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Abstract: The processes of memory formation and its storage are extremely dynamic. Therefore, the
determination of the nature and temporal evolution of the changes that underlie the molecular
mechanisms of retrieval and cause reconsolidation of memory is the key to understanding
memory formation. Retrieval induces the plasticity, which may result in reconsolidation of the
original memory and needs critical molecular events to stabilize the memory or its extinction.
4-Chloro-DL-phenylalanine (P-chlorophenylalanine-PCPA) depresses the most limiting enzyme of
serotonin synthesis the tryptophan hydroxylase. It is known that PCPA reduces the serotonin content
in the brain up to 10 times in rats (see Methods). We hypothesized that the PCPA could behave the
similar way in snails and could reduce the content of serotonin in snails. Therefore, we investigated
the effect of PCPA injection on contextual memory reconsolidation using a protein synthesis blocker
in snails after training according to two protocols of different intensities. The results obtained in
training according to the first protocol using five electrical stimuli per day for 5 days showed that
reminding the training environment against the background of injection of PCPA led to a significant
decrease in contextual memory. At the same time, the results obtained in training according to the
second protocol using three electrical stimuli per day for 5 days showed that reminding the training
environment against the injection of PCPA did not result in a significant change in contextual memory.
The obtain results allowed us to conclude that the mechanisms of processes developed during the
reconsolidation of contextual memory after a reminding depend both on the intensity of learning and
on the state of the serotonergic system.

Keywords: 4-Chloro-DL-phenylalanine; serotonin; learning; reminder; contextual memory;
reconsolidation; anisomycin; snail

1. Introduction

Serotonin (5-HT) is the main neurotransmitter that plays primary roles in learning based on
defensive reflexes in mollusks [1–7]. Serotonin is one of the most widely distributed and well-researched
neurotransmitters of the nervous system. The chemical structure of serotonin is surprisingly simple, but
there is inconsistency between this simplicity of the structure of serotonin and the amazing complexity
and variety of its physiological effects. It has been shown that 5-HT can perform integrative functions

Int. J. Mol. Sci. 2020, 21, 2087; doi:10.3390/ijms21062087 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://dx.doi.org/10.3390/ijms21062087
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/21/6/2087?type=check_update&version=2


Int. J. Mol. Sci. 2020, 21, 2087 2 of 18

when released into the extracellular environment [8–12]. It was shown that electrophysiological
correlates of plasticity can be reproduced by applying 5-HT applications to the solution surrounding
the central nervous system of mollusks [13–21]. On the other hand, the neurotoxic analogues of
serotonin 5,6- and 5,7-dihydroxytryptamine (5,6- and 5,7-DHT) leading to the depletion of serotonin
is widely used to study the role of the serotoninergic system in the formation of behavior and
learning [1,7,22–28].

4-Chloro-DL-phenylalanine (PCPA) is another substance that causes depletion of serotonin in
the brain by a different mechanism [29]. The basis for the biosynthesis of serotonin is the amino
acid tryptophan, which is abundant in nature. PCPA inhibits the tryptophan hydroxylase enzyme,
which is the first and most limiting 5-HT biosynthesis enzyme [30]. Thus, PCPA, as neurotoxins 5,6-
and 5,7-DHT, causes depleted serotonin in the brain and inhibits serotonergic transmission [29,31].
Previously we carried out the study of the comparative effects of PCPA and neurotoxins 5,7-DHT
(5,6-DHT) on the formation of conditioned reflex in the terrestrial snail and found that they equally
disrupted learning [3].

It was shown that the administration of neurotoxins 5,7-DHT and 5,6-DHT led to a disruption
in the formation of a conditioned reflex of food aversion [1] and conditioned defensive reflex of
pneumostome closure in snails [3,7]. It was found that neurotoxin 5,7-DHT blocked heterosynaptic
facilitation in Aplysia [2], impaired the formation of the long-term sensitization in snail [3,32,33].
In behavioral experiments it was shown that the destruction of the functioning of the serotonergic
system by neurotoxin 5,7-DHT did not change the original memory, but led to impairment of the
memory after re-reactivation [28,34,35]. These results demonstrated the relevance of studying the
dependence of long-term memory properties on the state of the serotonergic system.

The transition of memory from short-term to long-term form is a complex process, which is called
memory consolidation. The memory that is primarily labile becomes stable over time. The process
of consolidation needs gene expression and new protein synthesis [36–40]. Consolidated long-term
memory can be reorganized as a result of a reminding process in which trained animals receive the
presentation of one of the components of the contextual situation of the training process [41–43]. The use
of a protein synthesis blocker in a short time period after reminding of a previous experience causes
the disappearance of consolidated memory of this experience [44–47]. The reactivation of the memory
does not occur without the presenting of a reminder [48–51]. The process of repeated consolidation
of a memory with reminding was called reconsolidation, which also needs protein synthesis [52–55].
Reconsolidation of a contextual memory has been shown in invertebrate animals [49,56–61]. The
investigation of the memory formation process and memory reconsolidation in mollusks is also
attractive due to the possibility of investigate the correlations between memory mechanisms and
changes occurs at the cellular and receptor level [40,62–75].

In present it has been established that the processes of formation and storage of memory are
extremely dynamic [76]. Therefore, elucidating the nature and temporal changes that accompany
encoding, storage and retrieval is a key to understanding memory formation [48]. Retrieval or
reminding induces the plasticity, which may result in reconsolidation of the original memory and needs
critical molecular events to stabilize the memory [50]. So, there is the question about the existence
of temporary or other “windows” within which memory reconsolidation is possible. In other words
retrieval can change memory only under specific conditions. Memory can be reactivated and become
labile for a period of minutes to hours and then is reconsolidated to maintain long-term memory [77].

Recently, we found that the forgetting of a previously developed conditioned reflex to the situation
did not occur when reminding simultaneously combined with the inhibition of protein synthesis and
administration of PCPA, an inhibitor of tryptophan hydroxylase, which is a limiting enzyme of the
intermediate stage of serotonin synthesis [34,78]. In the present work we investigated the process of
reconsolidation of contextual memory using two different protocols of different intensity for developing
a situational reflex, which, in our opinion, and also according to the literature [76], can allow forming a
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“memory of various strengths”. In these experiments, we used the tryptophan hydroxylase blocker
PCPA and the protein synthesis blocker anisomycin (AN).

2. Results

The possibility of reconsolidation of a contextual memory of different strengths (acquired as a
result of training according to protocols with trainings of different intensities) was investigated in
conditions of the inhibition of protein synthesis and inhibition of enzyme of the intermediate stage of
serotonin synthesis by injection of PCPA. The conditioned reflex in animals was developed according
to the contextual paradigm “on the ball”. The process of memory reconsolidation was initiated by the
procedure of “reminding” the situation on the 6th day after the completion of the training procedure
(Figure 1), which consisted of placing the animals for 20 min in a training context of “on a ball”. The
reminder procedure was performed 4 days after injection of PCPA. This time period was chosen based
on the data that the concentration of 5-HT in the brain of rats after administration of PCPA reached a
minimum by the third or fourth day and remained lowered for at least a week [79,80].
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procedure of training. Groups 1/5 and 2/6 “p-CPA + reminder + AN” and “p-CPA + reminder”: Day 
9—injection of p-CPA, 10–12 days (Rest)—rest, 13 day Group 1/5: (Reminder + AN)—reminder 
session and subsequent injection of anisomycin (AN), Group 2/6: (Reminder)—reminder session, 
14–18 days (T3, T4, T5, T6, T7)—testing of the level of defensive reaction after reminder session. 
Groups 3/7 and 4/8 “reminder + AN” and “reminder + SS”: 9–12 days (Rest)—rest, 13 day Group 3: 
(Reminder + AN)—reminder session and subsequent injection of anisomycin (AN), Group 4: 
(Reminder)—reminder session and subsequent injection of saline solution (SS), 14–18 days (T3, T4, 
T5, T6 and T7)—testing of the level of the defensive reaction after a reminder session. 

2.1. Reconsolidation after Training According to Protocol 1 

In the first experimental series, the animals of all groups (n = 28) were trained according to the 
protocol 1 with the presentation of five electrical stimulations per day for 5 days. A significant 
increase of the defensive reaction (p<0.001) of the defensive ommatophores retraction in the training 
context of “on a ball” in response to tactile stimulation confirmed the development of a situational 
reflex (Figure 2, tests T2 relative to T1). Testing the same snails on a flat surface also showed an 
increase in defensive reactions up to two times. However, the defensive reactions of animals in the 
context of “on a ball” increased up to 20 times after training. Comparison of the levels of defensive 
responses of animals in the context of “on a ball” and on a flat surface gave evidence of contextual 
memory, as in the case of previous studies [47,60,78]. After that we investigated the possibility of 
reconsolidation of contextual memory on the situation in all 4 groups of animals of this series (Figure 
1). 

Figure 1. Scheme of the experimental series 1 (protocol 1) and series 2 (protocol 2; Groups 1/5, 2/6, 3/7
and 4/8). In the boxes indicated the days of the experiment. 1 day (T1)—initial testing of the level of
defensive reactions, 2–6 days (Training)—development of a conditioned reflex in the context paradigm,
Day 7 (Rest)—rest, Day 8 (T2)—testing of the level of defensive reaction after the procedure of training.
Groups 1/5 and 2/6 “p-CPA + reminder + AN” and “p-CPA + reminder”: Day 9—injection of p-CPA,
10–12 days (Rest)—rest, 13 day Group 1/5: (Reminder + AN)—reminder session and subsequent
injection of anisomycin (AN), Group 2/6: (Reminder)—reminder session, 14–18 days (T3, T4, T5, T6,
T7)—testing of the level of defensive reaction after reminder session. Groups 3/7 and 4/8 “reminder
+ AN” and “reminder + SS”: 9–12 days (Rest)—rest, 13 day Group 3: (Reminder + AN)—reminder
session and subsequent injection of anisomycin (AN), Group 4: (Reminder)—reminder session and
subsequent injection of saline solution (SS), 14–18 days (T3, T4, T5, T6 and T7)—testing of the level of
the defensive reaction after a reminder session.

