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ABSTRACT In the freshwater cnidarian polyp Hydra, cell death takes place in multiple contexts. 
Indeed apoptosis occurs during oogenesis and spermatogenesis, during starvation, and in early 
head regenerating tips, promoting local compensatory proliferation at the boundary between 
heterografts. Apoptosis can also be induced upon exposure to pro-apoptotic agents (colchicine, 
wortmannin), upon heat-shock in the thermosensitive sf-1 mutant, and upon wounding. In all these 
contexts, the cells that undergo cell death belong predominantly to the interstitial cell lineage, 
whereas the epithelial cells, which are rather resistant to pro-apoptotic signals, engulf the apoptotic 
bodies. Beside this clear difference between the interstitial and the epithelial cell lineages, the 
different interstitial cell derivatives also show noticeable variations in their respective apoptotic 
sensitivity, with the precursor cells appearing as the most sensitive to pro-apoptotic signals. The 
apoptotic machinery has been well conserved across evolution. However, its specific role and 
regulation in each context are not known yet. Tools that help characterize apoptotic activity in 
Hydra have recently been developed. Among them, the aposensor Apoliner initially designed in 
Drosophila reliably measures wortmannin-induced apoptotic activity in a biochemical assay. Also, 
flow cytometry and TUNEL analyses help identify distinctive features between wortmannin-induced 
and heat-shock induced apoptosis in the sf-1 strain. Thanks to the live imaging tools already avail-
able, Hydra now offers a model system with which the functions of the apoptotic machinery to 
maintain long-term homeostasis, stem cell renewal, germ cell production, active developmental 
processes and non-self response can be deciphered.
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Apoptosis occurs in multiple contexts in Hydra

New advances in the field of cell death continuously contribute 
to show the deep intricacy of the apoptotic machinery with a vari-
ety of cell behaviors and developmental processes (Yi and Yuan, 
2009; Fuchs and Steller, 2011; Miura, 2011). Indeed knockout and 
knockdown based studies performed in well-established model 
organisms such as nematodes, flies and mice provided us with 
detailed information about the molecular actors that guide the 
interactions between cell death and cell survival, cell death and 
cell proliferation, cell death and cell differentiation. However these 
model systems despite their fabulous genetic potency provide 
restricted conditions to study these interactions (Podrabsky and 
Krumschnabel, 2010). Therefore, given the conservation of the 
apoptotic machinery since basal metazoans (Srivastava et al., 
2010) and the multiple impact of cell death in complex cellular 
and developmental processes, there is a need to extend our focus 
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beyond these appreciated model systems. 
Indeed informations obtained from model organisms that are 

less established in the field of cell death like zebrafish, sea urchin, 
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Xenopus and Hydra as few examples already provided a depth of 
information (Podrabsky and Krumschnabel, 2010). Among those, 
Hydra appears as a recently emerged model organism for the 
elucidation of programmed cell death in the contexts of homeo-
stasis, development and immunity (Cikala et al., 1999; Bottger and 
Alexandrova, 2007; Galliot and Chera, 2010; Lasi et al., 2010a). 
The presence of apoptotic bodies in Hydra was first reported 
in 1989 by Honegger and Tardent who showed that nurse cells 
transform into apoptotic bodies (Honegger et al., 1989). However 
cell death and engulfment of cell debris, two features that evoke 
apoptosis, were previously found in Hydra exposed to cytotoxic 
drugs (Campbell, 1976; Terada et al., 1988), in head-regenerating 
tips (Yaross and Bode, 1978), along the body column of wounded 
or regenerating animals (Fujisawa and David, 1984), in starved 
animals (Bosch and David, 1984), and at the boundary between 
heterospecies grafts (Bosch, 1986). 

In fact Hydra offers a model system where the permanent self-
renewal of tissues results from a tightly tuned balance between cell 
proliferation, cell differentiation and cell death (Galliot and Ghila, 
2010). When the animals are regularly fed, the level of cell death 
is very low and takes place only at the extremities of the animals, 
tentacles and basal disc, where the “old“ differentiated cells are 
eliminated and replaced by juvenile cells arriving from the prolifer-
ating body column (see in this issue (Martinez and Bridge, 2012). 
Once homeostasis is perturbed either upon exogenous stimulus 
(food restriction, drugs, injury, heat-shock) or upon differentiation 
events such as gametogenesis, the extent of cell death changes 
significantly and apoptotic cells and/or engulfed apoptotic bodies can 
now be observed not only in restricted areas as described above 
but along the entire body column. In total, eight distinct contexts 
of programmed cell death were identified in Hydra up to now (see 
Fig. 1 and key features of each context in Table 1). 

Cell death of the nurse cells during oogenesis
Ovary formation and oogenesis starts in the body column of 

female animals with the accumulation underneath the ectoderm 
of interstitial stem cells that become egg-restricted germ cells and 
the formation of a discrete egg patch where these cells proliferate 
and enter meiosis (Littlefield, 1991; Nishimiya-Fujisawa, 2012). 
Among the several thousands of cells that enter meiosis, a single 
one gives rise to the oocyte whereas the others differentiate into 
nurse cells that end to shrink, initiate apoptosis, and are engulfed 
by the oocyte, which constantly increases in size. Indeed cell death 
plays an essential role during oogenesis in Hydra and cellular 
analyses over the past 40 years have discovered a quite unusual 
apoptotic program. 

Thanks to ultrastructural studies the presence of apoptotic 
features in nurse cells (condensed chromatin, membrane bleb-
bing, spherical shape of dying cells,) was already reported in 1972 
(Zihler, 1972) and further recognized as evidences of apoptosis in 
1989 (Honegger et al., 1989). Interestingly this apoptotic program 
of the nurse cells is under the control of the oocyte (Miller et al., 
2000) and is necessary for oogenesis as shown by the blockade 
of early but not late oogenesis upon treatment with caspase inhibi-
tors (Technau et al., 2003). In fact the onset of apoptosis in nurse 
cells starts after the transfer of their cytoplasmic content to the 
developing embryo (Alexandrova et al., 2005). Then the apop-
totic nurse cells are phagocytosed by the oocyte and cell death is 
arrested: the cells become TUNEL negative and the analysis of 

DNA fragmentation shows a different pattern, with large, unspe-
cific fragments (Technau et al., 2003; Alexandrova et al., 2005). 
This arrested apoptosis persist during embryonic development 
until the hatching phase when the phagocytized nurse cells that 
show a persistent peroxidase activity, become TUNEL positive 
and get degraded in the endodermal epithelial cells of the young 
Hydra (Technau et al., 2003). Hence cell death during oogenesis 
comprises caspase-dependent and caspase-independent phases. 
Therefore in Hydra, the role of cell death during oogenesis seems 
to provide the energy demand for embryo development, similarly 
to Drosophila and C. elegans. 

