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Serotonin (5-HT) is known to induce a wide range of short-tenn and long-tenn (or delayed) effects. In 
the present paper we demonstrated that short time-window application of the 5-HT precursor 5-hydrox
ytryptophan during early cleavage stages results in both irreversible morphological malfonnation 
(exogastrulation) and distinct changes in behavior of young animals of the freshwater snail, Lymnaea 
stagnalis (Mollusca: Gastropoda). Pharmacological and immunocytochemical analysis confirmed that 
both the increase of intracellular 5-HT level within the cleaved blastomers and activation of membrane 
5-HT2-like type receptors are required for the appearence of these phenomena. 
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INTRODUCTION 

Serotonin (5-hydroxytryptamine, 5-HT) is a well-known neurotransmitter and 
humoral regulator in various animal phyla. The effects of 5-HT depend on the tissue 
expression of specific 5-HT receptors. To date, at least 15 types of 5-HT receptors are 
known which are divided into 7 main families. All of them are G-protein-coupled but 
one which is a ligand-gated ion channel [1]. The particular receptor expression as 
well as the presence of the processes of 5-HT synthesis, degradation and transport 
provide a basis for the diversity of 5-HT induced short-term and delayed effects. Most 
of the short-term effects include stimulation of the membrane receptors and subse
quent changes in intracellular second messenger concentration which underlay 
numerous physiological and behavioral processes. However, it has been demonstrated 
that changes in the general level of monoamines within the nervous system and even 
inside the whole organism can modifY animal behavior and maintain a modified state 
[6, 11, 12]. To explain the long-lasting actions ofneurotransmitters (and in particular 
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that of 5-HT) the search for other mechanisms, in addition to the receptors activation, 
is necessary. 

At the cellular level, delayed effects of 5-HT were shown to depend on diverse 
regulatory pathways. For example, phosphorilation of MAP kinases, in particular 
ERK112 and p38, are involved in 5-HT-induced synaptic plasticity and memory in 
Ap/ysia [13]. In mammalian tissues, long-term effects of 5-HT have been demon
strated during regulation of insulin secretion from pancreatic ~-cells, platelet alpha
granule release and vascular smooth muscle contraction. Described mechanisms of 
these 5-HT-induced processes are even more complicated and involve various 5-HT
related proteins, such as small GTPases, membrane and vesicular transporters (SERT 
and VMAT), filamin A and myosin heavy chains, which were incorporated into one 
or several feedback loops. The determination of extracellular and intracellular 5-HT 
concentrations was suggested contribute to the oscillating nature of insulin exocytosis 
and modification of smooth muscle tone [5, 9, 14]. To understand whether similar 
molecular mechanisms of 5-HT action play a role in animal behavior novel adequate 
and easy to use experimental models are necessary. 

It is a well-known fact that 5-HT is present in reproductive systems, in embryos 
starting from the oocyte stage, and in the surrounding tissue. The functional impor
tance of this monoamine for normal development was demonstrated both in verte
brates and invertebrates [2, 3]. However, in most models the main focus of investiga
tions was put on short-term receptor-mediated effects of 5-HT. The aim of our study 
was to test whether changes in the intra- and extracellular 5-HT level during early 
cleavage stages induce any delayed effects in the development and behavior of the 
freshwater pulmonate snail, Lymnaea stagnalis. 

MATERIAL AND METHODS 

Egg masses from the laboratory reared population of adult Lymnaea stagnalis L 
(Mollusca: Pulmonata) were collected daily. Adult specimens were maintained in aer
ated aquaria at 23-25 QC, 16: 8 light-dark cycle, and fed on lettuce. Embryonic devel
opment was staged on the basis of a specific set of morphological, morphometric and 
behavioral features, according to Morrill [8] and Mescheriakov [7]. 

The following drugs were used (all from Sigma, unless otherwise specified): sero
tonin (5-hydroxytryptamine hydrochloride, 5-HT); 5-hydroxy-L-tryptophan (5-HTP, 
immediate metabolic precursor of 5-HT); tryptophan (T, metabolic precursor of 
5-HT); a-methyl-tryptophan (a-m-T, methylated non-active analogue of the precur
sor); m-hydroxybenzilhydrazine (3-hydroxybenzilhydrazine dihydrochloride, NSD-
1015); cyproheptadine hydrochloride; ketanserin tartrate; mianserin hydrochloride; 
spiperone hydrochloride (5-HT receptor antagonists); m-CPP (m-CPP-hydrochloride, 
Tocris); DOT (DOT hydrochloride) (5-HT receptor agonists). NSD-I 0 15 were applied 
I hour prior to the 5-HTP. Receptor antagonists and agonists were applied simultane
ously with 5-HTP. All solutions were prepared immediately before use. Ascorbic acid 
(50 flM) was added to all solutions to avoid oxidative breakdown. Equal amounts of 
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ascorbic acid were added to controls, and were shown to have no effect on the devel
opment. For incubation, eggs were gently removed from the egg capsules and incu
bated in 2 ml of respective drug solutions in 4 mm Petri dishes. Dishes were kept in 
a humid chamber at 25 QC in darkness and solutions were changed daily. Experimental 
and control groups for each experiment were always obtained from one egg mass. 
Each experiment was replicated at least three times giving a total number of at least 
90 embryos. 

