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Abstract

Several studies have suggested that morphogenesis and patterning in hydra are regulated through pathways involving protein
kinase C (PKC). Nevertheless, the complete signal system for regeneration in hydra is still not completely understood. Using
inhibitors of different signalling pathways we are dissecting this system. We found that sphingosine (2 mM), staurosporine (0.1
mM), PP1/AGL1872 (1 mM) and H7 (25 mM) were able to inhibit head but not foot regeneration. The inhibition was reversible.
When the inhibitor was replaced with hydra medium the animals continue their regeneration in a normal way. The exception
was PP1/AGL1872, in this case the animals regenerated only one or two tentacles. These results imply that head and foot
regeneration are independent processes and they are not directly related as has been proposed. Sphingosine and PP1/AGL1872
inhibit the transcription of ks1, an early regeneration gene, at 24 and 48 h of treatment. Sphingosine 2 mM arrested the cells on
the G1 phase of the cell cycle, but 1 mM of PP1/AGL1872 did not. The regeneration was not affected if the animals were exposed
to inhibitors of human growth factor receptors. We propose that head regeneration in hydra may be regulated at least by two
pathways, one going through PKC and the other through Src. The first pathway could be related to cellular proliferation and
the second one to cellular differentiation.  2000 Elsevier Science Inc. All rights reserved.
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1. Introduction can reform the tissue layers, regenerate heads and feet,
and will eventually separate into complete animals [4].

Because of its high capacity of regeneration, hydra, a Several lines of evidence have implicated a transduction
freshwater coelenterate, is a suitable system for studying system mediated by protein kinase C (PKC) for head
the morphogenetic processes, not only in developing regeneration in hydra. If PKC activators (e.g., the tu-
but also in regenerating animals [1,2]. Hydra are made mour promoter, 12-O-tetradecanoylphorbol-13-acetate,
of a cylindrical structure of two layers of epithelial cells, TPA; diacylglycerol, DAG and arachidonic acid, AA)
with the head at one end and the foot at the other. are applied periodically, the animal will develop super-
Asexual budding occurs at a fixed region of the lower numerary head structures and will lose the foot regener-
body column. Two pairs of developmental gradients ation capacity [5–7]. Conversely, long-term exposure of
have been described in hydra, one for the head and one hydra to lithium ions produce ectopic feet [8,9]. The
for the foot [3]. If head or foot is removed from the activation of PKC by TPA results in enhanced transcrip-
animal, it is able to regenerate either at the appropriate tion of a head-specific gene, ks1; an increased amount

of transcript was detected within 1 h [10]. Two PKCend; even dissociated cells centrifugated into aggregates
genes have been cloned in hydra, which encode mem-
bers of the classical (cPKC) and a novel (nPKC) families
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specifically associated with an increase in the activity 2.2.2. Foot staining
Normally, foot regeneration was followed microscop-of the membrane-bound enzyme. It is clear that PKC

ically, but sometimes it was difficult to know only byhas a central role during regeneration, but it is still
morphology whether or not the foot was regenerated.not known if other signal transduction pathways are
The development of a new foot was monitored by diami-involved. The signals which activate PKC are also un-
nobenzidine staining as described by Hoffmeister [22].known. Because of the redundancy and overlap of the

different signalling pathways, it could be difficult to
2.3. Cell cycleassign precise roles to particular components of these

pathways. The use of inhibitors has been very useful Epithelial polyps, starved for 48 h, were decapitated,
for the dissection of specific signalling pathways. To the foot was cut and the animals were incubated for 24
know which components are implicated in the transduc- or 48 h in hydra medium with or without inhibitors (2
tion system for head development in hydra, we have mM sphingosine, 1 mM PP1/AGL1296 or 10 mM HU)
tested several inhibitors. They include sphingosine, [23]. They were then incubated for 4 h with BrdU 5
staurosporine and H7, selective PKC inhibitors [13–15]; mM final and the epithelial cells cycle were analyzed
herbimycin A, a tyrosine kinase inhibitor [16]; PP1- by the method described by Holstein et al. [24].
AGL1872, an inhibitor of the Src-family of tyrosine

2.4. Gene expressionkinases [17]; AGL1296 a PDGFR inhibitor in vitro [18];
and AGL1478 an EGFR inhibitor in vitro [19]. In these The expression of head-specific genes (ks1, hybra
experiments the cell cycle, PKC activity and head-spe- and hym-301) and control (actin) was detected by in
cific gene expression were also evaluated. situ hybridization. 20 polyps starved for 48 h were decap-

itated and incubated in hydra medium with or without
inhibitors for 24 and 48 h. The animals were anesthezied

2. Materials and methods in 2% urethane and fixed in 4% paraformaldehyde,
both in hydra medium. The in situ hybridization was2.1. Animals and reagents
done as described [25].

