitin 2008).

Next, we tested whether the HDAC inhibition could rescue the LTP deficits in the MET-treated isolated CNS
of Helix. When isolated CNS was perfused simultaneously with a blocker of serotonin receptors MET and
HDACis (NaB or TSA) before LTP induction, a long-lasting potentiation was observed. HDACis NaB or TSA
prevented the weakening of potentiation, in other words, they rescued the synaptic plasticity deficit. These
results are fully consistent with our previous study in which simultaneous administration of histone
deacetylase inhibitor sodium butyrate and a blocker of serotonin receptors methiothepin under conditions
of memory reactivation prevented weakening of the context memory in mollusks (Zuzina et al. 2021).
Similar ability of HDACis to act as a cognitive enhancers was demonstrated in a number of earlier works
(Alarco’n et al. 2004; Korzus et al. 2004; Barichello et al. 2015; Barichello et al. 2015; Ko et al. 2016;
Shivakumar et al. 2020; Zuzina et al. 2020; Vinarskaya et al. 2021).

In a separate series of experiments, we examined how the HDAC inhibition affects synaptic plasticity
induced by the weak training protocols. The protocol of weak memory was shown to be informative in
certain conditions in Aplysia (Guan et al. 2002; Chen et al. 2014; Pearce et al. 2017). Less that 5 bouts of
tail shocks and less that 5 serotonin applications resulted in a weak memory in Aplysia experiments. In
our experiments were used 5 tetanizing stimuli with 5 serotonin applications for triggering development
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of a full-scale LTP of synaptic responses, and 5 tetanizing stimuli with no or single serotonin application
for formation of a weak memory. We demonstrated that the weak training protocols (five tetanizations or
five tetanizations+single serotonin application) yielded in only a transient short-term potentiation (Fig.
6). HDACis application practically did not influence synaptic plasticity in experiments with weak training
protocol without serotonin — only a transient potentiation of responses was observed, no difference from
the control series. One pulse of 5-HT combined with five tetatus trains which normally induced only the
short-term synaptic plasticity, in the presence of HDACis induced LTP: transient early LTP transformed
into a long-lasting LTP. Experiments with TSA conducted in Aplysia are consistent with this data. In the
presence of TSA, one pulse of 5-HT, which normally induced only a short-term synaptic plasticity, induced
LTP (Guan et al. 2002; Chen et al. 2014). Interestingly, in our experiments the HDACis were shown to
affect the EPSPs amplitudes during early phase of LTP in NaB+5tet+1x5-HT and TSA+5tet+1x5-HT
groups. The EPSPs amplitudes in these groups significantly increased under the NaB or TSA
administration during the first hour after the induction of LTP in comparison with the control LTP in 5x(5-
HT+tet) group. However, later the EPSPs amplitudes in NaB+5tet+1x5-HT and TSA+5tet+1x5-HT groups
gradually returned to basal potentiated levels of 5x(5-HT+tet) group during the late phase (Fig. 6).
Kolotova et al. (2021) also reported that histone deacetylase inhibitor, sodium butyrate, could act as an
enhancer of synaptic potentiation in premotor interneurons, increasing the amplitude of LTP. Thus, we
demonstrated that tetanus+single serotonin application in combination with HDAC blockade could mimic
the tetanus+repeated serotonin applications and be enough for the sustained, long-lasting synaptic
changes, similar to the changes reported in the literature (Silva et al. 1998; Kandel 2001; Dudai 2004;
Kelleher et al. 2004; Klann and Dever 2004; Sutton and Schuman 2006).

Thus, in the present study we showed that histone acetylation status in the process of plasticity
development contributes to the increase in synaptic efficiency. We can only speculate about molecular
mechanisms through which the observed enhancement of plasticity occurs. Given that serotonin can
modify the histone acetylation status in the context of learning-related serotonin-dependent synaptic
plasticity (Guan et al. 2002) and our findings, we may assume that in our model serotonin also may
affect the histone acetylation status. We used applications of two different HDAC inhibitors, sodium
butyrate or trichostatin A, both known to result in histone hyperacetylation (Marks et al. 2004; Marks and
Dokmanovic 2005), and a subsequent potentiation of memory-related gene expression (Brownell and
Allis 1996; Levenson and Sweatt 2005; Vecsey et al. 2007; Graff et al. 2014). Presence of NaB and TSA
in our experiments caused the same effect on the LTP amplitude as an additional four serotonin
applications, and stabilization of transient potentiation into a long-lasting in experiments with one pulse
of 5-HT+tetanus. We speculate that after a single pulse of serotonin+tetanus there are some changes in
acetylation of histones compared to the basal levels, nevertheless, these changes are not sufficient, and
we observe only a short-term synaptic plasticity. The sufficient level of histone acetylation for LTP is
achieved either by the five pulses of 5-HT+tetanus or a combination of single serotonin pulse+tetanus
with HDACis.