2.1. Reconsolidation after Training According to Protocol 1

In the first experimental series, the animals of all groups (n = 28) were trained according to the
protocol 1 with the presentation of five electrical stimulations per day for 5 days. A significant increase
of the defensive reaction (p < 0.001) of the defensive ommatophores retraction in the training context of
“on a ball” in response to tactile stimulation confirmed the development of a situational reflex (Figure 2,
tests T2 relative to T1). Testing the same snails on a flat surface also showed an increase in defensive
reactions up to two times. However, the defensive reactions of animals in the context of “on a ball”
increased up to 20 times after training. Comparison of the levels of defensive responses of animals in
the context of “on a ball” and on a flat surface gave evidence of contextual memory, as in the case of
previous studies [47,60,78]. After that we investigated the possibility of reconsolidation of contextual
memory on the situation in all 4 groups of animals of this series (Figure 1).
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Figure 2. The level of the defensive response (the amplitude of the response of ommatophores 
withdrawal) of snails in two contexts, on the ball and flat surface for the experimental series 1 
(protocol 1; Groups 1, 2, 3 and 4). T1—initial testing before the beginning of training, T2—testing 2 
days (after 1 day of rest) after elaboration of conditioned reflex (learning), T3-T7—testing of animals 
after the injections of PCPA, AN and a reminder on the 4th–8th day after areminder (see Figure 1). 
Arrows indicate: PCPA—time of injection of PCPA (3 days beforethe reminder and injection of AN), 
Reminder—time of reminder, AN—time of injection of AN. Asterisks and hash signs indicate 
significant difference of the amplitude of response of ommatophores withdrawal in responses to 
T3-T7 vs. the amplitude of the response of ommatophores withdrawal in responses to T2 by a paired 
t-test (#) equal to p< 0.05; (##) equal to p <0.01; (###) equal to p <0.001 and T2 vs. amplitude of response of 
ommatophores withdrawal in responses to T1 by paired t-test (***) equal to p <0.001. Vertical axis 
shows value of defensive reaction in response to conditioned stimulus (the amplitude of reaction of 
ommatophores withdrawal), in % to maximum. Horizontal axis shows the course (protocol) of the 
experiment: T1, T2, T3-T7, PCPA, AN and Reminder. 

The results of testing the defensive reaction in animals of the control group 4: “protocol 1 + Rem 
+ SS” (n = 5) showed that contextual memory remained for at least 10 days (Figure 2). These animals 
received a reminding procedure and then injection of saline solution (SS) after training (on the 13th 
day of the experiment). The increased level of defensive reactions of these animals in the context of 
“on a ball” at the end of the experiment (67%, T7) was significantly (p <0.001) different from the level 
of defensive reactions on a flat surface (2%, T7) and from the initial values obtained before training 
(2%, T1). Thus, reminding the learning context and the subsequent injection of SS did not lead to 
impaired memory in animals of this group. 

Testing the animals of group 3: “protocol 1 + Rem + AN” (n = 8) trained according to the 
protocol 1 and received reminding the situation and subsequent injection of a protein synthesis 
blocker, showed a significant decrease in the level of defensive reaction in context of “on the ball” 
after the 14th day of the experiment. The level of the defensive reaction in a context of “on a ball” 
significantly (p<0.001) decreased from 57% (T2) to 17% (T3), and to 13% (T7; p<0.001) on the last day 
of testing. Thus, the procedure of reminding the situation and the subsequent injection of a protein 
synthesis blocker led to almost complete amnesia in animals of this group. These results indicated 
the presence of reconsolidation of contextual memory, which required the protein synthesis 
[47,60,78] and correlated with other data [44,45,48,49,52–55,61]. 

Figure 2. The level of the defensive response (the amplitude of the response of ommatophores
withdrawal) of snails in two contexts, on the ball and flat surface for the experimental series 1 (protocol
1; Groups 1, 2, 3 and 4). T1—initial testing before the beginning of training, T2—testing 2 days (after 1 day
of rest) after elaboration of conditioned reflex (learning), T3–T7—testing of animals after the injections
of PCPA, AN and a reminder on the 4th–8th day after areminder (see Figure 1). Arrows indicate:
PCPA—time of injection of PCPA (3 days beforethe reminder and injection of AN), Reminder—time
of reminder, AN—time of injection of AN. Asterisks and hash signs indicate significant difference of
the amplitude of response of ommatophores withdrawal in responses to T3–T7 vs. the amplitude of
the response of ommatophores withdrawal in responses to T2 by a paired t-test (#) equal to p < 0.05;
(##) equal to p < 0.01; (###) equal to p < 0.001 and T2 vs. amplitude of response of ommatophores
withdrawal in responses to T1 by paired t-test (***) equal to p < 0.001. Vertical axis shows value of
defensive reaction in response to conditioned stimulus (the amplitude of reaction of ommatophores
withdrawal), in % to maximum. Horizontal axis shows the course (protocol) of the experiment: T1, T2,
T3–T7, PCPA, AN and Reminder.

The results of testing the defensive reaction in animals of the control group 4: “protocol 1 + Rem +

SS” (n = 5) showed that contextual memory remained for at least 10 days (Figure 2). These animals
received a reminding procedure and then injection of saline solution (SS) after training (on the 13th day
of the experiment). The increased level of defensive reactions of these animals in the context of “on a
ball” at the end of the experiment (67%, T7) was significantly (p < 0.001) different from the level of
defensive reactions on a flat surface (2%, T7) and from the initial values obtained before training (2%,
T1). Thus, reminding the learning context and the subsequent injection of SS did not lead to impaired
memory in animals of this group.

Testing the animals of group 3: “protocol 1 + Rem + AN” (n = 8) trained according to the protocol
1 and received reminding the situation and subsequent injection of a protein synthesis blocker, showed
a significant decrease in the level of defensive reaction in context of “on the ball” after the 14th day of
the experiment. The level of the defensive reaction in a context of “on a ball” significantly (p < 0.001)
decreased from 57% (T2) to 17% (T3), and to 13% (T7; p < 0.001) on the last day of testing. Thus,
the procedure of reminding the situation and the subsequent injection of a protein synthesis blocker
led to almost complete amnesia in animals of this group. These results indicated the presence of
reconsolidation of contextual memory, which required the protein synthesis [47,60,78] and correlated
with other data [44,45,48,49,52–55,61].

Testing the animals of group 2: “protocol 1 + PCPA + Rem” (n = 5) showed a decrease in
contextual memory two times. These animals received an injection of PCPA after training according to
protocol 1 and then they received the reminding procedure on the 13th day of the experiment without
a subsequent injection of a protein synthesis blocker. The level of the defensive reaction in a context of
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“on a ball” significantly (p < 0.01) decreased from 78% (T2) to 40% (T3), and to 38% (T7) (p < 0.01) on
the last day of testing.

Testing the animals of group 1 “protocol 1 + PCPA + Rem + AN” (n = 10) trained according
protocol 1 and received a PCPA injection before reminding also showed a decrease in memory. These
animals received the injection of a protein synthesis blocker after reminding procedure. The level of
defensive reaction in context of “on a ball” significantly (p < 0.05) decreased from 71% (T2) to 45% (T3),
and to 39% (T7; p < 0.01) on the last day of testing.

Thus, the results of this experimental series showed that a reminding the training context after
training and injection of PCPA without the use of a protein synthesis blocker led to a decrease in
the level of the defensive reaction in snails by about 50% of the initial value. This result indicated a
weakening of contextual memory. At the same time, a reminder of the training context combined with
a protein synthesis blockade, after injection of PCPA, did not result to an additional weakening of the
contextual memory.

The results of this experimental series also showed that reminding the training context, followed
by injection of a protein synthesis blocker, led to an almost complete violation of the contextual
memory in snails, i.e., the process of memory reconsolidation, triggered by a reminding the context,
was disrupted by the blockade of protein synthesis.

2.2. Reconsolidation after Training According to Protocol 2

All groups of the animals of the second experimental series were trained according to protocol
2 with the presentation of three electrical stimulations per day for 5 days. Testing the level of the
defensive response confirmed the successful development of a situational reflex as in case with protocol
1 (Figure 3, T2 tests relative to T1).

Testing the animals of group 8: “protocol 2 + Rem + SS” (n = 5) trained according to protocol
2 showed that the memory in this case was preserved for at least 10 days (Figure 3). Animals of
this group received the reminding procedure on the 13th day and injection of the saline solution as
a control after training. The increased level of defensive reactions of these animals in the context of
“on a ball” at the end of the experiment (47%, T7) significantly (p < 0.0001) differed from the level of
defensive reactions on a flat surface (7%, T7) and from the initial values obtained before training (6%,
T1). Thus, reminding the learning context and the subsequent injection of saline solution did not lead
to an impaired memory in animals of this group.

Testing the animals of group 7 “protocol 2 + Rem + AN” (n = 5) showed that on the 14th day of
the experiment there was no impairment of the memory. On the 13th day of the experiment after the
training according protocol 2, animals of this group received the reminding procedure and injection of
the blocker of protein synthesis AN. The level of the defensive reaction in the context of “on a ball”
decreased from 51% (T2) to 36% (T3). Thus, in the case of training according to the protocol 2, the
reminding the learning context and the subsequent injection of a protein synthesis blocker did not lead
to memory impairment in the animals of this experimental group.

Testing the animals of group 6: “protocol 2 + PCPA + Rem” (n = 6) and group 5: “protocol 2 +

PCPA + Rem + AN” (n = 5) did not show a significant decrease in the contextual memory (Figure 3).
These animals received reminding of the context of training with a subsequent injection of PCPA on
the 13th day of the experiment. Animals of group 5 received an injection of a protein synthesis blocker
AN after reminding. The level of a defensive reaction in the context of “on a ball” reliably decreased in
both groups from an average level from 64% (T2) to 42% the day after the reminding (T3). On the last
day of testing (T7), the levels of defensive reaction in the context of “on a ball” were 46% (group 5) and
52% (group 6), and these changes were not significant. Thus, there was no significant decrease in the
contextual memory at the end of the experiment in these two groups. Testing (T7) the levels of the
defensive response on the ball in these two groups in the end of the experiment showed that there was
no significant decrease in the contextual memory.
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Thus, the results of the second experimental series performed using the training protocol with a
lesser number of electrical stimuli (protocol 2) showed that reminding the training context against
the background of reduction of serotonin by PCPA did not lead to a reliable change in the contextual
memory in snails, as with a combination of reminding with both a protein synthesis blockade and
without a protein synthesis blockade. The fact that the blockade of protein synthesis after reminding
did not lead to a serious impairment of the memory acquired during training directly indicated a
weaker dependence of the process of reconsolidation of memory on the synthesis of a new protein on
training protocol 2. That is, the state of memory liability initiated by the reminding was not completed
enough in this case.
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Figure 3. The level of the defensive response (the amplitude of response of ommatophores 
withdrawal) of snails in two contexts, on the ball and flat surface for the experimental series 2 
(protocol 2; Groups 5, 6, 7 and 8). T1—initial testing before the beginning of training, T2—testing 2 
days (after 1 day of rest) after elaboration of conditioned reflex (learning), T3-T7—testing of animals 
after the injections of PCPA, AN and a reminder on the 4th–8th day after a reminder (see Figure1). 

