
In order to identify novel peptide signaling molecules involved in the regulation of developmental and

physiological processes in the freshwater cnidarian, Hydra magnipapillata, we initiated a systematic pep-

tide screening project, the Hydra Peptide Project. In the project, twelve neuropeptides were identified so

far. The LWamide family is composed of seven members, which share a GLWamide motif at their C-ter-

mini. All the peptides have an ability to induce metamorphosis of Hydractinia serrata planula larvae into

polyps. In Hydra, LWamides induce detachment of the bud from a parental polyp. A neuropeptide, Hym-

355, enhances neuronal differentiation by inducing the multipotent interstitial stem cells to enter the neu-

ron differentiation pathway. A myoactive neutopeptide, Hym-176, specifically and reversibly induces

contraction of the ectodermal muscle of the body column, in particularly in the peduncle region of epithe-

lial Hydra that totally lack nerve cells. Two members of a novel neuropeptide family (FRamides) were

contained in the same precursor. However, they have opposite myoactive functions in epithelial hydra.

From these results, it seems  fair to say reasonable to conclude that the so-called ‘primitive’ nervous sys-

tem of Hydra is in reality more complex than generally believed.
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INTRODUCTION

The freshwater cnidarian Hydra is often used as a model system for studiesy of

developmental mechanisms. Hydra is also an excellent model for studying how the

a primitive nervous system regulates physiological processes. The reasons for this

reside in its phylogenetic position, being a descendant of a common ancestor of pro-
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tostomia and deuterostomia, and one of the first animals to have developed a nervous

system. Another reason is the simplicity of the its body plan. Hydra is composed of

a limited number of cell types: ectodermal and endodermal epithelial cells that com-

pose two germ layers, multipotent interstitial stem cells from which the nerve cells,

nematocytes, gland cells and germ cells derive. The nervous system is also equally

simple, consisting of a nerve net that extends throughout the animal. The nerve net

is composed of two morphologically distinguishable cell types, ganglion cells and

sensory cells [4]. The net also consists of subpopulation of neurons by staining with

antisera against neuropeptides or with monoclonal antibodies against unknown anti-

gens [1, 5, 8, 9, 10].

We have been carrying out systematic identification of peptide signaling mole-

cules that underlie physiological processes as well as developmental processes (the

Hydra Peptide Project) [15]. In the project, so far twelve neuropeptides were so far

have been identified. The peptides appear to have a wide variety of developmental

and physiological functions, including roles in metamorphosis, neuronal differentia-

tion and myoactivity.

In this paper, we describe the functions of these neuropeptides identified as part of

the Hydra Peptide Project. Cleary, these peptides are only a fraction of the Hydra
neuropeptides that exist and much remains to be learned about the identity and func-

tion of the others.

MATERIAL AND METHODS

Animals and culture

A wild type of strain 105 of Hydra magnipapillata was cultured as described previ-

ously [13]. Myoactivity was assayed by using epithelial hydra which is devoid of all

cells of the interstitial cell lineage except for gland cells [14].

Systematic and large-scale screening for peptide signaling molecules

A large number of peptides were purified from Hydra without any screening

involved. They were then individually subjected to differential display (DD-)PCR to

see if they have any effects on gene expression in the peptide-treated animals [15]. If

a peptide was provided to be positive in DD-PCR screening, it was sequenced and

chemically synthesized. Since the synthetic peptides are available in large quantity,

we used them for a set of biological assays (morphogenesis, cell proliferation, cell

differentiation, behavior and the others).

Antibody production

Polyclonal antibodies against peptides were produced to examine cellular localiza-

tion of the peptides [16, 17, 18].



Identification of the gene encoding Hydra neuropeptides

The genes encoding the peptides were cloned by standard methods with cDNA

library screening and/or 3’- and 5’ RACE PCRs [16, 19]. The full-length cDNA of

FRamides was searched through Hydra EST database. The cDNA was amplified by

PCR and cloned.

In situ hybridization

Digoxigenin (DIG)-labeled cRNA probes (sense and antisense) were prepared using

full length cDNAs containing unprocessed peptide sequence, respectively. Whole

mount in situ hybridization was carried out as described by Grens et al. [6].

Biological assays

1. Metamorphosis of Hydractinia planula larva. This test was carried out as described

by Leitz et al. [7] using Hydractinia serrate [15]. 2. Cell differentiation measured by

BrdU uptake. Cell differentiation assay was carried out as described previously [15,

16]. 3. Assay for myoactivity. Epithelial hydra was used for testing the direct effects

of peptides on muscle contraction. Epithelial hydra totally lacks neurons and all other

cells in the interstitial stem cell lineage, with the exception of gland cells. Thus, the

body of the epithelial hydra is essentially composed of epithelial muscle cells.