Below, we try to describe a molecular pathway through which the serotonin signaling may target the
histone acetylation. Using calcium sensors it was directly shown that serotonin application or
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intracellular stimulation of a single identified serotonergic neuron caused a lasting increase in
intracellular calcium concentration in identified premotor interneurons used in the present experiments
(Balaban et al. 2004). It is well known that in the absence of free calcium, nitric oxide (NO) synthase
(NOS) is inactive even with excessive concentrations of substrate, amino acid l-arginine (Andrew and
Mayer 1999), and an increase of intracellular calcium leads to a rapid catalytic activation of NOS
(Forstermann and Sessa 2012) and additional NO synthesis. A range of data showed that NO affects
synaptic plasticity in several species of gastropod mollusks both in vivo (Robertson et al. 1994; Elphick et
al. 1995; Hawkins 1996; Teyke 1996; Katzoff et al. 2002; Sakura et al. 2004; Yabumoto et al. 2008;
Balaban et al. 2011) and in vitro (Jacklet 1997; Malyshev and Balaban 1999; Kemenes et al. 2002;
Antonov et al. 2007). In the terrestrial snail Helix, it was shown that NO is necessary for LTP of synaptic
responses and for development of the context memory (Korshunova and Balaban 2014). The NO-
synthase inhibitor L-NNA was shown to block postsynaptically induced potentiation of synaptic inputs in
withdrawal interneurons of Helix (Malyshev and Balaban 1999). Moreover, NO complements the
serotonin action in Helix neurons (Diakonova 2000; Inoue et al. 2001). At present, nitrosylation of amino
acid residues (predominantly, cysteine) in the target proteins is described as one of the main signaling
mechanisms for NO (Bradley and Steinert 2016). Recent studies suggest a role for NO in epigenetic
mechanisms related to the acetylation of histone protein. HDACs were shown to be the potential target
proteins in the cell for direct nitrosylation. It was demonstrated that NO-dependent S-nitrosylation of
HDAC2 led to dissociation of the enzyme from the CREB-regulated gene promoters, thereby increasing
acetylation of histones at specific promoter regions and transcription of several genes, including c-fos,
erg1, VGP and nNOS (Nott et al. 2008; Nott and Riccio 2009). Wattson and Riccio (2009) got similar data
— the NO donor S-nitrosoglutathione inhibited the HDAC2 activity in embryonic cortical neurons, and
caused an increase in histone acetylation. It has recently been shown that HDAC6 (Okuda et al. 2015) as
well as HDAC2 (Riccio et al. 2006; Nott et al. 2008; Resstel et al. 2008; Graff et al. 2014) are targets for the
NO. Graff et al. (2014) managed to demonstrate that serotonin leads to histone hyperacetylation and the
expression of neuroplasticity-related genes by stimulating HDAC2 nitrosylation and its subsequent
dissociation from the chromatin. Collectively, these data provide a mechanism for serotonin-mediated
synaptic potentiation through the increased histone acetylation. It is worth to note that we realize that
serotonin may target diverse cellular substrates and that histone acetylation may be only one of them.
Although we still do not fully understand the molecular mechanism by which serotonin and histone
acetylation are connected, there is good reason to believe that this link exists and that enhanced
acetylation level (thereby, upregulated transcription) is part of the molecular mechanism for turning on
the genes’ expression during LTP in terrestrial snail.

Abbreviations

CNS Central nervous system
HDAC Histone deacetylase

HDACI Histone deacetylase inhibitor
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LTP Long-term potentiation

MET Methiothepin

NaB Sodium butyrate

NO Nitric oxide

NOS Nitric oxide synthase

TSA Thichostatin A
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Figures

Figure 1

Schematic representations of protocols. a — Strong training protocol (five tetanizations combined with
five serotonin applications). b — Weak training protocol (five tetanizations+single serotonin application).
¢ — Weak training protocol (five tetanizations only)

Figure 2

Effects of the serotonergic receptors blocker MET on synaptic plasticity. a, b — the untetanized inputs
(Control, n.cutaneus, n=9, n.intestinalis, n=9) showed no significant changes in synaptic transmission
under MET administration (Control+MET, n.cutaneus, n =8, n.intestinalis, n=9). ¢, d — MET blocked the
induction of long-lasting LTP: MET application significantly impaired the increase in the EPSPs
amplitudes in MET+5x(5-HT+tet) groups (n.cutaneus, n=10, n.intestinalis, n=10) in comparison to the
control 5x(5-HT+tet) groups (n.cutaneus, n=10, n.intestinalis, n=11). The duration of drug infusion is
shown as a rectangle at the bottom. The arrows (0 min at the scale) mark the the timing of the tetanic
stimulations and serotonin applications. All data are presented as mean + SEM. * denotes p<0.05