Figure 3. The level of the defensive response (the amplitude of response of ommatophores withdrawal)
of snails in two contexts, on the ball and flat surface for the experimental series 2 (protocol 2; Groups
5, 6, 7 and 8). T1—initial testing before the beginning of training, T2—testing 2 days (after 1 day of
rest) after elaboration of conditioned reflex (learning), T3–T7—testing of animals after the injections
of PCPA, AN and a reminder on the 4th–8th day after a reminder (see Figure 1). Arrows indicate:
PCPA—time of injection of PCPA (3 days before the reminder and injection of AN), Reminder—time of
reminder, AN—time of injection of AN. Asterisks and hash signs indicate significant difference of the
amplitude of response of ommatophores withdrawal in responses to T3–T7 vs. the amplitude of the
response of ommatophores withdrawal in responses to T2 by a paired t-test (#) equal to p < 0.05 and T2
vs. amplitude of response of ommatophores withdrawal in responses to T1 by a paired t-test (***) equal
to p < 0.001. The vertical axis shows the value of the defensive reaction in response to the conditioned
stimulus (the amplitude of reaction of ommatophores withdrawal), in % to maximum. Horizontal axis
shows the course (protocol) of the experiment: T1, T2, T3-T7, PCPA, AN and Reminder.

2.3. Testing Procedures in the Context of “on the Ball” after Inhibition of Serotonin Synthesis

The third experimental series was carried out in order to check whether the testing procedure
of the defensive reaction of the animals (T3–T7) used in the first two experimental series triggered
the initiation of memory reconsolidation, which depended on the level of 5-HT in animals. Animals
of group 9 “protocol 1 + PCPA” (n = 4) were trained according to protocol 1 and then they received
the injection of PCPA. Animals of group 10 “protocol 1 + SS” (n = 5) were trained according to the
same protocol and then they received the injection of saline solution as a control (Figure 4A). After
that, animals of these groups were tested for defensive reactions in both contexts (on a ball and on a
flat surface) at the same time as the groups from the first two experimental series. Testing the level of
the defensive reactions was performed in the same context of “on a ball” as the reminding and training
and without a separate reminding procedure. During testing in one of the contexts, the animals were in
the situation “on the ball”, which were the same as the reminding or the training context. At the same
time, the animals of these groups did not have a separate reminding session. The testing procedure
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was standard, the same as in the first two experimental series. It was shown that the level of defensive
reactions of the ommatophores retraction in response to tactile stimulation of animals after injection of
PCPA (group 9) was not changed throughout all test days (Figure 4B, T3–T7 tests).
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Figure 4. A. Scheme of the experimental series 3 (protocol 1; Groups 9 and 10). In the boxes indicated
the days of the experiment. 1 day (T1)—initial testing of the level of defensive reactions, 2–6 days
(Training)—development of the conditioned reflex in the context paradigm, Day 7 (Rest)—rest, Day 8
(T2)—testing of the level of the defensive reaction after the procedure of training. Group 9 “PCPA”
and group 10 “SS”: Day 9—injection of PCPA/SS, 10–12 days (Rest)—rest, 13 day (Rest)—rest, 14–18
days (T3, T4, T5, T6 and T7)—testing of the level of the defensive reaction after the reminder session. B.
The level of the defensive response (the amplitude of the response of ommatophores withdrawal) of
snails in two contexts, on the ball and flat surface for the experimental series 1 (protocol 1; Groups 9
and 10). T1—initial testing before the beginning of training, T2—testing 2 days after elaboration of
the conditioned reflex (learning), T3–T7—testing of animals after the injections of PCPA and SS on
the 4th–8th day after reminder (see Figure 4A). Arrows indicate: PCPA—time of injection of PCPA,
SS—time of injection of SS. Asterisks indicate significant difference of the amplitude of response of
ommatophores withdrawal in responses to T2 vs. the amplitude of the response of ommatophores
withdrawal in responses to T1 by a paired t-test (**) equal to p < 0.01. Vertical axis shows value of
defensive reaction in response to conditioned stimulus (the amplitude of the reaction of ommatophores
withdrawal), in % to maximum. Horizontal axis shows the course (protocol) of the experiment: T1, T2,
T3–T7, PCPA, AN and Reminder.
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These results indicate that the procedure of testing animals in the context of “on a ball” did
not lead to the initiation of memory reconsolidation, which depends on the injection of PCPA. That
is, that all changes in the level of defensive reactions of animals demonstrated in the first two
experimental series did not depend on the testing procedure similar with the reminding procedure of
the learning environment.

3. Discussion

Serotonin is a neurotransmitter that acts as a biochemical messenger and regulator in the brain.
It participates in a number of important physiological functions [81,82]. The participation of the
serotonin system in animal cognition and behavior, in learning and memory attracts increasing
attention [28,83–85]. Therefore, the deregulation of the serotonergic system causes the pathogenesis of
many psychiatric and neurological disorders [84,86]. These include, first of all, anxiety, depression and
the phenomena referred to as serotonin syndrome [87–90]. There is a variety of evidence that links
depression to a decrease in the serotonergic system activity and supports the hypothesis that changes in
the 5-HT neuron content may play a role in the pathophysiology of depression [91,92]. Besides, certain
clinical therapies for treating depression are based on a change in the level of 5-HT in the body [90,93].

There are a number of techniques for reducing the level of 5-HT. These are the use of 5-HT
transporter blockers [85,90,94,95] and application of technologies associated with the exposure to 5-HT
receptors [85,90,96,97]. Tryptophan hydroxylase, an enzyme that limits the rate of 5-HT synthesis,
which regulates the activity of 5-HT in the brain, plays an important role [97–101]. So, by whole brain
biochemical assays using high-pressure liquid chromatography with electrochemical detection it was
found that the administration of PCPA at a dose of 1000 mg/kg reduced whole rat brain levels of 5-HT
and its metabolite 5-hydroxyindoleacetic acid to 9.4% and 8.2% of control levels, respectively [99].
Other authors by immunohistochemical methods also showed a decrease in serotonin up to 10%
from the initial level [30], PCPA at a dose of 300 mg/kg causes a decrease in serotonin in the animal
up to 10 times [79]. Experimental data show that PCPA, which inhibited an enzyme of tryptophan
hydroxylase, reduces not only the level of 5-HT, but also the level of catecholamines [100,102,103].
However, if the level of serotonin decreases to 10%–15% of the initial level, then the level of dopamine
and norepinephrine decreases only to 85% [102,104].

Interesting comparative data on changes in the content of serotonin and catecholamines in different
parts of the brain of rats using high performance liquid chromatography (HPLC) were obtained by
Reader et al. (1984; 1986). It has been shown that administration of PCPA at a dose of 2 × 400 mg/kg
causes a decrease in serotonin levels by 98.7%, dopamine by 96%, norepinephrine by 23.5%, and
adrenaline increase by a 331% in the rat cortex [105]. Another study examined the comparative effects
of neurotoxins 5,7-DHT and 6-OHDA with effects of PCPA. It was found that under the action of PCPA,
serotonin levels decrease to 10–20% of the initial level, and catecholamines decrease to 50%–80% [29].
The effects of 5,7 DHT and PCPA on serotonin and catecholamine levels were similar [29,106]. However,
in the nervous system, the functions of serotonin and catecholamines intersected only partially. So, it
was found that PCPA completely blocks the decrease in immobilization caused by a selective serotonin
reuptake inhibitor in a suspension test in mice [31]. In contrast, PCPA did not affect the effects of a
norepinephrine reuptake inhibitor.

Our experiments were conducted on a mollusk—a terrestrial snail. A characteristic feature of
mollusks is that their defensive reflexes are mediated by serotonin [1–5,8,10,85,107]. Thus, it was found
that anxious-like behavior in crayfish is controlled by serotonin [108], and in the snail, the formation
of long-term sensitization is blocked by the neurotoxin 5,6-dihydroxytryptamine [27,109,110]. This
also applies to the conditioned reflex to the situation (context), the base for which is the serotonergic
neurons of the pedal ganglion [11,65,107]. Our studies involve the use of PCPA, which inhibited an
enzyme of tryptophan hydroxylase, the first and most limiting enzyme in serotonin biosynthesis.
For the reasons mentioned above, we focused on the role of serotonin in the reconsolidation of the
conditioned reflex to the context.
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In present studies we carried out the investigation of the effect of reducing serotonin levels in the
process of reconsolidation of contextual memory in animals after training of different intensities, using
the protein synthesis blocker AN and blocker of enzyme tryptophan hydroxylase PCPA (Figure 5).
It was found that reminding the learning environment (placing the snails in a training context of “on a
ball” for 20 min) after injection of PCPA in snails trained according to protocol 1 (presenting five stimuli
per day for 5 days) led to a significant (approximately two times) weakening of contextual memory.
The result showed a violation of memory reconsolidation with reduced serotonin levels (Figure 2).
It could be assumed that serotonin in this case was necessary for the initiation of reconsolidation,
or for its complete completion. A very interesting result was that this weakening of memory in
animals with a reduced serotonin level did not depend on the combination of reminding with a protein
synthesis blockade.
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Figure 5. The level of the defensive response (the amplitude of the response of ommatophores 
withdrawal) of snails in two contexts, on the ball and flat surface for the experimental series 1 
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testing before the beginning of training, T2—testing 2 days after elaboration of the conditioned reflex 
(learning), T3-T7—testing of animals after the injections of PCPA, AN and a reminder on the 4th–8th 
day after a reminder. Arrows indicate: PCPA—time of injection of PCPA (3 days before a reminder 
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Figure 5. The level of the defensive response (the amplitude of the response of ommatophores
withdrawal) of snails in two contexts, on the ball and flat surface for the experimental series 1 (protocol
1; Groups 2 and 3) and experimental series 2 (protocol 2; Groups 6 and 7). T1—initial testing before
the beginning of training, T2—testing 2 days after elaboration of the conditioned reflex (learning),
T3–T7—testing of animals after the injections of PCPA, AN and a reminder on the 4th–8th day after a
reminder. Arrows indicate: PCPA—time of injection of PCPA (3 days before a reminder and injection
of AN), Reminder—time of reminder, AN—time of injection of AN. Asterisks and hash signs indicate
a significant difference of the amplitude of the response of ommatophores withdrawal in responses
to T3–T7 vs. the amplitude of the response of ommatophores withdrawal in responses to T2 by a
paired t-test (##) equal to p < 0.01; (###) equal to p < 0.001 and T2 vs. the amplitude of the response of
ommatophores withdrawal in responses to T1 by a paired t-test (***) equal to p < 0.001. The vertical
axis shows the value of the defensive reaction in response to a conditioned stimulus (the amplitude
of the reaction of ommatophores withdrawal), in % to maximum. Horizontal axis shows the course
(protocol) of the experiment: T1, T2, T3–T7, PCPA, AN and Reminder.

