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Signals and signal-transduction systems in the control of

development in Hydra and Hydractinia
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ABSTRACT  Pattern control in Hydra has traditionally been assigned to the determining influ-
ence of morphogens and neuropeptides. However, at present, arachidonic acid and its derivative
12-S-HETE are the only identified, potential signal molecules known to promote head and bud for-
mation. More potent factors might exist but are not yet identified. Nonetheless, it is possible to
evoke the development of an almost unlimited number of supernumerary head structures and to
induce ectopic foot formation by interference with the PI-PKC signal transducing system. Such an
interference can also rescue the regeneration-deficient mutant reg-16. Regarding signals in the
development of Hydractinia, metamorphosis is induced by an external key stimulus, i.e. a lipid
derived from environmental bacteria. The reception of this stimulus involves PKC-mediated
responses. Upon its reception, a neuropeptide is released as an internal, synchronising signal.
Members of the novel LWamide family of peptides appear to represent this internal signal. In post-
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metamorphic development, a glycoprotein SIF serves as an inducer of stolon formation.

KEY WORDS: pattern formation, metamorphosis, newropeptides, protein kinase C, hydrozoa

Pattern control in hydra: historical aspects, tradition-
al and new theoretical concepts

The beginning

It has now been more than 250 years since regeneration
studies in Hydra, performed by the Swiss scholar Abraham
Trembley (1744), rang in the era of experimental Developmental
Biology. In the meanwhile, the interest in the amazing regenera-
tive capacities of this low metazoan organism and its marine rel-
atives has fluctuated but never came to a standstill. At the turn
of the century, marine hydroids of the Tubularia group were pre-
dominant attracting the attentions of personalities such as Hans
Driesch in Germany, Jacques Loeb and Thomas Hunt Morgan in
the USA. Their dispute on the significance of the red pigment
that accumulates in the regenerating hydrant, as a formative
stuff, led T.H. Morgan (1904) to propose a mechanism of pattern
control based on competition for "a formative or nutritive materi-
al". In his view, the polyp at the apical end of a stem holds in
check the development of a polyp at the basal end by using up
nutritive material. However, this idea was not developed further.
Only recently has one of the present authors (W.A.M) developed
a model which revives the idea of competition for factors (Mdller,
1994a,b; briefly outlined below).

Morphogen concepts

For some 30 years, pattern formation and pattern control in
Hydra have been attributed to the determining influence of mor-
phogens. Although morphogens have not yet been identified in
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Hydra, they are the constitutive elements of theoretical models
based on positional information (Wolpert et al, 1974) or on
Turing-type reaction-diffusion systems (Turing, 1952; Gierer and
Meinhardt, 1972; MacWilliams, 1982; Meinhardt, 1982, 1993;
Shimizu et al., 1993).

In the positional information model of Wolpert, the long-range
gradient of a hypothetical morphogen S serves as a nominal gra-
dient which is used to adjust a second, more stable gradient of
positional values P (Wolpert et al., 1974). Likewise, the Gierer-
Meinhardt model uses hypothetical long-range morphogens to
adjust, in a second, separate step of pattern control, the more
stable gradient in the density of morphogen sources (Meinhardit,
1993).

In particular, the restriction of head structures to the apical
end and the inhibitory influence of the parental head on bud for-
mation have been ascribed to the action of a putative short-
range head activator which is flanked by a long-range head
inhibitor.

Likewise, the restriction of foot formation to the lower end of
the body has been attributed to the action of a mirror-image
countersystem comprising a short-range foot activator and a
long-range foot inhibitor (Meinhardt, 1993, and this issue;
Schaller et al., this issue, and references therein).