MET+5x(5-HT+tet) vs. 5x(5-HT+tet); # denotes p<0.05 Control+MET vs. Control

Figure 3

Examples of complex EPSPs in withdrawal interneurons (LPa2, LPa3) evoked by stimulation of
cutaneous (a) or intestinal (b) nerves. 1 — group 5x(5-HT+tet). 2 — group MET+5x(5-HT+tet). For every
neuron the responses at time points 40 min (left panel 1), 120 min after the last tetanic stimulation
(middle panel I1), and 230 min after the last tetanic stimulation (right panel Ill) are shown. Scale bars=5
mV, 500 ms

Figure 4
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Histone acetylation inhibitors regulate the long-term plasticity. a, b — the untetanized inputs (Control,
n.cutaneus, n=9, n.intestinalis, n=9) showed no significant changes in synaptic transmission under NaB
or TSA administration (Control+NaB, n.cutaneus, n =8, n.intestinalis, n =8; Control+TSA, n.cutaneus, n=9,
n.intestinalis, n=9). ¢, d — simultaneous administration of NaB or TSA and a blocker of serotonin
receptors MET before LTP initiation prevents weakening of the potentiation in mollusk. NaB or TSA led to
potentiation of the EPSPs amplitudes during the early phase of potentiation in NaB+MET+5x(5-HT +tet)
groups (n.cutaneus, n=10, n.intestinalis, n=10)/ TSA+MET+5x(5-HT+tet) groups (n.cutaneus, n=10,
n.intestinalis, n=11) in comparison to control 5x(5-HT+tet) groups (n.cutaneus, n=10, n.intestinalis,
n=11), while there was no differences at time points corresponding to the late phase of potentiation. The
duration of drugs infusion is shown as a rectangle at the bottom. The arrows (0 min at the scale) mark
the timing of the tetanic stimulations and serotonin applications. All data are presented as mean + SEM. *
denotes p<0.05 NaB+MET+5x(5-HT+tet) vs. 5x(5-HT+tet), # denotes p<0.05 TSA+MET+5x(5-HT+tet) vs.
5x(5-HT +tet)

Figure 5

Examples of complex EPSPs in withdrawal interneurons evoked by stimulation of cutaneous (a) or
intestinal (b) nerves. 1 — group 5x(5-HT+tet). 2 — group NaB+MET+5x(5-HT+tet). 3 — group
TSA+MET+5x(5-HT+tet). For every neuron the responses at time points -40 min (left panel I), 70 minutes
after the first tetanus (middle panel Il), 120 min after the last tetanic stimulation (middle panel lll), and
230 min after the last tetanic stimulation (right panel IV) are shown. Scale bars=5 mV, 500 ms

Figure 6

HDAC inhibition affects the potentiation induced by the weak training protocols. Weak training protocols
(five tetanizations only or five tetanizations+single serotonin application) induced a transient early
potentiation (5tet, n.cutaneus, n=10, n.intestinalis, n=11; 5tet+1x5-HT, n.cutaneus, n=10, n.intestinalis,
n=12) that significantly decreased at the time points corresponding to the late phase of LTP if compared
to 5x(5-HT+tet) groups (n.cutaneus, n=10, n.intestinalis, n=11). Preincubation for 40 min with NaB/ TSA
paired with five tetanizations and one pulse of 5-HT (NaB+5tet+1x5-HT, n.cutaneus, n=10, n.intestinalis,
n=10; TSA+5tet+1x5-HT, n.cutaneus, n=10, n.intestinalis, n=10) induced the LTP comparable to that
induced by five pulses of 5-HT+five tetanizations. However, exposure to NaB/ TSA paired to five
tetanizations without serotonin had no long-term effect on potentiation (NaB+5tet, n.cutaneus, n=10,
n.intestinalis, n=10; TSA+5tet, n.cutaneus, n=9, n.intestinalis, n=10). The duration of drugs infusion is
shown as a rectangle at the bottom. The arrows (0 min at the scale) mark the timing of the tetanus and
serotonin application. All data are presented as mean = SEM. * denotes p<0.05 NaB+5tet+1x5-HT or
TSA+5tet+1x5-HT vs. 5x(5-HT +tet)
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Figure 7

Examples of complex EPSPs in withdrawal interneurons evoked by stimulation of cutaneous (a) or
intestinal (b) nerves. 1 — group 5x(5-HT+tet). 2 — group NaB+5tet+1x5-HT. 3— group TSA+5tet+1x5-HT. 4
— group NaB+5tet. 5 — group TSA+5tet. 6 — group Stet. 7 — group 5tet+1x5-HT. For every neuron the
responses at time point -40 min (left panel 1), 60 minutes after the first tetanus (middle panel Il), 120 min
after the last tetanic stimulation (middle panel Ill), and 230 min after the last tetanic stimulation (right
panel IV) are shown. Scale bars=5 mV, 500 ms
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