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Abstract

Here, we show that the development of a conditioned defensive reflex against the context in the terrestrial snail is accompanied
by a depolarization shift of the membrane potential and a decrease in the threshold of action potential generation of
premotor interneurons LPa3 and RPa3. There were no further significant changes in the membrane potential of the premotor
interneurons in snails after reminder (initiation of reconsolidation) with subsequent injection of either the protein synthesis
inhibitor anisomycin or saline. The threshold of action potential generation of these neurons decreases after training and
remains unchanged after a reminder (initiation of reconsolidation) with subsequent injection of both anisomycin and saline.
No significant changes were found in the membrane and threshold potentials of serotonin-containing neurons of the pedal

ganglion Pd4 and Pd2 both after training and after a reminder followed by injection of solutions.

Keywords Membrane correlates of learning - Identified neurons - Membrane and threshold potentials - Conditioned

defensive reflex - Contextual memory - Reconsolidation

1 Introduction

One of the most intriguing and sophisticated functions of
the brain is its ability to receive and store information. The
mechanism for storing and/or recalling this information
is memory [1, 2]. Newly received information undergoes
modifications during the process of consolidation before
becoming long-term memory [1, 3]. When forming a memory
for any event, labile traces first appear, which are consolidated
through the synthesis of new proteins into a stable memory [4,
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5]. However, this consolidated memory may be then subjected
to reorganization or destabilization processes. The process
by which reactivated labile memory stabilizes over time is
known as memory reconsolidation [4, 6]. This state of the
process of memory formation was well expressed by Prof.
Dudai in his review “The Restless Engram: Consolidations
Never End” [7].

A plethora of experimental evidence shows that learning-
related cellular processes are associated with long-term
modifications in the efficiency of synaptic transmission and
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changes in the endogenous properties of the neuron and its
membrane [8, 9], while for a long time, the main mechanism
of learning was recognized as a change in the efficiency
of synaptic transmission. Later evidence of non-synaptic
mechanisms appeared [10-12]. Within the framework of
such ideas, there are a sufficient number of studies on the
cellular mechanisms of learning [10, 13—16]. These studies
provide evidence for membrane correlates of learning, which
shows the association of behavioural learning outcomes with
neuron excitability and electrical characteristics [15, 17-22].
The parameters, which govern the excitability of neurons,
include the frequency of spikes, the number of spikes in
response to an electrical stimulus in silent neurons, and
the membrane and threshold potentials. The efficiency of
neural networks can be increased by increasing the internal
excitability of the neuron [10, 23-25].

One widely spread theory of memory formation is that
an engram is formed by a group of neurons that are active
during learning and then undergo biochemical and physical
changes to keep the information in a stable state, which gets
activated later during memory recall [26, 27]. The ques-
tion of the localization of neuronal correlates of associative
learning [28] was also investigated using c-fos-active neuron
labelling and gene imaging at an early stage [29]. Several
studies using modern methods have shown that there is cur-
rent evidence for engram cells whose activity correlates with
memory engrams [2, 26]. The authors pose the question that
the application of new technologies will expand our under-
standing of the consolidation of memory traces at the level
of neural circuits [27].

Previously, we have indicated membrane correlates
(changes in the membrane and threshold potentials of
premotor interneurons) for conditioned defensive reflexes of
tapping on the shell and aversion to food, as well as during
the formation of long-term sensitization [20, 30]. Therefore,
the question arose whether such changes are possible during
the development of other types of conditioned reflexes. It is
known that the terrestrial snail is able to develop a defensive
conditioned reflex to the environment, i.e. context-dependent
[31]. Later, it was suggested that this reflex is analogous
to declarative memory. We and other authors have shown
reconsolidation of long-term contextual memory, with the
presentation of a reminder and subsequent inhibition of
protein synthesis, in the terrestrial snail when learning the
conditioned defensive reflex to the environment described
above [32-35]. Therefore, we aim with this work to compare
possible changes in the electrical characteristics of premotor
interneurons of the defensive behaviour of the terrestrial
snail LPa3 and RPa3, as well as serotonin-containing
modulatory neurons Pd2 and Pd4 of the pedal ganglion
[36, 37] upon acquiring a conditioned contextual reflex and
reconsolidating the memory of this reflex.