A new model

In contrast to these hypotheses, the most recent model of pat-
tern control (Muller, 1995a,b) does not separate labile prepatterns
(‘positional information') from more stable secondary postpatterns
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(‘positional value' or 'source density'). The new model is based on
receptor-mediated competition for factors, and has been devel-
oped to account for new findings on long-range interactions
between head, bud and foot formation. Thus, while head regener-
ation and the onset of budding are mutually inhibitory, fully devel-
oped heads and advanced buds cooperatively support foot forma-
tion. In head regeneration this foot-promoting activity displays the
same kinetics as the apparent long-range ‘head inhibition' deter-
mined in classical transplantation studies (e.g. MacWilliams,
1983). The model includes the following hypotheses:

(1) Heads and buds compete for resources, such as precur-
sor cells and soluble head-promoting factors that are distrib-
uted in the interstitial spaces. (2) The ability to make use of
these resources is associated with positional value and
decreases down the body column. The decreasing capability is
attributed to a decreasing complement of receptors for the
head-promoting factors. (3) Feet are made by body regions that
lose out in the competition for these factors. (4) Superiority in
the ability to compete for the locally available factors enables
transplants to develop head structures, inferiority causes them
to form a foot. (5) Depletion of the head-promoting factors in the
whole body column is a significant component of the 'head inhi-
bition potential' and mediates the assistance of heads and buds
in foot formation. (6) A surplus of resources causes supernu-
merary head structures and delays or prevents foot regenera-
tion. These interpretations have reference to a new receptor-
based computer model of pattern control (Sherratt et al., 1996)
as well as to experimental results which are partly reviewed in
the following.

Currently known signal molecules

The new model proposed implies that there exists a growth-
factor like molecule which is needed to gain and maintain posi-
tional value. Its presence enables or promotes head formation, its
absence causes foot formation. The existence of such a factor is
suggested by studies with aggregates of cells from the gastric
region in Hydractinia (Mlller et al., 1986). Above a critical mass,
aggregates form only tentacles, below this critical mass they form
only stolons. The interpretation of this finding is that small aggre-
gates lose too much of the putative soluble factor due to the rel-
atively large surface area, while larger aggregates can accumu-
late it. However, the factor is not yet identified chemically.

Efforts to identify supposed morphogens or head-promoting
factors in Hydra have succeeded in the presentation of two
chemically defined, potential signal molecules that are capable
of evoking supernumerary tentacles and ectopic head formation.
Arachidonic acid may evoke ectopic head formation in H. mag-
nipapillata, strain wt105 (Miller et al., 1993). If supported by her-
bimycin A, a known inhibitor of tyrosine-specific protein kinases,
a derivative of arachidonic acid, 12-S-HETE (12-S-hydroxy-

Fig. 1. Supernumerary head structures evoked by diacylglycerol in
non-regenerating Hydra vulgaris. The intact animals were treated
with 0.2 mM 1,2-dioctanoyl-sn-glycerol (DAG) for 1-2 h, and the treat-
ment was daily repeated over about two weeks. In H. vulgaris supernu-
merary heads predominantly arise by splitting of the existing, enlarged
head (A). Body tentacles occur only occasionally in H. vulgaris (B) but
frequently in H. magnipapillata, strain wt105 (Mller, 1998, 1990). The
experiments with H. vulgaris were done, and the photos taken, by
Mearcus Frohme. .
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Flg 3. Supernumerarv feet evoked by multrple heads. Multiheaded
/ 5 were produced by surgically splitting the e\ sting head. In

eicosatetra-enoic acid), may also cause the development of
ectopic tentacles. However, the low effectiveness of these
eicosanoids suggests that more effective factors might exist.

While having only slight inducing capacity of their own, arachi-
donic acid and 12-S-HETE strongly enhance DAG-induced (see
below) ectopic head formation. The common denominator in the
action of these polyunsaturated fatty acids might be their capa-
bility of activating protein kinase C in an additive way (for review
see Asaoka et al., 1992).

Other eicosanoids such as the 5-(S,R)-HETEs and the 11-
(S,R)-HETES reversibly inhibit head and bud formation (Leitz et
al., 1994¢, and as yet unpublished results).