Cell death during spermatogenesis
Apoptosis was also evidenced during Hydra spermatogenesis 

as sperm cell precursors were identified in the phagocytic vacuoles 
of epithelial cells (Kuznetsov et al., 2001). Here TUNEL staining 
detected only a few cell types undergoing apoptosis, like the 
spermatogonial cells and the spermatocytes, whereas AO stain-
ing revealed a higher number of positive sperm precursors, in 
agreement with the large number of positive phagocytic vacuoles 
identified in epithelial cells. This discrepancy suggested that either 
AO staining is less specific than TUNEL, or that AO and TUNEL 
stainings detect distinct phases of apoptosis. In contrast to the 
evolutionarily conserved role played by apoptosis in oogenesis, the 
function of apoptosis in spermatogenesis is not well understood yet. 
Kuznetsov et al., proposed that the epithelial cells actually have an 

Fig. 1. Cell death occurs in at least eight distinct contexts in Hydra.  
Apoptosis was identified in multiple distinct contexts in Hydra: 1) upon 
starvation, when a fraction of cells are committed to death and engulfed 
by the neighboring epithelial cells; 2) during oogenesis when nurse 
cells enter cell death when they get engulfed by the oocyte; 3) during 
spermatogenesis when sperm cell precursors undergo programmed cell 
death; 4) after wounding as an extended cell death affects differentiating 
nematocytes; 5) upon exposure to pro-apoptotic drugs as wortmannin and 
colchicine that rapidly induce a massive apoptosis of interstitial stem cells 
and their derivatives; 6) upon heat-shock that induces apoptosis of cycling 
interstitial cells in the sf-1 strain; 7) in the head-regeneration tip after mid-
gastric bisection where the cells from the interstitial cell lineage commit 
suicide; 8) at the boundary between heterografts. For each context see 
details and references in Table 1.
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active role in spermatogenesis, similar to that played by the Sertoli 
cells in mammals. Further studies are necessary to elucidate the 
origin and the nature of the signals that determine the male germ 
cell precurors to enter apoptosis and thus to confirm the direct 
involvement of the epithelial cells in the control of spermatogenesis.

Starvation-induced cell death
In 1984 Bosch and David who were investigating the regula-

tion of the cycling behavior of the epithelial and interstitial cells 
in starving animals, noted distinct cell behaviors in daily-fed and 
in starved animals. They noticed in few days starved but not in 
daily-fed animals the presence of pycnotic nuclei that were phago-
cytosed by both the ectodermal and the endodermal epithelial 
(Bosch and David, 1984). They interpreted this “eating behavior” 
of the epithelial cells as a response of the animals to starvation 
and proposed that phagocytosis was playing a role in the regula-
tion of cell number in starving Hydra. Indeed it was established 
since long that Hydra reacts to limited food resources by slowing 
down its growth, thus decreasing its size but by keeping intact its 
shape and fitness (Otto and Campbell, 1977). However although 
counter-intuitive, Bosch and David noticed that the size of the 
epithelial cells and their proliferating rate was maintained constant 
over days in starving animals. They thus proposed that the cells 
produced in excess, epithelial and interstitial cells, are committed 
to die and thus engulfed by the neighboring epithelial cells as a 
kind of endogeneously produced nutrient. 

Although the original paper was not referring to apoptosis, 
further re-examination showed that the engulfed cells presented 
the typical DNA hallmark of apoptosis (Bottger and Alexandrova, 
2007). This physiological regulation of cell death extends over 

the body column as observed in AO staining (Bottger and Alexan-
drova, 2007) but the dying cells are not precisely characterized. 
In addition apoptosis affects only a low fraction of cells and thus 
provides a limited supply. Recently Buzgariu et al., showed that 
macroautophagy affects a large proportion of the epithelial cells 
(up to 50% after 10 days of starvation), likely playing a major role in 
the survival of animals submitted to weeks of starvation (Buzgariu 
et al., 2008; Chera et al., 2009a). 

Heat-shock induced cell death in the thermosensitive mutant 
sf-1

Selective cell death of the interstitial cell lineage can also be 
induced upon heat shock (26°C-28°C instead of 19°C) in the 
temperature sensitive sf-1 strain of Hydra magnipapillata originally 
isolated by Sugiyama and Fujisawa (Sugiyama and Fujisawa, 
1978) reviewed in (Shimizu, 2012). Indeed a two days heat-
shock induces apoptosis of all fast cycling cells, i.e. interstitial 
stem cells and nematoblast progenitors, leaving the contingent of 
epithelial cells intact (Marcum et al., 1980; Terada et al., 1988). 
To test which cell types were sensitive to heat-shock, Marcum 
and colleagues produced chimeric strains, i.e. animals formed by 
recombining epithelial cells from one strain and the interstitial cells 
from another strain, - see for review (Shimizu, 2012). The results 
were very clear, showing that the epithelial cells of the sf-1 strain 
are not sensitive to heat-shock (Marcum et al., 1980). However 
like in the other contexts, the epithelial cells play a major role in 
the cell death process as they engulf the apoptotic bodies. As a 
consequence of this massive cell death of the cycling i-cells, the 
terminally differentiated interstitial cell derivatives, i.e. nerve cells 
and nematocytes, are no longer replaced and thus progressively 

Cell death contexts Methods to detect or regulate cell death Cell types undergoing cell death References 

1. Oogenesis AO, Apo-nuc, Casp-inh, DNA-ladder, EM, TUNEL nurse cells,  
engulfed by the oocyte (arrested apoptosis) 

(Zihler, 1972; Honegger et al., 1989; Miller et al., 2000; Technau 
et al., 2003; Alexandrova et al., 2005) 

2. Spermatogenesis AO, TUNEL sperm precursor cells (Kuznetsov et al., 2001) 

3. Starvation AO, Apo-nuc, engulft  not characterized  (Bosch and David, 1984; Bottger and Alexandrova, 2007) 

4. Heat-shocked sf -1  AO, Apo-nuc, engulft 
TUNEL, FACS,  

i-cells, nb (Marcum et al., 1980; Terada et al., 1988; Cikala et al., 1999); 
this work 

5a. Colchicin AO, Casp-act, Casp-inh, Casp-subst, DNA-ladd, EM, PS i-cells, nb, nc, nv, gl  (Campbell, 1976; Terada et al., 1988; Cikala et al., 1999; Cikala 
et al., 2004; David et al., 2005) 

5b. Wortmannin Apo-nuc, Aposensor, Casp-subst, TUNEL i-cells, nb, nc, nv, gl (David et al., 2005; Bottger and Alexandrova, 2007; Buzgariu et 
al., 2008); this work 

6. Wounding Apo-nuc, engulft,  differentiating nb  (Fujisawa and David, 1984) 

7. Head regeneration Apo-nuc, EM, engulft, PS, TUNEL, Casp-inh, RNAi (CREB, 
RSK, CBP), U0126 

i-cells, nb, nc, nv, gl (Chera et al., 2009b; Galliot and Chera, 2010; Chera et al., 
2011) 

8. Heterografts AO, engulft, TUNEL nc, species susceptibility (Hv>Ho) (Bibb and Campbell, 1973; Bosch, 1986; Kuznetsov et al., 2002) 

