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“The important thing is to never stop asking. 

Curiosity has its own reason to exist. 

One cannot help but be amazed when 

contemplates the mysteries of eternity, of life, 

of the marvellous structure of reality. 

It is enough if one tries to understand only 

a little of this mystery every day. 

Never lose a holy curiosity.” 

 

 

Albert Einstein 
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GENERAL NOTE 

 

The present research was carried out in collaboration with Dr. Paola Oliveri’s group 

(Department of Genetics, Evolution and Environment, University College London, 

London, UK) for the molecular work (Chapter 3 and 4) and Prof. Caterina A. M. La Porta’s 

group (Department of Biosciences, CC&B, University of Milan, Milan, Italy) for the cell 

culture work (Chapter 5). Animals were handled according to the Italian and English laws, 

i.e. no specific permits were required for the described studies since echinoderms are 

invertebrates and the employed species, namely Echinaster sepositus (Asteroidea), 

Amphiura filiformis (Ophiuroidea), Paracentrotus lividus (Echinoidea) and Holothuria 

tubulosa (Holothuroidea), are not endangered or protected. All efforts were made to 

minimise animal suffering during experimental procedures and, when possible, 

specimens were released into their natural environment once experimental procedures 

were completed. 
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ABSTRACT 

The marine ecosystems have always been exploited by humans as source of food, 

inspiration, bioactive compounds and biomaterials. Marine invertebrates especially 

caught the interests of scientists for their potential in basic research and applied 

biotechnology studies displaying the most spectacular variety of morphological, 

physiological and behavioural adaptations to diverse environmental conditions. Among 

them, echinoderms are interesting models for three main reasons: 1) their crucial 

phylogenetic position, since they are the second largest group of deuterostomes after 

chordates, 2) their striking regenerative abilities and 3) their peculiar dynamic 

connective tissues (Mutable Collagenous Tissues or MCTs) capable of rapidly changing 

their mechanical properties. These last two features are strongly related: indeed, 

echinoderm connective tissues are considered one of the key characteristics that allows 

their effective regeneration phenomena. In particular, the extracellular matrix (ECM), with 

both its fibrous (mainly collagen) and cellular components, is primarily involved during 

regeneration and can be regarded as a promising source of biomaterial (collagen) for 

regenerative medicine applications.  

Therefore, the present work followed two different but overlapping research lines whose 

main aims were to: a) describe echinoderm arm regeneration after traumatic amputation 

with a special focus on connective tissue and immune system in order to gain a better 

comprehension of this fundamental biological process and to compare it with other 

animals, especially with those with limited regenerative abilities (e.g. mammals), and b) 

explore the biotechnological potential of echinoderm connective tissues as source of 

fibrillar collagen to produce valuable tools for human biotechnological applications, such 

as regenerative medicine. 

The starfish Echinaster sepositus, the brittle star Amphiura filiformis, the sea urchin 

Paracentrotus lividus and the sea cucumber Holothuria tubulosa were selected as 

experimental models. For both research lines a multi-disciplinary approach was 

employed mainly including microscopic anatomy, gene expression, 

immunohistochemistry, ultrastructural and biomechanical characterisation and in vitro 

tests. 

Focusing on the first research line, starfish and brittle star were traumatically amputated 

and the regenerates at different time points were analysed with a specific focus on the 

ECM and immune system roles during the regenerative process. Our results showed that 

echinoderm emergency reaction and wound healing after injury are faster that those 
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described in mammals and ECM fibrillar organisation at the wound site is delayed in 

comparison to them. Absence of fibrosis (i.e. over-deposition of collagen) is shown as 

well. In general, all these evidences can be regarded as key features to ensure their 

subsequent effective regeneration. Gene expression analyses showed that the identified 

collagen-like and ECM-related molecule genes in brittle star are differentially expressed 

during regeneration, thus indicating that different tissues are involved in collagen and 

ECM production/remodelling. The expression pattern of the collagen biosynthesis 

enzyme gene here identified indicated that in both experimental models the regenerating 

epidermis is involved in collagen production. Preliminary analyses on immune system 

molecules showed that in brittle star TNF-α-like presence is comparable to that of 

mammals during wound healing. Overall, the regenerative process is faster in brittle star 

than in starfish, mainly due to smaller arm size, but in both models leads to the complete 

restoration and functionality of the lost structures following the distalisation-intercalation 

model and a proximal-distal gradient of differentiation. 

Focusing on the second research line, echinoderm connective tissues can be regarded 

as eco-friendly sources of marine collagen since the starting material is coming e.g. from 

food industry wastes. Thanks to optimised extraction protocols we obtained fibrillar 

collagen suspensions used to produce two-dimensional collagen membranes (EDCMs) 

whose ultrastructural, biomechanical and biocompatibility features were characterised 

and compared to mammal-derived collagen membranes currently available in the market 

(commercial membranes or CMs) for biotechnological applications, e.g. Guided Tissue 

Regeneration (GTR). We showed that EDCMs are thinner, less porous and more resistant 

than CMs, all great advantages for GTR applications. In vitro tests using human skin-

derived fibroblasts showed that cells seeded on EDCMs present an elongated shape and 

few and short filopodial processes at the sides of the cells and sea urchin-derived 

collagen membranes are the most promising in terms of cell number. Hence, EDCMs can 

be regarded as valuable marine-derived biomaterials for human applications. 

Overall, the main outcome of this research was that echinoderms can be considered valid 

models to explore both basic biological processes (i.e. regeneration) and 

biotechnological potential of marine-derived tissues. Further analyses will be 

necessary to continue investigating both these intriguing aspects, including high-

throughput molecular analyses (transcriptome) of regenerating tissues and in vivo tests 

for EDCMs. 
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RIASSUNTO 

Gli ecosistemi marini sono sempre stati sfruttati dagli uomini come fonte di cibo, 

ispirazione, composti bioattivi e biomateriali. Gli invertebrati marini specialmente hanno 

catturato l’interesse degli scienziati per il loro potenziale nella ricerca di base e negli 

studi di biotecnologia applicata mostrando la più spettacolare varietà di adattamenti 

morfologici, fisiologici e comportamentali alle diverse condizioni ambientali. Tra di loro, 

gli echinodermi sono modelli interessanti per tre ragioni principali: 1) la loro cruciale 

posizione filogenetica, essendo il secondo più grande gruppo di deuterostomi dopo i 

cordati, 2) le loro straordinarie capacità rigenerative e 3) i loro peculiari tessuti 

connettivi dinamici (Tessuti Connettivi Mutabili o MCTs) in grado di modificare 

rapidamente le loro proprietà meccaniche. Queste ultime due caratteristiche sono 

fortemente correlate: infatti, i tessuti connettivi degli echinodermi sono considerati uno 

dei caratteri chiave che permette i loro efficaci fenomeni rigenerativi. In particolare, la 

matrice extracellulare (ECM), con entrambe le sue componenti fibrosa (principalmente 

collagene) e cellulare, è coinvolta direttamente durante la rigenerazione e può essere 

considerata una promettente fonte di biomateriale (collagene) per applicazioni di 

medicina rigenerativa.  

Pertanto, il presente lavoro ha seguito due linee di ricerca differenti, ma sovrapponibili i 

cui scopi principali erano di: a) descrivere la rigenerazione del braccio degli echinodermi 

dopo amputazione traumatica con una particolare attenzione al tessuto connettivo e al 

sistema immunitario per ottenere una miglior comprensione di questo fondamentale 

processo biologico e compararlo con altri animali, specialmente con quelli con limitate 

capacità rigenerative (per esempio i mammiferi), e b) esplorare il potenziale 

biotecnologico dei tessuti connettivi degli echinodermi come fonte di collagene fibrillare 

per produrre preziosi tools per applicazioni biotecnologiche umane come la medicina 

rigenerativa. 

La stella di mare Echinaster sepositus, l’ofiura Amphiura filiformis, il riccio di mare 

Paracentrotus lividus e l’oloturia Holothuria tubulosa sono stati selezionati come modelli 

sperimentali. Per entrambe le linee di ricerca è stato utilizzato un approccio multi-

disciplinare che comprendeva principalmente anatomia microscopica, espressione 

genica, immunoistochimica, caratterizzazione ultrastrutturale e biomeccanica e analisi in 

vitro.  

Focalizzandosi sulla prima linea di ricerca, stella di mare e ofiura sono state amputate 

traumaticamente e i rigenerati a diversi stadi sono stati analizzati con una particolare 
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attenzione al ruolo della ECM e del sistema immunitario durante il processo rigenerativo.  

I nostri risultati hanno mostrato che negli echinodermi la reazione di emergenza e la 

chiusura della ferita dopo il danneggiamento sono più veloci degli stessi processi descritti 

nei mammiferi e l’organizzazione fibrillare della ECM nel sito della ferita è ritardata 

rispetto a loro. É evidente anche l’assenza di fibrosi (sovra-deposizione di collagene). In 

generale, tutte queste evidenze possono essere considerate come delle caratteristiche 

chiave per assicurare la loro successiva efficace rigenerazione. Le analisi di espressione 

genica hanno mostrato che i geni identificati nell’ofiura, geni collagene-like e geni di 

molecole correlate alla ECM, sono differenzialmente espressi durante la rigenerazione 

indicando così che diversi tessuti sono coinvolti nella produzione e nel rimodellamento di 

collagene ed ECM. Il pattern di espressione del gene che codifica per un enzima della 

biosintesi del collagene qui identificato ha indicato che in entrambi i modelli sperimentali 

l’epidermide rigenerante è coinvolta nella produzione di collagene. Analisi preliminari 

sulle molecole del sistema immunitario hanno mostrato che in ofiura la presenza di TNF-

α-like è comparabile a quella dei mammiferi durante la riparazione della ferita. In 

generale, il processo rigenerativo nell’ofiura è più veloce che nella stella di mare, 

principalmente a causa della minore grandezza del braccio, ma in entrambi i modelli porta 

alla completa riformazione e funzionalità delle strutture perse seguendo il modello di 

distalizzazione-intercalazione e un gradiente prossimo-distale di differenziamento. 

Focalizzandosi sulla seconda linea di ricerca, i tessuti connettivi degli echinodermi 

possono essere considerati delle fonti eco-sostenibili di collagene marino in quanto il 

materiale di partenza viene, per esempio, da scarti dell’industria alimentare. Grazie a 

protocolli di estrazione ottimizzati, è stato possibile ottenere sospensioni di collagene 

fibrillare da usare per la produzione di membrane bidimensionali di collagene (EDCMs) 

le cui proprietà ultrastrutturali, biomeccaniche e di biocompatibilità sono state 

caratterizzate e comparate con le membrane di collagene provenienti da mammiferi oggi 

disponibili sul mercato (membrane commerciali o CMs) per applicazioni biotecnologiche, 

per esempio la Rigenerazione Tissutale Guidata (GTR). Abbiamo mostrato che le EDCMs 

sono più sottili, meno porose e più resistenti delle CMs, tutti grossi vantaggi per 

applicazioni in GTR. Le analisi in vitro usando fibroblasti umani derivati dalla pelle hanno 

mostrato che le cellule piastrate sulle EDCMs presentano una forma allungata e pochi e 

corti processi fillopodiali alle estremità delle cellule e le membrane di collagene derivato 

dal riccio di mare sono le più promettenti in termini di numero di cellule. Perciò, le EDCMs 
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possono essere considerate come validi biomateriali di origine marina per applicazioni 

umane. 

In generale, il principale risultato di questa ricerca è stato che gli echinodermi possono 

essere considerati validi modelli per esplorare sia processi biologici di base (cioè la 

rigenerazione) sia il potenziale biotecnologico di tessuti di origine marina. Ulteriori 

analisi saranno necessarie per continuare a investigare entrambi questi affascinanti 

aspetti, incluse analisi molecolari high-throughput (trascrittoma) dei tessuti rigeneranti e 

analisi in vivo per le EDCMs. 
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1) GENERAL INTRODUCTION 

 

1.1. Marine ecosystems and their potential 

Seas and oceans cover three-fourths of the Earth’s surface and contain 80% of the 

planet’s biomass. They are considered the “cradle of life” and present a great variety of 

ecosystems and biodiversity, most of which is still largely unknown (Gray, 1997; Mora et 

al., 2011). Both invertebrates and vertebrates inhabit from shallow to deep waters 

displaying amazing adaptations to face diverse environmental conditions. Morphological, 

physiological and behavioural differences showed by marine animals have always 

fascinated scientists, who have considered seas not as a simple source of food or means 

of travel (economic value) but mainly as source of knowledge, inspiration, compounds, 

bioactive molecules and materials (scientific value). Indeed, the study of marine life and 

biodiversity from different facets opens great possibilities in terms of basic research to 

understand fundamental biological phenomena and of applied biotechnology to 

develop innovative tools for human purposes. Under the name of “marine biodiversity” 

the large public often refers to vertebrate animals, such as fish or mammals, since they 

are more popular and linked to everyday life. However, marine invertebrates represent 

the highest percentage of animal life in terms not only of biomass but also of number of 

species (WoRMS Editorial Board, 2016). Moreover, biologists know that the study of 

invertebrate marine life led to some of the most interesting discoveries in terms of animal 

biology and applied biotechnologies e.g. the electrophysiology of axons using squids 

(Hodgkin and Katz, 1949), the processing of learning and memory using the gastropod 

Aplysia californica (Castellucci et al., 1970), the symbiosis mechanisms using corals 

(Pearse and Muscatine, 1971), the regenerative events using planarians and 

echinoderms (Reddien and Sánchez Alvarado, 2004; Candia Carnevali, 2006), 

fertilisation and developmental biology using sea urchin gametes (Epel, 1978) and the 

characterisation of numerous natural compounds of sea water animal origin (Leal et al., 

2012). Therefore, marine invertebrates, that have been studied from centuries ago, are 

nowadays still actively used to understand important biological processes and as sources 

of inspiration and of biomaterials/compounds for innovative applications. 

Among them, the phylum Echinodermata particularly caught the interests of biologists for 

their peculiar adaptations to environmental conditions that made and make them 

fascinating experimental models for basic research and biotechnological application 
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studies. Both these aspects are dealt in this study and detailed in the following 

paragraphs. 

 

1.2. Echinoderms and their peculiarities/adaptations 

The phylum Echinodermata (the term means “spiny skin”) is composed of around 7000 

extant species of deuterostome exclusively marine invertebrates divided into five classes 

(Fig. 1): 

1) Crinoidea (sea lilies and feather stars); 

2) Echinoidea (sea urchins and sand dollars); 

3) Holothuroidea (sea cucumbers); 

4) Ophiuroidea (brittle stars and basket stars); 

5) Asteroidea (starfish or sea stars). 

 

 

Fig. 1. Diversity of extant echinoderms. Representatives of: 1) Crinoidea; 2) Echinoidea; 
3) Holothuroidea; 4) Ophiuroidea; 5) Asteroidea. 
 

Echinoderms are generally quite small (around 10 cm in size) but can reach significant 

dimensions (e.g. 1-2 m for some sea cucumber and starfish species; Storer et al., 1982). 

In their adult stage they usually possess a typical pentamerous symmetry, whereas a 

bilateral symmetry is usually shown at the larval stages (Riedl, 1991). They display a 

variety of body morphology and colours, from star-like to worm-like shapes, from dark 

brown/black to brilliant red/orange (Tortonese, 1965). Echinoderms present peculiar 

features, such as mesodermally-derived calcitic endoskeletal ossicles, a water vascular 

system with mainly locomotion, feeding, respiration and sensory functions (Barnes et al., 

1990), a complex tripartite nervous system and dynamic connective tissues, called 

Mutable Collagenous Tissues or MCTs (Wilkie, 2001). Table 1 briefly summarises the 

main peculiar characteristics of these animals. 
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Table 1. Echinoderm general features. 

Mode of life 
Marine bottom-dwellers (only a few species tolerating even brackish 

water), free-living, mostly solitary and sedentary 

Symmetry Bilateral larvae, pentaradial (pentameral symmetry) adults 

Enterocoelia Triploblastic coelomates 

Skeleton 
Dermal skeleton (endoskeleton of bone-like plates called ossicles), 

calcium carbonate, mesodermal origin 

External articulated 
appendages 

Spines, tubercles, granules, pedicellariae 

Water vascular 
system 

Madreporite, stone canal, radial water canals, lateral canals, 
ampullae, tube feet or podia (with or without final suckers) 

Nervous system 
Separate sub-systems: ectoneural, hyponeural 

and entoneural systems 

Mutable 
Collagenous Tissues 

Connective tissues showing rapid, drastic, reversible/irreversible, 
modulable changes in mechanical properties (stiffness, etc.) 

Locomotion Sessile, tube feet, spines, peristaltic movements 

Feeding 
Passive filter-feeders, suspension feeders, grazers, deposite 

feeders, active hunters, detritivores 

Reproduction Sexual (with gametes) and asexual (fission) 

Regeneration and 
autotomy 

Epimorphosis and/or morphallaxis 

Defence 
mechanisms 

Spines, pedicellariae, toxins, mucus, autotomy 

 

Among marine invertebrates, echinoderms are well known for three main reasons:  

 key phylogenetic position, being the second largest group of deuterostomes after 

chordates; 

 striking regenerative abilities (Thouveny and Tassava, 1997; Candia Carnevali and 

Bonasoro, 2001a; Vickery et al., 2001; Eaves and Palmer, 2003; Candia Carnevali, 

2006); 

 peculiar dynamic connective tissues, called Mutable Collagenous Tissues (MCTs; 

Wilkie, 2005). 

Echinoderms are key animals in the marine ecosystems (Uthicke et al., 2009). Moreover, 

as previously underlined, their phylogenetic position makes them key animals to study 

fundamental biological processes and compare them with those of vertebrates in a 

perspective of gaining a better understating of animal biology and evolution. Therefore, 

both regenerative capacities and presence of dynamic connective tissue are two of the 

most fascinating aspects to investigate to better understand different biological aspects 

and to develop bio-inspired technologies (Wilkie, 2005; Barbaglio et al., 2012) of high 

relevance also for human life, e.g. regenerative medicine. Several authors hypothesise 

that the features of these particular connective tissues could be partially connected with 

the amazing regenerative abilities of these animals (Wilkie, 2001). They suggest that MCT 
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“mutability” and “plasticity” are responsible for rapid response to traumatic amputation or 

self-injury (autotomy) and partially also for easiness of regenerative events, ensuring a 

dynamic microenvironment for cell and tissue regeneration. Moreover, MCT potential as 

source of inspiration for human applications (biomimicry) and of marine-derived 

biomaterials is another aspect that deserves to be deepened mainly in view of possible 

applications for human biotechnologies (e.g. regenerative medicine or tissue 

engineering). 