2 Materials and Methods
2.1 Experimental Animals

Terrestrial snails Helix lucorum were used in this study. For
the experiments, animals of approximately the same weight
(about 20-25 g) were selected. The snails were stored in a
dormant state in a fridge. Before the experiments, the snails
were kept for at least 2 weeks in the glass terrariums in
a humid atmosphere at room temperature, with an excess
of food. All experimental procedures were conducted in
accordance with the guidelines for the care and use of
laboratory animals published by the National Institutes
of Health and Directive 2010/63/EC of the European
Parliament and Council of Europe on September 22, 2010.
All groups were housed in separate terrariums that were
stored in the same room under the same conditions. All
animals developed the conditioned defensive reflex to the
situation according to the contextual paradigm “on the ball”.

Two days before the training session and during the
training (5 days), the animals were deprived of food.
The deprivation of food in snails during the formation of
conditioned reflexes is a standard technique; it is not related
to the metabolism of certain substances but is determined
by the necessity of the active state of the animal [33-35].
Electrophysiological measurements were performed on
isolated nervous system preparations the next day after the
end of training. Prior to the dissection procedure, the snails
were anaesthetized by immersion for 30 min in ice—water
mixture.

2.2 Defensive Reaction Testing

Before the experiments and on the day after the training, the
amplitude of the defensive response of the ommatophore
retraction in response to tactile stimulation was measured
as an indicator of the formed long-term memory. During
the experiments, the amplitude of the defensive response of
ommatophore retraction in response to tactile stimulation
was recorded [35, 38]. The tactile stimulation consisted
of the tangential movement of a brush along the skin of
the dorsal side of the front leg of the snail. The hair of
the brush touched the skin of the animal for about 1 cm
and was moved at an approximate speed of 1 cm/s. Each
test consisted of 5 presentations of a tactile stimulus (the
interval between tests was 7—-10 min), which were first
presented on a flat surface (i.e. in a situation different from
the learning environment) [33], and then, the animals
were moved to the ball. Tests were performed visually and
recorded on video. At the preliminary stage of preparing the
experiments, we compared the accuracy of visual recording
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with the use of objective video recording with three
cameras (orthogonal arrangement). The final difference
between the visual assessment of ommatophore reactions
and the assessment using cameras was multidirectional;
its value was no more than 5%. In a preliminary visual
assessment, the full retraction of the ommatophores in
response to tactile stimulation was considered as 100% of
the ommatophore retraction amplitude in response to tactile
stimulation. The magnitude of the reaction was recorded
as 0% when there was no reaction. The values 25%,
50%, and 75% were recorded for intermediate reactions
proportionally. Since the increase in the amplitude of the
ommatophore retraction is the result of the formation of a
conditioned reflex, it was evaluated as an indicator of the
defensive conditioned reflex.

2.3 Contextual Reflex Conditioning

In the first experimental series, all snails developed a con-
textual conditioned defensive reflex (CCDR) in accordance
with the “on the ball” contextual paradigm (for a detailed
description of the procedure, see [35, 39]). For this purpose,
the animals were placed in an experimental setup (on a ball).
The training involved presenting electrical stimulation as an
unconditioned stimulus when the snail was in a certain con-
text—on a ball. Every day for 5 days, the snails were pre-
sented with 5 electrical stimuli per day (electrical stimuli,
1-2 mA, 1 s, 50 Hz, rectangular pulses, 10 ms, applied using
two macroelectrodes). The intensity of the stimulating current
was sufficient to evoke a protective response associated with
retraction of the anterior part of the body and did not exceed
2 mA [40]. The used current did not cause damage to the skin
of animals, which is manifested in the form of pigmented
areas that form after stimulation with high levels of electri-
cal current [41]. Before the experiments and on the day after
the training, the amplitude of the defensive response of the
ommatophore retraction in response to tactile stimulation was
investigated as an indicator of the formed long-term memory.

2.4 Reconsolidation of Long-Term Memory

In the second experimental series, the long-term memory
formed after the training was reconsolidated in the train-
ing context for a number of the trained snails as previ-
ously described (see [35, 39]). To study reconsolidation, a
“reminder” of the learning context was used. This reminder
consisted of placing the animal for 20 min in the training
context—on the ball. The animals were rigidly fixed by their
shell to a bracket and at the same time had the freedom of
movement on the surface of a ball floating in the water, as
they were during the training. However, the animals received
neither tactile nor electrical stimuli. Then, after the reminder
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procedure, protein biosynthesis was inhibited by anisomycin
(AN) (anisomycin (2-[p-methoxybenzyl]-3,4-pyrrolidinediol
3-acetate, Sigma) [42]. Anisomycin dissolved in 0.2 ml of
physiological saline solution (SS) was injected at the dose
of 16 mg/kg (or 0.4 mg/per snail). Control animals were
injected with 0.2 ml of SS. On the following day after the
“reminder”, the amplitude of the defensive response was
again tested. The significant decrease in the level of the
defensive reaction observed in this case reflects the pres-
ence of the process of reconsolidation of contextual memory,
which depends on protein synthesis [4]. Behavioural experi-
ments were carried out using a double-control method.