TABLE 1

VARIOUS CONTEXTS IN WHICH CELL DEATH IS OBSERVED IN HYDRA

For each context the methods used to characterize and modulate cell death, and the cell types undergoing cell death are listed. AO: Acridine orange detects acidic vacuoles by turning green to red when 
excited with blue light. AO easily identifies apoptotic cells in phagocytic vacuoles on live animals and on macerated tissues (Cikala et al., 1999; Technau et al., 2003; Bottger and Alexandrova, 2007); 
however it does not discriminate between autophagic and apoptotic vesicles (Shimizu et al., 2010). Apo-nuc: pycnotic or fragmented nuclei are detected in apoptotic cells or phagocytic vacuoles with 
Feulgen (Bosch and David, 1984; Fujisawa and David, 1984), DAPI (Cikala et al., 1999), Hoechst (Bosch and David, 1984), TO-PRO3 (Alexandrova et al., 2005) staining. Aposensor: caspase-cleavable 
aposensor proteins as Apoliner (Bardet et al., 2008) allow semi-quantitative measurements of caspase activity in Hydra extracts (this work). Casp-act: the autoprocessing activity of caspase 3 is detected 
by labeling its active site with FITC-VAD-fmk (David et al., 2005). Casp-inh: the zVAD-FMK that acts as an irreversible pan-caspase inhibitor or the Ac-DEVD-CMK caspase 3 inhibitor can be used either 
in extracts (Cikala et al., 1999) or directly on live animals to inhibit caspase-dependent cell death (Technau et al., 2003; Chera et al., 2009b). Casp-subst: caspase-cleavable fluorigenic substrates as Ac-
DEVD-AMC allow quantitative measurement of caspase activity in Hydra extracts (Cikala et al., 1999). DNA-ladd: DNA laddering detected by electrophoresis (Cikala et al., 1999; Technau et al., 2003). 
EM: electronic microscopy provides a sensitive and specific method to detect on sections both the early apoptotic cells and the engulfed apoptotic bodies (Zihler, 1972; Campbell, 1976; Honegger et 
al., 1989). Engulft: except in the oocyte, engulfed apoptotic bodies are detected on macerated tissues as DNA-stained and/or TUNEL positive phagocytic vacuoles within the epithelial cells, more often 
endodermal ones (Bottger and Alexandrova, 2007). A detailed comparative analysis of digestive vesicles, autophagic vacuoles and apoptotic bodies is provided in (Chera et al., 2009a). FACS: flow 
cytometry detection of fragmented nuclei stained with propidium iodide (Reiter et al., 2012). PS: Annexin-V fluorescent labeling detects phosphatidylserine (PS) on the outer cell membrane of apoptotic 
cells (Cikala et al., 2004; Chera et al., 2009b) but any break of the plasma membrane can provide false positive. TUNEL: the Terminal deoxynucleotidyl transferase dUTP Nick End Labeling assay, 
based on the incorporation of labeled dUTPs on DNA breaks, detects DNA nicks in nuclei on whole mounts and macerated tissues (Kuznetsov et al., 2001; Technau et al., 2003; Chera et al., 2009b). 
However this highly sensitive method is not fully specific to apoptosis as DNA cleavage is also present in other types of cell death. Cell type abbreviations: epith: epithelial cells; i-cells: interstitial cells; 
nb: nematoblasts; nc: nematocytes; nv: nerve cells; gl: gland cells.
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lost in the following days, providing “nerve-free” or “epithelial” ani-
mals. This experimental framework, which is similar although not 
identical to that provided by the animals exposed to pro-apoptotic 
drugs (Terada et al., 1988), was quite useful, as for instance to 
follow the cycling behavior of the epithelial cells (Holstein et al., 
1991) or to assess the lineage restriction of transcription factors 
involved in neurogenesis (Gauchat et al., 2004; Lindgens et al., 
2004; Miljkovic-Licina et al., 2007).

The kinetics of this heat-inducible cell death process was inves-
tigated on macerated tissues (Marcum et al., 1980; Terada et al., 
1988). Both studies found a rapid disappearance of the interstitial 
stem cells (large and small) during the first 16 hours of the heat 
shock, with clear hallmarks of phagocytosis reported by Terada 
et al., who used Feulgen staining. When sf-1 polyps were AO and 
DAPI stained 6 hours after heat-shock, then indeed the nuclei 
of the AO positive cells exhibited a typical pycnotic morphology, 
confirming that apoptosis is the main mechanism involved in the 
early phase of heat-shock induced cell death (Cikala et al., 1999). 

However among the other cell types that remain intact during 
that early phase, the nematoblasts got eliminated later, between 
16 and 48 hours of heat-shock, with a limited contribution of 
phagocytosis during that late phase (Terada et al., 1988). Indeed 
when measuring the proportion of epithelial cells with engulfed 
bodies, Terada and colleagues found that the phagocytosis rate 
was low (0.14 phagocytosed cell per epithelial cells) and could 
not account for all cell losses. They thus suggested that another 
uncharacterized mechanism might contribute to the elimination of 
i-cells, either necrosis or extrusion of dying cells into the gastric 
cavity. Similarly Marcum and colleagues who used electronic mi-
croscopy had actually reported about the lack of phagocytosis at 
24 hours heat-shock but the presence of “degenerating interstitial 
cells”. They had thus proposed a self-disintegration process distinct 
from phagocytosis. Therefore two successive mechanisms might 
apply in this heat-shock context, an early apoptotic one for the im-
mediate death of the i-cells, and a later one, still uncharacterized 
for the death of the nematoblasts. 

Pharmacological-induced cell death: colcemid, colchicine, 
wortmannin

Irradiation of Hydra had shown the deleterious effect of X-rays 
on the interstitial but not on the epithelial cell lineages, with animals 
losing quickly their interstitial stem cells but keeping intact their 
epithelial cells and exhibiting for several days the capacity to bud 
and regenerate (Strelin, 1929; Brien and Van Den Eeckhoudt, 
1953). The first observation of cell death in Hydra came from Dick 
Campbell in 1976, who noticed a massive loss of interstitial cells, 
nematoblasts, nematocytes and nerve cells in animals that had 
been exposed to the cytostatic agent colchicine (Campbell, 1976). 
When he investigated these cellular modifications at the ultrastruc-
tural level, he noted that these cells were actually engulfed by the 
endodermal epithelial cells. Several years later DAPI staining indeed 
showed the typical fragmentation of nuclei in animals exposed to 
colchicine, confirming thus that the hallmarks of apoptosis in Hydra 
were similar with those observed in higher metoazoans (Cikala et 
al., 1999). Hence the dying cells in Hydra have a roundish shape 
with condensed nuclear DNA, rapidly degraded in smaller frag-
ments of nucleosome size, finally forming apoptotic bodies that 
get engulfed by their neighboring epithelial cells. 

Beside colchicine, colcemid or irradiation, exposure to the phos-
phatidyl inositol 3-kinase (PI3K) inhibitor wortmannin (David et al., 
2005) or to cytotoxic agents as 4-nonylphenol can efficiently induce 
apoptosis in Hydra (Pachura et al., 2005). Similarly to colchicine, 
wortmannin rapidly induces apoptosis of most interstitial cell types 
without affecting the epithelial cells (see below). 

Wound-induced cell death 
In 1984 Fujisawa and David reported about a selective form of 

cell death, affecting exclusively the differentiating nematocytes, 
more specifically the stenotele and desmoneme precursors, two 
out of the four types of nematocytes present in Hydra (Fujisawa 
and David, 1984). This transient cell death was initially observed 
in tissues from Hydra body column after removing the apical and 
basal regions, with as in other contexts, apoptotic bodies engulfed 
by the epithelial cells. But it was also noted in tissues of wounded 
animals implying that this injury-induced apoptosis is not linked to 
the regeneration process per se but more likely a consequence of 
the diffuse effect of toxic substances released upon injury.