 

1.2.1. Regeneration 

Regeneration is defined as a complex post-embryonic developmental process during 

which a lost or severely injured body part is reformed (Candia Carnevali, 2006; Brockes 

and Kumar, 2008). It can occur at multiple levels of biological organisation (cells, tissues, 

organs, whole body parts), can be triggered by a variety of causes/insults/damages, can 

occur at different stages of the life cycle (i.e. embryos, larvae, juveniles, adults) and can 

produce structures of variable fidelity relative to the original (Bely and Nyberg, 2009). It is 

widespread in metazoan phylogeny, although it is not universal and both protostomes 

and deuterostomes possess regenerative capabilities. However, the degree of 

regeneration varies considerably among tissues within a body and among species and 

such differences are indicative of specific mechanisms that control the different types of 

regeneration (Tsonis, 2000). The evolution of regeneration is one of the most captivating 

issues in biology. From decades ago (Morgan, 1901) till now (Bely and Nyberg, 2009) 

biologists have studied this phenomenon using experimental models belonging to 

different animal kingdom classes (from invertebrates to vertebrates) in order to unlock its 

secrets. Indeed, the knowledge on regeneration will shed light on possible solutions to 

many different human clinical problems using innovative biotechnologies. 

 

1.2.1.1. Echinoderm regeneration 

Regenerative events are common in all the five classes of echinoderms, form an integral 

and fundamental part of their adaptive repertoire and involve both the larval and the adult 

stages (Hyman, 1955). Therefore, in view of their notable regenerative potential and their 

close phylogenetic relationship to vertebrates, these animals offer unique opportunities 

to study regenerative processes. 

Echinoderms can regenerate not only damaged or lost external body parts, such as 

spines, tube feet and pedicellariae, but also internal organs (e.g. gonads, digestive tubes, 
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etc.) and whole arms following autotomy (self-induced mutilation) or traumatic 

amputations (Thorndyke et al., 1999). 

The ability to regenerate represents an obvious adaptive advantage for echinoderms 

because of: 

 the replacement of tissues following predation or other traumatic events; 

 the survival of detached body fragments for a long time and phenomena of partial 

or total regeneration independently of the donor animal (Candia Carnevali et al., 

1998); 

 the asexual reproduction leading to the development of new individuals by specific 

fission mechanisms (Emson and Wilkie, 1980; Mladenov and Burke, 1994). 

Echinoderm regenerative potential is extraordinarily high but it may vary according to life 

stage and age of the individual: in general, larval tissues and organs have a higher 

regenerative capacity compared to those of adults (Candia Carnevali, 2006). 

Historically, two alternative mechanisms of regeneration have been described (Morgan, 

1901): epimorphosis (blastemal regeneration) and morphallaxis (non-blastemal 

regeneration). The first process implies the development of new structures from 

presumptive and pre-existing stem (undifferentiated/dedifferentiated) cells which migrate 

and locally proliferate, forming a typical blastema (Candia Carnevali et al., 1995). The 

second mechanism, slower and more complex than the first one, mainly consists in a 

rearrangement of the existing tissues through dedifferentiation, differentiation and/or 

migration of cells in order to regenerate the lost body structures, without a strong 

contribution of local proliferative events. Epimorphosis often follows autotomy, a widely 

predictable and effective phenomenon (Candia Carnevali and Bonasoro, 2001a), 

whereas morphallaxis often occurs after traumatic mutilations, which are non-predictable 

events (Mladenov et al., 1989; Moss et al., 1998). Although the differences between these 

two types of regenerative processes are quite well known, nowadays several studies 

suggest not only that cellular and tissue events are very flexible and widely overlapping 

but also that the same individual can employ both these mechanisms, modulating their 

different contributions according to its specific needs (Candia Carnevali and Bonasoro, 

2001b). 

 

1.2.2. Mutable Collagenous Tissues (MCTs) 

Mutable Collagenous Tissues (MCTs), also called “dynamic” or “catch” connective 

tissues, are, together with regeneration, one of the most intriguing characteristics of 
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echinoderms (Wilkie, 2001). These peculiar connective tissues are capable of changing 

their mechanical properties (e.g. stiffness and viscosity) within few seconds/minutes 

under the nervous system control in response to environmental and mechanical stimuli. 

Therefore, they play an important role in various vital functions such as locomotion, 

energy-sparing maintenance of posture, defence mechanisms and regeneration (Wilkie, 

1996; Wilkie et al., 2004; Wilkie, 2005), being fundamental for their success in different 

environmental conditions in terms of e.g. water depth, temperature, salinity and predation 

pressure. MCTs have been intensively investigated from ultrastructural, biochemical, 

physiological and biomechanical points of view (Tamori, 2006; Yamada et al., 2010; 

Ribeiro et al., 2011, 2012; Barbaglio et al., 2012, 2015; Wilkie et al., 2015; Mo et al., 2016) 

but still several aspects need to be further detailed. The variable tensility (“mutability”, i.e. 

softening and stiffening) displayed by MCTs relies on changes in the cohesive forces 

between adjacent collagen fibrils. Indeed, as all connective tissues, the main extracellular 

matrix component is collagen. Proteoglycans (PGs) are present on the surface of collagen 

fibrils and it has been suggested that they have a role in mutability by acting as binding 

sites for the effector molecules responsible for interfibrillar cohesion (Wilkie, 2005). 

Tensility variations are regulated by different effector molecules: proteins, such as tensilin 

and stiparin, have been suggested being “stiffening” factors (Koob et al., 1999; Trotter et 

al., 1999; Tipper et al., 2003; Tamori, 2006), whereas softenin is thought to have a role 

as de-stiffening (“softening”) factor (Takehana et al., 2014). Few studies suggested that 

matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) could be involved as well 

(Tipper et al., 2003; Ribeiro et al., 2012) or at least that the mechanisms of MCT mutability 

evolved from a MMP-TIMP system. 

Besides their importance in echinoderms’ biological processes and mode of life, these 

connective tissues can be valid source of inspiration (biomimicry) and biomaterials for 

human applications (Barbaglio et al., 2012). When the “stiffening” and “softening” factors 

will be fully characterised and the physiological process underpinning mutability will be 

completely understood, this knowledge could be used for human biotechnological 

applications, e.g. where an in loco change of connective tissue mechanical conditions is 

needed due to specific pathology or where a biomaterial used for biomedical purposes 

has to be reversibly manipulated in its mechanical features in situ. So far, collagen in 

particular can be regarded as one of the most valuable echinoderm-derived product. 

Indeed, as recently suggested (Di Benedetto et al., 2014), echinoderm-derived fibrillar 

collagen can be used as biomaterial to produce membranes useful in cell culture and 
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human health applications, such as tissue engineering, tissue regeneration, surgery and 

cosmetic surgery. Moreover, the possibility of obtaining fibrillar collagen in an eco-friendly 

way (e.g. from food industry wastes) is an added value to this promising echinoderm-

derived biomaterial (Di Benedetto et al., 2014). 

 

1.3. The experimental models 

Among the great species variety of this phylum, four experimental models have been 

selected for this research: the starfish Echinaster sepositus, the brittle star Amphiura 

filiformis, the sea urchin Paracentrotus lividus and the sea cucumber Holothuria tubulosa. 

A brief description of these models is provided below. Starfish and brittle star will be 

described in more detail, with a specific focus on arm anatomy. 

 

1.3.1. The starfish Echinaster sepositus 

E. sepositus (Retzius, 1783; Fig. 3A) is a starfish belonging to the family Echinasteridae 

(order Spinulosa) and it is known as “red starfish”. Ranging between 10 and 30 cm, it is 

typically bright orange/red coloured. The distribution of this species is shown in Fig. 2. It 

can be found in many different benthic ecosystems: from shallow algal dominated rocky 

bottoms to Posidonia oceanica meadows, sandy bottoms or deep rodolith dominated 

bottoms (Villamor et al., 2010). It is a carnivorous feeder and its predatory activity is 

mainly on several meiofaunal groups and detritus of animal origin (Villamor et al., 2010). 

It moves on the oral surface which hosts the mouth and has a flattened (along the aboral-

oral axis) and flexible body; this latter is in the form of a pentagonal central disc from 

which five long and slender arms radiate. Each arm is orally furrowed by an evident 

ambulacral groove housing the tube feet or podia equipped with final suckers (Hyman, 

1955). The body cavity is occupied by a spacious coelom composed by three major 

components: the perivisceral coelom, consisting of large cavities surrounding the inner 

organs (digestive tract and gonads), the perihaemal system, closely associated to a 

system of lacunae (the haemal system) with lymphatic and transport functions, and the 

water vascular system (Hyman, 1955). This latter is the classic echinoderm hydraulic 

system made of a network of fluid-filled canals. Its function is related to locomotion, 

adhesion to the substrate (anchorage), food handling as well as respiration and excretion. 

Water “enters” from the madreporite (a porous, sieve-like ossicle), reaches the circumoral 

ring canal through the stone canal, arrives to the radial canals (one for each arm, running 

along the ambulacral groove) and, through the short lateral canals connecting the radial 
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canal and the ampullae, arrives at the two rows of tube feet. The last tube foot is the 

terminal tube foot (or terminal podium) which hosts the optic cushion, rich in 

photoreceptor structures called pigment-cup ocelli (Hyman, 1955). The digestive tract is 

straight and short (Hyman, 1955): the oral mouth leads into a short esophagus followed 

by the stomach to which the glandular appendages known as pyloric caeca are attached. 

From the pyloric stomach a short intestine ascends to the aboral anus. 

The nervous system consists mainly of two components: the ectoneural system (motor 

and sensory components) and the hyponeural system (motor component). The first one, 

situated just beneath the epidermis, is composed of the circumoral nerve ring, the radial 

nerve cords, one for each arm, and the general sub-epidermal plexus, spreading 

throughout the entire body wall and innervating all the body wall appendages (Hyman, 

1955). The radial nerve cords also include the hyponeural system with the hyponeural 

sinus which is immediately above the radial nerve cord and separated from the latter only 

by a thin layer of connective tissue. As all echinoderms, this starfish possesses an 

endoskeleton of calcitic ossicles embedded in the dermis and superficial epidermis-

covered skeletal structures, such as spines, positioned in order to let emerge in regular 

groups of three-five elements the papulae (or gills), located only on the aboral surface. 

These are thin finger-like evaginations of the body wall, lined with coelomic 

myoepithelium, with mainly respiratory, transport and excretory functions (Hyman, 1955). 

In addition to the coelomic myoepithelium, in each arm there are different muscles 

articulating adjacent ossicles and operating the ambulacral groove in order to allow the 

movement of each arm in any direction (Hyman, 1955). From outside to inside, the body 

wall consists of a definite and thin cuticle covering the columnar epidermis, a thick dermis 

housing the ossicles and a thin coelomic myoepithelium. Indeed, a longitudinal smooth 

muscle layer is adjacent to the latter and separated from a further circular smooth muscle 

layer only through a thin layer of connective tissue. The dermis can be subdivided in two 

main layers, the outer loose connective tissue and the inner dense connective tissue, 

hosting the calcitic ossicles. The spiny body wall is characterised by the presence of large 

dermal glands opening onto the aboral surface and pouring out an abundant gelatinous 

secretion (mucus) in response to irritation (Hyman, 1955). Fig. 3B and 4 show schematic 

representations of the arm anatomy of this starfish with its main structures. 
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Fig. 2. Worldwide distribution of E. sepositus (Encyclopaedia of Life). 

 

 

Fig. 3. A) Adult specimen of E. sepositus (from http://www.treknature.com). B) Scheme 
of the gross anatomy of a generic starfish (from cronodon.com). 

 

 

Fig. 4. Scheme of a cross section of a starfish arm showing its main structures. 
Abbreviations: a=ampulla; c=coelomic cavity; ct=connective tissue; g=mucous gland; 
n=radial nerve cord; p=papula; pc=pyloric caeca; o=ossicle; rwc=radial water canal; 
s=spine; tf=tube foot or podium. The main muscle bundles are showed in red. 

A B 
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1.3.2. The brittle star Amphiura filiformis 

A. filiformis (O.F. Müller, 1776; Fig. 6A) is a brittle star belonging to the family Amphiuridae 

(order Ophiurida). Adult specimens have a central disc up to 1 cm in diameter and five 

slender arms which can reach 10 cm in length. In general, this brittle star presents a 

greyish-brownish-reddish colour, paler on the oral side facing the substrate (Hayward and 

Ryland, 1990). The distribution of this species is shown in Fig. 5. A. filiformis is found on 

the sea bed from 5 to 200 m depth. It usually burrows in sand or mud and alternately 

waves its arms in the water above to suspension feed on plankton and detritus as a typical 

infaunal suspension feeder (Gage, 1990). The arms are used also for ventilation and 

respiration, transport of sediment and waste materials out of the burrow (Ockelmann and 

Muus, 1978). As visible from Fig. 6B, the central disc is mainly filled by the viscera (from 

the oral mouth provided with five jaws at the centre of the peristomial membrane to the 

esophagus and large stomach), the gonads, and the haemal, vascular and nerve rings 

(Hyman, 1955). The arms do not host extension of the digestive tract as in starfish but 

present a reduced aboral coelomic cavity and an oral radial water canal with the 

corresponding couples of tube feet or podia running for the whole arm length. Podia do 

not possess final suckers and ampullae but pseudo-ampullae are periodically present at 

the level of the radial water canal in the aboral side and are hosted in the hole of the main 

skeletal piece, the central vertebra. The arm-tips bear a terminal tube foot or podium 

(Czarkwiani et al., 2016). Orally to the radial water canal runs the radial nerve cord 

(ectoneural and hyponeural components), one for each arm, accompanied by the 

epineural sinus to its oral side and the hyponeural sinus to its aboral side (Hyman, 1955). 

This species presents a calcitic derma-skeleton with external appendages, such as 

spines, different in both number and shape depending on the position on the arm. The 

inner skeletal elements (repeated in each arm segment) are the more superficial aboral, 

oral and lateral shields or plates and the deeper vertebra also called vertebral ossicle 

(Hyman, 1955). Adjacent vertebrae are articulated through ligaments and two pairs of 

intervertebral aboral and oral muscle bundles, thus allowing this animal to move the arms 

in a typical snake-like mode, facilitating both feeding and respiration. Several other 

muscles are present along the arm and at the level of the disc. The body wall is covered 

by a cuticle, often housing bacteria, and the boundaries between epidermal cells are not 

well defined (Byrne, 1994). A well-defined basement membrane is apparently often 

lacking (Hyman, 1955). The dermal layer, composed of connective tissue, hosts the 

dermal plates described above. No muscle layer is detectable between the dermis and 
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the coelomic epithelium lining the coelomic cavities. Fig. 7 shows a cross section scheme 

of this brittle star arm anatomy with its main structures. 

 

 

Fig. 5. Worldwide distribution of A. filiformis (from iobis.org). 

 

 

Fig. 6. A) Adult specimen of A. filiformis (from www.eurekalert.org). B) Scheme of the 
gross anatomy of a generic brittle star (from studyblue.com). 

 

 

Fig. 7. Scheme of a cross section of a brittle star arm showing its main structures. 
Abbreviations: acc=aboral coelomic cavity; as=aboral shield; ct=connective tissue or 

A B 
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dermal layer; ls=lateral shield; m=muscle; n=radial nerve cord; os=oral shield; rwc=radial 
water canal; s=spine; tf=tube foot or podium; v=vertebra. 
 

1.3.3. The sea urchin Paracentrotus lividus 

P. lividus (Lamarck, 1816; Fig. 9A) is a sea urchin belonging to the family Parechinidae 

(order Camarodonta). It has a diameter of up to 7 cm and it is covered by calcitic spines 

that are usually purple or brown-greenish. The distribution of P. lividus is shown in Fig. 8. 

This species is found up to 80 m of depth, usually on rocky bottoms and seagrass 

meadows of Zostera marina and Posidonia oceanica. It mainly eats algae, seagrass, 

small animals and sponges. It is sedentary but it can move on the substrate through its 

oral tube feet. As visible from Fig. 9B, this sea urchin possesses an almost circular test 

or theca with slightly flattened poles (along the aboral-oral axis) and its external surface 

is characterised by rows of tube feet or podia and spines of different length depending on 

their position. The body cavity is filled by a spacious coelom where the main organ 

systems are hosted. The water vascular system presents the usual organisation with a 

madreporite on the aboral side and the water canals along five main rows giving rise to 

the external tube feet (Hyman, 1955). The digestive tract starts from the mouth, facing 

the substrate and provided by a conspicuous masticatory apparatus, the Aristotle’s 

lantern. This calcareous structure, composed by several skeletal elements (e.g. 

pyramids) joint together through muscles and ligaments, is mainly used to feed. The 

lantern is surrounded by the so called peristomial membrane (PM), a connective tissue 

layer mainly constituted of collagen and rare calcitic spicules lined by the epidermis at the 

external side and by the coelomic epithelium at the inner side. The PM is involved in 

lantern support and movements (Wilkie et al., 1994; Bonasoro et al., 1995). The mouth 

leads to a short esophagus, followed by the stomach and the intestine which opens on 

the aboral side through the anus (Hyman, 1955). The coelomic cavity hosts also the 

gonads which are considered a delicacy in several European countries, thus rendering 

this species highly valuable from an economic point of view. The nervous system is mainly 

composed of ectoneural and hyponeural systems organised in five radial nerve cords with 

corresponding sinuses, and the sub-epidermal nerve plexus. The main feature of this sea 

urchin, and of echinoid in general, is the presence of a body wall which is characterised 

by a quite thin dermis almost completely occupied by the preponderant derma-skeleton. 

The calcareous plates create the test or theca which is nearly completely rigid, providing 

an efficient defence against predator attacks. Each plate, depending on the position in 

the test, presents several holes corresponding to the tube feet emergence. On the plates 
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the spines are articulated through muscles and ligaments. On the surface pedicellariae 

are present as well. These are articulated skeletal elements with a defence/maintenance 

function, being mainly used to “clean” the test from epifauna. The inner side of the body 

wall is covered by the ciliated coelomic epithelium (Hyman, 1955). 

 

 

Fig. 8. Worldwide distribution of P. lividus (Encyclopaedia of Life). 

 

 

Fig. 9. A) Adult specimen of P. lividus (from http://www.marlin.ac.uk). B) Scheme of the 
gross anatomy of a generic sea urchin (from studyblue.com). 
 