2.5 Intracellular Recording

Analysis of the electrical characteristics was carried out
in the readily identifiable giant premotor interneurons of
the defensive reflex LPa3 and RPa3 [43] and also of ser-
otonin-containing neurons of the pedal ganglion Pd4 and
Pd2, which modulate this reflex [36, 37]. The isolated nerv-
ous system was placed in a saline solution of the follow-
ing composition: NaCl—80 mM, KCl—4 mM, CaCl,—10
mM, MgCl,—6 mM, and NaHCO;—5 mM (or Tris—5 mM)
(pH—7.6-7.8). Measurements were carried out at room tem-
perature (18-21 °C) using intracellular glass microelectrodes
filled with 2.5 M KCI and having a resistance of 5-10 MQ.
The following parameters of nerve cells were recorded:
membrane resting potential—Vm (initial value before the
beginning of each electrical stimulation)—and a threshold
of action potential generation—Vt (threshold potential).

2.6 Data Analyses

Contextual conditioned defensive reflex was developed in
50 snails: 20 of them were dissected to study the electri-
cal characteristics of premotor interneurons, and neurons
of the pedal ganglion were measured the next day. Twenty
naive snails were used as the control group for the electro-
physiological measurements. The 30 remaining snails of the
CCDR group were divided as follows: 15 snails were used
to study the possibility of reconsolidation after a reminder
and the subsequent inhibition of protein synthesis while the
other 15 were reminded with subsequent saline injection as
reconsolidation control.

In the electrophysiological experiments, measurements
were made for 20 premotor interneurons in the control
group, 20 in the post-CCDR group, 13 premotor interneu-
rons in the post-reconsolidation group, and 14 premotor
interneurons in the reconsolidation control group. Elec-
trical characteristics were also measured in 19 neurons of
the pedal ganglion of the control group, 18 neurons of the
pedal ganglion of the CCDR group, 14 neurons of the pedal
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ganglion of the group after reconsolidation, and 19 neurons
of the pedal ganglion of the reconsolidation control group.

The results are shown as mean + SEM. Graphical illus-
trations and significance were obtained using the statistical
software SigmaStat32. To compare the electrophysiologi-
cal data, one-way ANOVA was used. For behavioural data,
the comparison was done via one-way repeated measures
ANOVA. Independent Student’s #-test was used for compari-
son of withdrawal reaction on the ball and on the flat surface.
The statistical significance criterion was p<0.05.

3 Results

3.1 Elaborating a Contextual Conditioned
Defensive Reflex

To develop the contextual conditioned defensive reflex,
the animal was presented with an electrical stimulus as an
unconditioned stimulus for 5 days while the snail was in a
certain context—on the ball. Testing in the context of learn-
ing (on a ball) showed a significant (p<0.001), more than
10-fold increase in defensive responses of ommatophore
withdrawal in response to tactile stimulation. On the other
hand, when testing on a flat surface, there was no significant
increase in the amplitude of defensive reactions (Fig. 1). A
significant (p<0.001) difference was observed in the results
when testing animals in different contexts (on the flat sur-
face, i.e. in a neutral environment, and on the ball which
is the training environment), which indicate the develop-
ment of the contextual conditioned reflex to the training
environment.

3.2 Reconsolidation of Long-Term Memory
of the Contextual Conditioned Defensive Reflex

After elaborating and testing the contextual conditioned
defensive reflex to the environment, the animals were
reminded of the learning environment 1 day after testing
and then injected with the protein synthesis inhibitor ani-
somycin. This is a commonly used method for investigating
memory reconsolidation of the developed conditioned reflex
[4, 33]. Testing 1 to 5 days (T3-T7) after the reminder and
the subsequent injection of anisomycin showed a significant
(»<0.001) decrease in memory for the conditioned reflex
to the level of 20% (2/3 reduction from the initial value of
60% (T2)) (Fig. 1). This result demonstrates a disruption
in memory reconsolidation, a process that was initiated but
failed due to inhibition of protein synthesis. At the same
time, snails that received an injection of physiological saline
after a reminder demonstrate the preservation of the contex-
tual conditioned defensive reflex to the learning environment