There is no known endogenous substance capable of induc-
ing foot formation in Hydra. In Hydractinia, the factor SIF is able

Flg 2. Gastrlc segments exc:sed from DAG treated wt105 polyps

spia I but still looked quite no >
ary tentacles emerged during abnormal 'regeneration’ of the excised
segments
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Fig. 4. Mature colony of Hydractinia. In between the Hydra-like gas-
terozooids sexual polyps are interdispersed. These produce reddish
oocytes in transparent globular containers (= sessile, reduced medusae)

to transform hydranths into stelons which topographically corre-
spond to the foot in Hydra. However, most probably SIF is a nat-
ural inducer but not a morphogen (see below).

The "head activator" and "foot activator" referred to in the
paper of Schaller et al. (this volume) do not induce head and foot
formation in the strains of Hydra used in our laboratory (H. vul-
garis, H. magnipapillata). Furthermore, in regenerating H. ofi-
gactis the head activator does not qualitatively alter head mor-
phology (Javois and Tombe, 1991).

Induction of ectopic head and foot formation by interference
with the PI-PKC signal transduction system

Evocation of supernumerary head structures

In the hydroid Hydractinia echinata extracts from hydranths
may cause excised segments of hydranths to regenerate heads
not only at the oral but also at the aboral end (Miller, 1969).
Attempts to bypass or replace the putative head-promoting com-
ponent by interference with signal transduction systems yielded

evidence of a role for the PI-PKC system (phosphatidylinositol-
protein kinase C system) in the control of the body pattern. The
tumor promoter 12-O-tetradecanoyl-phorbol-13-acetate (TPA), a
known agonist of the PI-PKC system, can be used as a very
potent substitute for the endogenous, head-inducing factor
(Muller, 1985).

The PI-PKC system includes protein kinase C (PKC) as a key
enzyme. From a Hydra cDNA library two isoforms of PKC have
been cloned (Hassel et al., unpublished), one being paralogous
to calcium-dependent and one to calcium-independent mam-
malian isoforms. At least one of the PKCs appears to be involved
in the regulation of positicnal value and, hence, of head forma-
tion:

Activators of PKC such as TPA, diacylglycerol (DAG) and
arachidonic acid, if periodically applied for several days, induce
supernumerary head formation. In H. magnipapillata, strain
wt105, the supernumerary head structures arise ectopically in
the gastric region, in H. vulgaris they may occur by multiplication
of the existing head, which occasionally splits into two or more
(Fig. 1). Before supernumerary tentacles emerge on the intact
animals, segments excised from the gastric region of pre-treated
wt105 polyps may regenerate head structures at their basal end
instead of a foot, or sprout tentacles all around (Fig. 2; Milller,
1989, 1990, 1991, 1995a). Even a single pulse treatment with
TPA induces an enhanced expression of the head-specific
epithelial gene, Ks1 (Weinziger et al., 1994).

In addition, activators of PKC delay or prevent a decrease in
positional value at the lower end of a segment excised from the
body column, and at the base of a bud. Therefore, buds may fail
to detach and branched animals result. This effect is enhanced
by inhibitors of non-C-type protein kinases such as stau-
rosporine and genistein (Perez and Berking, 1994). An inhibitor
of protein-tyrosine kinases, herbimycin A, supports activators of
PKC in their capability of inducing the formation of supernumer-
ary tentacles (Mlller, not yet published).

Inhibitors of PKC such as chelerythrine cause the gradual
reduction of existing head structures but do not induce ectopic
foot formation (Miiller et al., 1993). Foot formation appears to
involve (also) other subroutes of the PI-PKC system.

Evocation of ectopic foot formation

The head of the parental body and the heads of advanced
buds promote foot formation in both the parent and the bud,
whereas feet do not promote head formation (Muller, 1995b).
Supernumerary head structures may eventually evoke the devel-
opment of supernumerary feet, regardless of how the supernu-
merary heads had been generated. Even multiplication of the
heads by surgical splitting may be followed by the formation of
supernumerary feet (Fig. 3).