1.3.4. The sea cucumber Holothuria tubulosa 

H. tubulosa (Gmelin, 1791; Fig. 11A) is a sea cucumber belonging to the family 

Holothuriidae (order Aspidochirotida). Ranging from 20 to 45 cm in length and around 6 

cm in diameter, this animal usually presents a roughly cylindrical worm-shaped body with 

three longitudinal rows of tube feet (trivium) on the oral side facing the substrate and two 

drafted rows (bivium) of modified tube feet, called papillae, on the aboral side. It usually 

has a brownish-greyish body wall due to the presence of mucus (Hyman, 1955). The 

distribution of this species is shown in Fig. 10. It is usually found on sandy sea beds and 
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on muddy substrates up to a depth of about 100 m. It feeds on detritus, algae and plankton 

through its oral tentacles (modified tube feet) and it uses the ventral tube feet to move on 

the substrate. As visible in Fig. 11B, the body cavity is occupied by a spacious coelom 

between the body wall and the digestive tract which runs along the whole body from the 

mouth to the anus. The water vascular system, the haemal system, the radial nerve cords 

and the sinuses develop longitudinally along the body. In the body cavity are hosted the 

gonads as well (Hyman, 1955). The endoskeleton is highly reduced comparing with other 

echinoderms: indeed, only small calcitic spicules of microscopic size and of different 

shapes are widespread in the dermis. The body wall is covered by an epidermis provided 

with a thin cuticle and it is mainly composed of connective tissue, in particular of a thin 

loose outer layer with sparse collagen fibrils and a thick inner dense layer with highly 

packed collagen fibrils and fibres. The dermis is followed by circular and longitudinal 

muscle layers that permit animal movements and body size changes. The inner surface 

of the body wall is covered by a ciliated coelomic epithelium (Hyman, 1955). 

 

 

Fig. 10. Worldwide distribution of H. tubulosa (Encyclopaedia of Life). 

 

   

Fig. 11. A) Adult specimen of H. tubulosa (from www.wikipedia.org). B) Scheme of the 
gross anatomy of a generic sea cucumber (from studyblue.com). 
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1.4. Aims of this research 

Using as experimental models E. sepositus (Asteroidea) and A. filiformis (Ophiuroidea) 

for regeneration studies and E. sepositus (Asteroidea), P. lividus (Echinoidea) and H. 

tubulosa (Holothuroidea) for biotechnological application studies, the three main aims of 

this research are to: 

1. describe the arm regenerative process after traumatic amputation, with a special 

focus on the connective tissue (especially collagen); 

2. describe the connective tissue (especially collagen, extracellular matrix 

molecules and biosynthesis enzymes) and the immune system role during arm 

regeneration after traumatic amputation; 

3. explore the biotechnological potential of echinoderm peculiar connective tissues 

(MCTs) as eco-friendly source of marine fibrillar collagen to produce biomaterials 

for human health applications (e.g. regenerative medicine or tissue engineering). 
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2) INTRODUCTION TO CHAPTERS 1, 2, 3 and 4 

 

As previously mentioned, echinoderms are well known for their regenerative abilities and 

“armed” echinoderms (i.e. starfish, brittle stars and crinoids) are the most effective 

experimental models to study regeneration of whole body parts (i.e. arms) after both 

traumatic or self-induced amputation (Mladenov et al., 1989; Candia Carnevali and 

Bonasoro, 2001a; Biressi et al., 2010). The study of the regenerative phenomena in these 

deuterostomes will help shed light on vertebrate regenerative abilities, highlighting both 

similarities and differences between animals performing effective regeneration of whole 

body parts (i.e. echinoderms and some vertebrates as well) and animals with low 

regenerative abilities (i.e. most vertebrates, humans included). In this research, 

experimental models belonging to the classes Asteroidea and Ophiuroidea have been 

chosen and the state of the art on their regenerative events is detailed below. 

 

2.1. Starfish regeneration 

Asteroids are famous for their striking regenerative abilities but they have not been 

extensively used as experimental model to study regeneration. Unlike other echinoderms, 

starfish have a single autotomic plane for each arm, at its base, close to the disc (Wilkie, 

2001). In some species, isolated autotomized arms (called comets) can regenerate to 

produce a whole new adult (Emson and Wilkie, 1980; Mladenov and Burke, 1994). Both 

in post-traumatic and post-autotomic regenerative processes of starfish arms no discrete 

undifferentiated and proliferating blastema is usually evident. Therefore, typical 

morphallactic processes are apparently employed, although, in some cases, it is possible 

that a combined mechanism of epimorphosis and morphallaxis occurs during 

regeneration (Bonasoro et al., 1998; Candia Carnevali, 2006). 

In general, regenerative events include the following main steps (Candia Carnevali et al., 

1998; Moss et al., 1998): 

 repair phase: emergency reaction and wound healing; 

 early regenerative phase: tissue reorganisation and first signs of tissue 

regenerative phenomena; 

 advanced regenerative phase: cell proliferation, restoring and tissue re-growth 

with the formation of a new small regenerate with the same structures of the adult 

arm. 
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Starfish arm regeneration is a nerve-dependent process: in model species, such as 

Asterina gibbosa, arm regeneration cannot occur if the radial nerve has been removed 

and the neurotrophic action of the nervous system is needed throughout the whole course 

of regeneration (Huet, 1975; Huet and Franquinet, 1981; Thorndyke and Candia 

Carnevali, 2001). 

Starfish larvae also undergo regeneration in case of loss of body parts after traumatic 

amputation and of clonal reproduction by fission. This latter situation is apparently very 

common: in fact, in samples of field-collected larvae up to 90% cloning has been recorded 

(Eaves and Palmer, 2003). 

Among the different regenerative phases described above, little is known about the repair 

phase and the cicatrisation phenomenon after injury. The role of immune system during 

this first phase is not deeply described as well. It is known that the connective tissue plays 

an important role during the regenerative process in several echinoderm species (e.g. 

sea cucumbers; Quiñones et al., 2002) but the role of connective tissue and especially of 

the extracellular matrix (ECM) has never been adequately investigated. It will be important 

to understand, from both a microscopic and a molecular point of view, the involvement of 

collagen and other ECM molecules during the repair phase in order to understand if the 

high efficiency and ability of regeneration displayed by starfish (and echinoderms in 

general) could be related to their peculiar connective tissues. Moreover, considering 

wound closure and cicatrisation, an interesting comparison with the same phenomena in 

mammals could be performed, shedding light on similarities and/or differences between 

these latter and echinoderms. Indeed, it is well known that mammals do not possess high 

regenerative abilities, especially in case of severe injuries and complete loss of body parts 

comparable to starfish arm amputation. Therefore, understanding the cellular and 

molecular basis of regeneration in echinoderms might be instrumental also for mammal 

regenerative studies. Briefly considering the immune system involvement after injury, few 

studies have suggested a role of coelomocytes and phagocytes in wound closure (Pinsino 

et al., 2007; Gorshkov et al., 2009; Ramírez-Gómez and García-Arrarás, 2010; Franco et 

al., 2011) but deeper analyses are necessary. The comparison between echinoderm and 

mammal immune systems could be another key point to explore how to implement 

mammal regenerative potential. 

In this research, adult specimens of Echinaster sepositus were chosen as experimental 

models for different reasons: 
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 E. sepositus is a very common starfish in the Mediterranean Sea, thus ecologically 

important for the Mediterranean ecosystem and fairly easily available; 

 it is well adaptable to captivity: in fact, it can survive more than one year in artificial 

sea water and it is quite easy to maintain in laboratory conditions; 

 considering its regenerative abilities, this species is still poorly studied: in fact, 

only few not definitive research works dating 1914 (Schapiro) and 1915 (Nusbaum 

and Oxner) were performed about this intriguing topic. Besides being quite dated, 

the authors have not investigated regenerative events following whole or partial 

arm loss, and, in particular, after traumatic arm amputation. Indeed, these 

conditions are typically found in nature and, therefore, deserve further 

investigations. 

A histological, ultrastructural and molecular description of E. sepositus regenerative 

phases will help understanding the whole regeneration event and, in particular, the role 

of immune system and of connective tissue, especially collagen, during this complex 

process, offering also a valid comparison with other echinoderm, invertebrate and 

vertebrate regenerative mechanisms. 

 

2.2. Brittle star regeneration 

Like asteroids, ophiuroids are well established experimental models to study regeneration 

(Dawydoff, 1901; Zeleny, 1903; Morgulis, 1909; Thorndyke et al., 2003; Bannister et al., 

2005; Dupont and Thorndyke, 2006; Biressi et al., 2010; Czarkwiani et al., 2013, 2016). 

These animals are able to regenerate their arms after both self-induced or traumatic 

mutilations (Wilkie, 2001). Brittle star arm regeneration has always been described in 

literature as mainly an epimorphic process (Biressi et al., 2010) but recent studies on A. 

filiformis (Czarkwiani et al., 2016) have suggested the absence of a true blastema of 

undifferentiated cells, such as that described for crinoids (Candia Carnevali and 

Bonasoro, 2001b). The regenerative process has been subdivided into four main phases 

(Dupont and Thorndyke, 2006; Biressi et al., 2010) characterised by similar processes 

already described for starfish regeneration: a repair phase, an early regenerative phase, 

an intermediate regenerative phase and an advanced regenerative phase. Czarkwiani 

and co-workers (2016) have recently proposed a slightly different staging system, 

especially for the initial phases, underlining the importance of a stage classification based 

on morphological hallmarks rather than time points since regeneration is a dynamic 
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process whose temporal progression can remarkably vary among individuals (Dupont 

and Thorndyke, 2006). 

As for starfish, ophiuroid regeneration is a nerve-dependent process (Morgulis, 1909) and 

the neurotrophic role of the nervous system has been investigated by Thorndyke and co-

workers (2001). Again similarly to starfish, ophiuroid larvae undergo regeneration too 

(Balser et al., 1998; Vickery et al., 2001). Also for brittle star regeneration several studies 

have been carried out on different species (Dawydoff, 1901; Zeleny, 1903; Morgulis, 

1909; Thorndyke et al., 2003; Bannister et al., 2005; Dupont and Thorndyke, 2006; Biressi 

et al., 2010; Czarkwiani et al., 2013, 2016) but a focus on the role of the connective tissue 

and of the immune system during this process is still lacking. 

In the present study, adult specimens of Amphiura filiformis were chosen as experimental 

models for the following main reasons: 

 A. filiformis is of small dimensions and easy to handle in laboratory conditions; 

 the regenerative process is relatively fast: indeed, in two-three weeks after 

traumatic amputation an almost complete and differentiated new arm is 

regenerated; 

 the regenerating arms are almost transparent, making them suitable for molecular 

analysis e.g. whole mount in situ hybridisation; 

 transcriptomes are available for this species (Purushothaman et al., 2015; Dylus 

et al., submitted), therefore, molecular analyses can be quite easily performed. 

As for E. sepositus, both microscopy and molecular analyses are fundamental to gain a 

better understanding of the role of immune system and connective tissue, especially 

collagen, and other ECM molecules, during this complex process, and compare their 

involvement to that of other invertebrate and vertebrate regenerative mechanisms in view 

also of potential innovative applications for human health. 
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CHAPTER 1 

 

Wound repair during arm regeneration in the red starfish Echinaster 

sepositus 

 

Ben Khadra Yousra, Ferrario Cinzia, Di Benedetto Cristiano, Said Khaled, Bonasoro 

Francesco, Candia Carnevali Maria Daniela, Sugni Michela 

 

Wound Repair and Regeneration (2015). 23: 611-622. doi: 10.1111/wrr.12333. 

 

Abstract 

Starfish can regenerate entire arms following their loss by both autotomic and traumatic 

amputation. Although the overall regenerative process has been studied several times in 

different asteroid species, there is still a considerable gap of knowledge as far as the 

detailed aspects of the repair phase at tissue and cellular level are concerned, particularly 

in post-traumatic regeneration. The present work is focused on the arm regeneration 

model in the Mediterranean red starfish Echinaster sepositus; in order to describe the 

early cellular mechanisms of arm regeneration following traumatic amputation, different 

microscopy techniques were employed. In E. sepositus, the repair phase was 

characterised by prompt wound healing by a syncytial network of phagocytes and re-

epithelialisation followed by a localised sub-epidermal oedematous area formation. 

Scattered and apparently undifferentiated cells, intermixed with numerous phagocytes, 

were frequently found in the wound area during these first stages of regeneration and 

extensive dedifferentiation phenomena were seen at the level of the stump, particularly 

in the muscle bundles. A true localised blastema did not form. Our results confirm that 

regeneration in asteroids mainly relies on morphallactic processes, consisting in 

extensive rearrangement of the existing tissues which contribute to the new tissues 

through cell dedifferentiation, re-differentiation and/or migration. 

 

1. Introduction 

According to Goss (1969) and Mattson (1976) regeneration is defined as the recovery 

process of lost or damaged tissues or organs due to injury. The regenerative capabilities 

vary a lot among phyla depending on their adaptive value in terms of evolutionary 

advantage (Brockes and Kumar, 2008), and are expressed to a different extent in the 
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diverse animal groups, independently of the phylogeny. The wide spectrum of 

regeneration processes in the diverse phyla is evident for the high adaptive value of this 

phenomenon. Although some vertebrates can display regeneration phenomena i.e. 

reptiles regenerate tails, amphibians lenses (Toshinori et al., 2004) or limbs (Stocum, 

2006) and mammals digits (Han et al., 2008), these processes do not appear to be 

comparable to the amazing capacity of several invertebrates to repair and re-grow 

extensive body parts and organs. However, the highest potential of invertebrate 

regeneration is not related to primitive conditions and is not only found in the lower 

metazoans, such as Hydra and planarians (Tanaka and Reddien, 2011); many past and 

recent studies clearly demonstrated that extensive regeneration capabilities are displayed 

by highly evolved and complex animal groups, such as echinoderms and ascidians, both 

deuterostomes, which are excellent and promising experimental models for studies of 

regeneration (Candia Carnevali, 2006; Candia Carnevali and Burighel, 2010). Indeed, 

echinoderms are known to have the greatest capacity of regeneration among 

deuterostomes and the established gene conservation between echinoderms and 

vertebrates (the sea urchin genome, recently sequenced, shows 70% homologies with 

the human genome (Sea Urchin Genome Sequencing Consortium, 2006)) suggests that 

findings from these animal models might be relevant to research addressed to 

mammalian regeneration. 

Amongst echinoderms, asteroids are well known to be able to undergo extensive 

regeneration of arms following their self-induced amputation (autotomy) or traumatic 

loss/damage due to predation, accidents, and so forth (Candia Carnevali, 2006). The 

histological and cellular aspects of the regenerative process have been described in detail 

in a few works using Asterias rubens, Coscinasterias muricata and Leptasterias hexactis 

as model species (Mladenov et al., 1989; Moss et al., 1998; Ducati et al., 2004). 

According to these studies the overall regenerative process could be subdivided into three 

main phases: a repair phase, characterised by wound healing processes; an early 

regenerative phase, characterised by first differentiation phenomena; and an advanced 

regenerative phase, characterised by proper arm re-growth. Depending on the presence 

or absence of a localised blastema of undifferentiated and proliferating cells after wound 

healing, the regenerative events could be interpreted partly as epimorphic, partly as 

morphallactic processes, the borderline between these being apparently evident at 

macroscopical level but rather ambiguous and still not well defined at cellular level. 

Indeed, in echinoderm regeneration the different mechanisms co-exist and this ambiguity 
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is always present (Candia Carnevali, 2006). Epimorphic processes with blastema 

formation are usually found in those situations where regeneration is a widely predicted 

event implying a standardised sequence of developmental phases following auto-

mutilations: this is the case of post-autotomic regeneration of arms in crinoids (Candia 

Carnevali and Bonasoro, 2001a) and some ophiuroids (Biressi et al., 2010). In contrast, 

morphallactic regeneration seems to be a more complicated and slower process following 

accidental events whose extent is variable. This can be seen in post-traumatic arm-tip 

regeneration in asteroids and, more generally in all echinoderms, in all type of post-

traumatic regeneration related to stress conditions (extreme mutilations, exposure to 

environmental pollution, etc.; Candia Carnevali, 2006; Sugni et al., 2007). In all these 

cases, the mutilation impact can vary greatly and the lost tissues cannot be restored by 

following a standardised developmental model but they are re-grown starting from the 

rearrangement of the old structures of the stump (Candia Carnevali and Bonasoro, 

2001b). With regard to the regenerative process of arm-tip in starfish, this is therefore 

considered mainly morphallactic: nevertheless, in terms of the cells that are involved, it 

can involve either pluripotent progenitor cells such as coelomocytes (Hernroth et al., 

2010) or/and differentiated cells, which may undergo dedifferentiation or 

transdifferentiation (Candia Carnevali, 2006). 

Coelomocytes were found to be among the most actively involved elements during the 

repair phase of asteroid arm regeneration. In Asterias rubens, the aggregation of 

coelomocytes from adjacent tissues has been shown to significantly contribute to wound 

healing by clotting phenomena. The grouping of this non-proliferating cell type beneath 

the wound epidermis was considered also as the first line of defence following amputation 

(Holm et al., 2008). These cells undergo phagocytosis of cell debris and of 

microorganisms penetrating the internal body fluids from the wound area (Mladenov et 

al., 1989). 

Although several previous studies have been focused on the early processes of arm 

regeneration in starfish, a comprehensive interpretation of the overall process is still 

missing and the cellular mechanisms and the origin of the involved cells are not yet well 

defined. For this reason, further studies are needed: moreover, the characteristic diversity 

existing among species (in terms of morphology, physiology, ecology, and susceptibility 

to autotomy/traumatic amputation) makes each model very different from the others and, 

therefore, a detailed comparative analysis of different models appears to be very 

appropriate. 
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In this study the common Mediterranean red starfish Echinaster sepositus has been 

selected as a suitable experimental model. The reasons for this choice are the following. 

First, regenerating specimens of E. sepositus are not frequently found in the wild, indeed, 

this species neither autotomizes easily (personal observations) nor is subjected to a high 

predation pressure; rather, it has maximised other defence strategies, such as the 

presence of sub-epidermal mucous glands containing toxic compounds (Hyman, 1955). 

Therefore, we assumed that a “forced and unpredicted regenerative process” induced in 

a species with a low regeneration incidence might differ from the regeneration response 

of species frequently undergoing traumatic amputations by predation or self-induced 

autotomies such as A. rubens. Second, E. sepositus has been recently used as model 

species to investigate molecular aspects (homeobox genes) of arm regeneration (Ben 

Khadra et al., 2014) which need to be properly complemented by morphological 

investigations addressed to a detailed characterisation of the tissue and cellular pattern. 