Thus, blockade of tryptophan hydroxylase by p-chlorophenylalanine after reminding the training
context in animals with a simultaneous blockade of protein synthesis did not result to additional
weakening of contextual memory. This fact, might reflect either the priority of the effects of reducing
serotonin content by the use of PCPA in the phenomenon of contextual memory reconsolidation in the
snail as the injection of AN did not affect in the situation of the disruption of the serotonin system, or
the complex mutual effect of reducing the serotonin content by PCPA and blocking protein synthesis on
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reconsolidation, which led to its violation and reduced a trace of memory. The reason for the absence
of the cumulative effect of the blockade of protein synthesis and serotonin synthesis is probably the
fact that a long-term increase in the 5-HT level in hemolymph was blocked by an inhibitor of protein
synthesis [111].

In the case of training according to a different protocol (presentation of three stimuli per day for
5 days), the reminding of the learning environment with the subsequent injection of a protein synthesis
blocker did not result in such a significant forgetting of the contextual memory. In this case, the use
of PCPA also did not lead to a significant decrease of memory in both contexts with the blockade of
protein synthesis and without it. At the same time, the reminding procedure with the subsequent
injection of a biosynthesis blocker AN without injection of PCPA did not lead to such a significant
disruption of the contextual memory reconsolidation and to its almost complete loss.

The obtained results possibly indicated that the use of PCPA, which presumably reduced the
level of serotonin in the nervous system of the snail, might partially block the reminding, which was
necessary to start the reconsolidation process. Perhaps for this reason, the impairment of protein
synthesis during the reminding in group 1 did not cause a complete blockade of reconsolidation of
contextual memory into a situational conditioned reflex. On the other hand, for the same reason, in the
case of the use of PCPA in animals of experimental groups without a blockade of protein synthesis by
anisomycin, the reminding procedure after depletion of the serotonin level by PCPA could also lead to
incomplete reconsolidation. However, these assumptions need to be verified. The obtain results could
be evidence that a serotonergic system was included in the process of memory reconsolidation (in our
system of contextual memory). Mechanisms of processes that developed during the reconsolidation of
contextual memory after a reminder depended on the 5-HT system and on the state of the memory at
the time of the reminding procedure associated with the intensity of training.

4. Materials and Methods

4.1. Experimental Animals

All experimental (behavioral) procedures are in compliance with the Guide for the Car and Use
of Laboratory Animals published by the National Institutes of Health, Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 and in accordance to guidelines of our
University. For the experiments the terrestrial snails Helix lucorum (Gastropoda, Pulmonata), were
used. The capture of animals in the wild were carried out by competent persons without avoidable
pain and distress (Article 9 of Directive 2010/63/EU). Snails transported asleep and then most of them
were also stored asleep (Article 33 of Directive 2010/63/EU). Prior to the experiments the snails were
kept for no less than two weeks in a glass terrarium in a humid atmosphere at room temperature
(each group in a separate terrarium) (Article 33 of Directive 2010/63/EU). All groups were housed in
separate terrariums which were kept together all the time in the same room under the same conditions.
After behavioral experiments snails were outputted again into the terrarium. Snails were kept in the
active state for at least 2 weeks before experiments with the possibility of free movement. Snails of
approximately the same weight (about 25 g) were selected for experiments. The animals were deprived
of food for three days prior to the experimental sessions.

4.2. Drugs and Injections

AN (anisomycin (2-[p-Methoxybenzyl]-3,4-pyrrolidinediol 3-acetate, Sigma) was used for
a blockade of the protein synthesis [112] and PCPA (4-Chloro-DL-phenylalanine methyl ester
hydrochloride 97%, Sigma) was used for a blockade of serotonin synthesis.

4-Chloro-DL-phenylalanine inhibits the tryptophan hydroxylase enzyme, which is the first and
most limiting enzyme of 5-HT biosynthesis [30,98,113]. PCPA causes a decrease in serotonin in the
animal up to 10 times [29–31,99,102,105]. It was found, that intraperitoneal injection of PCPA in
dose 100–300 mg/kg induces a dose dependent decrease of cortical content of 5-HT 3 times in 24 h
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after injection and 6–9 times in 2–4 days after injection [79,101,113]. Other researchers showed that
intraperitoneal injection of PCPA in a dose of 300 mg/kg led to a gradual decrease of 5-HT in the
brain of rats, reached maximum on the third day after injection and was maintained for at least one
week [80].

Previously we found that PCPA at doses mentioned above induced the impairment of the
formation of defensive conditioning in terrestrial snails as neurotoxins 5,7-DHT and 5,6-DHT [3], which
occurred in the condition of the serotonin depletion in the nerve system [1–3,7,27,28,77,114,115].

Anisomycin dissolved in 0.2 mL of physiological saline solution (SS) was injected at a dose of
16 mg/kg of animal weight (0.4 mg/per snail). PCPA dissolved in 0.1 mL of SS was injected at a dose of
200 mg/kg animal weight (8 mg/per snail). Injections were performed by a thin needle through the
insensitive part of the snail skin in the region of the sinus node [47,78].

4.3. Contextual Learning

The situational conditioned reflex was developed in all experimental animals according to the
contextual paradigm of “on the ball” in a situation in which the shell of animals was rigidly attached
to a tripod in one position, but at the same time snails had freedom of movement on the surface
of the ball floating in the water. The training consisted of presenting an unconditioned stimulus
(electrical stimulation) when the snail was in the specific context of “on the ball”. The training was
carried out according to 2 protocols. The first protocol (protocol 1) included the presentation of 5
electrical stimulations per day for 5 days by touching two electrodes to the back and front dorsal part
of the leg [47]. The second protocol (protocol 2) included 3 electrical stimulations per day for 5 days.
The electrical stimulation was carried out with the following parameters: rectangular current pulses
with a frequency of 50 Hz, current strength of 1–2 mA and the duration of stimulation of 1 s. The
time intervals between stimuli were about 15–20min. The intensity of the stimulation current was
selected to trigger a defensive reaction associated with retraction of the front part of the body and did
not exceed 2 mA. The used current did not cause damage to the skin of animals, which can occur as
forming of pigmented areas after stimulation with a larger current value [116,117].

The training procedure lasted 5 days, during training the snails did not receive food.
The deprivation of food in invertebrate animals during the developing of conditioned reflexes
is a standard technique, it is not associated with the metabolism of certain substances, but is determined
by the need for an active state of the animal [28,60,61,78]. The procedure for “reminding” the training
environment was to place the animals for 20 min in a training context of “on a ball”. At the same time,
the animals were rigidly attached to a tripod and had freedom of movement on the surface of a ball
floating in the water, as in the training context, but did not receive either tactile or electrical simulations.

4.4. Testing

The level of the defensive reaction of animals was tested in two contexts the day before the start
of the development of the conditioned reflex, after training and in the process of further manipulations.
The test was included the measurement of the amplitude of ommatophores retraction in response to
mild tactile stimulation, which was a sliding movement of the brush hair with the standard speed on
the skin dorsally from the front part of a snails foot. The hair touched the skin of the animal for about
1 cm and moved at an approximate speed of 1 cm/s. The maximal length of retraction of ommatophores
was taken as 100%. Testing was carried out in two environments (contexts): on a flat surface (a glass
cover of the aquarium) and in the training context of “on the ball” [57,78]. Each test consisted of 5
tactile stimulus presentations (intervals between tests were 7–10min). At first testing carried out on a
flat surface and then animals were transferred on a ball. Tests were conducted visually and recorded
on video.

Testing of the initial level of the defensive reaction was carried out the day before the development
of the conditioned reflex according to the contextual paradigm (T1). The animals rested for the one
(first) day after 5 days of training. On the 2nd day after training testing were repeated (T2) to confirm
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the development of a conditioned reflex to the situation. The situational conditioned reflex was
considered developed in the case of a significant increase in the level of the defensive reaction of
animals in a training context of “on the ball” in comparison to the initial testing. In the following
days, the level of the defensive reaction of animals was tested at different stages of the experiment as
an indicator of the preservation of long-term memory (after injection sessions and reminders of the
situation T3–T7 tests).

