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ABSTRACT  An essential dimension of 3D regeneration in adult animals is developmental, with 
the formation of organizers from somatic tissues. These organizers produce signals that recruit 
surrounding cells and drive the restoration of the missing structures (organs, appendages, body 
parts). However, even in animals with a high regenerative potential, this developmental potential 
is not sufficient to achieve regeneration as homeostatic conditions at the time of injury need to 
be “pro-regenerative”. In Hydra, we identified four distinct homeostatic properties that provide a 
pro-regenerative framework and we discuss here how these non-developmental properties impact 
regeneration. First, both the epithelial and the interstitial-derived cells are highly plastic along the 
animal body, a plasticity that offers several routes to achieve regeneration. Second, the abundant 
stocks of continuously self-renewing adult stem cells form a constitutive pro-blastema in the cen-
tral body column, readily activated upon bisection. Third, the autophagy machinery in epithelial 
cells guarantees a high level of fitness and adaptation to detrimental environmental conditions, 
as evidenced by the loss of regeneration in animals where autophagy is dysfunctional. Fourth, the 
extracellular matrix, named mesoglea in Hydra, provides a dynamically-patterned environment 
where the molecular and mechanical signals induced by injury get translated into a regenerative 
process. We claim that these homeostatic pro-regenerative features contribute to define the high 
regenerative potential of adult Hydra.
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Introduction

Hydrozoan polyps regenerate their body by forming organizers
The discovery that some animals are able to fully regenerate their 

body was initially made on freshwater Hydra polyps by Abraham 
Trembley (Trembley, 1744). Since then, Hydra remained a fruitful 
experimental model system to study regeneration (Holstein et al., 
2003; Bosch, 2007; Galliot, 2012) (Fig. 1). As an extreme case of 
regeneration, cell suspensions obtained from dissociated healthy 
Hydra tissues can regenerate into complete animals, a process 
named reaggregation, which demonstrates that no pre-existing tis-
sue polarity is required to form a new animal (Gierer et al., 1972). 
These amazing properties are quite common in hydrozoans, the 
class of Cnidaria to which Hydra belongs. Hydrozoans are most 
often marine animals that exhibit a complex life cycle, with embryos 
developing as swimming larvae (planulae), which undergo meta-
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morphosis into sessile hydroids (polyps, most often colonial), until 
polyps bud swimming jellyfish that are able to sexually reproduce 
(medusae). Although Hydra is highly derived among hydrozoans 
(it lives exclusively in freshwater and its life cycle is reduced to a 
solitary polyp stage, i.e. no planula nor medusa stages), its amazing 
regenerative potential should not be considered as a zoological 
anomaly, but rather as a property shared between hydrozoan pol-
yps, such as Corymorpha, Tubularia, Hydractinia (Tardent, 1963; 
Bradshaw et al., 2015). 

Indeed, the study of these animals contributed and continues 
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to contribute to the dissection of com-
mon principles of animal regenera-
tion, as well as to the identification of 
pro-regenerative conditions. A main 
breakthrough in the understanding of 
the mechanisms of regeneration was the 
identification and the characterization 
in Hydra of organizers, i.e. tissues that 
produce signals to recruit surrounding 
cells and drive the development of the 
appropriate missing structure (Browne, 
1909; Yao, 1945; Webster and Wolpert, 
1966; Broun and Bode, 2002). Forma-
tion of organizers, also at work during 
developmental processes of vertebrates 
(Joubin and Stern, 2001), is essential 
for regenerative processes that involve 
3D reconstruction across evolution 
(Pfefferli and Jazwinska, 2015; Vogg et 
al., 2016). Two main signaling systems 
appear to promote organizer formation 
in Hydra regenerating its head: the 
Wnt/b-catenin signaling pathway (Hob-
mayer et al., 2000; Chera et al., 2009b; 
Lengfeld et al., 2009; Nakamura et al., 
2011; Vogg et al., 2018) and the BMP/
chordin/noggin pathway (Reinhardt et 
al., 2004; Rentzsch et al., 2007; Chan-
dramore et al., 2010). However the 
conditions that promote the transition 
from wound healing immediately after 
bisection to organizer formation is not 
well understood.