Injury-induced apoptosis and compensatory proliferation 
More recently a systematic analysis of the cellular remodel-

ing occuring in the regenerating tips evidenced a massive wave 
of apoptosis in the head-regenerating tips (about 100 mm thick), 
affecting cells from the interstitial lineage (Chera et al., 2009b; 
Galliot and Chera, 2010; Chera et al., 2011). Indeed immediately 
after mid-gastric amputation, neurons, nematocytes, gland cells 
and progenitors located in the vicinity of the bisection plane in the 
head regenerating tips were found apoptotic when detected with 
TUNEL, Hoechst or Annexin-V. The quantification of this localized 
cell death showed that 50% of the cells, all from the interstitial cell 
lineage, die and are subsequently engulfed by the endodermal 
epithelial cells. The activation of the MAPK/CREB pathway is 
required for this asymmetric wave of apoptosis as evidenced by 
its inhibition by RNAi of the RSK, CREB and CBP genes or expo-
sure to U0126 that all prevents apoptosis and head regeneration. 
Surprinsingly cells with typical apoptotic figures at the early stage 
of the process were found strongly positive for Wnt3, suggesting 
that these cells transiently release Wnt3, which in turn activates 
the b-catenin pathway in the adjacent cycling progenitor cells and 
induces their rapid mitotic division. Thus apoptosis in this context 
seems to provide a direct link between injury and activation of 
the head-regeneration program through synchronization of cell 
division. In contrast, the level of apoptosis was very low in the 
foot regenerating part, highlighting the immediate asymmetric 
response to injury between the two animal halves. Interestingly 
apoptosis-induced compensatory proliferation now appears as a 
widely used process across evolution to launch a regeneration 
program (Bergmann and Steller, 2010).

Cell death in heterografts
While performing grafts between H. vulgaris and H. oligactis, 

Lin et al., noticed an increased number of epithelial cells with 
phagocytic vacuoles at the boundary zone of the heterograft (Lin 
et al., 2000). In such grafts, cells from one species are removed 
specifically by phagocytosing cells of the other species. Further 
investigations using TUNEL and AO stainings evidenced the 
presence of apoptotic cells at the contact zone, affecting more 
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extensively H. vulgaris than H. oligactis cells (Kuznetsov et al., 
2002). These authors also noted impaired interactions between 
epithelial cells and the extracellular matrix and suggested that cell 
detachment plays the primary role in the induction of this type of 
cell death (anoikis). However the cell types affected by this process 
are not known and the signals linked to cell detachment as well as 
the responses they trigger in each species, confering sensitivity 
or not to cell death remain to be identified.

More generally the same questions arise in each context where 
cell death is observed in Hydra: 1) What signals, what pathways 
are used to trigger cell death in a given context? 2) What makes 
cells sensitive or resistant to these signals? 3) In the context of 
head regeneration, does apoptosis-induced compensatory prolif-
eration rely on non-apoptotic functions of caspase(s)? 4) What are 
the pathway/signals that regulate the choice between apoptotic 
and non-apoptotic functions of caspases? 5) How much of these 
regulations was submitted to evolutionary constraints and thus 
maintained across metazoan or eumetazoan evolution? How much 
does correspond to species- or phylum-specific variations? Very 
few is currently known concerning each of these questions. Here 
we will first briefly review the components of the Hydra apoptotic 
machinery as detailed reports were recently published on this ques-
tion (Lasi et al., 2010a; Lasi et al., 2010b). Then we will discuss 
some strategies that provide comparative molecular and cellular 
analyses of apoptotic processes in Hydra.

Conservation of the apoptotic machinery from Hydra 
to mammals

Classically cell death can be triggered either by the intrinsic 
mitochondrial pathway or by the extrinsic death receptor pathway 
and indeed, the studies performed over the past 12 years have 
demonstrated the evolutionary conservation of both pathways 
in the freshwater polyp Hydra (Cikala et al., 1999; David et al., 
2005; Lasi et al., 2010a; Lasi et al., 2010b). As part of the genetic 
repertoire of the apoptotic machinery seems to have been lost 
in ecdyzozoans but conserved in cnidarians (Lasi et al., 2010b), 
Hydra provides a well suited position to trace back the early func-
tions and regulations of the apoptotic pathways in eumetazoans.

Conservation of the intrinsic apoptotic pathway
In mammals activation of the intrinsic apoptotic pathway results 

primarily from activation of the proapoptotic members of the B-cell 
lymphoma protein-2 (Bcl-2) family. The mitochondrial integrity is 
regulated by the activity of the Bcl-2 proteins that are subdivided 
into three subclasses according to their pro- or anti-apoptotic ac-
tion and the Bcl-2 Homology (BH) domains they possess: i) the 
anti-apoptotic proteins Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A1/Bfl-1, ii) the 
pro-apoptotic Bax, Bak, Bok/Mtd, both classes harboring four BH 
domains, iii) the pro-apoptotic “BH3-only” proteins that possess 
only the BH3 domain as the Bid, Bim/Bod, Bad, Bmf, Bik/Nbk, Blk, 

Fig. 2. Conservation of the 
apoptotic machinery in Hydra. 
Schematic representation of the 
apoptotic pathways in mammals (A) 
and Hydra (B). In mammals the cell 
death machinery is divided in extrin-
sic (blue background) and intrinsic 
(yellow background) pathways. 
(B) In Hydra both pathways are 
predicted (Cikala et al., 1999; David 
et al., 2005; Lasi et al., 2010a; Lasi 
et al., 2010b). The question marks 
indicate the putative formation of 
complexes between components 
as anticipated from those identified 
in mammals. Similarly the dashed 
lines indicate protein interactions 
not tested experimentally yet in 
Hydra. (C) List of the components 
of the Hydra apoptotic pathways 
deduced from genomic and cDNA 
analyses, adapted from (Lasi et al., 
2010a). Concerning the inhibitor 
of apoptosis (IAPs) the BIRC no-
menclature is used here: BIRC4 
(or hyIAP) contains 3 Baculovirus 
IAP repeat (BIR) domains and one 
RING domain, BIRC5 (also named 
survivin) contains a unique BIR 
domain; BIRC6 (named Bruce in 
mouse, apollon in humans and 
dBruce in Drosophila) also con-
tains a unique BIR domain and 
an Ubiquitin-conjugating catalytic 

B

C

A

(UBCc) domain. In Hydra the two BIRC6-related proteins miss the BIR domain, therefore we named them UBIR61 and UBIR62.
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Noxa, Puma/Bbc3, and Hrk/DP5 proteins (Degterev and Yuan, 
2008; Martinou and Youle, 2011). BH3-only proteins interact with 
anti-apoptotic proteins to inhibit their function but additionally they 
are able to interact with multi-domain proteins such as Bax and Bak 
to activate and stimulate their pro-apoptotic function. The analysis 
of the Hydra genome identified seven predicted anti-apoptotic Bcl-2 
like proteins, four BH3-only proteins and two proteins with Bak-like 
domains (Chapman et al., 2010; Lasi et al., 2010a). 

In mammalian cells, permeabilization of the mitochondrial outer 
membrane (MOM) and the subsequent fission of the mitochondria 
leads to the release of cytochrome c and many other proteins from 
the mitochondrial intermembrane space. In the cytosol, cytochrome 
c, together with APAF1 and dATP participates in the formation 
of the apoptosome, a macromolecular platform required for the 
activation of caspase 9 (Martinou and Youle, 2011). However a 
similar sequence of events is not proven yet in invertebrates, i.e. 
in C. elegans and Drosophila where there is evidence neither for 
MOMP nor for cytochrome c release. 