4.5. Experimental Groups

Three series of experiments with 10 experimental groups of animals were carried out. Animals of
the first experimental series (n = 28) were trained according to the protocol 1 with the presentation of 5
electrical stimulations per day for 5 days when the animals were in a training context of “on the ball”.
The animals of the second experimental series (n = 21) were trained according to protocol 2 with the
presentation of 3 electrical stimulation per day for 5 days when the animals were in the same context
of “on the ball”. Thus, the first and second series of experiments differed from each other only in the
protocol of training, namely, in the number of presentations of electrical stimulations to animals during
the development of the situational conditioned reflex. The general procedure scheme was shown in
Figure 1. The experiments began (day 1) with testing the defensive reaction of ommatophores retraction
in response to tactile stimulation in animals of all groups in two contextual environments “on the ball”
and on a flat surface (see above). The situational conditioned reflex was developing for 5 days according
to protocol 1 or protocol 2 (from 2nd to 6th days) and then animals had a rest day (day 7). Testing the
level of the defensive response of animals in both environments was repeated on the 8th day. On the
9th day, the animals of both experimental series were divided into 2 subgroups. In one subgroup, the
animals received an injection of PCPA, and animals of the other did not receive any injections. From
the 10th to the 12th day, it was a period of rest days, which was associated with the expectation of a
maximum decrease of 5-HT in the organism of snails after the injection of PCPA [79,80,113]. Then, on
the 13th day both subgroups were further divided on the following 2 subgroups. In the subgroup after
the injection of PCPA the animals were further divided on groups by so: the 1st subgroup: reminding
the context with injection of anisomycin or the 2nd subgroup: “reminding” the context without an
injection of anisomycin. The subgroup without an injection of PCPA was divided into groups: the
3rd subgroup: “reminding” with injection of anisomycin after “reminding” and the 4th subgroup:
“reminding” group with injection of the saline solution after “reminding” as a control. Thus, there
were 4 groups in each of these two experimental series. Finally, over the next 5 days (from the 14th
to the 18th day) completing the experimental series, the testing the level of the defensive reaction of
animals in both contexts (“on the ball” and on a flat surface) was repeated. The animals of each group
were trained to the situational conditioned reflex and then received a “reminding” (“Rem”) about the
environmental context in which they were trained. The difference between the experimental groups of
animals was in the training protocols (protocol 1 or protocol 2) and in the used pharmacological agents.

Eight groups of animals participated in first two experimental series. Groups of animals of the
first experimental series were trained according to the protocol 1, with 5 electrical stimulations per
day for 5 days. The animals belonged to the group 1 “protocol 1 + PCPA + Rem + AN” (n = 10) were
injected by PCPA after training and received a reminding the training context with the subsequent
injection of a biosynthesis blocker AN. The animals belonged to group 2: “protocol 1 + PCPA + Rem”
(n = 5) were injected by PCPA after training and received reminding procedure without injection of the
biosynthesis blocker AN. The animals received a reminding procedure and then injection of a protein
synthesis blocker after training belonged to group 3: “protocol 1 + Rem + AN” (n = 8). The animals
received reminding procedure and then injection of the saline solution as the control belonged to group
4: “protocol 1 + Rem + SS” (n = 5).

The corresponding groups of animals of the second experimental series were trained according to
protocol 2. There were group 5 “protocol 2 + PCPA + Rem + AN” (n = 5); group 6 “protocol 2 + PCPA
+ Rem” (n = 6); group 7 “protocol 2 + Rem + AN” (n = 5) and group 8 “protocol 2 + Rem + SS” (n = 5).
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The third experimental series was conducted in order to check whether the testing procedure on the
ball itself, which is similar to the reminding procedure, led to the initiation of memory reconsolidation,
presumably depended on the level of 5-HT in the animal body. During testing the state of the defensive
system, as well as during “reminding”, the animals were placed on the ball, in the environmental
context in which the training took place. However, during the testing the animal represented the active
response after receiving the tactile stimulation, which was not similar to the “reminding” procedure.
In addition, the testing procedure was longer and consisted of 5 presentations of the tactile stimulus
with intervals between them. The general scheme of procedures for the third experimental series is
shown in Figure 4A.

4.6. Statistics

The results are shown as mean ± SEM. The paired and unpaired Student’s t-test and signed rank
test were used for comparison within the each experimental group. Statistical software SigmaPlot v11
was used. The statistical significance criterion was p < 0.05.

Highlights

• A blockade of tryptophan hydroxylase by p-chlorophenylalanine led to a weakening of contextual
memory after reminding the situation of trained animals.

• A blockade of tryptophan hydroxylase by p-chlorophenylalanine did not lead to a significant
change in contextual memory after reminding of the situation to animals learned by lesser intensity.

Author Contributions: Conceptualization, K.L.G.; Investigation, I.B.D., L.N.M., V.V.A., and T.K.B.; Methodology,
I.B.D., T.K.B. and K.L.G.; Writing, review and editing, I.B.D., V.V.A. and K.L.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was funded by the subsidy allocated to Kazan Federal University for the state assignment in
the sphere of scientific activities (No 17.9783.2017/8.9) and partially supported by Russian Foundation for Basic
Research (grant№ 18-015-00274).

Acknowledgments: The authors would like to thank Dinara Silantyeva for editorial assistance in the preparation
of this manuscript.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Balaban, P.M.; Vehovzsky, A.; Maksimova, O.A.; Zakharov, I.S. Effect of 5,7-dihydroxytryptamine on the
food-aversive conditioning in the snail Helix lucorum L. Brain Res. 1987, 404, 201–210. [CrossRef]

2. Glanzman, D.L.; Mackey, S.L.; Hawkins, R.D.; Dyke, A.M.; Lloyd, P.E.; Kandel, E.R. Depletion of serotonin
in the nervous system of Aplysia reduces the behavioral enhancement of gill withdrawal as well as the
heterosynaptic facilitation produced by tail shock. J. Neurosci. 1989, 12, 4200–4213. [CrossRef]

3. Gainutdinov, K.L.; Andrianov, V.V.; Gainutdinova, T.K. The action of the neurotoxins 5,6-dihydroxytryptamine
and p-chlorphenylalanine on the electrical activity parameters of the command neurons during long-term
sensitization and learning in the snail. Zhurnal. Vyss. Nervn. Deiat. Im. I P Pavlov. (Russ.) 1999, 49, 48–58.

4. Dyakonova, V.E. Behavioral functions of serotonin and octopamin: Some paradoxes of comparative
physiology. Uspekhi Physiol. Nauk (Russ.) 2007, 38, 3–20.

5. Il-Han, J.; Janes, T.; Lukowiak, K. The role of serotonin in the enhancement of long-term memory resulting
from predator detection in Lymnaea. J. Exp. Biol. 2010, 213, 3603–3614. [CrossRef] [PubMed]

6. Hirayama, K.; Moroz, L.L.; Nathan, G.; Hatcher, N.G.; Gillette, R. Neuromodulatory control of a goal-directed
decision. PLoS ONE 2014, 9, 102240. [CrossRef] [PubMed]

7. Andrianov, V.V.; Bogodvid, T.K.; Deryabina, I.B.; Golovchenko, A.N.; Muranova, L.N.; Tagirova, R.R.;
Vinarskaya, A.K.; Gainutdinov, K.L. Modulation of withdrawal reflex conditioning in snails by serotonin.
Front. Behav. Neurosci. 2015, 9, 279. [CrossRef]

8. Sakharov, D.A. Integrative function of serotonin in primitive Metazoa. Z. Obch. Biol. (Russ.) 1990, 51, 437–449.

http://dx.doi.org/10.1016/0006-8993(87)91371-0
http://dx.doi.org/10.1523/JNEUROSCI.09-12-04200.1989
http://dx.doi.org/10.1242/jeb.048256
http://www.ncbi.nlm.nih.gov/pubmed/20952608
http://dx.doi.org/10.1371/journal.pone.0102240
http://www.ncbi.nlm.nih.gov/pubmed/25048964
http://dx.doi.org/10.3389/fnbeh.2015.00279


Int. J. Mol. Sci. 2020, 21, 2087 14 of 18

9. Liao, X.; Brou, C.G.; Walters, E.T. Limited contributions of serotonin to long-term hyperexcitability of Aplysia
sensory neurons. J. Neurophysiol. 1999, 82, 3223–3235. [CrossRef]

10. Marinesco, S.; Wickremasinghe, N.; Kolkman, K.E.; Carew, T.J. Serotonergic modulation in Aplysia. II.
Cellular and behavioral consequences of increased serotonergic tone. J. Neurophysiol. 2004, 92, 2487–2496.
[CrossRef]

11. Ierusalimskii, V.N.; Balaban, P.M. Serotonergic system of neurons in the CNS of terrestrial snail: Morphology,
ontogenesis, control of behavior. Zhurnal. Vyss. Nervn. Deiat. Im. I P Pavlov. (Russ.) 2010, 60, 515–524.

12. Timoshenko, A.K.; Shevelkin, A.V.; Nikitin, V.P.; Sherstnev, V.V. Live-cell imaging microscopy and quantitative
analysis of Ca2+-dependent effects of neurotransmitters on DNA in snail neurons. Biophysics 2014, 59, 91–97.
[CrossRef]

13. Clark, G.A.; Kandel, E.R. Induction of long-term facilitation in Aplysia sensory neurones by local application
of serotonin to remote synapses. Proc. Natl. Acad. Sci. USA 1993, 90, 11411–11415. [CrossRef] [PubMed]

14. Malyshev, A.Y.; Bravarenko, N.I.; Pivovarov, A.S.; Balaban, P.M. Effects of serotonin levels on postsynaptically
induced potentiation of snail neuron responses. Neurosci. Behav. Physiol. 1998, 28, 556–563. [CrossRef]
[PubMed]

15. Shevelkin, A.V.; Nikitin, V.P.; Kozyrev, S.A.; Samoilov, M.O.; Sherstnev, V.V. Serotonin imitates several of the
neuronal effects of nociceptive sensitization in the common snail. Neurosci. Behav. Physiol. 1998, 28, 547–555.
[CrossRef]

16. Mauelshagen, J.; Sherff, C.M.; Carew, T.J. Differential induction of long-term synaptic facilitation by spaced
and massed applications of serotonin at sensory neuron synapses of Aplysia californica. Learn. Mem. 1998, 5,
246–256.