Consequently, using different microscopy techniques (light and electron) we intend to 

provide basic essential information on the main anatomical and ultrastructural aspects of 

the regeneration process in this species. The present paper, besides facilitating any future 

research efforts in this field, will provide the basic knowledge of the main cellular 

mechanisms during the early stages of regeneration which are so critical for guaranteeing 

the correct fulfilment of the subsequent phenomena of growth, morphogenesis and 

differentiation. 

 

2. Materials and Methods 

2.1. Ethics Statement 

All animal manipulations were performed according to the Italian law, i.e. no specific 

permits were required for the described studies since starfish are invertebrates. 

Echinaster sepositus is not an endangered or protected species. All efforts were made to 

minimise the animal suffering during experimental procedures. The specimens were 

released into their natural environment once the experimental procedures were 

completed. 

 

2.2. Animal sampling and regeneration tests 

Adult (diameter ~ 12 cm) specimens of Echinaster sepositus were collected by scuba 

divers at depth of 5-8 m from the Marine Protected Area of Portofino (Paraggi, Ligurian 

Sea, Italy) between November 2012 and April 2013. They were left to acclimatise for two 
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weeks and maintained at 18°C in aerated aquaria filled with artificial sea water (Instant 

Ocean, 37‰) for the whole experimental period. Chemical-physical sea water parameters 

were checked daily (temperature and salinity) or weekly (concentrations of nitrites, 

nitrates, Ca, Mg, PO4 and pH) and promptly adjusted if necessary. Specimens were fed 

with small pieces of cuttlefish twice a week. Traumatic amputation of the distal third of 

one arm for each specimen was performed by scalpel. Animals were then left to 

regenerate in the aquaria for pre-determined periods. The regeneration pattern was 

monitored at 1, 24 and 72 hour(s) post-amputation (p.a.) and was also compared with 

that of normal non-regenerating arms. Four-six samples/individuals were analysed for 

each stage. Regenerating arm tissues were removed including about 1 cm of the stump 

and were subsequently processed for the different microscopic analyses. 

 

2.3. Microscopic analyses 

Non-regenerating and regenerating tissues collected at different time points were 

analysed by different microscopy techniques (light and electron, see below). Samples 

were initially observed and photographed under a LEICA MZ75 stereomicroscope 

provided with a Leica EC3 Camera and Leica Application Suite LAS EZ Software (Version 

1.8.0). 

 

2.3.1. Light microscopy (LM) 

Both thick (paraffin) and semi-thin (resin) sections were prepared. Briefly, for thick 

sections three samples per stage were fixed in Bouin’s fluid for about one month to allow 

decalcification, washed in tap water, dehydrated in an increasing ethanol series, cleared 

with xylene, washed in xylene:paraffin wax solution (1:1) and embedded in paraffin wax 

(56°-58°C). Sagittal (longitudinal-vertical) sections (5-7 µm) were cut and stained 

according to Milligan’s trichrome technique (Milligan, 1946). For resin sections, three 

samples per stage were fixed in SPAFG fixative (3% glutaraldehyde, 1% para-

formaldehyde, 7.5% picric acid saturated solution, 0.45 M sucrose, 70 mM cacodylate 

buffer) for one month to allow decalcification, washed in 0.15 M cacodylate buffer and 

post-fixed in 1% osmium tetroxide in the same buffer for 2 hours. Samples were rapidly 

washed in distilled water and then in 1% uranyl acetate in 25% ethanol (2 hours), 

dehydrated in an ethanol series, cleared in propylene oxide, washed in propylene 

oxide:Epon 812-Araldite solution (3:1 for 1 hour, 1:1 for 1 hour, 1:3 for 1 hour and 100% 

resin overnight) and embedded in Epon 812-Araldite. Samples were longitudinally 
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sectioned using a Reichert Ultracut E with glass knives. The semi-thin (1 µm) sections 

were stained with crystal violet and basic fuchsin. Thick and semi-thin sections were 

observed under a Jenaval light microscope provided with a DeltaPix Invenio 3S 3M 

CMOS Camera and DeltaPix Viewer LE Software. 

 

2.3.2. Scanning electron microscopy (SEM) 

After sagittal sectioning, the remaining paraffin embedded half-samples were also used 

for scanning electron microscopy (SEM) analyses. Samples were washed several times 

with xylene for five days in order to completely remove the paraffin wax. Then they were 

washed in absolute ethanol and subsequently in HMDS and ethanol (in the proportions: 

1:3, 1:1, 3:1) for 15 minutes each wash, and then washed 3 times in 100% HMDS for 15 

minutes. Finally, all the processed samples were mounted on stubs, covered by a thin 

layer of pure gold (Sputter Coater Nanotech) and observed under a scanning electron 

microscope (LEO-1430). 

 

2.3.3. Transmission electron microscopy (TEM) 

For transmission electron microscopy (TEM) analyses the same samples employed for 

semi-thin sections were cut with glass knives using the same Reichert Ultracut E. The 

obtained thin sections (0.07-0.1 µm) were collected on copper grids, stained with uranyl 

acetate followed by lead citrate and finally carbon coated with an EMITECH K400X 

Carbon Coater. The thin sections were observed and photographed using a Jeol 100SX 

transmission electron microscope. 

 

3. Results 

3.1. Non-amputated arm: gross morphology and ultrastructure 

A histological cross section of an intact arm, showing the main anatomical features, is 

illustrated in Figure 1A (for a review of asteroid anatomy see Hyman, 1955). The arm 

body wall hosts a series of calcitic ossicles which are organised in the typical three-

dimensional structure, the stereom, whose “cavities” are filled by cells and ECM (Fig. 1B, 

for a review see Smith, 1990). The ossicles are sandwiched between an inner and an 

outer dermis, formed by dense (DCT) and loose (LCT) connective tissue respectively. As 

reported in other starfish (Motokawa, 2011), most of the collagen fibres are arranged 

according to an orthogonal pattern. The body wall is internally completed by a coelomic 

myoepithelium (CE). In line with the literature (Chia and Koss, 1994), this consists of 
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apical peritoneocytes and basal longitudinal myocytes and nerve processes (Fig. 1C). 

Additionally, bands of transversal myoepithelial cells form rings of circular muscles, 

regularly distributed in the underlying connective tissue (Fig. 4C). A regular series of 

prominent papulae juts out from the external arm surface. Numerous large mucous 

glands, typical of some Echinasteridae (Hyman, 1955), are mainly present in the aboral 

dermis. 

In the dermis several cells are distributed between collagen fibres. Besides the typical 

connective tissue cells (Fig. 2A), in our experimental model two other cytotypes could be 

frequently observed: myoepithelial cells and granulocytes (Fig. 2). Most often these two 

cell types were associated and enclosed together by a fibrous basal lamina, often in direct 

contact with collagen fibril bundles (Fig. 2A, C). Myoepithelial cells were scattered in the 

different dermis layers presumably organised in a loose network. They were 

characterised by a prominent euchromatic nucleus and their elongated cell processes 

were occupied mainly by bundles of myofilaments (Fig. 2B). The granulocytes were 

characterised by the presence of many circular and homogeneously electron-dense 

granules, approximately 1 µm in diameter (Fig. 2B, C). Their cell processes often formed 

a sort of “chamber” where microvilli and cilia could be observed (Fig. 2C, D). These 

morphological features resembled those of secretory cells observed in the CE (Chia and 

Koss, 1994). Additionally, neurosecretory-like cells containing small electron-dense and 

roundish/oval granules (approximately 300 nm in diameter) were occasionally present in 

association with the previously described cytotypes; their morphological features were 

similar to those of the juxta-ligamental cells (JLCs) or neurosecretory cells (Chia and 

Koss, 1994) described in the literature, which are considered to be distinctive elements 

of echinoderm mutable collagenous tissues (MCTs; Chia and Koss, 1994). 

The main visible nervous component of the arm, the radial nerve cord (RNC), runs along 

the entire length of the ambulacral groove between the two rows of tube feet and ends 

into the optic cushion, the typical starfish photoreceptor structure. As in all asteroids, the 

RNC is typically V-shaped and continuous, in its lateral sides, with the epidermis (Fig. 1A, 

3A). Indeed, the main nervous component of the RNC is the ectoneural system, showing 

the classic structure of a neuroepithelial plexus (Viehweg et al., 1998): this is separated 

from the adjacent hyponeural sinus by a thin connective tissue layer and a coelothelium 

(Fig. 3A). On both sides (mainly in its apical part) the V-structure encloses layered 

aggregates of presumptive hyponeural somata. In sagittal sections the ectoneural 

epithelium of E. sepositus appeared to be composed of three distinct layers: (i) a thin 
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hyaline layer covering the surface of the cells and enclosing their cilia (Fig. 3B), (ii) a 

somatic zone (Fig. 3A), containing the nucleated portions of the epithelial supporting cells 

and neurons and (iii) a fibrillar zone (neuropile), made up of neurofibrillae intermixed with 

the axial parts of the supporting cells, containing intermediate filaments bundles (Fig. 3C). 

 

 

Fig. 1. Main anatomical features of E. sepositus arm. A) A transverse section of E. 
sepositus arm-tip (light microscopy (LM)). B) SEM photo of an ossicle. C) TEM 
micrograph of the basal part of the coelomic myoepithelium (CE) consisting of 
peritoneocytes (arrow) and longitudinal myocytes and nerve processes (arrowheads). 
Abbreviations: ap-ampulla, cc-coelomic cavity, CE-coelomic epithelium, DCT-dense 
connective tissue, ep-epidermis, gl-gland, LCT-loose connective tissue, lm-longitudinal 
myocyte, o-ossicle, pl-papulae, RNC-radial nerve cord, sp-spine, tf-tube foot, utam-upper 
transverse ambulacral muscle. Scale bar (C): 1 μm. 
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Fig. 2. Ultrastructure of connective tissue cells. A) TEM micrograph of a typical connective 
tissue cell (arrow), and myoepithelial cells and granulocytes enclosed by a basal lamina 
(arrowhead). B) TEM micrograph of a myoepithelial cell (arrow), characterised by a 
prominent euchromatic nucleus and a cytoplasm occupied by bundles of myofilaments, 
in strict association with a granulocyte (arrowhead) containing electron-dense granules 
(asterisks). C) TEM micrograph of myoepithelial cells (arrow) occupied by bundles of 
myofilaments and granulocytes (arrowhead) with a massive cytoplasmic presence of 
roundish and homogeneously electron-dense granules (asterisks). D) Detail of cell 
processes between myoepithelial cells and granulocytes (chamber) where microvilli and 
cilia are observed. Abbreviations and symbols: c-collagen fibrils, ch-chamber, cl-cilia, f-
myofilaments, n-nucleus, *-electron-dense granule. Scale bars: 1 µm (A-C), 0.5 µm (D). 
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Fig. 3. Main components of E. sepositus RNC. A) Ectoneural epithelium composition: a 
thin hyaline layer (arrowhead) covering the surface of the cells, a somatic zone (s.z) and 
a fibrillar zone (fb.z). B) TEM micrograph detailing the hyaline layer (hy). C) Detail (TEM 
micrograph) of the basal part of the ectoneural epithelium showing the axial part of 
supporting cells which contain intermediate filaments bundles, their final end-feet 
(arrowhead) and nervous processes (arrows) with small electron-dense granules. 
Abbreviations: ecn-ectoneural epithelium, fb.z-fibrillar zone, hn-hyponeural, hy-hyaline 
layer, if-intermediate filaments, sp-septum, s.z-somatic zone. Scale bars: 1 µm (B), 2 µm 
(C). 
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3.2. Regeneration 

3.2.1. 1 hour p.a.: wound sealing 

As shown in whole mounts and in histological sections, immediately after removal of the 

arm-tip, the distal portion of the stump (about 3 mm) strongly constricted (like a 

“haemostatic ring”) thus sealing off the open ends of the perivisceral coelom (Fig. 4A, B). 

Papulae present in the contracted stump body wall appeared deflated, as a consequence 

of the reduced coelomic hydrostatic pressure. In the contracted area the collagen fibres 

of the DCT apparently became more densely packed and the coelothelium showed an 

extensively folded profile; the rings of circular muscle fibres underlying the coelothelium 

appeared to be remarkably contracted, showing a more roundish and enlarged overall 

cross section when compared with those of more proximal area of the stump (Fig. 4C, D). 

This strong contraction pulled the first pair of tube feet towards the centre of the wound. 

The injury appeared to be sealed also by the active contribution of coelomocytes which 

migrated through the coelomic fluid and formed clots closing the wound (Fig. 4E). 

Different cytotypes could be distinguished in this area, including both apparently 

undifferentiated cells and differentiated coelomocytes. The presumptive undifferentiated 

cells were small elements, roundish or oval in shape, with a very large nucleus and a 

scarce granular cytoplasm not containing any specialised organelles (e.g. phagosomes). 

Their surface did not show filopodial processes (Fig. 4F). The differentiated coelomocytes 

included different populations of migratory cells, recognisable by specific morphological 

features (shape, size, cytoplasmic inclusions, filopodial processes, etc.). The 

characterisation of these cells is given in detail in stage 72 hours p.a. In any case, the 

microscopic analyses did not reveal any noticeable changes in the specific cellular 

composition of the CE either close to or far from the wound: no direct release of 

coelomocytes from the CE could be observed. 

Even at this early stage the injured muscles showed first signs of reorganisation and 

dedifferentiation phenomena and evidence of release of cells towards the wound area 

(Fig. 4G). 
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Fig. 4. Wound sealing (1 hour p.a.). A) (stereomicroscopy (SM) view) and B) (LM) 
haemostatic ring (arrows); the distal portion of the stump (about 3 mm) is strongly 
constricted. C) Normal unconstricted body wall. D) At the constriction the collagen fibres 
(asterisks) of the DCT become more packed, the coelothelium shows a folded profile 
(arrow) and the circular muscle fibres (arrowhead) appear contracted in comparison to 
norm (arrowhead in C). E) Coelomocytes clotting in the coelomic cavity (arrows). F) TEM 
micrograph of a presumptive undifferentiated cell found in the coelomic cavity. G) Injured 
muscle showing first signs of reorganisation and release of cells towards the wound area 
(arrow). Abbreviations and symbols: cc-coelomic cavity, CT-connective tissue, lam-lower 
transverse ambulacral muscle, m-muscle, n-nucleus, o-ossicle, pc-pyloric caeca, RNC-
radial nerve cord, tf-tube foot, *-collagen fibres of the DCT. Scale bar (F): 1 µm. 
 

3.2.2. 24 hours p.a.: wound healing 

At 24 hours p.a. the strong body wall contraction still persisted (Fig. 5A): the aboral body 

wall converged and folded towards the oral side (Fig. 5B). Within the end of the first day 

post-amputation wound healing was almost completed, including the formation of a new 
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thin epithelium (Fig. 5C, D). The epidermis, which seemed to converge centripetally from 

the edges towards the wound centre, provided cells for the formation of a new thin 

epithelial monolayer (Fig. 5E). At this stage, this latter was apparently composed only by 

partially dedifferentiated epidermal cells, derived from the stump, which were stretched 

in order to heal the injured area. These cells were initially flat and squamous with a 

prominent nucleus and cytoplasmic inclusions (granules, vacuoles, etc.) characteristic of 

the epidermal cells. Typical cell junction complexes, including both adherens and septate 

types, were detectable. Small microvilli immersed in a thin cuticle layer could be seen on 

the outer epithelial side, although a clearly recognisable basal lamina was still lacking 

(Fig. 5F). Numerous presumptive neural processes could be observed on the inner 

epithelial side (Fig. 5E). In some cases, beneath this wound epidermis a loose syncytial 

network of phagocytes was found containing several cytoplasmic inclusions and/or 

electron-transparent vacuoles, and creating wide and irregular lacunar areas. The 

syncytium appeared to form a barrier isolating extracellular matrix elements (e.g. collagen 

fibrils) and sparse cells that remained after ablation and/or had recently migrated to the 

wound area (Fig. 5G). 

At this early stage the RNC was also healed: the regenerating fibrillar zone showed a 

rearranged pattern with a still disorganised architecture and in the most distal part only 

the cell body layer was visible (Fig. 5D). 
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Fig. 5. Wound healing (24 hours p.a.). A) (SM view) The strong body wall contraction still 
persists (arrow). B) (SM view) The aboral body wall converges and folds towards the oral 
side (arrow). C) Complete wound healing and formation of a new thin epithelium (arrow). 
D) (LM) Wound epidermis (arrowhead) and neuroepithelium healing (arrow). E) TEM 
micrograph of the new epidermis which is composed by a monolayer of dedifferentiated 
epidermal cells (arrow). On its inner epithelial side numerous presumptive nervous 
processes are found (arrowheads). F) Detail of Fig. E on the typical cell junction 
complexes (arrowhead) and small microvilli (arrow) of the new epithelium together with 
electron-dense granules (asterisks). G) Loose syncytial network of phagocytes beneath 
this wound epidermis. Abbreviations and symbols: c-collagen fibrils, cc-coelomic cavity, 
DCT-dense connective tissue, oe-oedematous area, ECM-extracellular matrix, EX-
external environment, gl-gland, lac-lacunar area, lam-lower transverse ambulacral 
muscle, LCT-loose connective tissue, n-nucleus, o-ossicle, pc-pyloric caeca, pl-papulae, 
RNC-radial nerve cord, RWC-radial water canal, tf-tube foot, v-vacuole, *-electron-dense 
granule. Scale bars: 1 µm (E-F), 10 µm (G). 
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3.2.3. 72 hours p.a.: oedematous area formation 

The aboral body wall was still “moving” downward, covering the wound area (Fig. 6A). 

The body wall was now relaxed and the papulae protruded again, indicating that the 

wound was actually healed and possibly the internal hydrostatic pressure completely 

restored (Fig. 6A, B). The newly formed epidermis was much thicker and organised (Fig. 

6C, D). The supporting cells, columnar in shape, were now more differentiated, bearing 

microvilli and cilia. Their roundish nucleus was basally positioned and their apical 

cytoplasm contained some dense or finely granular granules (Fig. 6D). Several secretory 

cells, filled by roughly circular electron-translucent granules (about 1.1 µm in average 

diameter) were present. All around the bases of these cells, well-differentiated neural 

processes could also be found: they were filled with a large number of small electron-

dense vesicles (about 120 nm in diameter). 