Large stocks of Adult Stem Cells 
populate the Hydra body column

In most bilaterian contexts, regen-
eration requires the formation of a 
proliferative blastema, and the limited 
potential for regeneration in mammals 

and ISCs cycle at different paces, ESCs renewing every 3-4 days, 
ISCs much faster, every 24-30 hours (David and Campbell, 1972; 
Campbell and David, 1974; Holstein and David, 1990; Buzgariu, 
et al., 2014), implying a G2 phase duration of about 12 hours for 
ISCs as compared to several days for ESCs. A recent study sug-
gests that a small fraction of Hydra ASCs is maintained quiescent 
in G2 phase for weeks, contributing to regeneration after bisec-
tion (Govindasamy et al., 2014). G2 pausing of stem cells offers 
several advantages for regeneration (Buzgariu, et al., 2014) (Fig. 
2B): (1) it leads to a higher resistance to cell death as observed in 
Hydra as well as mammalian ESCs (Chera, et al., 2009b; Harper 
et al., 2010), (2) it favors DNA repair (Branzei and Foiani, 2008), 
(3) upon injury, it allows a rapid entry into mitosis or (4) a possible 
pre-mitotic differentiation as observed in Hydra epithelial cells 
(Dubel and Schaller, 1990). 

In contrast to ESCs that get passively displaced towards the 
extremities where they terminally differentiate without undergoing 
mitotic division (Dubel et al., 1987; Dubel and Schaller, 1990), ISCs 
give rise to migratory progenitors that differentiate post-mitotically, 
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Fig. 1. The developmental and non-developmental dimensions of adult regeneration in Hydra. 
The non-developmental dimensions relevant for adult regeneration are those identified for body regen-
eration in Hydra, which are four: a dynamically-patterned extra-cellular matrix (ECM), abundant stocks 
of continuously self-renewing adult stem cells, a high level of cellular plasticity in both epithelial and 
interstitial-derived cells, and a tightly-tuned autophagy flux. See references in the main text.

is interpreted as the result of their inability to induce blastema 
formation after amputation (Tanaka and Reddien, 2011). In Hydra, 
large stocks of cycling Adult Stem Cells (ASCs) continuously self-
renew in the body column, which is the only competent region for 
regeneration, while the extremities (tentacles, hypostome, basal 
disc), made almost exclusively of terminally differentiated cells, 
fail to rebuild missing structures (David and Plotnick, 1980; Bosch, 
2009; David, 2012; Hobmayer et al., 2012; Buzgariu et al., 2014). 
This suggests that the capacity of a tissue to regenerate requires 
the presence of ASCs. Three distinct populations of ASCs co-exist 
in Hydra, the myoepithelial stem cells of the epidermis (eESCs), 
the myoepithelial stem cells of the gastrodermis (gESCs), and the 
multipotent interstitial stem cells (ISCs) found in the epidermis along 
the central body column. These three populations, which cannot 
replace each other, continuously self-renew thus contributing to a 
dynamic maintenance of tissue homeostasis.

Hydra ASCs behave in a non-classical way, as after mitotic divi-
sion, they traverse G1 without pausing, then replicate their DNA 
for about 12 hours to finally pause in G2 (Fig. 2A). However ESCs 
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either locally in the body column or at the extremities (Heimfeld 
and Bode, 1984; Holstein and David, 1986; Holstein and David, 
1990; Hager and David, 1997; Boehm and Bosch, 2012). As a 
consequence the central region of the animal is highly proliferative 
while the extremities are built up almost exclusively of terminally 
differentiated cells. This finely-tuned balance between proliferation 
and differentiation appears controlled by a series of c-myc proto-
oncogenes: a limited silencing of Hymyc1 suffices to reduce ISC 
proliferation and to increase their differentiation into nematoblasts 
and gland cells (Hartl et al., 2010; Ambrosone et al., 2012) while 
Hymyc2 might play a similar role in ESCs (Hartl et al., 2014). How-
ever, the role of cell proliferation in Hydra regenerative processes 
is classically considered as minor (see below). 