Hydra vulgaris (strain Basel) and Hydra magnipapil-
2.5. PKC activitylata (wt strain 105) were cultured using standard proce-

dures [20]. Epithelial hydra (derived from 105 by colchi- Thirty polyps for each assay were decapitated and
cine treatment) were cultured by force-feeding [21]. incubated with the inhibitor for 4 h. The PKC activity

D-Sphingosine, Herbimycin A and Staurosporine, was measured with a PKC assay system from Gibco
were from Sigma; H7, AGL1478 and AGL1296 were according to the instructions from the providers.
from Calbiochem. PP1/AGL1872 was synthesized by
R. Wetzker. BrdU and diaminobenzidine were from
Sigma. Anti BrdU antibody was from Becton-Dickin- 3. Results
son. Reagents for in situ hybridization were from Boeh-

3.1. Inhibition experimentsringer Manhaim (Germany). PKC assay system was
from Gibco. Solvents and other common chemicals were The development of hydra seems to be regulated by
from Merck. two pairs of morphogenetic gradients, one that leads to

head formation at one end and the other that leads to2.2. Inhibition experiments
foot formation at the opposite end. The molecular basis

2.2.1. Head and foot regeneration of such gradients is largely unknown, but current data
Ten polyps starved for 48 h were decapitated at 2/3 point to protein kinase C (PKC) as a key regulator of

from the foot and cut at the lower peduncle to remove the head formation. To investigate additional signals
foot. They were immediately incubated in 5 ml of hydra which may control the pattern, we used different kind
medium plus inhibitor. Control animals were incubated of inhibitors. They can be grouped in three classes, in-
in hydra medium plus the solvent in which the inhibitors hibitors against: (1) human growth factor receptors, (2)
were dissolved. The medium was replaced every 12 h PKC and (3) Src tyrosine kinase.
and regeneration was followed microscopically for 3 First, to obtain the minimal inhibitory concentration
days, after this time the controls completely regenerated (IC) for head or foot regeneration we tested several
the head. The percentage of inhibition was calculated concentrations of the chemicals. Once the IC for each
from the number of animals which did not regenerate inhibitor was obtained, hydras were treated for 3 days.
at this time. After this time the polyps were incubated After that, the animals were further cultured for 3 more
in hydra medium for 3 more days to see if the effect of days in medium without inhibitors to examine if the

effect was reversible.the inhibitor was reversible or not.
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Fig. 2. Effect of sphingosine on head and foot regeneration of hydra.
(a) The animals were allowed to regenerate 3 days in medium con-
taining different concentrations of the inhibitor (b) or with 2 mM for
3 days and then 3 days without inhibitor (c).

treatment with AGL1478 seems to produce a delay of
12 h on head regeneration (Fig. 1d), but in other experi-Fig. 1. (a) The animals were allowed to regenerate in medium plus
ments (even using high concentrations) this behaviourinhibitor for 3 days and another 3 days without it. Effect of herbimycin
was not always reproducible.1 mM (b) AGL1296 10 mM (c) and AGL1478 1 mM (d) on head and

foot regeneration of hydra.
3.1.2. PKC inhibitors repress head but not
foot regeneration

Three different PKC inhibitors were used, sphingo-
3.1.1. Human growth factor receptor inhibitors did not sine, the natural inhibitor, from 0.1 mM to 10 mM; stauro-
have an effect on regeneration of hydra sporine from 1 nM to 100 nM and H7 from 0.5 mM

We tested three different inhibitors, herbimycin A, to 100 mM. The three inhibitors were able to block
which inhibits the receptor associated tyrosine kinase, selectively the head regeneration and they did not have
from 100 nM to 10 mM; AGL1296, a PDGFR inhibitor, any effect on foot formation, this can be seen in Fig. 2b
from 1 mM to 50 mM; and AGL1478, an EGFR inhibitor, for sphingosine. The IC that we found was 2 mM for
from 500 nM to 10 mM. In Fig. 1 we show a typical sphingosine (Fig. 2b), 100 nM for staurosporine and 25
example for the three inhibitors. None of them were mM for H7. When higher concentrations were used the

animals disintegrate between 12 and 24 h. During theable to inhibit or delay the regeneration of hydra. The
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We found that sphingosine could inhibit head regenera-
tion up to 84 h more or less, since after 96 h of treatment
the hydras begin to develop the new head (data not
shown). Interestingly, sphingosine does not inhibit bud
formation.