In Hydra a typical APAF1 protein is expressed (Lasi et al., 
2010a). Moreover most Bcl2-like proteins and the two Bak-like 
proteins were found at the mitochondria whereas the Bcl-2-4 and 
Bak1 proteins potentially interact as shown in a yeast two-hybrid 
assay (Muller-Taubenberger et al., 2006; Lasi et al., 2010b). When 
overexpressed in the mammalian HEK293 cells, most Hydra pro-
teins regulate apoptotic activity as anticipated from their structure: 
the two Bak-like proteins behave as strong apoptosis inducers, 
six of the seven Bcl-2 proteins can inhibit camptothecin-induced 
apoptosis, but among the four BH3-only proteins, only BH3-only 
3 can promote apoptosis (Lasi et al., 2010b). However as in C. 
elegans and Drosophila, there is no proof yet that cytochrome c 
is released during apoptosis. Further experiments should reveal 
soon how the intrinsic pathway is activated in Hydra.

Conservation of the extrinsic apoptotic pathway
The extrinsic pathway is mediated by the extra-cellular stimula-

tion of the death receptor (DR) family that induces the formation 
of the death inducing signaling complex (DISC) at the cytoplasmic 
side of the death receptor. Hydra indeed express a homolog to the 
Tumor Necrosis Factor Receptor (TNF-R) with, as well character-
ized DR domains, a characteristic extracellular TNF-R domain 
and a cytoplasmic Death Domain (DD) (Lasi et al., 2010a). The 
ortholog of the adaptor protein Fas-Associated Death Domain 
(FADD), which connects the receptor to caspase 8 or 10, also 
exists in Hydra (Fig. 2A). 

In contrast, the presence of other critical members of the com-
plex like the Receptor-Interacting Protein (RIP) kinases RIP1 and 
RIP3 remains unclear. These kinases take part in the formation 
of the apoptotic macromolecular platform leading to the activation 
of caspases or guide the activation of necrosis in the presence of 
caspase inhibition (Darding and Meier, 2012). Indeed among the 
recent findings concerning the regulation of programmed cell death 
is the discovery of the ripoptosome in mammals, a death recep-
tor/ ligand independent macromolecular platform build up by the 
core components RIP1, caspase-8 and FADD. These components 
spontaneously form together upon depletion of the cytoplasmic 
Inhibitor of Apoptosis Protein (IAP) in response to genotoxic stress 
(Feoktistova et al., 2011; Tenev et al., 2011). Up to now it remains 
unknown whether the formation of macromolecular platforms 
similar to the apoptosome (Zou et al., 1999) or the mammalian 

ripoptosome contributes to the regulation of cell death in Hydra.

Structural and functional analysis of Hydra caspases
Activation of the apoptotic pathway in Hydra may proceed through 

an extrinsic or intrinsic pathway as previously discussed. A closer 
look at the numerous caspases present in Hydra shows that up to 
15 caspase sequences harbor active site residues including cys-
teine and histidine residues (Fig. 2B). Potential caspase cleavage 
sites between the large and small subunits are conserved as well 
as the substrate pocket in the small subunit. Another indication 
of an active intrinsic and extrinsic apoptotic pathway in Hydra is 
the presence of putative initiator caspases with the typical CARD, 
DED and an unusual DD domain for metazoan caspases in its 
prodomain (Cikala et al., 1999; Lasi et al., 2010a). However no 
autocleavage activity was detected for the caspases possessing 
the CARD or DED domains when expressed in E.coli. By contrast 
two Hydra caspases that do not contain a CARD domain and are 
therefore not expected to possess auto-processing activity (as 
deduced from mammalian initiator caspases) exhibit autopro-
cessing activity: HyCaspA whose activity can be abolished by 
the pan-caspase inhibitor ZVAD, and HyDDCasp sensitive to the 
inhibitor Ac-YVAD-CHO suggesting a substrate specificity similar 
to Caspase 1 (Lasi et al., 2010b). 

How is it possible to directly assess the functionality of caspases 
in Hydra? Previous studies showed that extracts of apoptotic Hydra 
as well as in vitro produced Caspase B and Caspase C efficiently 
cleave the DEVD motif that is also cleaved by the mammalian 
caspases 3 and 7 (Cikala et al., 1999; Lasi et al., 2010b). Similarly 
we show here (see Fig. 3C) that extracts from wortmannin-treated 
Hydra efficiently cleave the Drosophila IAP1 cleaveage site DQVD, 
a site for the effector caspases Drice and Dcp1 (Bardet et al., 
2008). These results indicate that effector caspases recognize 
the same cleavage sites from Hydra to bilaterians, represented 
here by mammals and Drosophila. Further studies are necessary 
to assess the activities of the predicted initiator caspases in Hydra 
but the highly homologous DED domains of HyDEDCasp and 
mammalian caspase-8 indicate that HyDEDCasp could act as an 
initiator caspase of the extrinsic pathway. All together these results 
suggest that caspases in Hydra could well be divided into initiator 
and effector caspases, as in mammalian cells. However further 
studies are required to assess the substrate specificities of these 
caspases and their diverse biological functions. 

Conservation of caspase inhibitors, BIRC4, BIRC5, BIRC6 
and VIAF

Inhibitors of apoptosis (IAPs) are characterized by the presence 
of at least one Baculoviral IAP Repeat (BIR) domain: BIR domains 
that are dedicated to protein-protein interactions are conserved 
from yeast to bilaterians where they can directly inhibit caspases 
(Srinivasula and Ashwell, 2008; Darding and Meier, 2012). Mammals 
express eight distinct families of BIR containing proteins (BIRC), 
which differ by the number of BIR domains and the different as-
sociated domains they contain. BIRC2, BIRC3, BIRC4 (also named 
c-IAP1, c-IAP2, XIAP respectively), contain three BIR domains, 
one Ubiquitin Associated (UBA) domain and one Really Interesting 
New Gene (RING) domain with Ubiquitin E3 ligase activity; BIRC2 
and BIRC3 also include a CARD domain. In Drosophila the BIRC4 
ortholog DIAP2 shares the same structure whereas DIAP1 contains 
only 2 BIR, one RING but no UBA domains (Darding and Meier, 
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2012). These inhibitors likely regulate the activity of the ripopto-
some in mammals or the apoptosome in Drosophila, specially 
the BIRC4 proteins. A BIRC4-like gene (hyIAP) was identified in 
Hydra, encoding three BIR and one RING domains (Lasi et al., 
2010a) but no UBA domain. 

Two other BIRC gene families that contain a single BIR domain 
are expressed in Hydra, the short BIRC5 (also named survivin) 
and the giant BIRC6 gene (also named Bruce). In addition to 
the BIR domain located at the N-terminus that inhibits caspase 
activity (Bartke et al., 2004), BIRC6 proteins also contain at their 
C-terminus a Ubiquitin conjugating E2/E3 enzyme activity (UBC) 
domain that leads to the degradation of apoptosis activators as 
reaper in Drosophila (Vernooy et al., 2002; Domingues and Ryoo, 
2011). Both the BIR and UBC domains are responsible for pro-
tecting the cells against apoptosis (Bartke et al., 2004), and upon 
ubiquitination and degradation of BIRC6, inhibition of apoptosis is 
releaved (Qiu et al., 2004). Hydra and Nematostella each contain 
BIRC6-type genes that encode a highly conserved UBC domain 
but no BIR domain (BG, unpublished). Given the role of this UBC 
domain in the regulation of apoptosis, independently of the BIR 
domain, one might anticipate a similar role for the cnidarian BIRC6-
related proteins.