The pro-regenerative framework
Here we discuss the non-developmental dimensions of re-

generation in Hydra, i.e the homeostatic conditions that precede 
injury and constitute a necessary pro-regenerative framework, as 
regeneration is compromised when they are altered. We identified 
four properties that operate in homeostatic context and provide 
favorable physiological conditions for a fast and robust induction of 
regeneration in Hydra (Fig. 1): (i) a high degree of cellular plastic-
ity, evidenced in both the interstitial and the epithelial cell lineages 
(Bode et al., 1986; Siebert et al., 2008; Wenger et al., 2016); (ii) 

a sustained and localized stemness, with large stocks of adult 
stem cells (ASCs) that self-renew in the body column (Bosch et 
al., 2010); (iii) a tightly-tuned autophagy flux in the epithelial cells, 
which maintains a high level of fitness in response to environmen-
tal changes, as evidenced by the loss of regeneration in animals 
where autophagy is either too high or too low (Chera et al., 2006; 
Tomczyk et al., 2017), (iv) a dynamically patterned extracellular 
matrix (ECM, named mesoglea in Hydra) that supports the transla-
tion of the peptidic, metabolic and mechanical signals generated by 
injuries into a wound response and specific regenerative processes 
(Sarras, 2012). Together with the developmental dimension of 
patterning that leads to de novo morphogenesis, these properties 
contribute to define a high regenerative ability. 

Cellular plasticity 

Plasticity of epithelial stem cells in intact Hydra 
To test the respective morphogenetic function of the epithelial 

and interstitial lineages, reaggregation experiments using epithelial 
or interstitial cell lineages from strains exhibiting different morpho-
genetic properties in terms of size, budding rate, were preformed, 
generating chimeric animals (Marcum and Campbell, 1978a; Sugi-
yama and Fujisawa, 1978b). The study of such chimeric animals 
established that epithelial cells largely direct morphogenetic pro-

cesses. In fact, animals depleted of their stock of ISCs 
still regenerate. This was shown on animals treated with 
anti-proliferative agents such as nitrogen-mustard (Diehl 
and Burnett, 1965), colchicine (Marcum and Campbell, 
1978b), hydroxyurea (Sacks and Davis, 1979), and on 
thermosensitive mutant animals isolated from the field, 
that lose their stock of ISCs after a pulse heat-shock 
(Sugiyama and Fujisawa, 1978a; Marcum et al., 1980). 
In each context, ISCs, interstitial progenitors and sub-
sequently interstitial derivatives are eliminated while the 
stocks of ESCs are not significantly altered. However, 
in the so-called “epithelial” animals, the regeneration 
of apical structures is delayed, the number or size of 
tentacles often abnormal, and in all cases the nervous 
system (neurons, nematocytes) missing, so the regen-
erated head is not functional. Still the morphogenetic 
processes are active. This important result suggested 
that the interstitial lineage does not participate in de 
novo head morphogenesis while epithelial cells would 
play the leading role.

As an alternative, Marcum and Campbell (1978) 
proposed that the interstitial cells might play an im-
portant role in standard regeneration, assuming that 
their elimination does induce an epithelial adaptation, 
i.e. a compensatory process where the epithelial cells 

B
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Fig. 2. The central body column can be considered as a pro-blastema in intact 
Hydra. (A) All epithelial cells, either epidermal or gastrodermal, are considered as 
stem cells (ESCs) when located along the body column (grey background), i.e. self-
renew and stop to do so when displaced towards the extremities. The interstitial stem 
cells (ISCs) are predominantly found in the central region of the body column (purple 
background), providing progenitors all along the body column. Note that both ESCs 
and ISCs pause in G2 and traverse G1 without stopping. (B) Scheme indicating the 
four biological processes (written black) which are favored when cells pause in G2, 
and thus promote competence for regeneration.
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would play some functions usually performed by the interstitial 
cells. Indeed, epithelial cells can produce morphogenetic sub-
stances normally produced by the nerve cells and up-regulate 
some genes usually expressed in gland and interstitial cells when 
these cells are eliminated (Schaller et al., 1980; Hornberger and 
Hassel, 1997). More recently, an analysis based on genome-wide 
transcriptomics confirmed that epithelial cells adapt to the loss of 
the interstitial lineage by up-regulating a series of genes normally 
expressed in cells of the interstitial lineage (Wenger, et al., 2016). 
Hence, ESCs readily exhibit a property that we name “epithelial 
plasticity”, but the novel functions that ESCs take or modify remain 
to be characterized. 