To examine the effects of 5-HT and 5-HT related drugs on the external morphol
ogy, embryos from early cleavage up to hatching were monitored inside the egg 
capsule under a Leica or a MBS-I 0 stereomicroscope. Embryos which underwent 
exogastrulation were removed from the egg, fixed in 4% paraformaldehyde (PFA, 
Sigma) on phosphate buffer (PBS, 0.01 M, pH 7.4, Sigma) and processed for further 
immunocytochemical investigation. 

The induced changes in locomotion were examined in freshly hatched (PI) snails 
using video recording with a Scopetek DCM 130 camera, and Scope Photo and Image 
J softwares. Snails were placed in the center of a 2 cm concave watch glass filled with 
2 ml of filtered water. After 1 min accommodation to the light 3 min recording was 
made for at least 20 control and 20 experimental animals. Individual tracks were 
measured and the length and number of turns were counted. 

Antibodies against 5-HT (DiaSorin, USA, #20080, poly clonal, rabbit, diluted 
1 : 2000) and acetylated a-tubulin (Sigma, T-6793, monoclonal, mouse, diluted 
1: 5000) were used to visualize intracellular 5-HT and ciliated structures, respec
tively. Specimens were incubated overnight in the primary antibodies diluted in PBS 
with 10% normal goat serum, 0.25% bovine serum albumin, 1% Triton X-lOO at 
10 QC. After three washes in PBS they were incubated in a mixture of goat-anti-rabbit 
Alexa 488 and goat-anti-mouse Alexa 633 conjugated IgG (Molecular Probes) dilut
ed 1 : 800 in PBS-TX for 4 hours at 10 QC. Specimens were thoroughly washed three 
times in PBS, DAPI was added in the second wash to visualize cell nuclei, and the 
preparations were embedded in 70% glycerol in PBS on glass slides. The specimens 
were examined as wholemounts under a Leica SPE confocal laser-scanning micro
scope (Leica, Germany) with appropriate wavelength-filter configuration settings. 
For the semi-quantification of intracellular 5-HT content the same settings for control 
and experimental preparations were used. 

RESULTS 

Modulation of intracellular 5-HT level during the early cleavage 
and blastula stages 

Immunocytochemical analysis revealed that one hour incubation in 5-HTP (I mM) 
induced significant increase in the level of intracellular 5-HT. Brightness of 5-HT 
staining was more than ten times higher in the treated embryos in comparison to the 
untreated control at both early cleavage and early blastula stages. Incubation in tryp-
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Fig. 1. Embryos of Lymnaea stagnalis at the third day of development. (A) Normal gastrulae. 
(B) Exogastrulae induced by incubation in 5-HTP during early cleavage stages. Scale bar 200 flm 

tophan (l mM) resulted in a slight (about 30%) increase in brightness of staining at 
both tested stages. Incubation with 5/HT (l mM) alone not affect the level of in trace 1-
lular 5-HT within the cleaved blastomers. After 1 hour incubation, no changes in 
brightnes of 5-HT immunostaining were found. Even after 4 hours incubation, only 
solitary bright granules appeared below the cell membrane while the general bright
ness within the cytoplasm did not change. 

Phenomenon of 5-HTP-indiced exogastrulation 

Prolonged incubation with 5-HTP (l mM) starting from the first cleavage (two blas
tomers) stage resulted in irreversible developmental malformation, which occurred 
during the process of gastrulation. At the third day of development then control 
embryos became early trochophores, experimental embryos underwent exogastrula
tion (Fig. 1). 5-HTP-induced exogastrulae of L. stagna lis exhibited normal develop
ment of ectoderm, which demonstrated four ciliated areas corresponding to the four 
ciliated zones in normally developed embryos [10]. Incubation in 5-HT in the con
centration range 0.1-10 mM never induced exogastrulation. 

