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Abstract It is shown that after the elaboration of a condi-
tioned reflex in snails, a reliable decrease can be observed in
the membrane potential (Vm) of the premotor interneurons at
4 mV, daily injection of serotonin (5-HT) causes a decrease in
Vm at 4.5 mV, the same change is observed for Vm in the
snails trained after the injection of 5-HT. A single injection of
5-HT causes a depolarization shift of Vm at 5 mV. After the
initial stage of training (10–12 pairs) the snails, injected by 5-
HT, there is a depolarization at 4.5 mV.

Keywords Serotonin . Identified neurons .Membrane
potential . Learning . Snail

1 Introduction

It is known that serotonin (5-HT) is an essential neuro-
transmitter of defensive behavior in mollusks; therefore,
the role of the serotoninergic system in elaboration of
defensive conditioned reflexes in mollusks is difficult to
overestimate [1–4]. The serotonergic transmission from
the modulatory neurons to the premotor interneurons is

shown, including the release of 5-HT, from the modulato-
ry neurons into the extracellular space [1, 5]. These results
formed the basis for using the 5-HT application into the
bathing solution as a reinforcing stimulus for elaborating
the cellular analogs of learning [6–9]. Therefore, in this
work, we tried to answer the question on what kind of
cellular action mechanisms of 5-HT on the elements of
the nervous system allows it to serve as a basic mediator
for the defensive behavior of the mollusks. To solve this
problem, we studied the effect of 5-HT injection in the
membrane potential (Vm) of the premotor interneurons of
trained and not trained snails.

2 Methods

The terrestrial snails Helix lucorum, the nervous system of
which has been well described, were used for the experiments.
Before the experiments, the animals had been in the active
state for at least 2 weeks.

We have performed the following series of the experiments:

Experiment 1: Defensive reflex conditioning (CR) of
food aversion. The CR of food aversion was elaborated
in naive snails (n = 10) and in daily saline (SS) injected
snails (n = 10). As a conditioned stimulus, a piece of cu-
cumber was offered; as an unconditional stimulus an
electric current of 1 mA value was used, which was pre-
sented at the time of the first chewing movements. The
reflex was considered as elaborated after the snail
avoided food 10 times in a row or, when being touched,
showed a defensive response, without waiting for rein-
forcements [10].
Experiment 2: Effects of the daily injections of 5-HT on
CR and Vm of the premotor interneuron. 5-HT was
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injected daily 1 h before the training session (n = 10) at a
dose of 10 mg/kg. 5-HT was solved in 0.1 ml SS; in
addition, as an antioxidant to the solution, ascorbic acid
was added to achieve a concentration of 0.1 %. As a
passive control, the injection of SS (n = 5) was performed
for 4 days without training. As an active control, the
injection of 5-HT (n = 10) was performed for 4 days with-
out training.
Experiment 3: Effects of a single injection of 5-HT
on the initial phase of training and Vm of the
premotor interneuron. In a separate series of the ex-
periments, we simulated the initial phase of learning.
Earlier, we had shown that for full development of
CR, 60–80 combinations of conditioned and
unconditioned stimuli are required [10]. Therefore,
based on the obtained results, we proposed 12 pairs
of conditioned and unconditioned stimuli as the
initial phases of training, which were applied during
1 day (n = 10). Single 5-HT had been injected 1 h
before the training. As an active control, a group of
snails was injected by single 5-HT, which did not
receive training (n = 5).

Vm of the premotor interneurons was recorded
using intracellular glass microelectrodes.

The results are reported as mean ± SEM. The
unpaired Student t test and non-parametric Mann–
Whitney test were used for comparison between the
two groups.

3 Results and Discussion

3.1 Experiment 1

Conditioned reflex of food aversion was elaborated over 60–
80 pairs of conditional and unconditional stimuli during
4 days, and a daily injection of SS did not change the rate of
CR elaboration. After CR elaboration, the same (reliable)
decrease in Vm of the premotor interneurons of 4 mV was
observed both in the naive snails and snails injected by SS.

3.2 Experiment 2

It is shown that a daily injection of 5-HT before the training
session accelerated the CR elaboration. It was found that daily
injection of 5-HT during 4 days without training causes a
decrease in Vm of 4.5 mV, and the same change is observed
for Vm in the snails trained after the daily injection of 5-HT
(Fig. 1). Any Vm changes are not observed in snails injected
by SS for 4 days without training.

3.3 Experiment 3

A single injection of 5-HTalso causes a depolarization shift in
Vm of 5 mV (n = 5). After the initial stage of learning (10–12
pairs during 1 day), in the snails, which were given a single
injection of 5-HT, there was a depolarization of Vm at 4.5 mV
(n = 10) (Fig. 1).

The increase of neuron excitability under the direct action
of 5-HT was noted by a number of authors [1, 11, 12]. The
results demonstrate that under the action of 5-HT, the func-
tional state of neurons varies, therefore, the efficiency of their
influence on the neural network in which they belong chang-
es. This means that the appearance of extracellular 5-HT,
which can be released, for example, from the modulatory 5-
HT-containing neurons [1, 5], can modulate the rate of learn-
ing, i.e., the result we have shown here. On the other hand, it is
known that neuronal excitability is increased as a result of
training, the fact known of the both cellular (membrane) cor-
relates of learning [13–16]. It seems to us as an interesting
result, showing that an increase in the excitability of neurons
occurs already in the initial phase of training after releasing 5-
HT. We plan to study in future experiments the dynamics of
this process and its importance.
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Fig. 1 The values of the resting membrane potential of the premotor
interneurons LPa3, RPa3, LPa2, and RPa2 of the snails after various
influences. 5-HT (single)—the snails after a single injection of 5-HT; 5-
HT (single + 12 pairs)—the snails which received 12 pairs of conditioned
and unconditioned stimuli after a single injection of 5-HT; 5-HT (daily)—
the snails which were receiving daily injections of 5-HT during 4 days; 5-
HT (daily + L)—the snails, being trained after the daily injections of 5-
HT; control—the naive snails; Asterisk—the reliable difference
(p < 0.001) versus the control group

BioNanoSci.