17. Marinesco, S.; Wickremasinghe, N.; Carew, T.J. Regulation of behavioral and synaptic plasticity by serotonin
release within local modulatory fields in the CNS of Aplysia. J. Neurosci. 2006, 92, 2487–2496. [CrossRef]

18. Hernadi, L.; Karpati, L.; Gyori, J.; Vehovszky, A.; Hiripi, L. Humoral serotonin and dopamine modulate the
feeding in the snail, Helix pomatia L. Acta Biol. Hung. 2008, 59, 39–46. [CrossRef]

19. Lin, A.H.; Cohen, J.E.; Wan, Q.; Niu, K.; Shrestha, P.; Bernstein, S.L.; Abrams, T.W. Serotonin stimulation of
cAMP-dependent plasticity in Aplysia sensory neurons is mediated by calmodulin-sensitive adenylyl cyclase.
Proc. Natl. Acad. Sci. USA 2010, 107, 15607–15612. [CrossRef]

20. Hart, A.K.; Fioravante, D.; Liu, R.-Y.; Phares, G.A.; Cleary, L.J.; Byrne, J.H. Serotonin-mediated synapsin
expression is necessary for long-term facilitation of the Aplysia sensorimotor synapse. J. Neurosci. 2011, 31,
18401–18411. [CrossRef]

21. Petersen, A.V.; Jensen, C.S.; Crépe, V.; Falkerslev, M.; Perrier, J.-F. Serotonin regulates the firing of principal
cells of the subiculum by inhibiting a T-type Ca2+ current. Front. Cell. Neurosci. 2017, 11, 60. [CrossRef]
[PubMed]

22. Gadotti, D.; Bauce, L.G.; Lukowiak, K.; Bulloch, A.G.M. Transient depletion of serotonin in the nervous
system of Helisoma. J. Neurobiol. 1986, 17, 431–447. [CrossRef] [PubMed]

23. Glanzman, D.L.; Krasne, F.B. 5,7-Dihydroxytryptamine lesions of crayfish serotonin-containing neurons:
Effect on the lateral giant escape reaction. J. Neurosci. 1986, 6, 1560–1569. [CrossRef] [PubMed]

24. Hernadi, L.; Hiripi, L.; Vehovszky, A.; Kemenes, G.; Rozsa, K. Ultrastructural, biochemical and
electrophysiological changes induced by 5,6-dihydroxytryptamine in the CNS of the snail Helix pomatia L.
Brain Res. 1992, 578, 221–234. [CrossRef]

25. Sahley, C.L. Serotonin depletion impairs but does not eliminate classical conditioning in the leech Hirudo
medicinalis. Behav. Neurosci. 1994, 108, 1043–1052. [CrossRef]

26. Shirahata, T.; Tsunoda, M.; Santa, T.; Kirino, Y.; Watanabe, S. Depletion of serotonin selectively impairs
short-term memory without affecting long-term memory in odor learning in the terrestrial slug Limax
valentianus. Learn. Mem. 2006, 13, 267–270. [CrossRef]

27. Tagirova, R.R.; Deryabina, I.B.; Gainutdinova, T.K.; Andrianov, V.V.; Gainutdinov, K.L. Effects of the serotonin
precursor 5-hydroxytryptophan and the neurotoxic analog 5,7-dihydroxytryptamine on the formation of a
conditioned defensive reflex in the common snail. Zhurnal. Vyss. Nervn. Deiat. Im. I P Pavlov. (Russ.) 2010,
60, 239–243. [CrossRef]

28. Balaban, P.M.; Vinarskaya, A.K.; Zuzina, A.B.; Ierusalimsky, V.N.; Malyshev, A.Y. Impairment of the
serotonergic neurons underlying reinforcement elicits extinction of the repeatedly reactivated context
memory. Sci. Rep. 2016, 6, 36933. [CrossRef]

http://dx.doi.org/10.1152/jn.1999.82.6.3223
http://dx.doi.org/10.1152/jn.00210.2004
http://dx.doi.org/10.1134/S0006350914010229
http://dx.doi.org/10.1073/pnas.90.23.11411
http://www.ncbi.nlm.nih.gov/pubmed/8248263
http://dx.doi.org/10.1007/BF02463017
http://www.ncbi.nlm.nih.gov/pubmed/9809296
http://dx.doi.org/10.1007/BF02463016
http://dx.doi.org/10.1523/JNEUROSCI.3309-06.2006
http://dx.doi.org/10.1556/ABiol.59.2008.Suppl.6
http://dx.doi.org/10.1073/pnas.1004451107
http://dx.doi.org/10.1523/JNEUROSCI.2816-11.2011
http://dx.doi.org/10.3389/fncel.2017.00060
http://www.ncbi.nlm.nih.gov/pubmed/28326015
http://dx.doi.org/10.1002/neu.480170507
http://www.ncbi.nlm.nih.gov/pubmed/3021901
http://dx.doi.org/10.1523/JNEUROSCI.06-06-01560.1986
http://www.ncbi.nlm.nih.gov/pubmed/3711995
http://dx.doi.org/10.1016/0006-8993(92)90251-4
http://dx.doi.org/10.1037/0735-7044.108.6.1043
http://dx.doi.org/10.1101/lm.133906
http://dx.doi.org/10.1007/s11055-011-9463-0
http://dx.doi.org/10.1038/srep36933


Int. J. Mol. Sci. 2020, 21, 2087 15 of 18

29. Reader, T.A.; Gauthier, P. Catecholamines and serotonin in the rat central nervous system after 6-OHDA,
5-7-DHT and p-CPA. J. Neural Transm. 1984, 59, 207–227. [CrossRef]

30. Park, D.H.; Stone, D.M.; Baker, H.; Kim, K.S.; Joh, T.H. Early induction of rat brain tryptophan hydroxylase
(TPH) mRNA following parachlorophenylalanine (PCPA) treatment. Brain Res. Mol. Brain Res. 1994, 22,
20–28. [CrossRef]

31. O’Leary, O.F.; Bechtholt, A.J.; Crowley, J.J.; Hill, T.E.; Page, M.E.; Lucki, I. Depletion of serotonin and
catecholamines block the acute behavioral response to different classes of antidepressant drugs in the mouse
tail suspension test. Psychopharmacology (Berlin) 2007, 192, 357–371. [CrossRef] [PubMed]

32. Balaban, P.V.; Bravarenko, N.I. Long-term sensitization and environmental conditioning in terrestrial snails.
Exp. Brain Res. 1993, 96, 487–493. [CrossRef] [PubMed]

33. Andrianov, V.V.; Gainutdinova, T.H.; Gainutdinov, K.L. The investigation of serotonin role in long-term
sensitization in snail: Changes of electrical characteristics of withdrawal interneurons after influence of
5,6-dihydroxytryptamine. Acta Neurobiol. Exp. 2003, 63, 254.

34. Deryabina, I.; Bogodvid, T.; Muranova, L.; Andrianov, V.; Gainutdinov, K. Effects of serotonin depletion by
p-chlorophenylalanine on reconsolidation of contextual memory. Eur. J. Clin. Investig. 2017, 47, 123.

35. Deryabina, I.; Muranova, L.; Gainutdinov, K. Reconsolidation of contextual memory after reminder in
terrestrial snail depend from serotonin. Neurochem. J. 2018, 12, 27. [CrossRef]

36. Goelet, P.; Castellucci, V.F.; Goelet, P.; Schacher, S.; Kandel, E.R. The long and the short of long-term
memory—A molecular framework. Nature 1986, 322, 419–422. [CrossRef]

37. McGaugh, J.L. Memory: A century of consolidation. Science 2000, 287, 248–251. [CrossRef]
38. Sara, S.J.; Hars, B. In memory of consolidation. Learn. Mem. 2006, 13, 515–521. [CrossRef]
39. Grinkevich, L.N.; Lisachev, P.D.; Grinkevich, L.N.; Kharchenko, O.A.; Vasil’ev, G.V. Expression of MAP/ERK

kinase cascade corresponds to the ability to develop food aversion in terrestrial snail at different stages of
ontogeneses. Brain Res. 2008, 1187, 12–19. [CrossRef]

40. Balaban, P.M. Molecular mechanisms of memory modifications. Zhurnal. Vyss. Nervn. Deiat. Im. I P Pavlov.
(Russ.) 2017, 67, 131–140. [CrossRef]

41. Anokhin, K.V.; Tiunova, A.A.; Rose, S.P.R. Reminder effects—Reconsolidation or retrieval deficit?
Pharmacological dissection with protein synthesis inhibitors following reminder for a passive-avoidance
task in young chicks. Eur. J. Neurosci. 2002, 15, 1759–1765. [CrossRef] [PubMed]

42. Dudai, Y. The neurobiology of consolidations, or, how stable is the engram? Annu. Rev. Psychol. 2004, 55,
51–86. [CrossRef] [PubMed]

43. Alberini, C.M. Mechanisms of memory stabilisation: Are consolidation and reconsolidation similar or distinct
processes? Trends Neurosci. 2005, 28, 51–56. [CrossRef] [PubMed]

44. Nader, K.; Schafe, G.E.; LeDoux, J.E. Fear memories require protein synthesis in the amygdala for
reconsolidation after retrieval. Nature 2000, 406, 722–726. [CrossRef]

45. Milekic, M.H.; Alberini, C.M. Temporally graded requirement for protein synthesis following memory
reactivation. Neuron 2002, 36, 521–525. [CrossRef]

46. Eisenberg, M.; Kobilo, T.; Berman, D.E.; Dudai, Y. Stability of retrieved memory: Inverse correlation with
trace dominance. Science 2003, 301, 1102–1104. [CrossRef]

47. Gainutdinova, T.H.; Tagirova, R.R.; Ismailova, A.I.; Muranova, L.N.; Samarova, E.I.; Gainutdinov, K.L.;
Balaban, P.M. Reconsolidation of a context long-term memory in the terrestrial snail requires protein synthesis.
Learn. Mem. 2005, 12, 620–625. [CrossRef]

48. Alberini, C.M. The role of reconsolidation and the dynamic process of long-term memory formation and
storage. Front. Behav. Neurosci. 2011, 5, 12. [CrossRef]

49. Cai, D.; Pearce, K.; Chen, S.; Glanzman, D.L. Reconsolidation of long-term memory in Aplysia. Curr. Biol.
2012, 22, 1783–1788. [CrossRef]

50. Lattal, K.M.; Wood, M.A. Epigenetics and persistent memory: Implications for reconsolidation and silent
extinction beyond the zero. Nat. Neurosci. 2013, 16, 124–129. [CrossRef]

51. Lee, J.L.C.; Nader, K.; Schiller, D. An update on memory reconsolidation updating. Trends Cognit. Sci. 2017,
1677, 1–15. [CrossRef] [PubMed]