RESULTS

Isolation and characterization of the LWamide family

The members of the family were found to have two different functions. One involves

metamorphosis in Hydractina, the other involves muscle contractions in Hydra.

Metamorphosin A (MMA) was found to induce metamorphosis of planula larvae

of the marine Hydrozoan Hydractinia ecinata into polyps [7]. MMA has a pyroglu-

tamyl residue at the N-terminus and GLWamide at C-terminus. We independently

isolated seven members of LWamide family, which share a GLWamide motif at their

C-termini (Table 1). All the peptides were found to exhibit similar activity in

Hydractinia serrata.

Budding is the mechanism of asexual reproduction in hydra. When the bud grows

mature, it is detached from the parental polyp. As mentioned above, epithelial hydra

is lacking of nerve cells. Thus, they are not able to induce muscle contraction and nor

or detach their mature buds by themselvesf. Treatment of with the LWamide peptides

resulted in detachment of the bud from a parental polyp [15]. When a Hym-248

LWamide peptide was applied to epithelial hydra, it was shown to induce not only

bud detachment but also elongation of the body column [17].
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Hym-355 enhances neuron differentiation

Neurons differentiate continuously from the multipotent interstitial stem cells.

Nevertheless, neuron density is maintained at a constant level. This homeostasis

appears to be positively regulated by the neuropeptide Hym-355 (Table 1) and neg-

atively regulated by PW peptide family members [15, 16].

Both immunohistochemistry with an antibody specific to Hym-355 and in situ
hybridization analyses revealed that presence of the peptide in neuron, indicating that

Hym-355 is a neuropeptide [16]. The neurons expressing the gene that encoding

Hym-355 appear to be a subpopulation of neurons; these neurons are heavily con-

centrated in the head and foot regions but scarce in the body column, where a con-

siderable number of other neurons are present. In addition, the Hym-355-positive

neurons are ganglionic neurons not sensory neurons [16].

Localization and myoactivity of Hym-176

A novel myoactive neuropeptide, Hym-176, was identified in the Hydra peptide pro-

ject (Table 1). Hym-176 was found to specifically and reversibly induce contraction

of the ectodermal muscle of the body column, particularly in the peduncle region of

the epithelial Hydra [18]. Using both immunohistochemistry and in situ hybridiza-

tion, it was shown that Hym-176 mRNA and the peptide itself are expressed in neu-

Table 1

Neuropeptides isolated from the hydra, Hydra magnipapillata

Function Name Structures References

Metamorphosis

LWamides Hym-53 NPYPGLWamide [11]

Hym-54 GPMTGLWamide [11]

Hym-248 EPLPIGLWamide [11]

Hym-249 KPIPGLWamide [11]

Hym-331 GPPPGLWamide [11]

Hym-338* GPPhPGLWamide [11]

Hym-370 KPNAYKGKLPIGLWamide [13]

Neuron differentiation Hym-355 FPQSFLPRGamide [12]

Myoactivity

FRamides Hym-176 APFIFPGPKVamide [14]

Hym-357 KPAFLFKGYKPamide [15]

FRamide-1 IPTGTLIFRamide

FRamide-2 APGSLLFRamide

LWamides

* hP, hydroxyproline



rons and hence, Hym-176 is a neuropeptide; moreover this expression pattern corre-

lated with myoactive function of the peptide [19]. It suggests that the localization of

the peptide is important for it local function.

The gene encoding the FRamide family and their myoactivity

The genes encoding neuropeptides in cnidaria are typical preprohormone genes in

which a signal sequence and multiple copies of unprocessed neuropeptides are

encoded [2, 3, 11, 12]. Recently, we have identified a novel neuropeptide family, the

FRamide family (Table 1). Though two members of the family were contained in the

same precursor, they have opposite myoactive functions in epithelial hydra.

With the combination between the Hydra Peptide Project and Hydra EST data-

base, the gene encoding FRamide peptides (FRamide-1 and FRamide-2) was cloned.

The expression pattern of the gene was examined by in situ hybridization. The gene

was expressed in neurons throughout the body, indicating that the two peptides are

neuropeptides. Application of FRamide-1 and FRamide-2 to epithelial hydra

revealed obvious effect. FRamide-1 at 10–4 M induced drastic elongation of the body

length over 60 min after the peptide application (Fig. 1). On the other hand, the treat-

ment of with FRamide-2 caused body contraction of epithelial hydra at the same con-

centration (Fig. 1).
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Fig. 1. Effects of FRamide-1 and FRamide-2 on epithelial hydra. (A, C) Epithelial hydra prior to appli-

cation of the peptides. (B) Elongation of body column occurs after 60 min of application of FRamide-1

at 10–4 M. (D) Contraction of body column occurs after 90 min of application of FRamide-2 at 10–4 M.