Just beneath the wound epidermis, clots of different cells, apparently formed by free-

migrating elements, were intermixed with newly deposited collagen fibrils, leaving room 

for the formation of a wide empty area of oedematous area (Fig. 6E). The most numerous 

cell types were phagocytes, easily recognisable by their large size, irregular shape, and 

cytoplasmic content especially represented by large phagosomes (Fig. 6F). Furthermore, 

widespread presumptive fibroblasts (Fig. 6G) and some scattered morula cells or 

spherule cells (type III, according to the classification by Chia and Xing, 1996) were also 

found, these latter containing translucent granules in their cytoplasm. In addition to these 

cytotypes, several altered myocytes, released by the injured muscles, were found 

widespread in the oedematous area (Fig. 6H). These myocytes were undergoing evident 

dedifferentiation processes, often characterised by the presence of typical “spindle-like” 

structures (SLSs; Fig. 6I) in which extensive rearrangement and packaging of their 

contractile apparatus were occurring. Some SLSs were ingested by phagocytes. In some 

cases, only the contractile apparatus was ingested. Apparent flows of different cell types 

moved from the stump (upward from the RNC area and downward from the aboral wall) 

to the oedematous area. Free-circulating cells were also visible in the perivisceral coelom 

and the papulae. 
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Fig. 6. Oedematous area formation (72 hours p.a.). A) (SEM micrograph) The aboral 
body wall moves downwards (arrow). B) (LM) The body wall is relaxed and the 
downwards movement of the aboral body wall is visible (arrow). C) (SEM micrograph) 
The newly formed epidermis (arrow) is much thicker and organised. D) (TEM micrograph) 
The supporting cells are more differentiated (bearing microvilli and cilia (arrow)) and their 
apical cytoplasm contains some dense or finely granular granules (arrowhead). The 
secretory cells are filled by electron-translucent granules (asterisks). E) (LM) 
Oedematous area: intermixed cells (arrows) beneath the wound epithelium (ne). F) TEM 
micrograph of a phagocyte. G) TEM micrograph of a presumptive fibroblast with Golgi 
apparatus (GA) in full activity and an evident nucleolus. H) TEM micrograph of 
dedifferentiated myocytes found in the oedematous area (arrows). I) Detail of the “spindle-
like” structures (SLSs) of a myocyte. Abbreviations and symbols: c-collagen fibrils; cc-
coelomic cavity, CT-connective tissue, DCT-dense connective tissue, GA-Golgi 
apparatus, gl-gland, lam-lower transverse ambulacral muscle, nCT-newly deposited 
collagen, ne-new epidermis, o-ossicle, oe-oedematous area, pc-pyloric caeca, pl-
papulae, tf-tube foot, *- electron-translucent granules. Scale bars: 10 µm (D), 2 µm (F, I), 
1 µm (G), 5 µm (H). 
 

4. Discussion 

In this work, we described the basic cellular mechanisms occurring during the repair 

phase in the Mediterranean red starfish E. sepositus following traumatic arm amputation. 
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Within one hour p.a. an immediate emergency reaction occurred. The tip of the stump 

was strongly constricted to seal off the perivisceral coelomic canal from the outer 

environment, acting like a haemostatic (coelomo-static) ring: this prevented excessive 

loss of coelomic fluid and, at the same time, restored and maintained the internal 

physiological hydrostatic pressure in the rest of the body. This was evidenced by the 

different conditions shown by the papulae (which are expansions of the perivisceral 

coelom): in fact, the papulae nearest to the coelomo-static ring looked deflated, whereas 

the more distant ones maintained their functional turgidity. In contrast to the papulae, 

those tube feet nearest to the wound surface conserved their turgor, thus indicating that 

the sealing of the water vascular canal was more effective and rapid than that of the 

perivisceral coelom. 

The emergency reaction was apparently achieved by a synergic activation of different 

components, namely coelomocytes, muscles and scattered dermal myocytes and, 

possibly, also the dermal MCT. The rapid coagulation of the coelomic fluid was achieved 

by coelomocytes: they rapidly formed a clot of cells, facilitating the closure of the injured 

perivisceral coelomic canal. Only the mature coelomocytes were able to aggregate using 

their filopodial processes (Pinsino et al., 2007). The coelomocytes coagulating in the 

canal were probably those already present in the coelomic liquid. However, this does not 

exclude the possibility that the CE produces coelomocytes immediately after wounding 

since the transition to the filopodial form arises within 5 to 8 minutes in fresh preparations 

and suspended cells (Pinsino et al., 2007). 

Together with coelomocytes, also myocytes were actively involved in the emergency 

reaction in terms of both muscular activity and cell recruitment. In terms of muscle 

contraction, this was in agreement with previous work carried out in Leptasterias hexactis 

where the loss of coelomic fluid is similarly stopped also by a strong contraction of the 

arm stump (Mladenov et al., 1989). In our samples, this contraction was performed mainly 

by the circular muscle layer beneath the CE, which formed an internal haemostatic ring 

surrounding the coelomic cavity. Nevertheless, this event did not completely explain the 

overall constriction of the whole arm wall (i.e. including the aboral dermis and epidermis), 

its apparent reduction in thickness and the presence of a more compact dermis. This 

could be reasonably explained by an involvement of the myocyte network within the 

dermal layer: a myocyte contraction is likely to remodel the collagen bundles to which 

these are structurally connected. The function of the associated CE-derived granulocytes 

remains unknown, although their invariable co-existence with myocytes suggests a 
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functional relationship. Although highly speculative, the occasional presence of 

presumptive juxta-ligamental cells might suggest that the muscle contraction (both of the 

circular bundles and the dermal network) can be further supported by a stiffening of the 

mutable collagenous tissue (MCT) composing the dermis of the arm wall (Smith, 1990). 

Indeed, in many cases echinoderm MCTs can contribute or even substitute muscle 

functions as energy sparing mechanism during posture maintenance (e.g. in crinoids; 

Chia and Koss, 1994). This might be particularly important in the initial regenerative phase 

of E. sepositus, since experimental starfish do not feed during the first weeks post-

amputation (personal observations). 

Besides sealing off the coelom, the stump contraction reduced the injury surface, thus 

accelerating wound cicatrisation. This was helped also by a further downward folding of 

the aboral surface (which apparently slipped toward the oral side), that made the wound 

edges closer and increased protection of the injured site. Within 24 hours p.a. the wound 

healing process began: this is initially achieved recruiting and recycling the adjacent 

epidermal cells which were stretched and migrated over the wound, creating a thin 

epithelium already provided with cell junctions. It is not clear whether this epithelial 

covering is driven by the underlying and developing nervous plexus or by the epidermal 

cells themselves. The wound closure was supported by the formation of a phagocyte 

syncytial network separating the developing epithelium from the injured stump tissues 

which started to exhibit an active rearrangement process. It is well known that the fusion 

of phagocytic cells usually occurs after the contact between the coelomic fluid and the 

external environment (Isaeva and Korenbaum, 1990). In E. sepositus, the cell syncytia 

could be considered as the first barrier against loss of coelomic fluid following trauma. 

Also, it could represent a mechanism widely used by many organisms to eliminate foreign 

bodies; a syncytial-like structure has been found in the starfish Acanthaster planci 

following an injection of bile slats and other contaminants (Grand et al., 2014). At the best 

of our knowledge, such phagocyte network formation during wound healing in 

invertebrates has never been documented before. However, this phenomenon is 

reminiscent of the formation of a network of blood vessels, which is a critical component 

of wound healing in mammals. The endothelial cells migrate, invade the ECM stroma, 

and form tube-like structures that continue to extend, branch, and create networks, which 

supply oxygen and nutrients to cells that are rebuilding the affected tissue (Tonnesen et 

al., 2000). By 72 hours p.a., the wound epithelium was almost completely differentiated, 

thicker and permanent: epidermal cells acquired their final morphological and functional 
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features (prismatic shape, microvilli and cilia on the outer surface, secretory granules in 

the cytoplasm) and an underlying nerve plexus was well developed. The wound covering 

occurred in a centripetal direction, towards the RNC/water vascular canal area. This 

behaviour has been already observed during the ophiuroid repair phase (Biressi et al., 

2010) and suggests that the injured RNC or water vascular canal area released chemo-

attractant molecules that direct or attract the migration of wandering cells. It is well known 

that echinoderm regeneration is a nerve-dependent phenomenon (Thorndyke and Candia 

Carnevali, 2001). 

At this time an oedematous area was formed behind the newly established epidermis, 

composed of several cytotypes which were characterised by transmission electron 

microscopy (TEM). Among all intermixed cells, phagocytes represented the most 

abundant population, as has been described in the common sea star A. rubens (Pinsino 

et al., 2007). Phagocytes are recruited at the beginning of the regeneration process and, 

although their number considerably varies within taxa, their involvement is usually related 

and restricted to the repair phase, in both arm and visceral echinoderm regeneration 

(Candia Carnevali et al., 2009). The main characteristic of these cells is their ability to 

phagocytise other cells or foreign particles (Endean, 1966). The phagocytosis of foreign 

materials in E. sepositus initiated within 24 hours following amputation. Phagocytosis is 

an important feature of the immune response throughout the animal kingdom: in fact, it 

represents the first line of defence (Greenberg, 1989). It has been demonstrated that 

phagocytes in the sea star Asterias vulgaris can remove 2.6x107 sea urchin coelomocytes 

within one hour when sea urchin cells are injected into the body cavity of the sea star 

(Reinisch and Bang, 1971). Moreover, phagocytes can degrade not only foreign materials 

but also their own particles (debris) or cells when necessary. In E. sepositus phagocytes 

began to digest SLSs/degenerated myocytes present in the oedematous area or in the 

area close to the wound site after 72 hours p.a.: indeed, most of these degenerating 

myocytes came from injured muscles at the level of the amputation plane. The first stages 

of dedifferentiation included the tight packaging of myofilaments in defined sarcoplasmic 

areas which could be eventually removed by exocytosis and subsequently ingested by 

phagocytes. Similar means of recycling myocytes has been described in the holothurian 

Holothuria glaberrima following evisceration of the digestive tract (García-Arrarás and 

Dolmatov, 2010). 

In terms of cell recruitment for regeneration, several authors have shown that myocyte 

dedifferentiation is a common event in echinoderm regeneration processes and that the 
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dedifferentiated cells might play an important role in the formation of the new tissues or 

organs (Candia Carnevali, 2006). Indeed, in echinoderms myocytes are the most “plastic” 

cytotypes to be used and recycled for a potential use during the re-growth phase and this 

remarkable ability might be one of the key aspects of their striking regenerative capacity. 

It is still not clear if myocyte dedifferentiation gives rise directly to new populations of cells 

or if they are involved in complicated processes mediated by phagocytes in which they 

undergo degeneration and mainly contribute indirectly as source of important cell 

reserves (e.g. proteins). Tracking the fate of “myocytes” after myofilament expulsion 

would certainly help to clarify this issue. Regardless the implicated mechanism, direct or 

indirect, it is noteworthy that these processes of rearrangement/dedifferentiation at the 

level of the muscles were closely associated with massive cell migration. 

The crucial role of phagocytes and their abundance in the oedematous area did not 

exclude the presence and the importance of other cell types, such as morula cells. 

According to Chia and Xing’s classification (Chia and Xing, 1996), we have identified a 

morula cell (spherule cell) type III whose granules seem to be void of content. Morula 

cells are reported to participate in the synthesis of a large number of humoral factors of 

the echinoderm immune system and inflammatory responses (Pagliara and Canicatti, 

1993) as well as being associated with antibacterial activity (Haug et al., 2002), 

extracellular matrix remodelling (García-Arrarás et al., 2006) and wound healing (San 

Miguel-Ruiz and García-Arrarás, 2007). Other cytotypes could be present in the 

oedematous area, such as fibroblasts, since new extracellular matrix (ECM) including 

collagen was deposited progressively beneath the wound epithelium. As in mammalian 

wound healing processes (Diegelmann and Evans, 2004), in E. sepositus the ECM 

started to be deposited after the “immune response” phase but was delayed in 

comparison with them. The new collagen fibrils were widespread in the oedematous area 

is a still partly disorganised pattern, complete organisation being reached in the following 

regenerative stages. In contrast to mammalian cases (Rahban and Garner, 2003) in 

which fibrosis and/or over-deposition of collagen are detectable, in our samples from the 

wound area no signs of these phenomena were visible. As suggested for other 

echinoderm classes (e.g. Holothuroidea; Cabrera-Serrano and García-Arrarás, 2004), 

the delayed deposition of collagen and other ECM components in comparison with 

mammalian events might explain the effectiveness of the regenerative processes in this 

phylum. 
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The initial healing events occurred also at the level of the nerve: a thin layer of nervous 

tissue extending into the wound area of the regenerating arm-tip of E. sepositus was 

detectable within 24 hours p.a. The migration of cells of the radial nerve stump to cover 

the wound site was accompanied by disorganisation of the neurofibrillar zone of the RNC 

which remained over 7 days. At this stage the hyponeural system did not show any 

evident sign of regeneration. This delay could be related to its function, i.e. the innervation 

of the effector systems, such as tube feet, which will be regenerated later. It is well known 

that in many echinoderm regeneration models, the RNC starts to undergo repair first and 

subsequently drives the whole regenerative process (Thorndyke and Candia Carnevali, 

2001). 

In conclusion, in E. sepositus the repair phase lasted three days, during which initial 

wound healing occurred followed by an initial accumulation of a variety of cells, mainly 

phagocytes, forming an oedematous area just beneath the wound epidermis. Figure 7 

summarises the most important events of these early stages. The regenerative process 

could be classified as morphallactic due to the absence of a true undifferentiated and 

localised blastema and to the remarkable rearrangement phenomena at the level of 

stump tissues (mainly the injured muscles). However, on the basis of what could be 

inferred from histological studies, the origin of most cells involved in arm regeneration 

was still ambiguous. It could be that cells of mixed origin might be recruited from more 

distant sources of stem/progenitor cells as suggested in A. rubens arm regeneration 

(Hernroth et al., 2010). To help to elucidate these and other ambiguities further studies 

on this starfish species using markers for cell proliferation, cell ageing or cell identity (e.g. 

myocyte markers) are strongly recommended. 
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Fig. 7. Diagram summarising the main events during E. sepositus repair phase. A) Gross 
morphology of non-regenerating arm. B) Wound sealing (1 hour p.a.): a haemostatic ring 
formed by circular muscle and aboral collagen fibre contraction, and coelomocytes 
clotting in the coelomic cavity. C) Wound healing (24 hours p.a.): Re-epithelialisation. D) 
Oedematous area formation (72 hours p.a.): pool of various cells (myocytes, phagocytes, 
etc.) intermixed with newly deposited collagen fibrils. 
 

5. Supplementary Materials 

5.1. Extended Materials and Methods 

5.1.1. Microscopy analyses of regenerating samples 

5.1.1.1. Light microscopy (LM) 

Sections were stained according to Milligan’s trichrome technique (Milligan, 1946), a 

three-colour staining protocol that allows to distinguish the different types of tissues (for 
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example, green for the connective tissue and violet for the muscles). Briefly, sections 

were washed in clean xylene, rehydrated in a decreasing scale of ethanol and then placed 

into a solution of potassium dichromate and hydrochloric acid. The first staining was 

performed with acid fuchsin and then fixed with 1% phosphomolybdic acid; the following 

stainings were performed with Orange G and Fast Green. Finally, sections were 

dehydrated with ethanol (95% and 100%) and cleaned in xylene before mounting in 

Eukitt®. Stained sections were observed under a Jenaval light microscope provided with 

a DeltaPix Invenio 3S 3M Pixel CMOS Camera and DeltaPix ViewerLE Software. 
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Abstract 

The red starfish Echinaster sepositus is an excellent model for studying arm regeneration 

processes following traumatic amputation. The initial repair phase was described in a 

previous paper in terms of the early cicatrisation phenomena, and tissue and cell 

involvement. In this work, we attempt to provide a further comprehensive description of 

the later regenerative stages in this species. Here, we present the results of a detailed 

microscopic and submicroscopic investigation of the long regenerative phase, which can 

be subdivided into two sub-phases: early and advanced regenerative phases. The early 

regenerative phase (1-6 weeks p.a.) is characterised by tissue rearrangement, 

morphogenetic processes and initial differentiation events (mainly neurogenesis and 

skeletogenesis). The advanced regenerative phase (after 6 weeks p.a.) is characterised 

by further differentiation processes (early myogenesis), and obvious morphogenesis and 

re-growth of the regenerate. As in other starfish, the regenerative process in E. sepositus 

is relatively slow in comparison with that of crinoids and many ophiuroids, which is usually 

interpreted as resulting mainly on the basis from size-related aspects and of the more 

conspicuous involvement of morphallactic processes. Light and electron microscopy 

analyses suggest that some of the amputated structures, such as muscles, are not able 

to replace their missing parts by directly re-growing them from the remaining tissues, 

whereas others tissues, such as the skeleton and radial nerve cord, appear to undergo 

direct re-growth. The overall process is in agreement with the distalisation-intercalation 

model proposed by Agata and co-workers (2007). Further experiments are needed to 

confirm this hypothesis. 
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1. Introduction 

Regeneration has been described at both cellular and tissue levels in adult individuals of 

all echinoderm classes (Moss et al., 1998; Dolmatov and Ginanova, 2001; Dubois and 

Ameye, 2001; Candia Carnevali, 2006; Gorshkov et al., 2009; Biressi et al., 2010; Candia 

Carnevali and Burighel, 2010; García-Arrarás and Dolmatov, 2010; Hernroth et al., 2010). 

An important point concerning all post-embryonic developmental processes, such as 

regeneration, is to understand the mechanisms allowing the cells of the developing 

structure to reform the ordered spatial pattern of differentiated tissues, at the correct place 

and at the right time, on the basis of positional information and morphogenetic gradients. 

According to Dubois and Ameye (2001), who studied starfish and sea urchin spine 

regeneration, during the regenerative events, the pattern of re-growth of missing parts 

depends on their total or partial removal: the regeneration of lost tissues is epimorphic, 

whereas the regenerative process of damaged tissues is morphallactic. It has been also 

documented that the process of regeneration changes according to the different tissue 

types. Dolmatov and Ginanova (2001) showed that both the intestine and 

aquapharyngeal complex in holothurians follow a developmental pattern similar to that of 

asexual reproduction, whereas regeneration of muscles and tube feet follows the same 

pattern observed during their embryogenic development. 