Another method applies lithium ions. While pulse treatment of
H. vulgaris with LiCl elevates positional value, long-term expo-
sure of the animals to lithium leads to its decrease and eventual-
ly to the formation of ectopic feet (Hassel and Berking, 1989,
1990; Hassel et al., 1893). Lithium is known to block signal trans-
duction through the PI-PKC system, for instance by interference
with G-protein receptor coupling and by inhibition of inositol
phosphatases (references in Hassel et al., 1993). Quantitative
determinations of Pl-metabolites in normal animals and in sys-
temically lithium-treated polyps revealed the appearance of a



particular inositolpolyphosphate during head regeneration and a
redistribution of Pl-metabolites along the body column as a con-
sequence of prolonged lithium treatment (Hassel, in preparation).

Conclusion

The results collected so far suggest that activation of the PI-
PKC system leads to an increase in positional value and eventu-
ally to head formation, while inhibition of the PI-PKC system caus-
es a decrease in positional value and eventually foot formation.

Rescue of a regeneration deficient mutant
The mutant strain reg-16 of Hydra magnipapillata has less
capacity to regenerate a head than the wild-type strain wt105
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Fig. 5. Localisation of neuropep-
tides in the planula larva of
Hydractinia by means of
immunostaining. (A) Conventional
fluorescence micraoscopy of the
anterior half of a planula showing
neurosensory cells which contain a
peptide  with the C-terminal
sequence RF-amide. Such neuropep-
tides are common in coelenterates
(Grimmelikhuijzen et al., 1992). (B)
Confocal laser scanning image of
cells showing LWamide immunore-
activity. For methods see Leitz and
Lay (1995).

when examined in a standard test. Moreover, its head-forming
potential is severely impaired by the presence of a just-emerg-
ing or latent bud. Periodic treatment with dioctanoylglycerol
(DAG) plus arachidonic acid (AA) enabled reg-16 to insert addi-
tional tentacles into their original whorl and to store potentials for
head and bud formation: gastric segments excised from pre-
treated animals formed more tentacles than untreated wit105,
and even formed supernumerary head structures; in addition,
segments excised from all body regions quickly resumed bud-
ding in spite of starvation and while they regenerated a head
(Mdller, 1995a).

The phenomenon is explained in terms of the new model out-
lined above: a regenerating head and a beginning bud compete
for hormone-like factors that enable the cells to increase posi-
tional value, and for precursor cells. Periodic treatment with acti-
vators of PKC plus AA leads to an augmentation of these
resources, and head structures and buds can be produced
simultaneously. Traditional terms are reinterpreted correspond-
ingly: the high level of 'head inhibition' in reg-16 is interpreted as
a low level of resources, in particular of head-promoting factors,
the low 'head activation' level as a low ability to make use of
resources.

Control of development in Hydractinia

In Hydra embryonic development is almost inaccessible to
experimental and biochemical studies. Embryogenesis and
metamorphosis are studied in the marine colonial hydroid
Hydractinia echinata (Fig. 4). In the present review the signifi-
cance of signals and signal transducing systems in metamor-
phic and postmetamorphic development are addressed.
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Fig. 6. The stolonal system and its development in Hydractinia echi-
nata. (A) A colony grown from a single metamorphosed planula larva in
a Petri dish. The stolonal network connects secondary, nutritive polyps
{gasterozooids). Through elongation and branching of the stolons, the
network enlarges into the periphery, while in the centre of the colony
the network becomes denser and denser. (B) A migrating stolon tip that
ap, stolon emits a Stolon-Inducing Factor SIF,
which in n of another stolon tip in the established
rs of intraclonal or histocompatible stolons both tips,
| the induced, will fuse to form an anastomosis. In
encounters of histo-incompatible colonies the induced tip will give rise
to a stofon branch

aguces t

stolon. In encoL
the inducing ai

Additional aspects are reviewed in the paper of Berking et al.
(this issue).

Control of metamorphosis

As in most coelenterates, embryogenesis in Hydractinia
terminates in a planula, a ciliated, cone-shaped, mouthless
larva. The mature planula ceases cell proliferation, differenti-
ation, and morphogenesis (Plickert et al.,, 1988). It displays
locomotory activity, and uses its sensory cells at the anterior

end to prospect for a habitat suited for its future sessile phase
of life.