If PKC is really involved in the pathway of head
regeneration, there must be a specific period at which
the enzyme is inhibited. After this period, the presence
of the inhibitor must not have any effect. Animals were
incubated with 2 mM sphingosine after 0, 2, 4, 6, 8, 10,
12 and 24 h post decapitation. Under this condition only
the hydras incubated at time 0 with the inhibitor were
completely inhibited. The animals treated between 2
and 8 h showed a delay on regeneration of around 24 h
and the ones treated after 10 h were almost not affected
(data not shown).

The direct effect of sphingosine on PKC activity was
observed by measuring the activity of the enzyme after
4 h of regeneration under inhibitory conditions (2 mM)
and in non-treated animals. We measured particulate
and soluble PKC activity and we found that particulate
PKC activity was reduced 48% in hydras treated with
sphingosine. But there was no difference in the soluble
PKC activity between control and treated hydras (data
not shown). The level of phosphorylation was also mea-
sured on proteins and phospholipids. A diminution of
34% in 32P incorporation to total phospholipids was
detected in treated animals. There was also an important
diminution in total protein phosphorylation due to the
sphingosine treatment (data not shown).

3.1.3. Src protein kinase inhibitor
Hydra has a src gene and three ras genes [26,27,

Fig. 3. Effect of PP1/AGL1872 on head and foot regeneration of hy- Guaderrama et al. in preparation]. The gene ras2 is
dra. (a) The animals were allow to regenerate 3 days in medium

regulated developmentally through a head signal [27],containing different concentrations of the inhibitor (b) or with 1 mM
suggesting that the Src-Ras signal transduction pathwayfor 3 days and then 3 days without inhibitor (c).

could be involved in head formation. We tested this
possibility using the Src inhibitor PP1/AGL1872.

The dose–response curve for this inhibitor is shown
time of incubation of the animals with the inhibitors, in Fig. 3b. We chose 1 mM to carry out our inhibition
they looked fine, it was not possible to see any difference experiments, since at this concentration it was able to
with the controls (Fig. 4a) and we did not find any inhibit head but not foot development (Fig. 3c). It is
ectopic structure or different number of tentacles. After possible that at this concentration the inhibitor could
the removal of the chemical, the animals regenerate in have effects other than head inhibition, because the
a normal way indicating the effect of the three inhibitors animals were contracted all the time the inhibitor was
was completely reversible (Fig. 4b), and the kinetics was present (Fig. 4c) but we did not see any other effect
similar to the one shown by the controls. This can be microscopically; ectopic structures were never detected,
seen on Fig. 2c for sphingosine, but the behaviour of for example. Concentration lower than 1 mM did not
the other two compounds was the same. have any effect (100 nM) or produce a delay on head

Sphingosine 2 mM was able to inhibit head develop- regeneration (500 nM). At 3 mM or higher concentra-
ment during 3 days of treatment. It is the natural inhibi- tions the inhibitor was toxic for the animals. The effect
tor of PKC and competes with DAG for a place in the of the inhibitor was not completely reversible, after the
enzyme. Next we examined how long it was able to treatment the animals regenerate heads with less tenta-
inhibit head regeneration. We treated decapitated ani- cles than the controls (Fig. 4d). Also, the kinetics of

regeneration after the treatment was different (Fig. 3c).mals for several days, replacing the inhibitor every 12 h.
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ation of epithelial hydras (Fig. 5e), but AGL1872 did
(Fig. 5f).

3.3. Effect of the inhibitors on the cell cycle

PKC regulates the cell cycle at the G1/S transition
[28, 29]. It was expected that sphingosine blocks head
regeneration in hydra arresting the cells at G1, as well
as other effects. Hydroxyurea had been used to arrest
the cells on the S phase in hydra and demonstrated that
under such conditions the animals are able to regenerate
[23, 30].