In addition BIRCs carrying the E3 ligase activity mediate the 
regulation of biological processes ranging from cell survival, cell 
proliferation and cell death thanks to the ubiquitin-dependent 
modulation of NF-kB signaling. In Hydra innate immunity relies 
on NF-kB activation (Augustin and Bosch, 2011) and it would be 
interesting to know whether BIRC4 or BIRC6 regulate both cell 
death and immunity in Hydra.

Hydra as Nematostella also express BIRC5 (survivin), a short 

some segregation, in the cytoplasm it prevents caspase activation 
once phosphorylated. Recently the poriferan BIRC5 was shown 
to promote both activities, i.e. cell division and apoptosis inhibi-
tion, when expressed in mammalian cells (Luthringer et al., 2011). 
Finally cnidarians including Hydra also express an evolutionarily 
conserved inhibitor of IAP named VIAF for viral IAP-associated 
factor (Wilkinson et al., 2004) that belongs to the phosducin-like 
protein family. 

Six putative regulators of cell death conserved from Hydra 
to human

Recently six novel putative regulators of cell death were identified 
in a RNA-seq reference transcriptome of Hydra vulgaris (Wenger 
and Galliot, unpublished). These proteins CD38, JTB, MRLP41, 
NLRP3, NISCH and RFFL were identified in reciprocal blast hits 
thanks to their high similarity with their human cognates. The 
multifunctional cell surface CD38 protein can promote apoptosis 
and the loss of CD38 expression is used as a marker of cancer 
stem cells in Acute Myeloid Leukemia (Fulda and Pervaiz, 2010). 
In mammals the Jumping translocation breakpoint (JTB) protein 
localizes to the mitochondria and promotes resistance to TGFb1-
induced apoptosis (Kanome et al., 2007). The MRLP41 protein likely 
plays an anti-apoptotic role as it contributes to chemoresistance 
when up-regulated as in T-cell Acute lymphoblastic leukemia (T-
ALL) patients that harbor a 9q34 translocation with amplification 
of the region containing this gene (van Vlierberghe et al., 2006). 
The Nucleotide-binding domain and Leucine rich Repeat containing 
family with pyrin domain containing 3 protein (NLRP3) is a member 
of the nucleotide-binding oligomerization domain (NOD)-like re-
ceptors that constitute the inflammasome platform. In human cells 

Fig. 3. Biochemical measurements of apoptotic activity. 
(A) Detection of caspase activity in 50 mg whole cell extracts 
(WCE) prepared from Hydra vulgaris exposed to Wortmannin 
for 5 hours at variable concentrations (0.5, 1, 1.5 mM). Upon 
cleavage the DEVD-AMC caspase substrate (ENZO Life Sci-
ences) emits fluorescence read on a Victor X5 Fluorescent 
plate reader (Perkin Elmer). The same reaction was measured 
successively four times in 25 min intervals. (B) Scheme of 
the Apoliner constructs kindly provided by (Bardet et al., 
2008). The caspase cleavage site from the Drosophila DIAP1 
protein (arrowhead) separates the mCD8 and mRFP coding 
sequences from the nuclear localization signal and eGFP 
sequences. Two versions were produced, either containing 
a wild-type caspase cleavage site (Aposensor) or a mutated 
one (Apomut, no shown). BIR: Baculoviral IAP repeat. (C) 
For the in vitro cleavage assay 50 mg WCE prepared from 
Wortmannin-induced Hydra (as in A) were incubated with 
5 ml Aposensor protein produced in reticulocyte lysate. The 
mixtures Aposensor-WCEs and Apomut-WCEs were then 
loaded on PAGE for Western blot analysis. The cleaved and 
uncleaved fragments were detected with two different 
antibodies, either recognizing the DIAP protein immediately 
downstream to the cleavage site (left panel), or detecting the 
eGFP epitope (right panel). The loading was controlled with 
the a-tubulin antibody.

B

C

A
protein with a single BIR domain and a nuclear export 
signal but no RING domain. Thanks to its association 
with microtubules, survivin plays a dual role to promote 
cell survival, in the nucleus linked to kinetochores it 
preserves microtubule integrity and supports chromo-
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NLRP3 can activate inflammatory caspases but it may also act as 
an inducer of apoptosis by regulating NFkB signaling (O’Connor 
et al., 2003). NOD-like receptors containing NACHT and NB-ARC 
domains (NLRP1) were recently identified in cnidarians, likely acting 
as activators of caspases involved in the innate immune response 
(Lange et al., 2011). Finally the Nischarin protein (NISCH), or 
imidazoline 1 receptor acts as an anti-apoptotic protein possibly 
by up-regulating the PI3K pathway (Dontenwill et al., 2003). Simi-
larly the E3 ubiquitin-protein ligase rififylin (RFFL) that contains a 
FYVE domain and a RING domain, also exhibits an anti-apoptotic 
activity in mammals by down-regulating the levels of Caspases 8 
and 10 (McDonald and El-Deiry, 2004). Thus, these proteins are 
possibly involved in apoptotic as well as non-apoptotic cell death 
mechanisms (Degterev and Yuan, 2008) and Hydra provides a 
fruitful experimental framework to test these distinct functions.

Biochemical monitoring of apoptotic activity in Hydra

To monitor quantitatively the caspase activity in different contexts, 
we applied to Hydra two distinct types of biochemical assays. In 
both cases, we measured the caspase activity present in whole cell 
extracts prepared from Hydra exposed to pro-apoptotic drugs or not. 
In the first assay we detected by fluorimetry the specific cleavage 
of the DEVD substrate by these extracts, and in the second we 
used an Aposensor protein to visualize on Western analysis the 
proportion of cleaved protein (Bardet et al., 2008). 

Caspase cleavage of fluorogenic substrates
David and colleagues previously showed that one can gradually 

induce apoptosis in Hydra by exposing the animals to increasing 
concentrations of the PI-3 kinase inhibitor wortmannin (David 
et al., 2005), as evidenced by counting the number of apoptotic 
cells stained by DAPI and TUNEL on macerated tissues. This 
method is highly reliable but time-consuming. The use of the Ac-
DEVD-AMC fluorogenic substrate is a well established method to 
quantify apoptosis and was already applied in Hydra to measure 
apoptosis activity 24 hours after colchicine exposure (Cikala et al., 
1999). Thus we assumed that measuring Ac-DEVD-AMC cleav-
age activity in whole cell extracts (WCE) might provide a sensitive 
and fast assay to compare caspase activities in different contexts. 
Practically we induced apoptosis by exposing Hydra for 5 hours to 
various concentrations of wortmannin ranging from 0.5 to 1.5 mM. 
We then prepared for each condition WCE as in (Kaloulis et al., 
2004), incubated 50 mg WCE with the Ac-DEVD-AMC fluorogenic 
substrate and measured every 25 min the fluorescent release 
on a fluorescent plate reader (Fig. 3A). The four measurements 
performed over 100 minutes showed that caspase activity accu-
mulates over time but also increases with higher concentrations of 
wortmannin. The non-treated extracts do not show any significant 
increase in apoptotic activity within the first 100 min of incubation, 
which proves that the substrate itself does not contribute to the 
fluorescent signal. The potential of the assay lies in the quantifica-
tion of the specific cleavage activities of the different caspases in 
Hydra. Furthermore, this assay can be combined with cellular and 
biochemical methods to extend the analysis of cleavage activities 
to well-defined biological contexts. 