Dispensable cross-talk between interstitial-derived cells and 
epithelial cells during head regeneration

The analysis of head-regeneration deficient strains as reg-16 
helped identify the impact of the interstitial cells on the regenera-
tive process. Indeed, the interstitial lineage contributes to regulate 
Hydra regeneration as in reg-16 animals the repeated depletion of 
ISCs markedly rescues head regeneration, suggesting a negative 
impact on the morphogenetic potential of ESCs (Sugiyama and 
Wanek, 1993). Also the repeated mechanical reopening of the 
wound stimulates head regeneration in reg-16 animals (Kobatake 
and Sugiyama, 1989), suggesting that the local elimination of 
interstitial cells upon repeated wounding promotes the release of 
pro-regenerative signals. This situation is indeed reminiscent of 
the wild-type context, where the injury-induced death of interstitial 
cells after mid-gastric amputation promotes head regeneration due 
to the signals released by the dying cells (Chera, et al., 2009b). 

By contrast, the gland cells likely play a positive role on head 
regeneration as observed in the thermosensitive sf-1 strain, where 
the loss of ISCs and derivatives after heat-shock progressively 
alters the efficiency of head regeneration (Guder et al., 2006). 
Gland cells persist for weeks after the elimination of ISCs and 
a positive correlation was observed between the persistence of 
Dickkopf-positive gland cells and head regeneration efficiency. 
However, in this study the impact of a prolonged starvation was 
not tested independently of the loss of gland cells. Also gland 
cells exhibit the ability to transdifferentiate in head-regenerating 
tissues (Siebert, et al., 2008), and sub-populations of gland cells 
might play different roles, possibly changing during regeneration. 
Similarly, nerve cells continuously adopt different phenotypes, as 
evidenced in animals where ISCs were eliminated (Bode, et al., 
1986). For both cell types, the role of transdifferentiation during 
regeneration is unknown.

In summary, several independent approaches indicate that in 
wild-type animals maintained in homeostatic conditions, cells from 
the interstitial lineage prevent the activation of the head regeneration 
program by inhibiting the morphogenetic potential of the epithelial 
cells. After bisection, the contribution of interstitial cells on Hydra 
head regeneration appears locally positive, either immediately after 
mid-gastric bisection through injury-induced cell death, or on the 
second day when heads form. However, their role is dispensable 
as epithelial Hydra can regenerate heads’ anatomies, although 
not functional heads as mentioned above. Altogether these results 
suggest that distinct regenerative routes can be taken by the 
ESCs depending on the presence or the absence of ISCs and 
interstitial-derived cells. The molecular cross-talk between epithelial 
cells, ISCs, gland cells and nerve cells during head regeneration 

is largely unknown, but likely involves Reactive Oxygen Species 
(ROS) signaling and activation of the innate immune system im-
mediately after injury (Wenger et al., 2014). 

The central body column as a homeostatic pro-blastema

Hydra regeneration, which occurs within three days (much faster 
than in any other animal model), has been classically considered as 
morphallactic, i.e. relying on the reorganization of the pre-existing 
cells rather than on the production of new cells through cell prolifera-
tion. This concept of morphallaxis is supported by several studies 
that could not identify, for example, a regulation of the number of 
mitotic figures during head regeneration after decapitation (Park 
et al., 1970; Hicklin and Wolpert, 1973). However, mitosis is a 
fast event along the cell cycle (60 to 90 minutes) and recent data 
obtained after mid-gastric bisection challenged this view (Chera, 
et al., 2009b; Chera et al., 2011; Buzgariu et al., 2018). Also the 
monitoring of the S-phase cells detected an enrichment in cycling 
cells on the second day of regeneration (Holstein et al., 1991; 
Miljkovic-Licina et al., 2007). 