52. Sara, S.J. Retrieval and reconsolidation: Toward a neurobiology of remembering. Learn. Mem. 2000, 7, 73–84.
[CrossRef]

http://dx.doi.org/10.1007/BF01250009
http://dx.doi.org/10.1016/0169-328X(94)90028-0
http://dx.doi.org/10.1007/s00213-007-0728-9
http://www.ncbi.nlm.nih.gov/pubmed/17318507
http://dx.doi.org/10.1007/BF00234116
http://www.ncbi.nlm.nih.gov/pubmed/8299749
http://dx.doi.org/10.1134/s1819712418040050
http://dx.doi.org/10.1038/322419a0
http://dx.doi.org/10.1126/science.287.5451.248
http://dx.doi.org/10.1101/lm.338406
http://dx.doi.org/10.1016/j.brainres.2007.08.029
http://dx.doi.org/10.1007/s11055-018-0624-2
http://dx.doi.org/10.1046/j.1460-9568.2002.02023.x
http://www.ncbi.nlm.nih.gov/pubmed/12081655
http://dx.doi.org/10.1146/annurev.psych.55.090902.142050
http://www.ncbi.nlm.nih.gov/pubmed/14744210
http://dx.doi.org/10.1016/j.tins.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15626497
http://dx.doi.org/10.1038/35021052
http://dx.doi.org/10.1016/S0896-6273(02)00976-5
http://dx.doi.org/10.1126/science.1086881
http://dx.doi.org/10.1101/lm.25705
http://dx.doi.org/10.3389/fnbeh.2011.00012
http://dx.doi.org/10.1016/j.cub.2012.07.038
http://dx.doi.org/10.1038/nn.3302
http://dx.doi.org/10.1016/j.tics.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28495311
http://dx.doi.org/10.1101/lm.7.2.73


Int. J. Mol. Sci. 2020, 21, 2087 16 of 18

53. Nader, K.; Hardt, O. A single standard for memory: The case for reconsolidation. Nat. Rev. Neurosci. 2009,
10, 224–234. [CrossRef] [PubMed]

54. Mamiya, N.; Fukushima, H.; Suzuki, A.; Matsuyama, Z.; Homma, S.; Frankland, P.W.; Kida, S. Brain
region-specific gene expression activation required for reconsolidation and extinction of contextual fear
memory. J. Neurosci. 2009, 29, 402–413. [CrossRef] [PubMed]

55. Soeter, M.; Kindt, M. High trait anxiety: A challenge for disrupting fear memory reconsolidation. PLoS ONE
2013, 8, e75239. [CrossRef]

56. Child, F.M.; Epstein, H.T.; Kuzirian, A.M.; Alkon, D.L. Memory reconsolidation in Hermissenda. Biol. Bull.
2003, 205, 218–219. [CrossRef]

57. Gainutdinova, T.H.; Tagirova, R.R.; Ismailova, A.I.; Muranova, L.N.; Gainutdinov, K.L.; Balaban, P.M.
Dependent from protein syntheses reactivation of situational defensive reflex in terrestrial snail. Zhurnal.
Vyss. Nervn. Deiat. Im. I P Pavlov. (Russ.) 2004, 54, 795–800.

58. Kemenes, G.; Kemenes, I.; Michel, M.; Papp, A.; Mueller, U. Phase-dependent molecular requirements for
memory reconsolidation: Differential roles for protein synthesis and protein kinase A activity. J. Neurosci.
2006, 26, 6298–6302. [CrossRef]

59. Lukowiak, K.; Fras, M.; Smyth, K.; Wong, C.; Hittel, K. Reconsolidation and memory infidelity in Lymnaea.
Neurobiol. Learn. Mem. 2007, 87, 547–560. [CrossRef]

60. Balaban, P.M.; Roshchin, M.V.; Timoshenko, A.K.; Gainutdinov, K.L.; Bogodvid, T.K.; Muranova, L.N.;
Zuzina, A.B.; Korshunova, T.A. Nitric oxide is necessary for labilization of a consolidated context memory
during reconsolidation in terrestrial snails. Eur. J. Neurosci. 2014, 40, 2963–2970. [CrossRef]

61. Nikitin, V.P.; Solntseva, S.V.; Kozyrev, S.A.; Nikitin, P.V.; Shevelkin, A.V. NMDA or 5-HT receptor antagonists
impair memory reconsolidation and induce various types of amnesia. Behav. Brain Res. 2018, 345, 72–82.
[CrossRef] [PubMed]

62. Cleary, L.J.; Lee, W.L.; Byrne, J.H. Cellular correlates of long-term sensitization in Aplysia. J. Neurosci. 1998,
18, 5988–5998. [CrossRef] [PubMed]

63. Gainutdinov, K.L.; Chekmarev, L.Y.; Gainutdinova, T.H. Excitability increase in withdrawal interneurons
after conditioning in snail. NeuroReport 1998, 9, 517–520. [CrossRef] [PubMed]

64. Gainutdinov, K.L.; Andrianov, V.V.; Gainutdinova, T.K. Changes of the neuronal membrane excitability as
cellular mechanisms of learning and memory. Uspekhi Physiol. Nauk (Russ.) 2011, 42, 33–52.

65. Balaban, P.М.; Bravarenko, N.I.; Maksimova, O.A.; Nikitin, E.; Ierusalimsky, V.N.; Zakharov, I.S. A single
serotoninergic modulatory cell can mediate reinforcement in the withdrawal network of the terrestrial snail.
Neurobiol. Learn. Mem. 2001, 75, 30–50. [CrossRef]

66. Barbas, D.; DesGroseillers, L.; Castellucci, V.F.; Carew, T.J.; Marinesco, S. Multiple serotonergic mechanisms
contributing to sensitization in evidence of diverse serotonin receptor subtypes Aplysia. Learn. Mem. 2003,
10, 373–386. [CrossRef]

67. Gainutdinova, T.K.; Andrianov, V.V.; Gainutdinov, K.L.; Mukhamedshina, D.I.; Tagirova, R.R. Duration in
electrical characteristics of command neurons after withdrawal conditioning in snail. Zhurnal. Vyss. Nervn.
Deiat. Im. I P Pavlov. (Russ.) 2003, 53, 379–382.

68. Abramova, M.S.; Nistratova, V.L.; Moskvitin, A.A.; Pivovarov, A.S. Methiothepin-sensitive serotonin
receptors are involved in the postsynaptic mechanism of sensitization of the withdrawal response of the
common snail. Neurosci. Behav. Physiol. 2006, 36, 589–596. [CrossRef]

69. Mozzachiodi, R.; Lorenzetti, F.D.; Baxter, D.A.; Byrne, J.H. Changes in neuronal excitability serve as a
mechanism of long-term memory for operant conditioning. Nat. Neurosci. 2008, 11, 1146–1148. [CrossRef]

70. Glanzman, D.L. Common mechanisms of synaptic plasticity in vertebrates and invertebrates. Curr. Biol.
2010, 20, 31–36. [CrossRef]

71. Sakharov, D.A. Biological substrate for generation of behavioral acts. Zurnal Obch. Biol. (Russ.) 2012, 73,
324–348.

72. Bogodvid, T.K.; Andrianov, V.V.; Deryabina, I.B.; Muranova, L.N.; Silantyeva, D.I.; Vinarskaya, A.K.;
Balaban, P.M.; Gainutdinov, K.L. Responses of premotor interneurons to serotonin application in naïve and
learned snails are different. Front. Cell. Neurosci. 2017, 11, 403. [CrossRef] [PubMed]

73. Sidorov, A.V. Neuromodulation effects of hydrogen peroxide on central neurons within feeding network in
the mollusc Lymnaea stagnalis. J. Evol. Biochem. Physiol. 2017, 53, 493–500. [CrossRef]

http://dx.doi.org/10.1038/nrn2590
http://www.ncbi.nlm.nih.gov/pubmed/19229241
http://dx.doi.org/10.1523/JNEUROSCI.4639-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19144840
http://dx.doi.org/10.1371/journal.pone.0075239
http://dx.doi.org/10.2307/1543261
http://dx.doi.org/10.1523/JNEUROSCI.0890-06.2006
http://dx.doi.org/10.1016/j.nlm.2006.12.002
http://dx.doi.org/10.1111/ejn.12642
http://dx.doi.org/10.1016/j.bbr.2018.02.036
http://www.ncbi.nlm.nih.gov/pubmed/29499285
http://dx.doi.org/10.1523/JNEUROSCI.18-15-05988.1998
http://www.ncbi.nlm.nih.gov/pubmed/9671684
http://dx.doi.org/10.1097/00001756-199802160-00026
http://www.ncbi.nlm.nih.gov/pubmed/9512399
http://dx.doi.org/10.1006/nlme.1999.3953
http://dx.doi.org/10.1101/lm.66103
http://dx.doi.org/10.1007/s11055-006-0062-4
http://dx.doi.org/10.1038/nn.2184
http://dx.doi.org/10.1016/j.cub.2009.10.023
http://dx.doi.org/10.3389/fncel.2017.00403
http://www.ncbi.nlm.nih.gov/pubmed/29311833
http://dx.doi.org/10.1134/S0022093017060060


Int. J. Mol. Sci. 2020, 21, 2087 17 of 18

74. Carhart-Harris, R.L.; Nutt, D.J. Serotonin and brain function: A tale of two receptors. J. Psychopharmacol.
2017, 31, 1091–1120. [CrossRef]

75. Dyakonova, T.L.; Sultanakhmetov, G.S.; Mezheritskiy, M.I.; Sakharov, D.A.; Dyakonova, V.E. Storage and
erausure of behavioral experiences at the single neuron level. Sci. Rep. 2019, 9, 14733. [CrossRef]

76. Suzuki, A.; Josselyn, S.A.; Frankland, P.W.; Masushige, S.; Silva, A.J.; Kida, S. Memory reconsolidation and
extinction. Have distinct temporal and biochemical signatures. J. Neurosci. 2004, 24, 4787–4795. [CrossRef]

77. Sorg, B.A. Reconsolidation of drug memories. Neurosci. Biobehav. Rev. 2012, 36, 1400–1417, Epub 10 February
2012. [CrossRef]

78. Deryabina, I.B.; Muranova, L.N.; Andrianov, V.V.; Gainutdinov, K.L. Impairing of serotonin synthesis by
p-clorphenylalanine prevents the forgetting of contextual memory after reminder and the protein synthesis
inhibition. Front. Pharmacol. 2018, 9, 607. [CrossRef]

79. Pappius, H.M.; Dadoun, R.; McHugh, M. The effect of p-chlorophenylalanine on cerebral metabolism and
biogenic amine content of traumatized brain. J. Cereb. Blood Flow Metab. 1988, 8, 324–334. [CrossRef]

80. Popova, N.K.; Naumenko, E.V.; Kolpakov, V.G. Serotonin and behavior (Russian). Novosib. Nauka (Sib.
Dep.) 1978.

81. Gillette, R. Evolution and function in serotonergic systems. Integr. Comp. Biol. 2006, 46, 838–846. [CrossRef]
[PubMed]

82. Dyakonova, V.E. Neurotransmitter mechanisms of context-dependent behavior. Neurosci. Behav. Physiol.
2014, 44, 256–267. [CrossRef]

83. Grinkevich, L.N.; Vorobiova, O.V. The role of the modulator transmitter serotonin in induction epigenetic
processts at the formation of long-term memory in Helix. Vavil. J. Genet. Sel. (Russ.) 2014, 18, 298–307.