Caspase cleavage of chimeric proteins, the Aposensor tool
To study in depth the cell death processes in Hydra there is a need 

to develop tools that allow the analysis of cellular behavior through 
live imaging as well as the analysis of biochemical processes. 
Such tools were already developed in other model organisms as 
Drosophila and JP Vincent and P. Bardet kindly made available 
to us the Apoliner constructs they had designed to investigate 
the regulatory mechanisms that control apoptosis in developing 
and adult flies (Bardet et al., 2008). Apoliner is a caspase sensor 
chimeric construct that encodes two fused fluorescent proteins, in 
the N-moiety mRFP with a transmembrane site and in the C-moiety 
eGFP with a nuclear localisation signal. These two proteins are 
linked by a caspase cleavage site (DQVD) taken from the apoptosis 
inhibitor DIAP1 and located in front of a BIR domain that enhances 
recognition by caspases (Fig. 3B). As a consequence cleavage by 
the Drosophila effector caspases Drice and Dcp1 is efficient and 
takes place very early in the apoptotic process. As control they 
designed a mutated form of the Aposensor, named Apomut, with a 
single point mutation in the caspase cleavage site (DQVA). Cleavage 
of Aposensor can be detected in vivo as in the presence of active 
caspases, the NLS-eGFP moiety is released and translocates to 
the nucleus. Cleavage can also be detected biochemically with 
detection of the cleaved fragments by Western blot. 

To apply this elegant system to Hydra, we first studied whether 
it was sensitive to the endogenous activation of Hydra caspases. 
For that purpose we induced cell death by treating the animals 
with wortmannin for 5 hours at various concentrations, ranging 
from 0.5 mM to 1.5 mM. We then prepared WCEs and incubated 
them in the presence of either Aposensor or Apomut proteins that 
had been previously in vitro transcribed. The cleavage reaction 
was carried out at room temperature for 5 min and the mixtures 
WCE-Aposensor / WCE-Apomut were then applied on PAGE for 
western detection. The cleaved fragments were detected with 
two different antibodies, one recognizing eGFP and the other 
detecting DIAP downstream to the cleavage site (Ribeiro et al., 
2007). Both antibodies successfully detected the uncleaved and 
the cleaved fragments; furthermore Apomut (mutated site) was 
not cleaved in apoptotic conditions proving that Hydra proteases, 
possibly caspases specifically recognize the DQVD motif (Fig. 
3C). Cleavage could still be observed for the lowest concentration 
indicating a comparable sensitivity to the DEVD-AMC substrate 
cleavage assay. Note that in non-apoptotic conditions Apoliner is 
not cleaved, proving that Apoliner by it-self does not affect apoptotic 
activity that remains undetectable in homeostatic conditions as 
previously shown (Bottger and Alexandrova, 2007; Chera et al., 
2009b). All together this biochemical analysis of Apoliner as an 
aposensor is promising for further applications in Hydra. However 
when tested in conditions where apoptosis is either less massive 
or more spatially limited, i.e. with extracts from heat-shocked sf-1 
animals or from head regenerating animals, we could not detect 
any cleavage (data not shown). Therefore sensitivity might be the 
limit of this aposensor biochemical detection and Apoliner or any 
other similar aposensor needs now to be expressed in live Hydra 
tissues, specially interstitial cells, to monitor caspase activity.

Cellular monitoring of apoptotic activity in Hydra

Flow cytometry monitoring of apoptosis
As previously reported apoptotic cells in Hydra can be character-

ized and quantified on maceration tissues thanks to DNA staining 
combined to TUNEL staining, a widely used in situ method to 
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identify DNA fragmentation induced upon activation of the apoptotic 
pathway (see Table 1). However when cell death is advanced cell 
types can no longer be recognized but the apoptotic cell types 
can be deduced and quantified from the surviving cells (Chera 
et al., 2009b). This is efficient and precise but time-consuming. 
Also the TUNEL assay is not specific to apoptosis as any severe 
or unspecific DNA damage, including other forms of cell death, 
provide a positive labeling although not corresponding to apoptotic 
cells. Therefore the typical kinetics of apoptosis, i.e. the early DNA 
fragmentation, needs to be confirmed by other methods.

To provide a fast and quantitative method to monitor the kinetics 
of cell death, we measured DNA fragmentation by flow cytometry 
(FACS). Indeed DNA degradation can be monitored by flow cy-
tometry after DNA staining with nuclear dyes. Among them, prop-
idium iodide (PI) is widely used as a DNA dye to measure the cell 
cycle profiles and DNA degradation in mammalian cells. We thus 
established a method to assess both cell cycling pattern and DNA 
fragmentation in Hydra based on combined hypertonic-enzymatic 
tissue dissociation, followed by detergent permeabilization and 

due to the leakage of DNA fragments with low molecular weight 
(Ormerod, 2000). However this work was performed in cell culture 
conditions and not tissues as in Hydra where the cell complexity 
is much higher. Also in Hydra, we use a procedure that involves 
detergent permeabilization but no ethanol fixation, and this might 
explain the absence of the sharp peak with apoptotic DNA content. 
Therefore an apoptotic index cannot be deduced from these data 
although we show here that flow cytometry provides a reliable and 
quantitative method to measure DNA degradation and indirectly 
assess apoptosis. As usually advised, flow cytometry evidences of 
apoptosis should be confirmed by microscopy methods to identify 
the apoptotic cells (Ormerod, 2000). 

Comparative analyses of drug-induced and heat-shock in-
duced apoptosis

To compare two distinct contexts where apoptosis is induced in 
Hydra, we used animals from the thermosensitive sf-1 Hydra strain 
that were either exposed to wortmannin or submitted to heat-shock. 
We then monitored the extent of cell death by TUNEL on macer-

Fig. 4. Flow cytometry analysis of cell death in nurse cells during oogenesis. 
(A) Ovary formation and oogenesis in the AEP sexual strain: Oogenesis in Hydra 
starts with the accumulation and aggregation of an egg-restricted interstitial 
cell population underneath the ectoderm (stage 1). This egg-patch progressively 
grows during the next 2 stages, consisting then in thousands of proliferating and 
differentiating germ cells. At stage 3, when the egg-patch displays a milky spot 
appearance, 90% of these germ cells have a pre-meiotic 4N DNA content. Among 
these pre-meiotic cells, a single one enters meiosis, while the others, under 
the influence of the oocyte, differentiate in nurse cells. From stage 3 onwards, 
these nurse cells undergo partial apoptosis and transfer their cytoplasm into the 
developing oocyte (Miller et al., 2000; Technau et al., 2003; Alexandrova et al., 
2005). The oocyte continues to increase in volume (stage 5) by phagocytosing the 
surrounding apoptotic nurse cells and finally contracts its pseudopodia to take a 
round shape and complete meiosis (stage 6 and 7), being ready for fertilization. 
(B) Cell cycle profiles in female polyps taken at stage 0, stage 3 and stage 5 of 
egg-patch development. FACS analyses were performed on the dissected part of 
the body column that contain the developing oocyte. Note the significant increase 
in cell debris at stages 3 and 5, when DNA fragmentation occurs in the nurse cells.

B

Anuclear staining with PI (WB, unpublished). Thanks to this 
method we can quantify DNA degradation after induction of 
apoptosis using a logarithmic amplifier of PI fluorescence 
(Fig. 4B).