Therefore, we propose to reconsider this morphallactic view by 
integrating the fact that the central region of the animal might be 
considered as a pro-blastema where most cycling cells are paused 
in G2. As all epithelial cells exhibit stem cell properties along the 
Hydra body column, the density of ASCs is high, a situation quite 
unusual in an adult bilaterian organism. Therefore, the central 
region of the animal before amputation can be considered as a 
blastema-like structure we name “pro-blastema”, which specifi-
cally senses and reacts to the injury signals (Chera, et al., 2009b; 
Chera, et al., 2011; Buzgariu, et al., 2018). By contrast the apical 
and basal regions of the body column, which are enriched in cells 
already committed to differentiate, cannot be considered as a pro-
blastema, and might thus react differently to bisection.

During the immediate and early phases of head regenera-
tion (0 – 16 hpa), mitotic division of the interstitial cells appears 
tightly regulated after mid-gastric bisection (Chera, et al., 2009b; 
Buzgariu, et al., 2018) but negligible when bisection is performed 
on “epithelial” animals at higher levels along the axis (Holstein, 
et al., 1991). During the early-late phase of head regeneration 
(24 – 36 hpa) a second proliferative event occurs, independent 
of the bisection level and possibly of the cell lineage. Indeed a 
wave of cell proliferation is taking place in the presumptive heads 
on the second day post-bisection, detected in both interstitial and 
epithelial cells, necessary for head regeneration efficiency and 
patterning completion (Holstein, et al., 1991; Miljkovic-Licina, et 
al., 2007). Therefore, two distinct regulations of cell proliferation 
take place during head regeneration, an early one characterized 
by injury-induced mitotic events observed after mid-gastric bisec-
tion predominantly affecting the interstitial cells, and an early-late 
one when both interstitial and epithelial cells of the presumptive 
heads traverse S-phase. The early event is a direct consequence 
of the pre-injury pro-blastema status of the body column, while the 
link between the pro-blastema status and the early-late event is 
currently unclear (Buzgariu, et al., 2018).

Variations in the regenerative response according to the 
bisection level

Immediately after bisection, the injury response seems to 
vary with the bisection level, i.e. mid-gastric or sub-tentacular 
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as injury-induced phosphorylation of the Ribosomal S6 kinase 
(RSK) is high after mid-gastric bisection but low after decapitation 
(Kaloulis et al., 2004). This is consistent with a strong activation 
of the MAPK/CREB/RSK pathway in head-regenerating tips after 
mid-gastric bisection, necessary to launch head regeneration via 
cell death (Chera, et al., 2009b; Chera, et al., 2011). Indeed, in 
wild-type animals bisected at mid-gastric position, a massive wave 
of cell death affecting almost exclusively the interstitial lineage, 
occurs immediately after bisection in the head-regenerating tips. 
These apoptotic cells release signals such as Wnt3 that promote 
synchronous mitotic events of the surrounding interstitial cells, a 
process identified as compensatory proliferation induced by cell 
death (Chera, et al., 2009b; Chera, et al., 2011; Vriz et al., 2014). 
This wave of mitotic events in the head-regenerating tips can also 
be traced by flow cytometry (Buzgariu, et al., 2018).

In contrast, there is no evidence for a wave of injury-induced cell 
death and mitotic events in foot-regenerating tips after mid-gastric 
bisection, or in head-regenerating tips in animals decapitated just 
below their tentacles (Chera, et al., 2009b; Galliot and Chera, 
2010), WB, unpublished). These observations suggest that in 
the immediate-early phase of head regeneration, injury can elicit 
distinct signaling and cellular responses, mostly morphallactic 
after decapitation but rather epimorphic after mid-gastric bisection 
(Buzgariu, et al., 2018). A previous study had identified phenotypic 
differences in head regeneration according to the level of bisection, 
with tentacle formation preceding hypostome differentiation after 
decapitation, while the hypostome forms first after basal bisection 
(Technau and Holstein, 1995). This result points to variations in the 
regeneration program depending on the bisection level.