Metamorphosis, the transformation of the larva into the ses-
sile primary polyp, is dependent on the presence of an environ-
mental key stimulus. Such a stimulus derives from bacteria of
the genus Alteromonas which cover the substrate. The inducing
stimulus is a lipid, the chemical identity of which is unknown at
present (Muller, 1973; Mdller et al., 1978; Leitz and Wagner,
1993).

The mechanism of signal reception by the sensory equip-
ment of the larva involves the PI-PKC system, and activators of
PKC, such as TPA and DAG, can be used to replace the bacte-
rial lipid for initiating metamorphosis (Leitz and Miller, 1987;
Leitz and Klingmann, 1990; Leitz, 1993; Schneider and Leitz,
1994).

The reception of the external signal leads to the release of a
molecule that transmits an internal signal to begin metamorpho-
sis, from the anterior to the posterior end of the larva
(Schwoerer-Bdhning et al., 1990). A first peptide with the capa-
bility of inducing metamorphosis in the posterior larval body as
well as in entire larva has been extracted from a heterologous
source (Anthopleura elegantissima) and its sequence was deter-
mined to be pEQPGLWamide (Leitz et al., 1994b). The peptide,
named metamorphosin A, was the first member of a new class
of neuropeptides, now called LWamides. Using molecular
probes derived from this peptide, a precursor of similar, autolo-
gous peptides was cloned. The cDNA structure of the precursor
protein contains repeats of PPGLW-NH, and AKPPGLW-NH,
(Gajewski et al., 1996). Both homologous peptides trigger meta-
morphosis. Immunostaining with antibodies that recognize the
aminoterminus (essential for function) assigns the LWamides to
neurosensory cells in the anterior part of the larva, where the
external, bacteria-born signal is received. These neurosensory
cells extend their fibres into the posterior part of the larva (Fig. 5;
Leitz and Lay, 1995), where they presumably release one or
both of the LWamides to trigger and coordinate the events of
metamorphosis.

Like the inducing factors in amphibians, the peptide(s) stimu-
late(s) — directly or by inducing cascades of subsequent signal-
ing systems — pattern formation, cell proliferation, cell differenti-
ation, and morphogenesis.

Some of these events may be initiated by arachidonic acid or
its lipoxygenase products, of which several are found in
Hydractinia (Leitz et al., 1994a) as well as in Hydra (Mlller et al.,
1993; Di Marzo et al.,, 1994, and references therein).

An inducing signal in postmetamorphosis

The primary polyp that emerges from the metamorphosing
larva is the founder of a new colony. At its base tube-like stolons
grow out. By increasing in length, branching, and forming anas-
tomoses, the stolons form a network that interconnects the
future members of the colony (Fig. 6A). These members, sec-
ondary polyps (hydranths) of various types (Fig. 4), emerge as
buds on the stolons at more or less regular distances.

The processes of elongation, branching and reunification in
the stolonal network display many analogies to angiogenesis in
vertebrates. The elongation of stolons is accomplished by the
locomotory activity of a particular pathfinding organ, the stolon
tip (Fig. 6B). The spontaneous development of such a locomo-



tory organ at the flank of the stolons initiates the formation of a
branch. On the other hand, stolon branching can also be exter-
nally induced by the approaching tip of another stolon that
belongs to the same or to a neighbouring colony (Fig. 6B).

The stolon tip is the source of an inducing signal that causes
branching by stimulating tip formation in adjoining stolons. Both
tips, the inducing and the induced one, attract each other. In
encounters of isogeneic, or allogeneic but histocompatible,
stolons, the two tips fuse and an anastomosis results (Miller and
Plickert, 1982; Mdiller et al., 1987; Lange et al., 1989).

We have succeeded in isolating a glycoprotein with tip-induc-
ing capacity, and termed it SIF (stolon inducing factor). In vari-
ous bioassays it turned out that the inducing potential of this fac-
tor is higher than expected. SIF can induce an ectopic sprouting
of stolons in polyps (hydranth) and can even cause a complete
transformation of the hydranth into a giant stolon (Lange and
Maller, 1991).
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