
The regulation of larval development by starved adults occurs in both freshwater snails, Helisoma trivo-

lvis and marine polychaetes, Platynereis dumerilii. Serotonin (5-HT) links this environmental signal

which is detected by larval apical sensory neurons to changes in larval development. A profile of the

stage-dependent expression of 5-HT receptors and coupled G proteins is essential in this regulatory

mechanism. The final effect on development depends on the modulation of the activity of the larval

digestive system.
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INTRODUCTION

Almost all aqueous invertebrates and many vertebrates have a complex biphasic life

cycle with a larval stage that metamorphoses into a juvenile and then an adult.

Embryos either have their own reserve of nutrients (encapsulated or free-swimming

lecitotrophic larvae) or are planctotrophic, but in any case, their ecological niches

differ greatly from that of adult animals. Generally speaking, the biphasic life cycle

is considered to be ancestral for metazoan animals and its evolutionary advantage is

the ability to match reproductive events with environmental factors that maximize

survival and dispersal of offspring [1, 3, 5]. Environmental factors that influence

developmental processes and larval transitions are only known for a few species. The
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duration of the larval period varies significantly between species and depends upon

multiple abiotic factors. Far less is known about the developmental roles of inter and

intraspecific signalling. The only established models are chemically induced settle-

ment of marine invertebrates [2, 6], and dauer larva formation in the development of

the nematode Caenorhabditis elegans [7]. However, even in these cases, the down-

stream neuroendocrine mechanisms are still poorly known.

It has been considered a priori that embryonic and larval development until meta-

morphosis is programmed and once triggered, proceeds independently of adult influ-

ence, i.e., adult animals cannot regulate the development of their progeny. However,

recently we have found that adult freshwater snails, Lymnaea stagnalis and Helisoma
trivolvis, reared under conditions of food deficiency produce a chemical signal,

which is detected by early peripheral sensory neurons in encapsulated embryos,

excites these neurons, and reversibly retards development, thus allowing the larvae

to delay hatching and wait until conditions improve [8]. The factor produced by the

adults was called the RED-factor (Retarding Embryonic Development). Serotonin

(5-HT) is the neurotransmitter which links the signal from the larval sensory neurons

to its targets, and mediates the resulting retardation in development.

The emitted signal is not strictly conspecific and affects embryos of closely relat-

ed species, which occupy a similar environmental niche. For example, water con-

taining the factor produced by Helisoma is also effective for Lymnaea embryos, and

vise versa. In addition to affecting embryo development, the RED-factor also affects

the release of the main motor programs, such as locomotion, feeding, and cardiac

activity. Action of the RED-factor is bidirectional: it retards the development and

release of motor programs at early larval stages (trochophore to veliger), but accel-

erates both of them at later stages (late veliger to hatching) [9]. The RED-factor is

the first known example of a ‘pheromone’ which is released by adult animals in cer-

tain detrimental conditions and specifically affects embryonic and larval develop-

ment. However, neither the distribution of this phenomenon in the animal kingdom,

nor the underlying cellular and molecular mechanisms have yet been studied.

The aims of the present study were (i) to determine whether the phenomenon of

adult-to-embryo chemical signaling exists in the development of marine inverte-

brates; (ii) to analyze the pharmacological profiles of 5-HT receptors involved in the

regulation of larval development; (iii) to study intracellular signal transduction path-

ways; (iv) to study temporal and spatial expression patterns of 5-HT receptors.

MATERIAL AND METHODS

Laboratory cultured freshwater snails (Helisoma trivolvis) and marine polychaetes

Platynereis dumerilii, were used for the experiments. Since larval development of

Helisoma is similar to that of Lymnaea, we determined the stage of developing

embryos of Helisoma on the basis of a specific set of morphological, morphometric

and behavioral features described earlier for Lymnaea [4]. The following methods

were used, either separately or in combination: behavioral analysis, pharmacology,



quantitative Western Blot, real time PCR, and immunocytochemistry together with

laser scanning microscopy.

To obtain and concentrate the RED-factor in the water (conditioned water), adult

snails Helisoma deprived of food for three days were put in filtered pond water

(FPW, 10 ml/animal) and kept without food for 24 hours. Adult polychaetes

Platynereis were starved for one week and kept in filtered sea water (FSW, 10 ml/ani-

mal) for 24 hours. Conditioned water was filtered and stored at 4 °C.