Asteroids are characterised by their ability to completely regenerate arms lost after 

amputation: for this reason, they have been employed successfully as valuable 

experimental models for studies on regeneration exploring both morphological aspects 

(e.g. Leptasterias hexactis and Asterias rubens; Moss et al., 1998; Dubois and Ameye, 

2001) and molecular aspects (e.g. Marthasterias glacialis; Franco et al., 2013). Similarly, 

Echinaster sepositus has been recently used as model species to investigate both 

microscopic anatomy (Ben Khadra et al., 2015a) and molecular aspects (homeobox 

genes) of arm regeneration (Ben Khadra et al., 2014). 

As in most echinoderms, asteroid regenerative events include the following main steps: 

a repair phase, characterised by the first emergency reactions and the wound healing; an 

early regenerative phase, during which tissue reorganisation and first signs of tissue 

regenerative phenomena occur; an advanced regenerative phase, characterised by 

restoration and tissue re-growth with the formation of a new small regenerating arm 

consisting of the same structures of the adult arm (Candia Carnevali et al., 1998; García-

Arrarás and Dolmatov, 2010). 
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In a previous work (Ben Khadra et al., 2015a) we studied the repair phase of E. sepositus, 

which lasts for one week after the traumatic amputation. This initial phase represents an 

important “preparation step” for the subsequent regenerative events involving the lost 

tissues. In the current work we go further by providing a comprehensive and detailed 

analysis of the following regenerative phases, focusing on the tissue and cellular aspects 

of growth, morphogenesis and differentiation, which will represent an indispensable 

morphological complement to the molecular investigations (Ben Khadra et al., 2014). 

 

2. Materials and Methods 

2.1. Ethics Statement 

All animal manipulations were performed according to the Italian law, i.e. no specific 

permits were required for the described studies since starfish are invertebrates. 

Echinaster sepositus is not an endangered or protected species. All efforts were made to 

minimise the animal suffering during experimental procedures. The specimens were 

released into their natural environment once the experimental procedures were 

completed. 

 

2.2. Animal sampling and regeneration tests 

Adult (diameter ~ 12 cm) specimens of Echinaster sepositus were collected by scuba 

divers at depth of 5-8 m from the Marine Protected Area of Portofino (Paraggi, Ligurian 

Sea, Italy) between November 2012 and April 2013. They were left to acclimatise for two 

weeks and maintained at 18°C in aerated aquaria filled with artificial sea water (ASW; 

Instant Ocean, 37‰) for the whole experimental period. Chemical-physical sea water 

parameters were checked daily (temperature and salinity) or weekly (concentrations of 

nitrites, nitrates, Ca, Mg, PO4 and pH) and promptly adjusted if necessary. Specimens 

were fed with small pieces of cuttlefish twice a week. Traumatic amputation of the distal 

third of one arm for each specimen was performed by scalpel. Animals were then left to 

regenerate in the aquaria for pre-determined periods. The regeneration pattern was 

monitored at 1, 3, 6, 10 and 16 week(s) post-amputation (p.a.). Four-six 

samples/individuals were analysed for each stage. Regenerating arm tissues were 

removed including about 1 cm of the stump and were subsequently processed for the 

different microscopic analyses. 
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2.3. Microscopic analyses 

Regenerating tissues collected at different time points were analysed by different 

microscopy techniques (light and electron, see below). Samples were initially observed 

and photographed under a LEICA MZ75 stereomicroscope provided with a Leica EC3 

Camera and Leica Application Suite LAS EZ Software (Version 1.8.0). 

 

2.3.1. Light microscopy (LM) 

Both thick (paraffin) and semi-thin (resin) sections were prepared. Briefly, for thick 

sections three samples per stage were fixed in Bouin’s fluid for about one month to allow 

decalcification, washed in tap water, dehydrated in an increasing ethanol series, cleared 

with xylene, washed in xylene:paraffin wax solution (1:1) and embedded in paraffin wax 

(56°-58°C). Sagittal (longitudinal-vertical) sections (5-7 µm) were cut and stained 

according to Milligan’s trichrome technique (Milligan, 1946). For resin sections, three 

samples per stage were fixed in SPAFG fixative (3% glutaraldehyde, 1% para-

formaldehyde, 7.5% picric acid saturated solution, 0.45 M sucrose, 70 mM cacodylate 

buffer) for one month to allow decalcification, washed in 0.15 M cacodylate buffer and 

post-fixed in 1% osmium tetroxide in the same buffer for 2 hours. Samples were rapidly 

washed in distilled water and then in 1% uranyl acetate in 25% ethanol (2 hours), 

dehydrated in an ethanol series, cleared in propylene oxide, washed in propylene 

oxide:Epon 812-Araldite solution (3:1 for 1 hour, 1:1 for 1 hour, 1:3 for 1 hour and 100% 

resin overnight) and embedded in Epon 812-Araldite. Samples were longitudinally 

sectioned using a Reichert Ultracut E with glass knives. The semi-thin (1 µm) sections 

were stained with crystal violet and basic fuchsin. Thick and semi-thin sections were 

observed under a Jenaval light microscope provided with a DeltaPix Invenio 3S 3M 

CMOS Camera and DeltaPix Viewer LE Software. 

 

2.3.2. Scanning electron microscopy (SEM) 

The regenerating samples were fixed in scanning electron microscopy (SEM) A fixative 

(85% ASW and 2% glutaraldehyde) for 2 hours at 4°C and left in ASW overnight at the 

same temperature. Samples were post-fixed in SEM C fixative (36‰ ASW with 940 

mOsM glucose and 2% osmium tetroxide) for 2 hours and subsequently washed with 

dH2O to remove all traces of osmium. Afterwards, dehydration with an ethanol series was 

performed. Samples were transferred to a series of solutions of HMDS 
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(Hexamethyldisilazane) in absolute ethanol in different proportions (1:3, 1:1, 3:1 and 

100% HMDS). 

After sagittal sectioning, the remaining paraffin embedded half-samples were also used 

for SEM analyses. Samples were washed several times with xylene for five days in order 

to completely remove the paraffin wax. Then they were washed in absolute ethanol and 

subsequently in HMDS and ethanol (in the proportions: 1:3, 1:1, 3:1) for 15 minutes each 

wash, and then washed 3 times in 100% HMDS for 15 minutes. Finally, all the processed 

samples were mounted on stubs, covered by a thin layer of pure gold (Sputter Coater 

Nanotech) and observed under a scanning electron microscope (LEO-1430). 

 

2.3.3. Transmission electron microscopy (TEM) 

For transmission electron microscopy (TEM) analyses the same samples employed for 

semi-thin sections were cut sagittally with glass knives using the same Reichert Ultracut 

E. The thin sections (0.07-0.1 µm) were collected on copper grids, stained with uranyl 

acetate followed by lead citrate and finally carbon coated with an EMITECH K400X 

Carbon Coater. The thin sections were observed and photographed using a Jeol 100SX 

transmission electron microscope. 

 

3. Results 

The regenerative phase was preceded by a repair phase lasting 72 hours, which was 

deeply described in a recent paper (Ben Khadra et al., 2015a). Here, we provide a brief 

description of the 72 hours p.a. regenerating arm-tip morphology which represents the 

“background” of the subsequent regenerative events described in the present manuscript. 

At the end of the repair phase (72 hours p.a.), the arm-tip was completely closed over by 

a rather thick and differentiated epithelium, showing most the typical cell types (including 

epidermal cells and underlying basiepithelial nervous plexus). Beneath this latter an initial 

accumulation of scattered heterogeneous cytotypes occurred: these were mainly 

phagocytes and dedifferentiating myocytes intermixed with new fibrils of collagen, overall 

forming an oedematous area. The radial nerve cord (RNC) was similarly healed (Fig. 1) 

(see Ben Khadra et al., 2015a). 
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Fig. 1. Diagram summarising the main morphological characteristics of E. sepositus arm-
tip at the end of the repair phase (72 hours p.a.): Thick epithelium and oedematous area 
formation: pool of various cells (myocytes, phagocytes, etc.) intermixed with newly 
deposited collagen fibrils. 
 

3.1. Early regenerative phase 

3.1.1. 1 w p.a.: first sign of re-growth 

One week after traumatic amputation, the newly formed epidermis was thick and well 

organised (Fig. 2A, B). As already observed after 72 hours p.a. (Ben Khadra et al., 

2015a), the supporting cells were elongated and partly differentiated, bearing microvilli 

and cilia. The connective tissue underlying the wound epidermis was relatively well 

developed. Cellular elements, including morphologically undifferentiated cells, 

phagocytes and dedifferentiated myocytes, increased in number in comparison to the 

previous stage and were intermixed with new collagen fibrils (72 hours p.a.) (Fig. 2C; 3A, 

B, C, D). In some cases, a single dedifferentiating contractile apparatus (SLS: “spindle-

like” structure) was observed in phagosomes (Fig. 3C, D). Large numbers of these 

different cell types appeared to migrate from the aboral and the oral body walls, the 

coelom, the nervous system and the tube feet towards the wound area (Fig. 2D, E). All 

these changes resulted in the oedematous area (Fig. 2) acquiring at one week both the 

structure and function of a fibrous cicatricial tissue (Fig. 2E). 
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Seven days p.a. could be considered as a separate time point in the regenerative process 

from which the early processes of outgrowth and differentiation started, the main changes 

involving the coelomic canals, the RNC and the endoskeleton. Indeed, the perivisceral 

coelom with its newly formed mesothelial lining (CE) started re-growing after the complete 

fusion of the aboral and oral body wall edges. The somatic zone of the RNC also showed 

first signs of regeneration. The regenerating nerve portion was composed mainly of 

scattered and intermixed supporting cell elements. These latter were acquiring their 

typical bipolar shape, producing two opposite thin cytoplasmic extensions, in which 

regenerating intermediate filament bundles were already visible. These cell extensions 

produced a series of “niches”, which started to be colonised by interspersed neurons (Fig. 

3E). The apical features of the neuroepithelium were not completely differentiated: in 

particular cilia, microvilli and cell junctions were not visible yet and the hyaline layer 

consisted only of a faint fuzzy material (Fig. 3F). 

At this same stage, the early signs of skeletogenesis were evident: initial mineral deposits 

of calcium carbonate in the form of primary plates could be detected within the new 

collagen network which was progressively forming in close bundles filling the former 

oedematous area (Fig. 2F). 



 

66 
 

 

Fig. 2. First sign of re-growth (1 w p.a.). A) (SEM photo) A front view of the regenerating 
sample showing the complete re-epithelialisation of the injured area. B) (Light microscopy 
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(LM)) The newly formed epidermis is thick and well organised (arrow) and the connective 
tissue underlying the wound epidermis is relatively well developed (arrowhead). C) (LM) 
Cellular elements (arrowheads) found behind the wound epidermis intermixed with new 
collagen fibrils (arrows). D) (LM) Dedifferentiating myocytes migrating from the stump 
tube foot towards the wound area (arrow). E) (LM; a detail of B) The one week 
oedematous area has a fibrous cicatricial tissue structure. Large numbers of different cell 
types appear to migrate from the water vascular system (RWC) (arrowhead) and the 
nervous system (RNC; arrow). F) (LM) Early signs of skeletogenesis: first mineral 
deposits of calcium carbonate in form of primary plates (arrows). Abbreviations: cc-
coelomic cavity, lam-lower transverse ambulacral muscle, o-ossicle, RNC-radial nerve 
cord, RWC-radial water canal, tf-tube foot. 
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Fig. 3. TEM micrographs of migrating cells and neurogenesis (1 w p.a.). A) A phagocyte 
with obvious phagosome (arrow) and RER (arrowhead). B) A presumptive 
undifferentiated cell with big nucleus (n). C) Single dedifferentiating contractile apparatus 
(SLSs) in phagosome (arrow). D) Beginning of phagocytosis of a single dedifferentiating 
contractile apparatus by a phagocyte (arrow). E) Regenerating nerve composed mainly 
of scattered supporting cell elements (SC) acquiring their typical bipolar shape in which 
regenerating intermediate filament bundles (arrows) are visible. “Niches” (nch) start to be 
colonised by interspersed neurons (N). F) A faint fuzzy material (arrows) of the apical part 
of the neuroepithelium. Abbreviations: c-collagen fibrils, n-nucleus, N-neuron, nch-niche, 
RER-rough endoplasmic reticulum, SC-supporting cell, SLSs-spindle-like structures. 
Scale bars: 1 µm (A, B, C, D, F); 2 µm (E). 
 

3.1.2. 3 w p.a.: the regenerate appearance 

Three weeks after amputation a small regenerate appeared (~ 1.2 mm in length; Fig. 4A, 

B). It was covered by an epidermis similar to that described above; although the inner 

stroma of connective tissue looked less compact and less organised in comparison with 

that of the stump, its collagen fibres appeared to be more oriented, forming a transverse 

meshwork. Inside the regenerate the developing ossicles were more differentiated. The 

mineralised part of the ossicles, the stereom, now formed a three dimensional meshwork 

of trabeculae. The radial water canal, which appeared to be more inflated, started 

regenerating the terminal tube foot (Fig. 4C, D). 

During this phase, tissues demonstrated an evident overlapping of both recycling and 

differentiation processes. In addition to the flow of cells to the growth area, the first pair 

of tube feet showed a massive release of cells from their inner coelomic wall to the lumen 

(Fig. 4E, F). Also the most distal uninjured muscle bundles displayed evident 

rearrangement processes (Fig. 4G). 
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Fig. 4. Appearance of the regenerate (3 w p.a.). A) (stereomicroscopy (SM) view) and B) 
(LM) A regenerate measuring about 1.2 mm in length (arrows). C) and D) (a detail of C) 
(LM) The radial water canal (RWC) is regenerating the terminal tube foot (arrows). E) 
(LM) Massive release of dedifferentiating myocytes from the inner coelomic wall of the 
stump tube foot to its lumen (arrow). F) (LM) Flow of dedifferentiating myocytes to the 
growth area (arrow). G) (LM) Uninjured muscle rearrangement (arrow). Abbreviations: 
ap-ampulla, cc-coelomic cavity, ml-myoepithelial layer, o-ossicle, pc-pyloric caeca, RWC-
radial water canal, te-tube foot epidermis, tf-tube foot, tl-tube foot lumen. 
 

3.2. Advanced regenerative phase 

3.2.1. 6 w p.a.: myogenesis and tube feet morphogenesis 

A new arm-tip measuring about 1.5 mm in length was clearly visible at 6 w p.a. (Fig. 5A, 

B). New mucous glands were present in the form of invaginations of the epidermis (Fig. 
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5C), under which small spines also started to develop. The stereom of the new skeletal 

structures (spines and ossicles) became more differentiated. The lateral processes from 

adjacent trabeculae tended to fuse together giving rise to the typical three-dimensional 

meshwork of the stereom structure. TEM analyses at this skeletogenetic stage showed a 

number of cells of different types in the newly formed organic stroma: putative fibroblasts 

(collagen-making cells), scleroblasts (skeleton-making cells) and phagocytes (Fig. 6A). 

The collagen-making cells were distinguished by the presence of “multilamellar vesicles” 

in their cytoplasm and of two nucleoli in their nucleus (Fig. 6A, B). Some of the 

presumptive phagocytes had a cilium at one pole (Fig. 6C). The skeleton-making cells 

were distinguished by their cytoplasm containing a well-developed and swollen Golgi 

complex, with associated vesicles, RER and other organelles. They were easily 

recognisable by their “calcification” vacuoles, at this stage containing only amorphous 

material, where calcite would be subsequently deposited (Fig. 6A, C, D). In the 

regenerating ossicles the new collagen exhibited transverse and longitudinal bundles and 

contained developing spicules enveloped by several cell processes (Fig. 6A). 

First signs of myogenesis related to the lower transverse ambulacral muscles were clearly 

visible: they appeared as single transversal bundles of myocytes localised above the RNC 

(Fig. 5D). Additionally, scattered myocytes could be detected among the developing 

ossicles (Fig. 5E). Similarly, the longitudinal and circular muscles supporting the new CE 

were reorganising and regenerating, although the overall architecture of this layer 

(especially the circular muscles) was still incomplete and far from being definitely 

organised. The myocytes composing this reforming circular layer apparently derived from 

the CE (Fig. 5F). The regenerated epidermis and the newly formed aboral CE were 

furrowed. 

The unpaired terminal tube foot is now well developed and protruded axially. The optic 

cushion started to differentiate the first pigment-cup ocelli. Six weeks p.a., new tube feet 

(about four pairs) were visible in the regenerate, showing proximal-distal differentiation 

levels (Fig. 5B). The most proximal portion included small ampullae, in which an inner 

and an outer coelomic lining, separated by a middle layer of connective tissue, were easily 

recognisable. 
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Fig. 5. Myogenesis and tube foot morphogenesis (6 w p.a.). A) (SM view) and B) (LM) A 
clearly visible new arm-tip (arrows). The terminal tube foot (tt) is well developed. New 
tube feet (about four pairs) showing proximal-distal differentiation levels are visible in the 
regenerate (arrowheads). C) (LM) New mucous glands forming as invaginations of the 
epidermis (arrows). D) (LM) First signs of myogenesis related to the lower transverse 
ambulacral muscle (arrow). E) (LM) Scattered myocytes detected among the developing 
ossicles (arrows). F) (LM) The newly formed aboral CE is furrowed (arrow) and its 
longitudinal and circular muscles are regenerating progressively (arrowheads). 
Abbreviations: cc-coelomic cavity, CE-coelomic epithelium, ep-epidermis, LCT-loose 
connective tissue, o-ossicle, RNC-radial nerve cord, tt-terminal tube foot. 
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Fig. 6. TEM micrographs of skeletogenesis (6 w p.a.). A) A micrograph of the newly 
formed organic stroma showing putative fibroblast (fb) with two nucleoli (arrows) and 
scleroblast (sb) with calcification vacuole (CV), well-organised new collagen (c) and 
developing spicule (sp) which are enveloped by several cell processes (arrowheads). B) 
Detail of a collagen-making cell (fb) distinguished by the presence of “multilamellar 
vesicles” (arrow) and evident Golgi apparatus (GA) in its cytoplasm. C) Presumptive 
phagocyte with a cilium at one pole (arrow) present in the newly formed stroma. D) Detail 
of a skeleton-making cell (sb) which is easily recognisable by its cytoplasm containing 
calcification vacuoles (cv), GA and RER. Abbreviations: c-collagen fibrils, cv-calcification 
vacuole, fb-fibroblast, GA-Golgi apparatus, RER-rough endoplasmic reticulum, sb-
scleroblast, sp-spicule. Scale bars: 1 μm (A, B, D); 2 μm (C). 
 