BrdU has been used to label hydra cells on the S
phase in whole mounts and macerates [31]. We tested
whether one of the effects of AGL1872 could be to
block the cell cycle as sphingosine does. We found no
difference in the incorporation of BrdU between control
and AGL1872 treated on epithelial hydras (Fig. 6a–c
and d–f), but the animals treated for 48 h with HU had
almost no cells labelled (Fig. 6h). We found the same
effect on foot development (data not shown). The lack
of effect of AGL1872 on the cell cycle was more evident
when the number of labelled cells were counted. We
did not find significant differences between control and
AGL1872-treated animals, but the HU-treated hydras
lost almost 50% of the label, even after 24 h of treatment
(data not shown).

3.4. Sphingosine and AGL1872 inhibit the expression
Fig. 4. Effect of the inhibitors on head regeneration of H. vulgaris

of head-specific genespolyps. Photographs of regenerating animals treated 72 h with 2 mM
sphingosine (a) or 1 mM AGL/1872 (c) and control animals (e). After

It has been shown that PKC activators, such as TPAthe treatment the hydras were allow to regenerate for 72 h in inhibitor-
or DAG, change the expression patterns of head-spe-free medium (b and d).
cific genes [10,32]. The main effects are an increase
in the expression of the genes in 5–10 fold, but most
importantly, the activators induce the expression onThis inhibitor also blocks bud formation (data not

shown). body regions where they normally were not expressed.
To know if the inhibitors were able to hamper head-

3.2. Effect of the inhibitors on the regeneration specific gene expression we made in situ hybridization
of epithelial polyps for ks1, hybra-1 and hym301. ks1 is an early marker of

head formation [10], hybra-1 is also an early gene ofHydra has approximately eight well-defined cell
head formation but restricted to the hypostome of thetypes, but with only two of them (ectoderm and endo-
adult [33] and hym301 is a gene expressed in the tentaclederm) it is able to reproduce asexually and to regener-
forming zone and around the tentacles in the adultate. The analysis of the signalling pathways working on
(Hatta et al., unpublished observation). Fig. 7 shows thehead regeneration should be easier on these animals.
expression of ks1 during head regeneration and it canFrom the inhibitor results is possible that there are at
be seen that sphingosine 2 mM (Fig. 7c) and AGL1872least two signal transduction pathways working during
1 mM (Fig. 7d) were able to inhibit ks1 expression afterhead regeneration, one sensitive to sphingosine and the
48 h of treatment. Fig. 8 shows the effect of AGL1872 onother to AGL1872. We tested whether they are working
the expression of other two head specific genes, hybra-1in the same way on epithelial animals.
(Fig. 8a and b) and hym301(Fig. 8c and d), and it isEpithelial polyps were treated with sphingosine 2 mM
clear that besides the inhibition of Src there is a strongand AGL/1872 1 mM, as control, the parental strain 105
inhibitory effect on the expression of both genes. Anywas used. Sphingosine and AGL1872 inhibited head
of the inhibitors had an effect upon actin gene expres-regeneration on control animals (Fig. 5b and c). Interest-

ingly, sphingosine did not have an effect on the regener- sion (data not shown).
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Fig. 6. Polyps of H. magnipapillata strain 105 epithelial were decapitated and allow to regenerate in inhibitor-free medium (a–c), plus 1 mM
AGL1872 (d–f) or 10 mM HU (g and h) during 24 h (a, d, and g), 48 h (b, e, and h) or 72 h (c and f) and labelled with BrdU as described in
material and methods.

4. Discussion The level at which PKC regulates is not easy to define
because of the complexity of the process we are study-

Several results suggest PKC as key mediator in head ing. From the known effects of it, cell cycle regulation
regeneration and on pattern formation in hydra [5–7]. seems to be an obvious target of inhibition. In fact, there
Three genes encoding PKC enzymes have been cloned
and the pattern of expression and changes in the activity
of the enzymes suggest their active participation during
head formation [11,12]. Our results demonstrate that,
using specific inhibitors of PKC, head regeneration is
inhibited. At least for sphingosine, the low concentra-
tion used and the specificity of the compound exclude
almost completely other possible targets which could
produce side effects and they were responsible of the
inhibition. The participation of PKC on head regenera-
tion was clearly shown by our results which showed that
the inhibition of regeneration by sphingosine reduces
almost by 50% the amount of membrane-bound activity
of PKC after 4 h of treatment. Hassel et al. [12] found
an identical correlation. The decrease in protein phos-
phorylation also implies a signal transduction pathway
regulated by PKC like the MAPKs.