(Fig. ).
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Fig.1 The level of the defensive reaction (the amplitude of the
ommatophore withdrawal reaction) of snails in two contexts, on
a ball and on a plane for snails trained according to the 5 stimuli
in 5 days” protocol, with reminder followed by injection of aniso-
mycin (AN) or saline solution (SS). T1, initial testing before the
beginning of training; T2, testing 1 day after the elaboration of con-
ditioned reflex (learning); T3-T7, testing after injecting substances
and reminders on the 8"-12" day after training and reminder.
Arrows indicate Reminder (time of Reminder), SS (time of injec-
tion of SS), and AN (time of injection of AN). Asterisks and hash
signs indicate a significant difference in the amplitude of response
of ommatophore withdrawal in response to T3-T7 vs. amplitude of
response of ommatophore withdrawal in response to T2 (*p<0.001)
vs. amplitude of response of ommatophore withdrawal in response to
T1 (***p<0.001). One-way repeated measures ANOVA was used.
The vertical axis shows the value of defensive reaction in response
to the conditioned stimulus (the amplitude of reaction of ommato-
phore withdrawal), in % to the maximum. The horizontal axis shows
the course (protocol) of the experiment: T1, T2, T3-T7, SS, AN, and
Reminder

3.3 Electrophysiological Data

The next step was analyzing the electrical characteristics
(Vm and Vt) in the readily identifiable giant premotor
interneurons of the defensive reflex LPa3 and RPa3 [43]
and serotonin-containing neurons of the pedal ganglion Pd4
and Pd2, which modulate this reflex [36, 37]. The analysis
was carried out in naive snails, snails after learning the con-
textual reflex, and snails after memory reconsolidation of
the conditioned contextual reflex (or rather, its initiation).
The results showed a significant (p<0.01) decrease—
about 5 mV—in the membrane potential in LPa3 and RPa3
neurons after training (Fig. 2A). No further significant
changes in Vm were found in the snails after the reminder
(after starting the reconsolidation process compared to
post-CCDR level) with subsequent injection of either ani-
somycin or saline. The membrane potential of premotor
interneurons remains depolarized after reconsolidation
(»<0.05). The threshold potential of these neurons decreases
(p<0.05) after acquiring the CCDR and remains unchanged
(decreased) after the reminder with subsequent injections of
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Fig.2 Membrane potential (—Vm) of premotor interneurons of with-
drawal behaviour LPa3 and RPa3 (A) and membrane potential (—Vm)
of serotonin-containing neurons of the pedal ganglion Pd4 and Pd2
(B) of control and trained snails. SS, control snails (only injected by
saline solution (SS)); Learning, snails trained to the contextual con-
ditioned defensive reflex; Learning+(Rem+SS), snails trained to
the contextual conditioned defensive reflex and then receiving the

both anisomycin and saline (Fig. 3A). In other words, Vm
and Vt remain significantly reduced after the reminder rela-
tive to the initial level before training (Figs. 2 and 3). After
training, no significant changes were found in the membrane
and threshold potentials of the modulatory serotonin-con-
taining neurons of the pedal ganglion Pd4 and Pd2. After the
reminder (starting of reconsolidation), with the subsequent
injection of both anisomycin and saline, no further changes
in Vm and Vt were observed (Figs. 2B and 3B).

4 Discussion

When discussing the mechanisms of learning and the for-
mation of long-term memory, we face a dilemma: how to
combine the need to preserve long-term memory, on the one
hand, with its modification (plasticity) during learning, on
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Fig.3 Threshold potential (Vt) of premotor interneurons of with-
drawal behaviour LPa3 and RPa3 (A) and threshold potential (Vt)
of serotonin-containing neurons of the pedal ganglion Pd4 and Pd2
(B) of control and trained snails. SS, control snails (only injected by
saline solution (SS)); Learning, snails trained to the contextual con-
ditioned defensive reflex; Learning+(Rem+SS), snails trained to
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reminder with injection of SS; Learning+(Rem+AN), snails trained
to the contextual conditioned defensive conditioned reflex and then
receiving the reminder with injection of the protein synthesis blocker
anisomycin (AN). The vertical axis shows the value of potential,
in mV. Asterisks (¥, **) indicate a significant difference (p<0.05,
p<0.01, one-way ANOVA)

the other hand? Considering the mechanisms of non-synap-
tic plasticity, including the membrane (cellular) correlates
of learning, again confronts us with the same problem. This
concerns particularly long-term changes in postsynaptic neu-
rons during and after learning [9, 13, 16].