3.2.2. 10 w p.a.: complete restoration of the missing parts 

At this time point the regenerating tip was about 1.7 mm in length (Fig. 7A, B). The 

regenerative process was substantially completed: indeed, all the missing parts were 

restored, although still smaller in size (Fig. 7B). The new aboral and oral ossicles and 

spines were well developed and organised (Fig. 7B, C). The progressive development of 

the major muscle bundles continued, showing an increase in fibre number and size. In 

the TEM, each muscle bundle appeared to be composed of several tightly packed 

myocytes with large circular nuclei. In most cases the newly formed myofilaments were 
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already well arranged in ordered contractile fields distributed in the peripheral regions of 

the fibres (Fig. 7D). Developing muscles were not yet observed in the articulations 

between the new aboral ossicles. The tube feet (about six pairs), with well-differentiated 

ampulla and podium components, still lacked terminal suckers (Fig. 7B). 

The newly regenerated segment of the radial nerve cord (RNC) gradually acquired all its 

components, namely a clearly recognisable optic cushion provided with several well-

differentiated pigment-cup ocelli (Fig. 7E). The neural elements and the supporting cells 

of the regenerated part acquired their definitive shape and organisation and became 

indistinguishable from those of the uninjured radial nerve. 

A characteristic oedematous area was visible just behind the folded distal CE (Fig. 7B). 

This area contained different cell types (differentiating myocytes, nervous processes, and 

ciliated cells) intermixed with collagen fibrils (Fig. 7F). 
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Fig. 7. Complete restoration of the missing parts (10 w p.a.). A) (SM view) A top view 
(left) and a front view (right) of the regenerate (arrows) showing the terminal tube foot (tt) 
and new tube feet (tf). B) (LM) Restoration of all the missing parts. Spines are well 
developed (arrow). The tube feet are well differentiated but still lack final suckers 
(arrowheads). An oedematous area is visible just behind the folded distal CE (asterisks). 
C) (SEM micrograph) A well-developed and organised new ossicle. D) (TEM micrograph) 
New myocytes with large circular nucleus (n) and newly formed myofilaments (arrows). 
E) (LM) A clearly recognisable optic cushion (arrow) provided with several well-
differentiated pigment-cup ocelli (arrowheads). F) (TEM micrograph) A detail of the 
oedematous area just behind the folded distal CE: different cell types (differentiating 
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myocytes (asterisks), nervous processes (arrow), and ciliated cells (arrowhead)) are 
intermixed with collagen fibrils (c). Abbreviations and symbols: ap-ampulla, c-collagen 
fibrils, cc-coelomic cavity, CE-coelomic epithelium, n-nucleus, sp-spine, tf-tube foot, tt-
terminal tube foot, *-oedematous area (B), differentiating myocytes (F). Scale bars: 1 μm 
(D); 4 μm (F). 
 

3.2.3. 16 w p.a.: a minuscule arm 

The new arm-tip, measuring about 3 mm in length, was well differentiated and actually 

resembled a miniature arm, showing all the typical features of the normal arm (Fig. 8A, 

B). It had a terminal tube foot complete with a fully differentiated optic cushion. At least 

eight pairs of new tube feet were present, the most proximal pair showing developing 

suckers. Numerous dermal mucous glands and well-differentiated spines were present. 

The upper transverse ambulacral muscles and the muscle bundles joining the aboral 

ossicles were also developed (Fig. 8C). Although the pyloric caeca had healed, they did 

not extend into the coelomic cavity of the regenerate. No papulae were detectable at this 

stage of regeneration. 
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Fig. 8. Regenerating arm (16 w p.a.). A) (SM view) Front view of the regenerate 
measuring about 3 mm in length with complete terminal tube foot (tt) and at least six pairs 
of new tube feet (tf). B) (LM) Regenerate with a complete terminal tube foot (tt) and a fully 
differentiated optic cushion (oc). Mucous glands (arrowhead) are well differentiated. C) 
(LM) The lower transverse ambulacral muscles (lam) are well developed. Abbreviations: 
cc-coelomic cavity, lam-lower transverse ambulacral muscle, o-ossicle, oc-optic cushion, 
RNC-radial nerve cord, RWC-radial water canal, tf-tube foot, tt-terminal tube foot. 
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3.3. Rate of arm-tip regeneration 

No arm-tip was visible at 1 w p.a.; the first sign of a measurable regenerate (about 1.2 

mm in length) appeared after 3 weeks p.a. Arm growth was fast during the early 

regenerative phase (0.32 mm/week), then it decreased regularly in the advanced 

regenerative phase (0.13 mm/week). The overall rate of arm-tip regeneration was about 

0.2 mm/week. The lost arm could be replaced completely in about two or three years in 

captivity (personal observations). 

To standardise for size/age effect, the measured lengths (mm) of the regenerating arm 

(starting from the amputation plane) were expressed as a proportion of the corresponding 

diameters (mm) of arm stumps measured from the top (aboral) to the base (oral), at about 

1 cm far from the amputation plane of each arm, excluding the tube foot length. The 

normalised values are plotted against time in Fig. 9. A logarithmic curve was the best 

model to describe the relationship (R2 = 0.9796). 

 

 
Fig. 9. Time course of arm regeneration in E. sepositus. The regenerate length is 
expressed as a proportion of the stump diameter. N (number of samples for each time 
point) = 4. Bar = mean + SD. 
 

4. Discussion 

4.1. Regenerative phase  

The regenerative phase is the core of the regeneration process and, due to its complexity 

and duration, can be subdivided into early and advanced sub-phases. During the early 

sub-phase, the connective tissue develops at the wound site and the first calcitic skeletal 
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deposits are observed. The oedematous area is still evident at this stage, possibly playing 

a “structural” role related to the defensive function typical of the repair phase (Ben Khadra 

et al., 2015a). Obvious cell migrations involving different cytotypes are directed to this 

region where the regeneration of the new tissues eventually takes place. The 1 w p.a. 

oedematous area is therefore an active “growth area”. This is in agreement with 

observations of Mladenov and co-workers (1989) who suggested that (i) the new 

structures are formed between the wound epidermis and the stump (in the growth area), 

and (ii) the radial water canal and the radial nerve cord (the only two continuous structures 

along the arm) are restored by outgrowth from the remains of these structures in the 

stump. According to Dubois and Ameye (2001) this second mechanism is similar to the 

developmental process during asexual reproduction which requires remaining parts of 

the tissues (stump); on the other hand, the ex-novo restoration of the lost structures, such 

as ossicles, muscles and tube feet, may resemble their developmental processes during 

embryogenesis. 

 

4.1.1. Skeletogenesis 

In E. sepositus regeneration of lost skeletal ossicles can be divided into two stages, the 

first (1 week p.a.) characterised by initial mineral deposits and the second characterised 

by stereom meshwork formation and growth. At 6 weeks p.a. TEM analyses have 

revealed that new ossicle formation in this starfish occurs in a manner similar to the sea 

urchin larval spicule (Okazaki, 1960) and primary tooth plate formation (Chen and 

Lawrence, 1986) and to spicule formation in holothurians (Sticker, 1985). As described in 

these models, skeleton formation begins with the aggregation of a population of more or 

less differentiated cells, including sclerocytes: these latter have one or more vacuoles 

where organic matrix is deposited. This initially intracellular spicule formation becomes 

then extracellular while the calcite crystal grows. In A. rubens Dubois and Jangoux (1990) 

reported that spicule formation might be initiated both intracellularly (lost skeleton) or 

extracellularly (damaged skeleton). 

TEM examination at the level of the stroma in 6 weeks p.a. regenerating ossicles revealed 

the presence of many fibrocytes close to scleroblasts. These cells produce collagen, 

glycosaminoglycans and other glycoproteins usually found in the extracellular matrix. It 

has been demonstrated that some of these extracellular components are fundamental for 

normal spicule formation. Spicule development may be inhibited if the extracellular matrix 

lacks N-linked glycoproteins (Grant et al., 1985) and inhibition of collagen formation 
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prevents normal spicule growth (Mintz and Lennarz, 1982; Blankenship and Benson, 

1984). Hence, in addition to their role in stroma collagen formation, fibroblasts found in 

E. sepositus might also be involved in stereom construction. 

The presence in the developing stereom of monociliated phagocytes is quite unusual, 

although previously described in A. rubens by Dubois and Ameye (2001). This feature 

further supports the hypothesis that phagocytes may derive from or share a common 

origin with coelomocytes. 

 

4.1.2. Myogenesis 

Two different co-existing events have been observed in E. sepositus muscular tissues 

following arm amputation: dedifferentiation and differentiation. The former includes 

different mechanisms depending on the integrity of the muscular tissue. Standard tissue 

histolysis is observed at the level of injured muscles from the very first stages of the repair 

phase (Ben Khadra et al., 2015a). A different mechanism occurs at the level of some 

intact muscle bundles far from the amputation site (such as the lower transverse 

ambulacral muscle or the myocytes composing the tube foot wall) and can be regarded 

as an “induced dedifferentiation”. This process becomes particularly active at 3 w p.a. in 

parallel with the remarkable growth of the regenerate. This observation supports the idea 

that these dedifferentiated myocytes, once reprogrammed, actively contribute to 

histogenesis and organogenesis of the regenerating structures (Candia Carnevali and 

Bonasoro, 2001a). 

During myogenesis it is suggested that at the regeneration site some of the CE cells 

ingress, then they detach from the overlying epithelium and acquire the myocyte 

phenotype (Dolmatov and Ginanova, 2001; Franco et al., 2013). This hypothesis is in 

agreement with what we observed in E. sepositus at 6 weeks p.a., where the longitudinal 

muscle layer of the stump CE apparently penetrates deeply into the underlying connective 

tissue of the regenerate giving rise to the new circular muscle layer. Similarly, during the 

regeneration of the somatic muscle of two holothurians (Eupentacta fraudatrix and 

Apostichopus japonicus) the basal regions of the coelomic epithelium detach from the 

surface epithelium to close up and form elongated tubular structures that eventually 

become new muscle bundles (Dolmatov et al., 1995; Dolmatov et al., 1996). 

Moreover, it has been documented that myocytes do not undergo cell division once they 

have acquired their typical differentiated form (Dolmatov and Ginanova, 2001). According 

to the authors, each newly formed myocyte is derived from a new cell from the CE, which 
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retains the capacity to divide. This might explain the inability of E. sepositus to repair 

damaged muscles, which therefore necessitates the recycling and reformation of whole 

muscles. 

However, there is no definitive evidence demonstrating that the origin of new myocytes 

is restricted only to CE elements. Dedifferentiated myocytes might also contribute directly 

to the development of new muscles as previously suggested for crinoids (Candia 

Carnevali and Bonasoro, 2001b). 

 

4.1.3. Turnover zone 

After 6-10 weeks p.a. the CE at the level of the regenerating tip appears highly folded. In 

the underlying loose connective tissue a pool of scattered cells of various types is visible, 

including differentiating myocytes and phagocytes. Some of these cells might originate 

from the CE, as suggested for phagocytes, fibroblasts (Dubois and Ghyoot, 1995) and 

myocytes (Dolmatov and Ginanova, 2001). However, it cannot be excluded that this is a 

grouping zone of migratory cells coming from distant origins. Indeed, Hernroth and co-

workers (2010) demonstrated that many cells are derived from distant tissues during arm 

regeneration in A. rubens, for example, from the pyloric caeca. 

 

4.1.4. Neurogenesis 

Regeneration success in starfish depends on the presence of neurotrophic substances 

released by the nervous system, which acts as the primary source of regulatory factors, 

mitogens or morphogens (Huet, 1975; Huet and Franquinet, 1981; Dubois and Ameye, 

2001; Thorndyke and Candia Carnevali, 2001; Thorndyke et al., 2001). In E. sepositus 

within 72 hours p.a. the sub-epidermal nerve plexus is completely regenerated (Ben 

Khadra et al., 2015a), whereas the RNC requires a slightly longer time: after a week p.a. 

the network of supporting cells with scattered neurons is visible. It has been demonstrated 

that neuron regeneration is guided by the radial glia cells which represent the main source 

of new cells in the regenerating radial nerve cord of echinoderms (Mashanov et al., 2013). 

However, questions concerning the specific mechanisms of re-growth, such as the 

involvement of stem cells, dedifferentiation of local tissues or transdifferentiation in the 

regenerating nerve have not been fully investigated, especially in asteroids. There is 

some evidence suggesting that neurons in A. rubens are derived from locally dividing 

cells but it cannot be confirmed whether neurons are derived from proliferation or 

transdifferentiation of neuroepithelial cells, although the former mechanism is suggested 
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(Dubois and Ameye, 2001). In our study it was difficult to detect the origin of new neurons 

in the radial nerve from histological analyses alone. 

  

4.2. Rate of regeneration 

As in other starfish, such as A. rubens and L. hexactis (Moss et al., 1998; Dubois and 

Ameye, 2001), the regeneration process in E. sepositus is very slow in comparison with 

that of crinoids (Candia Carnevali and Burighel, 2010) and some ophiuroids (Biressi et 

al., 2010): a tiny outgrowing regenerate appears only three weeks after traumatic 

amputation, whereas this can be seen after only 3 days in A. mediterranea (Candia 

Carnevali and Bonasoro, 2001b) or after 4 days in A. filiformis (Biressi et al., 2010). 

Nevertheless, E. sepositus growth rate is slightly higher than that of some other larger 

ophiuroid species such as Ophioderma longicaudum (0.2 vs 0.17 mm/week, respectively; 

Biressi et al., 2010). The marked differences from the crinoid A. mediterranea and the 

ophiuroid A. filiformis are often related to the prominent role of morphallactic processes 

during asteroid arm regeneration and to specimen size/age (Lawrence, 1992). 

Nevertheless, this is not always true as pointed out by Biressi and co-workers (2010) for 

ophiuroids. This concept appears valid also for asteroids in the present study: the 

regenerate appearance observed in E. sepositus (3 weeks) is comparable to that of 

smaller starfish like L. hexactis (Moss et al., 1998). Overall, there is apparently an arm 

size threshold which affects growth rate: below this limit regeneration occurs very rapidly, 

whereas above it there is a high inter-specific variability. To avoid the effect of these 

factors, we chose E. sepositus adult specimens of similar size and we expressed the 

regenerate length as the ratio between its actual length and stump diameter. The use of 

this approach will certainly make easier future inter-specific comparison. 

Environmental variables, such as food and physical factors i.e. salinity (Kaack and 

Pomory, 2011), temperature and pH, can affect the regeneration rate (Schram et al., 

2011; Clark and Souster, 2012). Nevertheless, these factors are not relevant to our 

experimental tests. Temperature, pH and salinity were regularly monitored and 

maintained constant, no hypoxia was detected and the food quality was never changed 

during the experimental period: all the starfish experienced the same experimental 

conditions. 

Additionally, we noticed that specimens of E. sepositus apparently require little, if any, 

nourishment during the first two weeks of regeneration of their missing parts. The same 

observation has been reported for the starfish Asterias vulgaris (King, 1898) and Heliaster 
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helianthus (Barrios et al., 2008): after the loss of the arm animals apparently allocate 

energy to the process of arm regeneration rather than to feeding activity. 

 

4.3. Regenerative process in E. sepositus in relation to the old and new concepts 

of regeneration 

According to the classic definitions and concepts, regeneration can be classified as 

epimorphic or morphallactic depending on whether or not a localised blastema of 

proliferating progenitor cells is formed after wound healing (Agata et al., 2007). A further 

distinctive element to be considered is the origin of cells involved in regeneration: are 

they undifferentiated or dedifferentiated/transdifferentiated elements? However, recent 

evidence indicated that these two mechanisms largely overlap and that in many cases 

both contribute to the overall regenerative process (Candia Carnevali and Burighel, 2010; 

Hernroth et al., 2010). 

According to classic principles the regeneration process of E. sepositus would be 

regarded as being mainly morphallactic because no distinct blastema is evident, even 

though a population of presumptive undifferentiated cells can be observed throughout the 

developing connective tissue below the wound epidermis. In agreement with our results, 

regeneration studies on various echinoderms report an initial accumulation, but not a 

proliferation, of coelomocytes beneath the wound epidermis (Moss et al., 1998; Dubois 

and Ameye, 2001) and suggest that migrating coelomocytes are recruited for wound 

healing (Agata et al., 2007; Hernroth et al., 2010). In addition, the rearrangement of 

injured muscles immediately after amputation is considered a further characteristic 

morphallactic event. However, the old definitions of regenerative mechanisms are no 

longer adequate in the light of the present knowledge. Even one of the most studied 

models-planarian regeneration, has been described alternatively as an example of 

morphallaxis or epimorphosis (Agata et al., 2007). According to Agata and co-workers 

(2003), in this model the blastema is formed as a signalling centre to reorganise body 

regionality rather than a place of reforming lost tissues and organs; therefore, they 

suggested the “distalisation-intercalation” model as a general principle for vertebrates and 

invertebrates’ regeneration. As the name indicates, according to this model, organisms 

initially form the most distal part (distalisation) of the new structure, which, by interacting 

with the underlying old stump tissues, induces reorganisation of positional information. 

The lost structures are then recovered by appropriate intercalation of newly generated 

tissues between the distal part and the stump. 



 

84 
 

As in all cases of asteroid arm regeneration, the terminal tube foot of E. sepositus (and 

partially the terminal ossicle) can be considered as the most distal elements (distalisation) 

which drive the following intercalation process: indeed, the new structures such as tube 

feet, muscle bundles, and so forth gradually develop between the stump and the terminal 

structures with a proximal-distal gradient. In those starfish species where the terminal 

ossicle is naturally more developed (e.g. Marthasterias glacialis) its contribution as a 

distalisation element is more clearly observable (personal observation). Other authors 

suggested that the concepts of distalisation and intercalation are also applicable to arm 

regeneration in the starfish Linckia laevigata and Asterias rubens (Hotchkiss, 2009) and 

in the feather star Oxycomanthus japonicus (Shibata et al., 2010). In the crinoid Antedon 

mediterranea the most distal part of a normal arm maintains always the characteristics of 

an undifferentiated bud (Candia Carnevali and Bonasoro, 2001b): so, during arm 

regeneration, even if a clearly recognisable and differentiated distal element is apparently 

not present, the blastema could be regarded as the true distal element. 