RESULTS

Developmental retardation in Platynereis

Incubation in conditioned FSW significantly retarded larval development.

Trochophores were incubated starting from 24 hours post fertilization (hpf). After 28

hours incubation in FSW conditioned by starved adults the larvae reached the early

metatrochophore stage though the control animals incubated in normal FSW or FSW

conditioned by fully fed worms reached the metatrochophore stage. Experimental

larvae had a round shape with a less developed set of chaetae, whereas the control

larvae were oval with more developed chaetae. The nervous system (visualized by

anti-5HT, FMRFamide and tubulin immunochemistry) of the former corresponded to

the early metatrochophore stage, thus their development was delayed for about 8–12

hours compared to the controls.

The apical organ of the Platynereis trochophore and metatrochophore contains

four serotonin immunoreactive (5-HT-ir) cells, three of them being sensory.

Incubation in the precursor of 5-HT, 5-hydroxy-L-tryptophan (5-HTP, 0.25 mg/ml

starting from 20 hpf), significantly increased the intensity of 5-HT immunoreaction

in these cells and caused retardation of larval development similar to that induced by

incubation in water conditioned by hungry adults.

Pharmacological profile of 5-HT receptors

In Platynereis and Helisoma, incubation of trochophores in 8-OH-DPAT (agonist of

5HT1 and 5HT7 receptors), RS 67333 and BIMU (agonists of 5HT4 receptor) result-

ed in developmental retardation, while incubation in 5-CT (agonist of 5HT1, 5HT5

and 5HT7 receptors) accelerated the development. The effects of agonists were con-

centration-dependent in the range of 1–10 μM. Further pharmacological analysis was

undertaken using only Helisoma embryos. Agonists (5 μM of 8-OH-DPAT and 5-CT;

2.5 μM of RS 67333) and selective antagonists (GR 113808, WAY 100135, SB

209970, all 5 μM) were applied in various combinations. GR 113808 partly rescued

the retarding effect of RS 67333. Neither WAY 100135 nor SB 209970 alone affect-

ed the retarding action of 8-OH-DPAT, while together they completely restored

development. Both WAY 100135 and SB 209970 reduced the accelerating effect of
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5-CT. Forskolin (activator of adenylate cyclase, 1 μM) enhanced the retarding effect

of RS 67333, but did not change the effects of 8-OH-DPAT and 5-CT.

Signal transduction pathways

Western-blot analysis revealed that 5-HT1 and 5-HT7 receptors, Gαi, GαS, and Gαq

proteins were present in Platynereis in both tissue homogenates and membrane frac-

tions at trochophore, metatrochophore, and nectochaete stages. In Helisoma, they

were detected at the following stages of trochophore (stage 20), late veliger (stage

23), metamorphic (stage 25) and postmetamorphic (stage 27). In embryos of

Helisoma at stages 20, 23, and 25, real time PCR showed that the relative expression

of the 5-HT7 receptor is always higher than that of the 5-HT1 receptor. Quantitative

Western-blot analysis of membrane fractions revealed that the relative amount of

synthesized 5-HT1 receptor varied during development: it was minimal at stage 20

and maximal at stage 23, and then it gradually decreased by stage 27. The same trend

was observed for the amount of Gαi protein. The concentration of GαS protein was

maximal at stage 20 and then gradually decreased by stage 27. The amount of Gαq

was minimal at stage 20 and then increased and was almost equal at stages 23, 25 and

27. GTPγS assay showed that GαS is the only G-protein to bind to 5-HT receptors

following their activation by ligands in membrane fractions of Helisoma embryos at

stage 23.

Fig. 1. Schematic representation of adult-to-embryo chemical signaling in freshwater snails, Helisoma

trivolvis. Under conditions of food deficiency adult snails produces a chemical signal (RED-factor),

which is detected by apical sensory neurons (an) in the encapsulated embryo. These neurons excite and

increase the release of serotonin (5-HT) from their varicose processes. 5-HT receptors (dotted) are locat-

ed in the dorsal wall of the oesophagus (oe), and in the developing intestine (int). Their activation prob-

ably results in a change in food uptake and digestion, which, in turn, results in either retardation or accel-

eration of larval development



Localization of 5-HT receptors

In larval Helisoma at stage 22–23, the antibody against the 5-HT1 receptor [Santa

Cruz, SR-1A (H-119), sc-10801] was visualized in cells underlying the ciliary band

in the dorsal oesophageal wall and in all cells of the developing intestine. No

immunoreaction occurred in other regions of the embryonic body.