Scale bar, 2 mm
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DISCUSSION

Peptide signaling molecules in Hydra

Peptide signaling molecules (< 50 amino acid residues) have been found in a wide

variety of animals and many are known to play important regulatory roles in a vari-

ety of physiological processes. In order to view the whole picture of peptide signal-

ing molecules in a given organism, we initiated an untargeted large-scale project for

identification of peptide signaling molecules in Hydra.

The LWamide family

Seven members of the LWamide family are characterized by a GLWamide sequence

at the C-termini. A Hydra preprohormone gene that encodes all of the LWamide pep-

tides we identified was cloned by the other laboratory [12].

All of the LWamide peptides have the ability to induce metamorphosis of Hydrac-
tinia serrata planula larvae into polyps. How LWamides are involved in induction of

metamorphosis is not yet clearly understood. Hydra develops directly from embryo

into adult polyps, without an intervening larval stage. What LWamides do in early

embryogenesis in Hydra is still an open question. In adult Hydra, LWamides induce

detachment of the bud from a parental polyp. In this process, a circular muscle or

sphincter muscle is formed in the basal disk late in bud development (R. Campbell

personal communication). Contraction of the sphincter muscle results in contraction

of the basal disk of the bud, thereby pinching off the bud from the parent.

Using an antibody against GLWamide, the peptide was detected imunohistochem-

ically in a variety of animals (flatworm, nematode, arrow-worm, mollusks, annelids,

arthropods and chordates). In all cases, neurons were immunoreactive (T. Fujisawa

and O. Koizumi, unpublished observations). This does not necessarily mean that

LWamide-related peptides are present in these species; however, at least in C. ele-
gans, a gene encoding three putative LWamides exists. This suggests the possibility

that LWamide-related peptides are widely distributed throughout the animal kingdom

as is an RFamide superfamily is.

Hym-355

The nNeuropeptide, Hym-355, enhances neuronal differentiation at an early stage,

whereas the PW epitheliopeptide, PW peptides,  inhibit neuronal differentiation [15,

16]. We present a feedback model for the control of neuron differentiation by the two

species of peptides. Hym-355 produced by neurons increases the rate of neuron dif-

ferentiation at an early stage in the pathway. PW peptides produced by epithelial cells

counteract this positive feedback loop. We propose that there is a third factor which



controls production and/or release of PW peptides from the epithelial cells via inter-

action between epithelial cells and neurons. With this three-part mechanism, the neu-

ron density is presumably maintained at a constant level in Hydra.

Hym-176

Hym-176 specifically and reversibly evoked contraction of the ectodermal muscle of

the hydra body column. The Hym-176-encoding gene is expressed intensely in

peduncle neurons and less intensely in neurons scattered throughout gastric region,

whose expression pattern correlates with myoactive function of the peptides. The

full-length cDNA contains a typical signal sequence at the N-terminus, on copy of

the Hym-176 precursor peptide and one copy of the precursor sequence of another

novel peptide, Hym-357 (Table 1). Hym-357 was also identified in the Hydra Peptide

Project. The peptide has strong myoactivity in normal Hydra but has no effect on

epithelial polyps (T. Fujisawa, unpublished observation). This suggests that the pep-

tide acts indirectly on epithelial muscle cells via other cells, with neurons the most

likely direct target.

The FRamide family

Over the course of systematic identification of peptide signaling molecules in Hydra
(the Hydra Peptide Project), two novel peptides, FRamide-1 and FRamide-2, was

more recently identified. Now that Hydra EST and genome databases are available,

more rapid identification of signaling peptides and their genes has become possible

by searching amino acid sequences of purified peptides. The peptides were identified

just by this approach. The expression of the gene encoding the peptides in ganglion-

ic neurons indicated that FRamide peptides were neuropeptides.

FRamide-1 induced body elongation and FRamide-2 induced body contraction of

epithelial Hydra. Muscle processes of ectodermal epithelial cells run longitudinally

and those of endodermal epithelial cells run circumferentially. Thus, FRamide-1 and

FRamide-2 exhibit opposite effects on epithelial hydra, in spite of the fact that they

are encoded in the same gene. There are at least two possible explanations for this

seemingly contradictory observation. One is that the release of the peptides is regu-

lated. The other is that processing of the peptides occurs in the different neurons.

CONCLUSION

Here, we described 12 species of neuropeptides so far identified in hydra as part of

the Hydra Peptide Project. Recently, the Hydra EST project was is nearly finished.

Combining the EST and Peptide projects has resulted in the successful identification
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of many more neuropeptides and of the gene that encode them. Moreover, the Hydra
EST database serves as a powerful tool to search for peptide receptors, which are

generally G protein-coupled receptors (GPCRs). Identification of neuropeptide

receptors is essential to reveal target cells, intracellular signaling and eventually

functions of peptides.
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