Fig. 5. Effect of the inhibitors on head regeneration on normal and
epithelial polyps. Hydra magnipapillata strain 105 (a) and 105 epithelial
(d) were decapitated and allow to regenerate in media plus 2 mM Fig. 7. In situ hybridization of hydra polyps. The animals were decapi-

tated and incubated for 24 and 48 h in inhibitor-free medium (a, b),sphingosine (b and e) or 1 mM AGL/1872 (c and f) during 72 h. Panels
b and c corresponds to strains 105 and e and f to 105 epithelia,l or 48 h with 2 mM sphingosine (c) or 1 mM AGL1872 (d). After

incubation the expression of ks1 was examined.respectively.
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Fig. 8. In situ hybridization of hydra polyps. The animals were decapitated and incubated for 24 and 48 h in inhibitor-free medium (a–d) or 1
mM AGL1872 (e, f). After incubation the expression of hybra1 (a, b, e, and f) and hym-301 (c and d) was examined.

is a cell cycle arrest in treated animals. However, this mals regenerate following a kinetics similar to the one
shown by the controls. A similar effect was demon-arrest alone can not explain the inhibition of regenera-

tion because arresting the animals with HU did not strated in yeast; cells treated with sphingosine were in-
hibited for almost 12 h. After this time the cells begininhibit head or foot regeneration. Obviously, there must

be at least another effect outside the cell cycle arrest. to grow and bud. The resumption of the growth was
preceded for a peak of DAG (Alvarez and Cerbon,The incapability of sphingosine to inhibit regeneration

on epithelial hydra suggest that on these animals the submited).
Another evidence that PKC must have another effectother target is not inhibited. Another possibility could

be that their metabolism is modified and their levels comes from its ability to inhibit the expression of an
early gene of head formation, ks1. This effect and theof DAG, for example, are elevated, so the amount of

sphingosine used was ineffective to inhibit the enzyme. decrease in the levels of protein phosphorylation suggest
a pathway similar to the MAPKs, at the end of it thereThe accumulation of metabolites such as DAG could

also explain why after 84 h of incubation in the presence are transcription factors which turn on genes having
AP1 sites on their promoter regions [34,35]. This path-of sphingosine, the inhibitory effect is lost and the ani-
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way has not been demonstrated in hydra, but ks1 can without extracellular signalling molecules. Between 0
and 2 h post decapitation is possible to inhibit headbe activated by TPA and has at least two AP sites on
formation with sphingosine, between 4 and 8 h we canits promoter region [10,36].
only delay the process and after 10 h sphingosine hasWe have strong evidence to believe that in hydra
no effect. Similar results were obtained with AGL1872.there is another signalling pathway regulating head re-
These results agree with our previous suggestion andgeneration. This is mediated by Src since its inhibitor,
also with the transplantation experiments done by Mac-AGL1872 at 1 mM, was able to block head regeneration.
Williams [37], who reports that there is a critical timeIt could be possible that the two signals (PKC and Src)
of about 6 h for head regeneration. Under this hypothe-converge at any point on the MAP kinases. This seems
sis and for the signaling system, one of the immediatenot to be the case, however, because AGL1872 does
targets seems to be PKC because its central role demon-not produce cell cycle arrest and epithelial hydras are
strated by the use of both activators [5–7] and inhibitorsonly inhibited by the Src inhibitor. One interesting pos-
(this work). One provocative suggestion which comessibility could be that the signal through Src directs differ-
from our results is that an increase of the levels of DAGentiation and the one through PKC proliferation and
is an event necessary but perhaps not sufficient to directperhaps differentiation. That is why both inhibitors
the development of hydra. But, under certain conditionsblock the expression of early and head-specific genes.
(e.g., sphingosine treatment), this endogenous meta-This model with two signals is in accord with the fact
bolic signal should be enough for the animals to regener-that for head regeneration cell proliferation is necessary
ate perhaps using the MAPKs pathway.but dispensable, because hydra in presence of HU can

regenerate even if they are arrested. It explains why the
epithelial hydras can have different sensitivity to the in-
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