For example, it was found that the primary cellular
correlates for associative learning in the mollusc
Hermissenda are changes in the properties of type
B photoreceptors. More specifically, depolarization
accumulates with each subsequent experience [44]. This
accumulation of depolarization turned out to be specific to
combined stimuli and subsequent orientation of the nervous
system relative to the centre of rotation. A significant
learning effect is also an increase in the input resistance
of type B photoreceptors, an increase in the frequency
of evoked spikes, and the duration of action potentials
[45]. Both animal training and in vitro training produced
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the contextual conditioned defensive reflex and then receiving the
reminder with injection of SS; Learning+(Rem+AN), snails trained
to the contextual conditioned defensive reflex and then receiving the
reminder with injection of the protein synthesis blocker anisomycin
(AN). The vertical axis shows the value of potential, in mV. Asterisks
(*) indicate a significant difference (p<0.05, one-way ANOVA)



BioNanoScience (2023) 13:66-73

71

a marked increase in voltage- and Ca*"-dependent K*
currents across the membrane of the type B photoreceptors
[46].

We have shown that the formation of conditioned reflexes
and long-term sensitization (LTS) of the defensive reflex in
the terrestrial snail is accompanied by a depolarization shift
in the membrane potential and a decrease in the threshold
potential of the premotor defensive behaviour interneurons
LPa3 and RPa3 [17]. We found that training in the context
of serotonin depletion by the neurotoxin 5,7-dihydroxy-
tryptamine, which did not lead to the formation of LTS,
was not accompanied by changes in electrical characteris-
tics [47]. Investigating the efficiency of synaptic transmis-
sion after LTS formation in Aplysia showed that it did not
change for the LP117 interneuron—motoneuron pair, but the
efficiency increased for the sensory neuron—motoneuron pair
[18]. This means that the change in excitability is specific to
certain elements of the neural network. Later, it was found
that the excitability of neuron B51, which is responsible for
decision-making in the eating behaviour network, on the
contrary, decreases [48].

Consolidation can be examined at two levels of descrip-
tion and analysis: the cellular/synaptic level, which occurs
within the first minutes or hours after training and occurs
in all memory systems studied, and the systematic level,
where consolidation takes much longer and is required [3,
34, 49]. The current central dogma of synaptic consolidation
is that it involves the activation of intracellular signalling
cascades, leading to post-translational modifications, modu-
lation of gene expression, and synthesis of gene products
[50, 51]. Memory is maintained by a specific ensemble of
neurons distributed throughout the brain that forms a unique
memory trace. However, only a fraction of suitable neurons
is recruited into a particular memory. They are active during
learning and then undergo biochemical and physical changes
to keep information stable and get activated during memory
formation and recall [26, 27]. We assume that during these
processes, they are accompanied by changes in the param-
eters of key neurons, including electrical characteristics.

These studies show the relevance of the search for
membrane (cellular) correlates, both in the consolidation
of memory and in its reconsolidation. Our results show
that membrane correlates are observed for the contextual
defensive reflex and include a decrease in the membrane
and threshold potentials of premotor interneurons LPa3
and RPa3 after learning. These data are consistent with
similar changes in the membrane and threshold potentials
of premotor interneurons after the development of other
conditioned defensive reflexes, which we obtained earlier
[17, 29]. This fact is new and relevant since there is an
assumption that this conditioned reflex is analogous to
declarative memory [43]. These altered electrical charac-
teristics remained at the same level after reconsolidation

trigger failure, although no defensive responses were
observed. At the same time, no significant changes in
membrane and threshold potentials were found in sero-
tonin-containing neurons of the pedal ganglion Pd4 and
Pd2 relative to both their level after training and after
a reminder followed by anisomycin injection (starting
reconsolidation).

Thus, here we have identified the membrane correlates
of learning for the contextual conditioned defensive reflex,
expressed by a decrease in the values of the membrane and
threshold potentials of premotor interneurons LPa3 and
RPa3 after learning. We have also shown that there were
no further changes in the membrane characteristics of
premotor interneurons LPa3 and RPa3 after reconsolidating
the contextual memory in the snail through a reminder,
both in the case of inhibiting protein synthesis which leads
to a decrease in memory (negative reconsolidation) and
in the case of positive reconsolidation of memory and its
preservation. It has also been shown that after developing
both the reflex and positive or negative reconsolidation
of memory, there were no changes in the membrane
characteristics of the serotonin-containing neurons of the
pedal ganglion Pd4 and Pd2, modulatory neurons on which
the formation of this reflex depends.
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