As oogenesis provides a context where apoptosis is 
highly synchronized with the maturation of the gonad, we 
submitted to FACS analysis dissected body column regions 
that contain gonads from females of the AEP strain at vari-
ous stages of oogenesis (Fig. 4A). As previously described 
oogenesis starts with the accumulation and the proliferation 
of a germ-restricted interstitial cells underneath the ectoderm 
(stage 1-3), then nurse cells differentiate (stage 3) and start 
to undergo apoptosis, a process that will pause when the 
oocyte enlarges and finally gets mature (stage 5-7). Flow 
cytometric monitoring of DNA content during oogenesis 
confirmed the earlier microscopic data as evidenced by the 
significant increase in the proportion of G2 cells in stage 3 
egg-patch, when most of the germ cells have a tetraploid 
DNA content (Miller et al., 2000; Alexandrova et al., 2005). 
From stage 3 onwards, when these tetraploid germ cells dif-
ferentiate in nurse cells, the flow cytometric measurements 
also showed a high number of debris, corresponding to the 
initiation of DNA degradation process when nurse cells enter 
apoptosis. Then the proportion of debris increased slowly, 
but nevertheless, the extent of DNA fragmentation remained 
limited as nurse cells undergo a partial apoptosis. We also 
noticed a distinct cell cycle pattern after the onset of apoptosis 
in stage 5, that could be related to the presence of apoptotic 
nurse cells that display a DNA content with less than 4n after 
apoptosis induction.

That way we identified large areas (noted as debris on 
Figures 4 and 5) that contain the cells with degraded DNA 
and/or apoptotic bodies. This area, which also includes 
necrotic cells, chromosomes or debris, is located in front 
of the DNA histogram of the cells that have an undamaged 
DNA content (between 2n-4n). Therefore this fraction only 
indicates the extent of DNA damage and should not be inter-
preted as apoptotic. By contrast the analysis performed on 
ethanol fixed mammalian cells after PI labeling evidenced a 
clear, sharp apoptotic peak located in front of the G1 fraction, 
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ated tissues and by flow cytometry on dissociated cells (Fig. 5). 
The animals treated with 0.5 mM wortmannin for 8 hours showed 
a large number of TUNEL positive cells that all belonged to the 
interstitial cell lineage: interstitial cells, nematoblasts, nematocytes, 
nerve and gland cells. In addition, we noticed a number of epithelial 
cells, ectodermal and endodermal, that contained TUNEL positive 
phagocytic vacuoles as a result of the engulfment of the apoptotic 
bodies by these epithelial cells (Fig. 5 A,B). 

By contrast the number of TUNEL positive cells in the heat-
shocked animals remained low during the first 24 hours of 
heat-shock with few TUNEL positive interstitial cells displaying 
fragmented apoptotic nuclei (Fig. 5D). In fact most TUNEL positive 
cells corresponded to epithelial digestive cells that had engulfed 
apoptotic bodies (Fig. 5E). These cells also contained numerous 
vacuoles strongly labeled by TUNEL although poorly stained for 
DNA. These second type of vacuoles likely correspond to apoptotic 
bodies already highly degradated. These results confirm previous 
studies showing that cells of the interstitial lineage rapidly undergo 
apoptosis upon heat-shock and get engulfed by the epithelial cells 
(Terada et al., 1988; Cikala et al., 1999). 

In both contexts we noted a good correlation between the level 
of DNA fragmentation evidenced by flow cytometry with that ob-
served after TUNEL staining (Fig. 5 F-I). However flow cytometry 
that allows quantification of DNA damage showed clear differences 
between wortmannin-induced and heat-shock induced apoptosis: In 
wortmannin-treated animals the number of cell debris was doubled 
after 8 hours exposure, reflecting the on-going DNA fragmentation 
(Fig. 5 F,G) whereas a much more limited increase in the number 
of cell debris was observed after a two days heat-shock (Fig. 5 
H,I). This difference probably reflects the different strengths of 
the two types of pro-apoptotic signals: in wortmannin-treated 
animals all cell types from the i-cell lineage undergo cell death, 
whereas upon a two days heat-shock only the interstitial cells and 
the nematoblasts die when the differentiated cells survive (Table 
1). Interestingly after mid-gastric bisection all interstitial cell types 
located in the head-regenerating tip undergo cell death, mimicking 
the wortmannin response (Chera et al., 2009). Further analyses 
should precisely evaluate the distinct sensitivities of the interstitial 
cell derivatives to the different pro-apoptotic signals and deduce 
their respective strengths.

Fig. 5. TUNEL and flow-cytometry 
detection of DNA fragmentation in 
sf-1 Hydra exposed to Wortmannin 
or submitted to heat-shock (HS). 
(A-E) TUNEL positive nuclei (pink, ar-
rows) identified in the sf-1 Hydra strain 
after exposure to wortmannin 0.5 mM 
for 8 hours (A,B) or after a 30 hours 
HS at 28°C (C-E). Most interstitial cell 
derivatives are TUNEL positive after 
wortmannin (B), whereas only few 
apoptotic interstitial cells (D) could 
be observed after 9 h heat-shock. In 
addition, in case of heat exposure, the 
nerve cells and nematocytes were 
still intact after 30 h (C). In both con-
texts, epithelial cells contain engulfed 
apoptotic bodies (arrows) that display 
intact nuclei (blue, Hoechst). TUNEL 
staining also detects in the endodermal 
epithelial cells acidic vacuoles that 
appear red as weakly stained with 
DNA dyes. The cytoskeleton was im-
munodetected with anti alpha-tubulin 
antibody (green). For abbreviations see 
Table 1. (F-I) Detection by flow cytom-
etry of the DNA content profile after 
propidium iodine (PI) labeling. Note the 
increased amount of nuclear debris in 
sf-1 Hydra exposed to wortmannin 0.5 
mM (F,G) or to a two days heat-shock 
at 28°C (H,I). These nuclear debris 
result from DNA fragmentation due to 
the massive death of cells sensitive to 
pro-apoptotic signals.
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Perspectives

Over the past 35 years reports of programmed cell death in 
Hydra revealed a surprisingly large variety of cell death contexts. 
These contexts differ not only by the nature of the signals that 
induce an apoptotic response, these can be metabolic (lack of 
nutrients), pharmacological, physical (heat), mechanic (wound-
ing, amputation) but also by the responses they generate. As an 
example two distinct responses were observed in the body column 
after wounding or bisection, differing by their spreading along the 
tissues. Indeed after wounding cell death extends over the entire 
body column, affecting differentiating nematocytes, whereas after 
mid-gastric bisection apoptosis is asymmetrically restricted to the 
head-regenerating tip, affecting all precursors and derivatives 
of the interstitial cell lineage. Elucidating the context-dependent 
regulation of the apoptotic machinery in Hydra will help us un-
derstand the versatility of programmed cell death in animals. The 
easy experimental access to each of these contexts together with 
the recent characterization of the molecular apoptotic machinery 
and the development of a variety of molecular and cellular tools 
in Hydra render this model system specially attractive for studying 
the complex regulations and functions of caspases. But Hydra also 
provide a model to test the parameters that regulate the sensitivity 
of the cells to pro-apoptotic signals as interstitial cells are obvi-
ously the most sensitive when epithelial cells are highly resistant. 
Understanding the mechanisms that regulate the sensitivity of the 
different cell types to cell death, is a question with major biomedi-
cal implications as resistance to chemotherapy in oncology can 
result from the survival of cells that are or become resistant to 
apoptotic signals. 
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