The strikingly different properties of the tissues at apical and 
mid-gastric positions likely explain these two distinct strategies: the 
upper body column contains epithelial cells that no longer cycle or 
are going to stop cycling, few ISCs and abundant interstitial progeni-
tors ready to terminally differentiate, while the central gastric region 
is populated with ASCs, either interstitial or epithelial, as well as 
cycling interstitial progenitors, and as discussed above, considered 
as a pro-blastema. Therefore, head regeneration after decapita-
tion appears to take a rather direct route towards differentiation 
of apical structures from tissues already committed to become 
apical. By contrast, head regeneration from the mid-gastric level 
seems to require an early wave of cell division, at least to boost 
the head regeneration process (Buzgariu, et al., 2018). Supporting 
this idea, an increase in cell proliferation in the early phase of head 
regeneration appears to accelerate the regeneration process: for 
example, animals exposed to the nitric acid donor NOC-18 exhibit 
a sustained increase in cell proliferation already significant from 8 
to 16 hours after decapitation, together with an accelerated head 
regeneration process (Colasanti et al., 2009). 

Autophagy as a key regulator of animal fitness 

Autophagy in slow-aging Hydra vulgaris animals
Several lines of evidence prove that the metabolic status of the 

animals impact the efficiency of the regenerative process even 
though regeneration is a highly robust process. Indeed starved 
animals rapidly lose their ability to bud but maintain their ability to 
regenerate for weeks, likely because in animals starved for several 
days the ESCs of both layers enhance their autophagy flux (Chera 
et al., 2009a). Similarly, we suspect that epithelial autophagy plays 

an important role in the maintenance of regeneration in nerve-less 
animals that have lost the ability to self-feed, and thus undergo a 
prolonged period of starvation that induces a highly dynamic au-
tophagy flux that maintains an active metabolism in intact animals. 

Two studies showed the importance of maintaining the autophagy 
flux well balanced to keep Hydra regeneration efficient. We first 
reported the loss of regeneration when autophagy is excessive, as 
observed in animals where Kazal1, a gene encoding a protease 
inhibitor, is silenced. Kazal1(RNAi) animals obtained by repeat-
edly feeding the animals with dsRNAs, initially maintain head 
regeneration as in control conditions but after multiple exposures 
to dsRNAs, likely the time the Kazal1 protein is depleted, no longer 
survive the amputation stress and die within few hours (Chera, et 
al., 2006). Therefore Chera et al., concluded that “silencing Ka-
zal1 expression in the body column and the regenerating stumps 
does not affect the head-formation process per se but rather the 
conditions that are necessary to survive the amputation stress”. 
In a loss-of-function approach, we tested the role of autophagy 
on regenerating H. vulgaris by knocking-down WIPI2, one key 
component of the autophagy machinery. The partial silencing of 
this component suffices to induce an irreversible loss of fitness 
and to lower the efficiency of regeneration (Tomczyk, et al., 2017).

Autophagy in fast-aging sexual Hydra oligactis animals
We also identified a link between autophagy, slow aging and 

maintenance of regeneration in H. oligactis (Ho) animals (Tomc-
zyk, et al., 2017). These polyps that remain asexual and fit when 
maintained at 18°C, start forming gonads within two weeks after 
transfer to 10°C. In parallel they progressively exhibit a decline 
of most physiological functions such as feeding, contractility, and 
regeneration, which becomes completely inefficient after one month 
at 10°C, while all sexually-mature animals eventually die within four 
months (Brien, 1953; Yoshida et al., 2006; Tomczyk et al., 2015; 
Tomczyk, et al., 2017). This aging phenotype shares similarities 
with the mammalian aging process, namely a loss of all somatic 
ASCs, either interstitial or epithelial, a progressive sarcopenia 
and a deficient neurogenesis. To further characterize the origin 
of the loss of regeneration, another H. oligactis strain was used; 
this strain named “cold resistant” (Ho_CR) similarly undergoes 
sexual differentiation upon temperature drop but then reverts to an 
asexual stage and survives (Tomczyk, et al., 2015). By comparison 
with animals of the aging strain, named “cold sensitive” (Ho_CS), 
the Ho_CR animals maintain their regenerative potential (Fig. 3).