To induce exogastrulation, 5-HTP had to be applied in a defined time window. The 
necessary and sufficient interval of incubation was from the 4 blastomers stage to the 
early blastula (49 blastomers) stage. If incubation started at the stages later than 16 
blastomers or stoped before the early blastula stage, it never resulted in exogastrula
tion irrespective of the total time of incubation. Incubation during early blastula
gastula stages never resulted in exogastrulation (Fig. 2). 
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Fig. 2. Defined time window incubation in 5-HTP is necessary and sufficient to induce exogastrulation. 
This developmental interval must include 4 blastomers - early blastula stages and do not depend from the 
overall duration of incubation. Note, that incubation during blastula-gastula stages never led to exogas-

trulation 

The phenomenon of 5-HTP-induced exogastrulation was expressed in a concentra
tion-dependent manner: incubation in 1.5 mM 5-HTP resulted in 100% exogastrula
tion whereas incubation in 0.5 mM produced no exogastrulae. In all cases, embryos 
that did not undergo exogastrulation developed and hatched normally. For further 
pharmacological analysis we selected the concentration of 5-HTP (0.8 mM), which 
induced 50% of exogastrulae. 

Pharmacological analysis confirmed that the increase of intracellular 5-HT level is 
req uired for exogastrulation. Addition of N SD-l 0 15 (aromatic acid decarboxylase 
inhibitor, 15 ~M) to 5-HTP solution significantly decreased (up to 5-7%) the percent
age of induced exogastrulation. 

Activation ofS-HT receptor with the pharmacological profile similar to the 5-HT2 

type was essential for the induction of exogastrulation. Mianserin (15 ~M) com
pletely blocked 5-HTP induced exogastrulation while cyproheptadine, ketanserin and 
spiperone (all 10-20 ~M) significantly (up to 15-23%) reduced it. Mianserin inhib
ited exogastrulation only in case it was applied at the definite time window: 4 blast
omers - the early blastula. Application of mianserin during middle blastula stage or 
gastrulation had no effect. Agonists with 5-HT2 receptor affinity, such as m-epp and 
DOl, never induce exogastrulation themselves. However, the same agonists (10 ~M) 
significantly (up to 94-100%) increased the percentage of 5-HTP induced exogastru
lae. Although the incubation in tryptophan (0.1 mM) never led to exogastrulation, 
simultaneous application of tryptophan with 5-HT caused 23% of exogastrula. 
Incubation in u-m-T (methylated non active analog of the 5-HT precursor) did not 
affect the developmental pattern either applied separately or in combination with 
agonists and 5-HT. 

Acta Biologica Hungarica 63, 2012 



Delayed action of 5-HT in moUuscan development 215 

Changes in locomotion 

The embryos treated with 5-HTP during the four blastomers -late blastula stages did 
not undergo exogastrulation and developed normally until hatching; 97.5% of them 
had normal pattern of external morphology and they were used for behavioral exper
iments. The analysis of PI stage snail locomotion revealed that experimental animals 
demonstrated higher speed of gliding locomotion (0.25 ± 0.05 mm/sec) in comparison 
to the controls (0.13 ± 0.03 mm/sec). At the same time they exhibited more head turns 
during the same length of track (10-19 versus 1-5 in controls). 

DISCUSSION 

We demonstrated that an increase in intracellular 5-HT level combined with the acti
vation of 5-HTT like receptors during early cleavage stage leads to delayed morpho
logical and behavioral changes in Lymnaea stagnalis development. Pharmacological 
and immunocytochemical analysis confirmed that not 5-HT precursors (5-HTP and 
tryphophan) themselfbut the induced increase in 5-HT level within the cleaved blas
tomers caused the occurred developmental malformations. Incubations with 5-HTP 
combined with aromatic amino acid decarboxylase inhibitor (which blocks the 5-HT 
synthesis within the cells) decreased both the rate of developmental malformations 
and immunocytochemically visualized increase of 5-HT level. In addition, 5-HT 
itself (even in extremely high concentrations) has no effect on development and does 
not enter the blastomers. These findings suggest that: (i) the early cleavage stages are 
sensitive to the intracellular concentration of 5-HT; (ii) the multicomponent 5-HT
related system exist at early cleavage stages and (iii) this system is involved in regu
lation of development. Altogether the facts that 5-HT 2 receptor antagonists inhibit the 
5-HTP-induced developmental changes while the 5-HT2 receptor agonists are not 
able to induce such changes when applied alone, indicate that the mechanism of 
regulatory function of 5-HTergic system during early development includes not only 
5-HT receptors activation. We hypothesize that simultaneous activation of 5-HTT like 
receptor and increase in intracellular 5-HT concentration up to the certain level trig
ger some unknown mechanism(s) which underlay delayed changes. For the physio
logical processes of long-lasting muscle contraction and oscillatory exocytosis the 
modification of regulatory molecules in response to the changed intracellular and 
extracellular 5-HT concentration has been demonstrated [5, 9, 14]. Our findings of 
5-HTP-induced developmental and behavioral changes in Lymnaea stagnalis provide 
a useful model for further investigation of molecular mechanisms of long-term and 
delayed action of 5-HT as well as the possible relationship of various components of 
the 5-HTergic system at early development. 
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