84. Seyedabadi, M.; Fakhfouri, G.; Ramezani, V.; Mehr, S.E.; Rahimian, R. The role of serotonin in memory:
Interactions with neurotransmitters and downstream signaling. Exp. Brain Res. 2014, 232, 723–738. [CrossRef]
[PubMed]

85. Bacqué-Cazenave, J.; Bharatiya, R.; Barrière, G.; Delbecque, J.-P.; Bouguiyoud, N.; Di Giovanni, G.; Cattaert, D.;
De Deurwaerdère, P. Serotonin in animal cognition and behavior. Int. J. Mol. Sci. 2020, 21, 1649. [CrossRef]

86. Berger, M.; Gray, J.A.; Roth, B.L. The expanded biology of serotonin. Annu. Rev. Med. 2009, 60, 355–366.
[CrossRef]

87. Boyer, E.W.; Shannon, M. The serotonin syndrome. N. Engl. J. Med. 2005, 352, 1112–1120. [CrossRef]
88. Curran, K.P.; Chalasani, S.H. Serotonin circuits and anxiety: What can invertebrates teach us?

Invertebr. Neurosci. 2012, 12, 81–92. [CrossRef]
89. Haberzettl, R.; Berta, B.; Fink, H.; Fox, M.A. Animal models of the serotonin syndrome: A systematic review.

Behav. Brain Res. 2013, 256, 328–345. [CrossRef]
90. Francescangeli, J.; Karamchandani, K.; Powell, M.; Bonavia, A. The serotonin syndrome: From molecular

mechanisms to clinical practice. Int. J. Mol. Sci. 2019, 20, 2288. [CrossRef]
91. Owens, M.J.; Nemeroff, C.B. Role of serotonin in the pathophysiology of depression: Focus on the serotonin

transporter. Clin. Chem. 1994, 40, 288–295. [CrossRef]
92. Meneses, A. Serotonin, neural markers, and memory. Front. Pharmacol. 2015, 6, 143. [CrossRef] [PubMed]
93. Cowen, P.J.; Browning, M. What has serotonin to do with depression? World Psychiatry 2015, 14, 158–160.

[CrossRef] [PubMed]
94. Meneses, A.; Perez-Garcia, G.; Ponce-Lopez, T.; Tellez, R.; Castillo, C. Serotonin transporter and memory.

Neuropharmacology 2011, 61, 355–363. [CrossRef] [PubMed]
95. Gill, R.K.; Kumar, A.; Malhotra, P.; Maher, D.; Singh, V.; Dudeja, P.K.; Alrefai, W.; Saksena, S. Regulation of

intestinal serotonin transporter expression via epigenetic mechanisms: Role of HDAC2. Am. J. Physiol. Cell
Physiol. 2013, 304, C334–C341. [CrossRef] [PubMed]

96. Kim, T.W.; Lim, B.V.; Baek, D.; Ryu, D.-S.; Seo, J.H. Stress-induced depression is alleviated by aerobic exercise
through up-regulation of 5-hydroxytryptamine 1A receptors in rats. Int. Neurourol. J. 2015, 19, 27–33.
[CrossRef]

97. Petrassi, M.; Barber, R.; Be, C.; Beach, S.; Cox, B.; D’Souza, A.-M.; Duggan, N.; Hussey, M.; Fox, R.; Hunt, P.;
et al. Identification of a novel allosteric inhibitory site on tryptophan hydroxylase 1 enabling unprecedented
selectivity over all related hydroxylases. Front. Pharmacol. 2017, 8, 240. [CrossRef]

98. Bloom, F.E.; German, N.J. Physiologic and pharmacologic considerations of biogenic amines in the nervous
system. Ann. Rev. Pharmacol. Toxicol. 1968, 8, 225–229. [CrossRef]

http://dx.doi.org/10.1177/0269881117725915
http://dx.doi.org/10.1038/s41598-019-51331-5
http://dx.doi.org/10.1523/JNEUROSCI.5491-03.2004
http://dx.doi.org/10.1016/j.neubiorev.2012.02.004
http://dx.doi.org/10.3389/fphar.2018.00607
http://dx.doi.org/10.1038/jcbfm.1988.67
http://dx.doi.org/10.1093/icb/icl024
http://www.ncbi.nlm.nih.gov/pubmed/21672789
http://dx.doi.org/10.1007/s11055-014-9905-6
http://dx.doi.org/10.1007/s00221-013-3818-4
http://www.ncbi.nlm.nih.gov/pubmed/24430027
http://dx.doi.org/10.3390/ijms21051649
http://dx.doi.org/10.1146/annurev.med.60.042307.110802
http://dx.doi.org/10.1056/NEJMra041867
http://dx.doi.org/10.1007/s10158-012-0140-y
http://dx.doi.org/10.1016/j.bbr.2013.08.045
http://dx.doi.org/10.3390/ijms20092288
http://dx.doi.org/10.1093/clinchem/40.2.288
http://dx.doi.org/10.3389/fphar.2015.00143
http://www.ncbi.nlm.nih.gov/pubmed/26257650
http://dx.doi.org/10.1002/wps.20229
http://www.ncbi.nlm.nih.gov/pubmed/26043325
http://dx.doi.org/10.1016/j.neuropharm.2011.01.018
http://www.ncbi.nlm.nih.gov/pubmed/21276807
http://dx.doi.org/10.1152/ajpcell.00361.2012
http://www.ncbi.nlm.nih.gov/pubmed/23195070
http://dx.doi.org/10.5213/inj.2015.19.1.27
http://dx.doi.org/10.3389/fphar.2017.00240
http://dx.doi.org/10.1146/annurev.pa.08.040168.001305


Int. J. Mol. Sci. 2020, 21, 2087 18 of 18

99. Dringenberg, H.C.; Hargreaves, E.L.; Baker, G.B.; Cooley, R.K.; Vanderwolf, C.H.
p-Chlorophenylalanine-induced serotonin depletion: Reduction in exploratory locomotion but no
obvious sensory-motor deficits. Behav. Brain Res. 1995, 68, 229–237. [CrossRef]

100. Koprowska, M.; Krotewicz, M.; Romaniuk, A.; Strzelczuk, M.; Wieczorek, M. Behavioral and neurochemical
alterations evoked by p-Chlorophenylalanine application in rats examined in the light-dark crossing test.
Acta Neurobiol. Exp. 1999, 59, 15–22.

101. Sodhi, M.S.K.; Sanders-Bush, E. A tryptophan and serotonin depletion studies. Int. Rev. Neurobiol. 2004, 59,
111–174. [PubMed]

102. Кoе, B.K.; Weissman, A. P-chlorphenylalanine: A specific depletory of brain serotonin. J. Pharmacol. Exp. Ther.
1966, 154, 499–516.

103. Keller, H.H. Depletion of cerebral monoamines by p-chlorophenylalanine in the cat. Experientia 1972, 28,
177–178. [CrossRef] [PubMed]

104. Tenen, S.S. The effects of p-chlorphenylalanine, a serotonin depletory, on avoidance acquisiytion, pain
sensitivity and related behavior in the rat. Psychopharmalogia 1967, 10, 204–219.

105. Reader, T.A.; Briere, R.; Grondin, L.; Ferron, A. Effects of p-clorphenylalanine on cortical monoamines and
on the activity of noradrenergic neurons. Neurochem. Res. 1986, 11, 1025–1035. [CrossRef]

106. Baker, M.W.; Croll, R.P. Modulation of in vivo neuronal sprouting by serotonin in the adult CNS of the snail.
Cell. Mol. Neurobiol. 1996, 16, 561–576. [CrossRef]

107. Hernadi, L.; Elekes, K.; Katalin, S. Distribution of serotonin-containing neurons in the central nervous system
of the snail, Helix pomatia. Cell Tissue Res. 1989, 257, 313–323. [CrossRef]

108. Fossat, P.; Bacqué-Cazenave, J.; De Deurwaerdère, P.; Delbecque, J.-P.; Cattaert, D. Anxiety-like behavior in
crayfish is controlled by serotonin. Science 2014, 6189, 1293–1297. [CrossRef]

109. Arkhipova, S.S.; Gainutdinova, T.K.; Ismailova, A.I.; Gainutdinov, K.L. Comparative studies of the effects of
chlorpromazine and 5,6-dihydroxytryptamine on locomotion, defensive reactions in the snail Helix Lucorum,
and command neuron excitability in long-term sensitization. Neurosci. Behav. Physiol. 2006, 36, 759–766.
[CrossRef]

110. Gainutdinova, T.K.; Andrianov, V.V.; Gainutdinov, K.L. Effect of 5,6-dihydroxytryptamine on the membrane
and threshold potentials of command neurons upon long-term sensitization in the garden snail. Dokl. Biol.
Sci. (Physiol.) 1998, 361, 307–309.

111. Levenson, J.; Byrne, J.H.; Eskin, A. Levels of serotonin in the hemolymph of Aplysia are modulated by
light/dark cycles and sensitization training. J. Neurosci. 1999, 19, 8094–8103. [CrossRef] [PubMed]

112. Ghirardi, M.; Benfenati, F.; Giovedi, S.; Fiumara, F.; Milanese, C.; Montarolo, P.G. Inhibition of neurotransmitter
release by a nonphysiological target requires protein synthesis and involves cAMP-dependent and
mitogen-activated protein kinases. J. Neurosci. 2004, 24, 5054–5062. [CrossRef] [PubMed]

113. Quadros, I.M.; Takahashi, A.; Miczek, K.A. Tryptophan hydroxylase (Serotonin) and aggression. In Handbook
of the Behavioral Neurobiology of Serotonin; Academic Press: New York, NY, USA, 2010; Volume 21, pp. 687–713.
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