This comparative analysis between the Ho_CS and Ho_CR 
strains showed a progressive reduction of ASC self-renewal in 
aging Ho_CS animals, indicating a rapid reduction in somatic ISCs 
and a slower disappearance of ESCs. By contrast ESCs in sexual 
Ho_CR do maintain their self-renewal. As ESCs are also responsible 
for maintaining an appropriate autophagy flux, the regulation and 
intensity of the autophagy flux was compared in Ho_CS, Ho_CR and 
H. vulgaris animals with a biosensor transiently expressed in intact 
live animals. This comparative analysis identified a low inducibility 
of the autophagy flux after starvation or proteasome inhibition in 
Ho_CS when compared to Ho_CR or H. vulgaris. Given the key role 
of proteostasis maintenance in mammalian aging (Lopez-Otin et al., 
2013), these results suggest that the low inducibility of autophagy 
recorded in Ho_CS may take part in the aging process, including 
the loss of regeneration (Tomczyk, et al., 2017). 

In summary these studies, performed in slow- and fast-aging 
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Hydra, show the importance of maintaining the autophagy flux 
well balanced to keep regeneration efficient, as a highly dynamic 
autophagy flux appears essential for adapting ESC self-renewal to 
the environmental conditions. This link between stem cell renewal 
and autophagy was also identified in hematopoietic stem cells 
in mammals (Warr et al., 2013), possibly reflecting an ancestral 
mechanism. 

A complex and dynamically patterned extracellular 
matrix (mesoglea) in Hydra 

An additional essential pro-regenerative dimension present in 

intact Hydra relies on the biophysical and biochemical properties 
of the extracellular matrix (ECM) named mesoglea. The mesoglea 
is a complex extracellular structure that forms an acellular layer all 
along the animal body between the epidermis and gastrodermis, 
maintaining the cohesion between the two layers through tight 
cell-ECM interactions (Sarras, 2012). Such interactions play an 
essential role in cell migration (Zhang and Sarras, 1994; Stidwill 
and Christen, 1998), but also in cell differentiation (as the differen-
tiation of battery cells in the tentacles) and regeneration (Fowler 
et al., 2000). The components of the mesoglea, which exhibits a 
typical collagen-based structure, are produced by the epithelial 
cells of both layers (Epp et al., 1986). The up-regulation of some 

Fig. 3. Loss of head regeneration in aging 
Hydra oligactis (Ho). Animals of the Ho_CR 
and Ho_CS strains readily undergo sexual 
differentiation, here spermatogenesis, when 
transferred from 18°C to 10°C, as evidenced 
by the presence of testes (white arrowheads) 
that differentiate within three weeks after 
transfer. At that time, animals were selected 
as asexual or male and bisected at day-25. 
Head regeneration was then monitored over 
24 days, ratios indicate the number of animals 
displaying the depicted phenotype. Animals 
from both strains do regenerate if they re-
main asexual. Spermatogenesis delays head 
regeneration by about 10 days in Ho_CR and 
leads to an increased number of abnormal re-
generated structures (not shown). By contrast 
Ho_CS animals that show a similar number 
of testes, undergo aging and are unable to 
regenerate their head.

fibrillar collagens (similar to vertebrate 
type-I, type-II and type-IV) is required 
for head regeneration as evidenced by 
gene silencing (Deutzmann et al., 2000; 
Fowler, et al., 2000). In fact, the mesoglea 
is patterned along the apical basal axis 
of the animal with specific components 
enriched at each pole, such as the 
meprin-like astacin metalloproteinase 
HMP2 at the basal pole involved in foot 
differentiation (Yan et al., 2000a) and 
the secreted astacin metalloproteinase 
HMP1 at the apical pole required for de 
novo head formation (Yan et al., 2000b). 
Hence localized components of the me-
soglea play an active role in maintaining 
the shape of the animal and in the de 
novo patterning of the apical or basal 
structures that regenerate after amputa-
tion (Sarras, 2012). 