Discussion and conclusion

Our results have shown that the phenomenon of adult-to-embryo chemical signaling,

which regulates larval development, exists in both freshwater and marine inverte-

brates. Serotonin (5-HT) links the environmental signal detected by larval apical sen-

sory neurons to the resulting developmental regulation (Fig. 1). Changes in 5-HT

production by a set of larval neurons affect differentiating cells and growing tissues

within the whole embryo, and induce either retardation or acceleration of the com-

plex developmental processes in response to the external cue. At least four types of

5-HT receptors have been shown to be involved in this process. Thus, activation of

5-HT1 and 5-HT5 receptors induced acceleration of development, while activation

of 5-HT4 and 5-HT7 induced retardation. According to our data, expression patterns

of different receptors and coupled G-proteins vary during development. Thus, the

resulting effects of conditioned water and/or specific drugs depend upon the pattern

of receptors expressed at the particular developmental stage, and the dominating
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Fig. 2. Proposed scheme of intracellular mechanisms involved in the regulation of larval development

via serotonin receptors. Solid arrows indicate connections experimentally proved in our experiments, and

dashed arrows indicate possible connections based on the literature. Four types of 5-HT receptors have

been shown to be involved, and both their expression patterns and concentrations of coupled G-proteins

varied during the development. An increase in cAMP production resulted in developmental retardation.

Thus, the resulting developmental effect of receptor activation depends on the intracellular signal trans-

duction pathway that dominates at the particular developmental stage
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intracellular signal transduction pathways activated by these receptors. An increase

in cAMP production results in developmental retardation (schematically summarized

in Fig. 2). Expression of 5-HT receptors on the membranes of the cells in the devel-

oping oesophagus and intestine suggests that at least one of the regulatory mecha-

nisms involved affects the activity of the cells, which serve for absorption and diges-

tion of intracapsular nutrient fluid.

ACKNOWLEDGEMENTS

Supported by RFBR Grant 06-04-49401, and IBRO and CMPB stipend to EEV. The financial support of

the Organizing Committee of the 11th ISIN Symposium on Invertebrate Neurobiology to EEV is great-

ly acknowledged.

REFERENCES

1. Beklemishev, V. N. (1964) Principles of Comparative Anatomy of Invertebrates. Moscow: Nauka.

2. Burke, R. D. (1984) Pheromonal control of metamorphosis in the pacific sand dollar, Dendraster

excentricus. Science 225, 442–443.

3. Ivanova-Kazas, O. M. (1995) Evolutionary Embryology of Animals. St. Peterburg: Nauka.

4. Mescheriakov, V. N. (1990) The common pond snail Lymnaea stagnalis L. In: Dettlaff, D. A.,

Vassetzky, S. G. (eds) Animal Species for Developmental Studies. New York, NY: Plenum Press, pp.

69–132.

5. Nielsen, C. (2001) Animal Evolution: Interrelationships of the Living Phyla, 2nd edn. Oxford, UK:

Oxford University Press.

6. Pawlik, J. R. (1992) Chemical ecology of the settlement of benthic marine invertebrates. Oceanogr.

Mar. Biol. Annu. Rev. 30, 273–335.

7. Thomas, J. H. (1993) Chemosensory regulation of development in C. elegans. Bioessays 15, 791–797.

8. Voronezhskaya, E. E., Khabarova, M. Yu., Nezlin L. P. (2004) Apical sensory neurones mediate devel-

opmental retardation induced by conspecific environmental stimuli in freshwater pulmonate snails.

Development 131, 3671–3680.

9. Voronezhskaya, E. E., Khabarova, M. Yu., Chaban, A. K., Nezlin, L. P. (2007) Role of chemical sig-

nalling in release of motor programs during embryogenesis of freshwater snails Lymnaea stagnalis

and Helisoma trivolvis. Rus. J. Developm. Biol. 38, 66–75.