Reference

1. Balaban, P. M., Bravarenko, N. I., Maksimova, O. A., Nikitin, E.,
Ierusalimsky, V. N., Zakharov, I. S. (2001). A single serotoninergic
modulatory cell can mediate reinforcement in the withdrawal net-
work of the terrestrial snail.Neurobiology of Learning andMemory,
75, 30–50. doi:10.1006/nlme.1999.3953.

2. Dyakonova, V. E. (2007). Behavioral functions of serotonin and
octopamin: some paradoxes of comparative physiology. Uspekhi
Physiologicheskikh Nauk (Russian), 38, 3–20.

3. Il-Han, J., Janes, T., Lukowiak, K. (2010). The role of serotonin in
the enhancement of long-term memory resulting from predator de-
tection in Lymnaea. The Journal of Experimental Biology, 213,
3603–3614. doi:10.1242/jeb.048256.

4. Andrianov, V. V., Bogodvid, T. K., Deryabina, I . B. ,
Golovchenko, A. N., Muranova, L. N., Tagirova, R. R., et al.
(2015). Modulation of defensive reflex conditioning in snails by
serotonin.Frontiers in Behavioral Neuroscience, 9(Article 279),
1–12. doi:10.3389/fnbeh.2015.00279.

5. Zakharov, I. S., Ierusalimsky, V. N., Balaban, P. M. (1995). Pedal
serotonergic neurons modulate the synaptic input of withdrawal
interneurons of Helix. Invertebrate Neuroscience, 1, 41–52.
doi:10.1007/BF02331831.

6. Shevelkin, A. V., Nikitin, V. P., Kozyrev, S. A., Samoilov, M.
O., Sherstnev, V. V. (1997). Serotonin imitates several of the
neuronal effects of nociceptive sensitization in the common
snail. Zhurnal vysshei nervnoi deiatelnosti imeni I. P. Pavlova
(Russian), 47, 532–542.

7. Malyshev, A. Y., Bravarenko, N. I., Pivovarov, A. S., Balaban, P.
M. (1997). Effects of serotonin levels on postsynaptically induced
potentiation of snail neuron responses. Zhurnal vysshei nervnoi
deiatelnosti imeni I. P. Pavlova (Russian), 47, 553–562.

8. Levenson, J., Byrne, J. H., Eskin, A. (1999). Levels of sero-
tonin in the hemolymph of Aplysia are modulated by light/dark
cycles and sensitization training. The Journal of Neuroscience,
19, 8094–8103.

9. Balaban, P. M. (2002). Cellular mechanisms of behavioral plasticity
in terrestrial snail. Neuroscience and Biobehavioral Reviews, 26,
597–630.

10. Muranova, L. N., Bogodvid, T. K., Andrianov, V. V., Gainutdinov,
K. L. (2016). Effects of NO donors and inhibitors of NO synthase
and guanylate cyclase on the acquisition of a conditioned defense
food aversion response in edible snails. Bulletin of Experimental
Biology and Medicine, 160, 414–416. doi:10.1007/s10517-.

11. Liao, X., Brou, C. G., Walters, E. T. (1999). Limited contributions
of serotonin to long-term hyperexcitability of Aplysia sensory neu-
rons. Journal of Neurophysiology, 82, 3223–3235.

12. Jin, N. G., Tian, L.-M., Crow, T. (2009). 5-HTand GABAmodulate
intrinsic excitability of type I interneurons in Hermissenda. Journal
of Neurophysiology, 102, 2825–2833. doi:10.1152/jn.00477.2009.

13. Cleary, L. J., Lee, W. L., Byrne, J. H. (1998). Cellular correlates of
long-term sensitization in Aplysia. The Journal of Neuroscience,
18, 5988–5998.

14. Gainutdinov, K. L., Chekmarev, L. Y., Gainutdinova, T. H. (1998).
Excitability increase in withdrawal interneurons after conditioning
in snail. NeuroReport, 9, 517–520. doi:10.1097/00001756-
199802160-00026.

15. Mozzachiodi, R., Lorenzetti, F. D., Baxter, D. A., Byrne, J. H.
(2008). Changes in neuronal excitability serve as a mechanism of
long-term memory for operant conditioning. Nature Neuroscience,
11, 1146–1148. doi:10.1038/nn.2184.

16. Gainutdinov, K. L., Andrianov, V. V., Gainutdinova, T. K. (2011).
Changes of the neuronal membrane excitability as cellular mecha-
nisms of learning and memory. Uspekhi Physiologicheskikh Nauk
(Russian), 42, 33–52. PMID: 21442956.

BioNanoSci.

http://dx.doi.org/10.1006/nlme.1999.3953
http://dx.doi.org/10.1242/jeb.048256
http://dx.doi.org/10.3389/fnbeh.2015.00279
http://dx.doi.org/10.1007/BF02331831
http://dx.doi.org/10.1007/s10517-
http://dx.doi.org/10.1152/jn.00477.2009
http://dx.doi.org/10.1097/00001756-199802160-00026
http://dx.doi.org/10.1097/00001756-199802160-00026
http://dx.doi.org/10.1038/nn.2184

	Serotonin Modulation of Premotor Interneuron Excitability in the Snail during Associative Learning
	Abstract
	Introduction
	Methods
	Results and Discussion
	Experiment 1
	Experiment 2
	Experiment 3

	Reference