In the hydrozoan jellyfish Podocoryne 
changes in cellular-ECM interactions 
appear critical for the stability of the dif-
ferentiated status and as a consequence 
for cellular plasticity (Schmid et al., 1999). 
When ECM is treated with degrading 
enzymes, striated muscle cells located 
in the subumbrella plate of the bell can 
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transdifferentiate into at least eight different cell types (smooth 
muscle cells, nerve cells, nematoblasts, nematocytes, secretory 
cells, gland cells, digestive cells, interstitial cells) and regenerate 
in vitro some appendage of the jellyfish such as the manubrium 
(Schmid and Alder, 1984). Disruption of ECM integrity appears to 
derepress DNA replication in differentiated cells and thus favors 
the transdifferentiation process (Schmid and Reber-Muller, 1995). 

In Hydra the regeneration of complete polyps from a mass of re-
aggregated cells following polyp dissociation offers a nice paradigm 
to study the different roles of the mesoglea (Gierer, et al., 1972). 
The two epithelial cell layers can even be separated by procaine 
treatment, then dissociated and reaggregated separately, forming 
epidermal and gastrodermal aggregates that are put in contact to 
follow the cell behaviors during the reorganization of a bilayered 
sheet in the presence or the absence of mesoglea (Kishimoto et 
al., 1996; Murate et al., 1997). Such elegant experiments showed 
that the mesoglea is neither necessary for the initial adhesion 
between the two epithelial aggregates, nor for the epibolic move-
ments of the epidermal cells over the gastrodermal aggregate. In 
fact after tissue dissociation, epithelial cells of the gastrodermis 
completely lose their polarity, and do not regain it until they get in 
contact with epidermal epithelial cells; next they rapidly form the 
typical bilayered sheet, before undergoing patterning processes 
that lead to axis formation and head differentiation (Kishimoto, et 
al., 1996; Murate, et al., 1997). 

By monitoring the re-establishment of epithelial junctions dur-
ing reaggregation, Seybold et al., confirmed that the mesoglea is 
dispensable during the first stages of the reaggregation process, 
i.e. cell sorting, establishment of the septa and homotypic gap 
junctions that lead to the apico-basal polarization of both epithe-
lia, a period when the barrier against the external environment 
is restored (Seybold et al., 2016). However, the differentiation of 
the basal apparatus, i.e. the formation of desmosomes and hemi-
desmosomes junctions, and the basal positioning of the actin fibers, 
requires the presence of the mesoglea. The actomyosin fibers in 
the epithelial cells exhibit a tightly controlled spatial organization 
that drives the morphogenetic processes generated by mechani-
cal forces in intact as well as regenerating Hydra (Livshits et al., 
2017). The connections between the epithelial cytoskeleton and 
the mesoglea explain its morphogenetic impact. 

Conclusions and perspectives

We discuss here four non-developmental dimensions of adult 
regeneration, which provide the framework for an efficient regen-
eration. Each dimension can prevent regeneration when altered, 
but the hierarchy or the interactions between these dimensions 
are largely unknown and need to be investigated. We do not claim 
that this list is exhaustive as other dimensions might be at work in 
Hydra. For example, the migratory property of some cell types that 
accumulate around the wound is not discussed here as no functional 
link was established with Hydra regeneration (Fujisawa et al., 1990; 
Chera, et al., 2009b; Boehm and Bosch, 2012). Similarly, we did 
not discuss the homeostatic mechanisms that keep regeneration 
tightly controlled as a non-oncogenic proliferative process, i.e. the 
reestablishment of the initial structure without any overgrowth or 
metastatic process. This pro-regenerative framework identified 
in Hydra might be of interest for regeneration in other organisms 
and several evolutionary aspects need to be further investigated: 

Is it possible to characterize the non-developmental dimensions 
of regeneration in every animal model? How much is shared be-
tween the different pro-regenerative frameworks in the different 
models of regeneration? Is it possible to induce regeneration in 
organisms with a low regenerative potential just by modulating 
these non-developmental dimensions? These are some of the 
questions we open here.
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