These concepts simplify the controversial issue regarding the presence/absence of a 

blastema as the distinctive character of epimorphic/morphallactic mechanism. However, 

this does not solve the more persistent question related to the origin of cells involved in 

regeneration processes. In our opinion, the regenerative event should be classified only 

according to the origin of the cells recruited in regenerative process, which can be stem 

cells, dedifferentiated cells or both. In E. sepositus the presence of dedifferentiated 

elements (myocytes) might indicate the involvement of a morphallactic mechanism but 

recently Hernroth and co-workers (2010) demonstrated the involvement also of progenitor 

undifferentiated cells in the arm regeneration of A. rubens. 

 

5. Conclusion 

The overall process of arm regeneration in E. sepositus can be subdivided into three main 

phases: a first repair phase (0-7 days), characterised by wound healing and oedematous 

area formation; a second early regenerative phase (1-6 weeks p.a.), during which the first 

sign of neo-formation of lost parts appears; and a third advanced regenerative phase 

(from 6 weeks p.a.), characterised by a progressive development of the regenerating arm-

tip. Figure 10 schematically summarises the main processes occurring after the repair 

phase. During the regenerative phase a spatial and chronological differentiation of lost 

and injured structures occurs, starting from neurogenesis, skeletogenesis and water 

vascular system (terminal tube foot) development. Later, when the regenerate is clearly 
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evident, myogenesis takes place between the newly formed skeletal ossicles and the tube 

feet start differentiating. The overall process is in agreement with the distalisation-

intercalation model proposed by Agata and co-workers (2003). 

Future studies should investigate the regenerative process of each new structure using 

immunohistochemical and molecular tools in order to clarify the origin of the cells 

contributing to their re-growth. 
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Fig. 10. Diagram summarising the main events during the regenerative phase of E. 
sepositus. A) Gross morphology of non-regenerating arm. B) First sign of re-growth (1 w 
p.a.): cellular elements are found behind the wound epidermis intermixed with new 
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collagen fibrils and first sign of skeletogenesis. C) The regenerate appearance (3 w p.a.): 
massive release of dedifferentiating myocytes from their inner coelomic wall to the lumen 
of the tube feet. D) Myogenesis and tube feet morphogenesis (6 w p.a.): a clearly visible 
new arm-tip. The terminal tube foot is well developed. E) Complete restoration of the 
missing parts (10 w p.a.). F) A minuscule arm (16 w p.a.). 
 

6. Supplementary Materials 

For Extended Materials and Methods see Chapter 1 (paragraph 5). 
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Abstract 

Brittle stars are echinoderms well known for their striking regenerative abilities. They can 

regenerate amputated arms in only a few weeks. Among the different tissues involved in 

this complex process, the connective tissue plays a key role during both repair and 

regenerative phases. 

To gather insights on the molecular role of connective tissue (mainly the extracellular 

matrix (ECM) component) during regeneration, the brittle star Amphiura filiformis was 

chosen as experimental model. 9 genes (5 collagen-like genes and 4 ECM-related 

molecule genes) were identified and cloned, and their spatial-temporal expression 

patterns were analysed by means of whole mount in situ hybridisation (WMISH) focusing 

on 3 regenerative stages (2, 4, and >50% DI). Wax embedding and sectioning of WMISH 

samples were performed to gain a better resolution of the different gene expression 

patterns. 

Our results showed that almost all the selected collagen-like genes are not expressed at 

early stage of regeneration, indicating a possible delay in their activation, whereas at 

advanced regenerative stages they are differentially expressed mainly in coelomic 

epithelium, connective tissue and skeletal elements. The selected ECM-related molecule 

genes (e.g. laminin and tissue inhibitor of metalloproteinases) show different spatial-

temporal expression patterns as well, suggesting that the gene regulation of ECM 

deposition/remodelling is different during the regenerative process. 

Further analyses (i.e. quantitative RT-PCR and study of other ECM genes) will allow a 

better understanding of the role of the connective tissue during brittle star regeneration. 
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1. Introduction 

Regeneration, the replacement of lost body parts, is one of the most fascinating 

processes of animal biology. It includes many different events, such as wound healing, 

tissue remodelling, apoptosis, cell proliferation, dedifferentiation, trans-differentiation, 

and morphogenesis (King and Newmark, 2012). Both vertebrates and invertebrates are 

able to regenerate cells, tissues, organs or whole body parts, although the “efficiency” 

and extent of this ability vary according to the species (Tsonis, 2000; Brockes and Kumar, 

2008; Bely and Nyberg, 2009). Among vertebrates, amphibians and zebrafish are the 

most extensively studied model organisms to investigate this phenomenon (Brockes and 

Kumar, 2002; Gemberling et al., 2013), whereas Hydra and planarians are two of the 

most well-known invertebrate systems studied (Bosch, 2007; Salò et al., 2009). All 

echinoderms possess striking regenerative abilities that caught the interest of biologists 

from decades ago (Hyman, 1955) till now (Candia Carnevali, 2006). Indeed, these 

invertebrates can regenerate internal organs, appendages or whole body parts (such as 

arms) after both self-induced (autotomy) or traumatic mutilations, eventually restoring 

completely functional structures (Thorndyke et al., 1999). Moreover, they occupy a key 

position in the tree of life as non-chordate deuterostomes and are therefore of high 

interest in terms of comparative studies on regenerative potential with other 

deuterostomes, and humans in particular. All representatives of the five classes of the 

phylum present different levels of regenerative capabilities but “armed” echinoderms, i.e. 

brittle stars, starfish and crinoids, have been useful to shed light on whole complex body 

part (e.g. arm) regenerative process, also in view of comparative investigations with 

regeneration of vertebrate limbs (Nye et al., 2003). So far, echinoderm regenerative 

mechanisms were investigated mostly through morphological and cellular investigations 

with few molecular studies mainly on sea cucumbers but nowadays, thanks to the 

increasing availability of echinoderm genome and transcriptome data (Cameron et al., 

2009; Janies et al., 2016), molecular tools have become fundamental to understand the 

regenerative process itself and how genes are finely regulated to develop a new fully 

functional body part (Sánchez Alvarado and Tsonis, 2006). 

In echinoderms, regeneration after traumatic amputation can be overall subdivided into 

three main phases, namely repair, early regenerative and advanced regenerative phases, 

each characterised by distinct events (Candia Carnevali et al., 1998; Moss et al., 1998; 

Biressi et al., 2010; Ben Khadra et al., 2015a, b; Czarkwiani et al., 2016). Both the stump 

and the newly formed tissues are actively involved in this complex process. During 
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regeneration the connective tissue has a pivotal role ensuring structural and mechanical 

stability to all tissues and organs and also provides a supporting scaffold for cell migration, 

adhesion and proliferation (Ben Khadra et al., 2015b). It is composed of different types of 

extracellular matrix (ECM) macromolecules, such as collagens, laminins, fibronectin, 

glycosaminoglycans and proteoglycans (Alberts et al., 2002) and of different cytotypes, 

including fibroblasts. The interactions between the non-cellular and the cellular 

connective tissue components control both tissue development and structural integrity 

and ensure connective tissue maintenance and self-renewal (Gelse et al., 2003). 

Collagen is the main ECM component of the connective tissues and is present in the 

metazoans from sponges to humans (Özbek et al., 2010). It plays a key role throughout 

the whole regenerative process (Quiñones et al., 2002). In echinoderms, during the repair 

phase, collagen and ECM-related molecules have been shown to be involved in wound 

closure, tissue remodelling, cell migration and proliferation (Cabrera-Serrano and García-

Arrarás, 2004; Mashanov et al., 2014). The delay in collagen deposition has been 

suggested to be strictly related to the remarkable regenerative abilities of echinoderms: 

indeed, in contrast with mammal, in these animals neither scar formation nor fibrosis are 

detectable during wound healing, thus suggesting that a proper and finely regulated ECM 

remodelling is crucial for the effectiveness of the subsequent regeneration (Quiñones et 

al., 2002). Microscopic analyses on collagen deposition after arm injury in the starfish 

Echinaster sepositus have suggested that this protein plays an important role in both 

repair and regenerative phases creating an initial loose network of fibrils and a secondary 

fibre scaffold for tissue and organ reconstruction (Ben Khadra et al., 2015a, b). The same 

observations were previously reported also for the starfish Leptasterias hexactis 

(Mladenov et al., 1989) and the crinoid Antedon mediterrenea (Candia Carnevali and 

Bonasoro, 2001b). 

Besides collagen, ECM remodelling is ensured also by other ECM-related molecules, 

such as matrix metalloproteases (MMPs) and tissue inhibitors of the MMPs (TIMPs). 

These enzymes regulate and modulate ECM degradation and cell behaviour in standard 

physiological conditions and during wound healing, tissue remodelling and regeneration. 

It has been shown that MMPs are involved in Holothuria glaberrima (Quiñones et al., 

2002) and Eupentacta fraudatrix (Lamash and Dolmatov, 2013) gut regeneration. Ortiz-

Pineda and co-workers (2009) described up-regulation of three different MMPs in sea 

cucumber intestinal regeneration only at three and seven days post-evisceration. 

Recently, from transcriptome analyses, Clouse and co-workers (2015) described several 
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TIMPs in echinoderms but no data are available yet on their expression or specific role 

during regeneration. 

Laminin is another important molecule of the ECM; together with collagen type IV this 

glycoprotein is a key component of basal laminas, which are subjected to high levels of 

remodelling and rearrangement during the cicatrisation phenomenon and the 

regeneration process itself. In the only echinoderm fully sequenced genome, the purple 

sea urchins Strongylocentrotus purpuratus (Sea Urchin Genome Sequencing 

Consortium, 2006), the diversity of laminin genes (4 α, 2 β and 1 γ chains; Whittaker et 

al., 2006) is lower compared to vertebrates (e.g. in mammals at least 16 laminin 

complexes are described; Miner and Yurchenco, 2004). Immunohistochemical studies on 

H. glaberrima (Quiñones et al., 2002) showed that laminin subunit α1 normally present in 

enteric and mesenteric muscle cells is no longer present in the first days of intestine 

regeneration, whereas it is again detectable after two weeks. On the other side, in gene 

expression analyses of laminin genes with two different sea cucumbers (H. glaberrima 

and A. japonicus) they are up-regulated during regeneration (Ortiz-Pineda et al., 2009; 

Sun et al., 2011) and the authors suggested that laminin expression could be silenced 

after transcription during the matrix remodelling of the early regenerative phase. 

Overall, a number of morphological and molecular studies have been carried out to 

investigate the ECM function during single organ regeneration (e.g. intestine and radial 

nerve cord) in holothuroids but little is known about other echinoderms, and in case of 

whole body part regeneration (i.e. arms). Therefore, we are far from having a complete 

view of the ECM role during this complex process, particularly from a molecular point of 

view. 

Among “armed” echinoderms, brittle stars (Ophiuroidea) are emerging as valid model 

organisms to gain a general comprehension of arm regeneration, underlining the 

importance of integrated cellular and molecular approaches (Dupont and Thorndyke, 

2006; Biressi et al., 2010; Burns et al., 2012; Purushothaman et al., 2015; Czarkwiani et 

al., 2013, 2016). The burrowing brittle star Amphiura filiformis (O.F. Müller, 1776) is now 

being used for these kinds of studies mainly due to its small size, fast arm regeneration 

and easiness of maintenance in laboratory conditions. In this species the expression of a 

collagen gene (Afi-α-coll) was investigated by Czarkwiani and co-workers (2013). Cells 

expressing this gene are localised at the level of spines and lateral shields of fully 

regenerated arms, thus suggesting Afi-α-coll as a marker of skeletal differentiation. 

According to recent transcriptomic and proteomic data of wound healing stages (1-3 days 
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post-amputation, dpa) collagen IV and the ECM glycoprotein fibronectin are down-

regulated (Purushothaman et al., 2015), whereas collagen transcripts are present at high 

level during A. filiformis regeneration (Burns et al., 2011) during early stages of 

regeneration (7 dpa). These data suggest the importance of the connective tissue during 

this species regeneration but they need to be completed with focused molecular analysis 

also on other ECM-related molecules, such as metalloproteases (MMPs) and their 

inhibitors (TIMPs), laminins, etc. 

Here, we present a comprehensive study of the spatial-temporal expression of collagen 

and other extracellular matrix genes identified in A. filiformis transcriptomes (Delroisse et 

al., 2015; Dylus et al., submitted) involved in this brittle star arm regeneration through 

whole mount in situ hybridisation (WMISH). In order to clarify in which tissues the 

expression of each gene was detected, we performed classical histological analyses 

(paraffin wax embedding and sectioning) after WMISH. Moreover, collagen being the 

main protein of the extracellular matrix, the selected collagen genes of A. filiformis were 

characterised using NCBI Conserved Domain Architecture Retrieval Tool (cDART) 

considering as reference the collagen nomenclature described in recent literature (mainly 

according to Ricard-Blum, 2011). Overall, our gene expression analyses showed that in 

A. filiformis regenerating arm different collagen-like and ECM-related molecule genes are 

expressed at different stages and in different tissues suggesting their diverse contribution 

during the whole regenerative process. 

 

2. Materials and Methods 

No specific permits were required since the brittle star Amphiura filiformis is not an 

endangered or protected species. 

 

2.1. Animal collection and maintenance 

Adult specimens of A. filiformis were collected at the Sven Lovén Centre for Marine 

Sciences in Kristineberg (Sweden) and transported to London where they were kept in 

tanks with 30‰ salinity filtered artificial sea water (ASW; Instant Ocean®) at 14°C. 

Animals were left to acclimatise around one week before performing regeneration tests. 

Specimens were fed twice a week with Microvore Microdiet (Brightwell Aquatics) and 

ASW parameters were constantly checked and adjusted if necessary. 
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2.2. Arm regenerative samples 

Specimens were anaesthetised in 3.5% MgCl2(6H2O) solution (pH 8.3) in a 1:1 mix of 

filtered ASW and milliQ water. Two arms per animal were amputated at 1 cm from the 

disc, performing a sharp cut with a scalpel between two subsequent arm segments under 

a stereomicroscope. Animals were then left to regenerate until they reached the desired 

stages described by Dupont and Thorndyke (2006) and Czarkwiani and co-workers 

(2016), namely stage 2, around 5 days post-amputation (dpa), a regenerative phase 

characterised by the first appearance of regenerative bud, stage 4, around 8 dpa, a 

regenerative phase characterised by complex structure and appearance of first 

metameric units, and >50% DI, after 2-3 weeks post-amputation (wpa) which corresponds 

to an advanced regenerative phase. Once reached the desired stages, the regenerating 

samples were collected together with 2-3 segments of the stump in order to easily handle 

them during the subsequent protocols, then processed as described below. 

 

2.3. Molecular cloning and gene expression analyses 

2.3.1. Identification of A. filiformis ECM genes 

Genes of interest were selected from: 

- EchinoBase (http://www.echinobase.org/), performing a targeted gene search in 

Strongylocentrotus purpuratus and Patiria miniata databases with Gene ID, Gene Name 

or Gene Synonym; 

- recent publications in other echinoderms (Ortiz-Pineda et al., 2009; Sun et al., 2011; 

Czarkwiani et al., 2013; Mashanov et al., 2014; Purushothaman et al., 2015). 

Once collected the relative sequences a search in the A. filiformis transcriptome (Dylus 

et al., submitted) was performed using BLAST-X in order to obtain the corresponding 

gene sequences in A. filiformis. The highest score hit was then used to search back on 

other echinoderm database (http://www.echinobase.org/) or the non-redundant (NR) 

NCBI database (http://blast.ncbi.nlm.nih.gov/) to confirm they belong to general ECM 

genes. 38 genes were initially selected and specific cloning primers were designed using 

PRIMER3 Software version 4.0.0 (http://primer3.ut.ee/) with the following changes from 

default parameters: max Poly-X=3 and max 3’ Stability=8. Supplementary Table S1 

summarises the primers used for the genes further analysed in this paper. 
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2.3.2. Cloning and probe synthesis 

To isolate fragments containing the desired genes, total A. filiformis RNA was extracted 

from different embryonic and adult arm regenerating stages and first strand cDNA was 

synthetized as described in Czarkwiani and co-workers (2013). This was used to amplify 

specific fragments using PCR and the PCR products for each gene of interest were 

subsequently ligated in pGEM®-T Easy Vector System I (Promega) and then transformed 

in Subcloning Efficiency Invitrogen DH5α Competent Cells (Life Technologies). Colonies 

containing the correct recombinant plasmid were selected by PCR and confirmed by 

sequencing. See Supplementary Tables S1 and S2 for the details of the cloning primers 

and of the clones respectively. 

RNA antisense digoxigenin (DIG) probes for chromogenic enzymatic whole mount in situ 

hybridisation (WMISH) were then transcribed from specific cloned fragments and 

following procedures using Sp6/T7 Transcription Kit (Roche) and DIG-labelling mix 

(Roche) according to manufacturer’s instructions. 

 

2.3.3. Whole mount in situ hybridisation (WMISH) 

A. filiformis samples of the selected regenerative stages were fixed in 4% 

paraformaldehyde (PFA) in 1x Phosphate Buffer saline (PBS with 0.1% Tween-20; PBT) 

overnight at 4°C and stored in 100% methanol at -20°C until use. 

WMISH was performed with the antisense probes newly synthetized along with positive 

control (Afi-c-lectin; Czarkwiani et al., 2016). For each stage at least three regenerating 

arms from different experimental animals were used to test each RNA antisense probe. 

Samples were re-hydrated in a decreasing scale of ethanol in DEPC-treated water and 

then washed 3 times in 1x MABT (0.1 M maleic acid pH 7.5, 0.15 M NaCl, 0.1% Tween-

20). A wash with 1:1 (v/v) 1x MABT and hybridisation buffer (HB; 50% de-ionized 

formamide, 0.02 M Tris pH 7.5, 10% PEG, 0.6 M NaCl, 0.5 mg/ml yeast RNA, 0.1% 

Tween-20, 5 mM EDTA, 1X Denhardt’s) was performed and then samples were incubated 

in HB for 1 hour at 50°-55°C. The HB was replaced with 0.02 ng/µl probes in HB and left 

to hybridise for 5 days at 50°C-55°C. After this period 250 µl of 1x MABT and 250 µl of 

HB were added and one wash with 1:1 (v/v) 1x MABT and HB was performed, followed 

by a wash of 10 minutes with 75% 1x MABT/25% HB. Two washes with 1x MABT were 

then followed by two washes with 0.1x MABT supplemented with 0.1% Tween-20. All 

these washes were performed at 50°C-55°C. Samples were incubated with blocking 

buffer (BB; 5% goat serum in 1x MABT) for 30 minutes and then for 1 hour at RT (or 
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overnight at 4°C) in 1:1000 alkaline phosphates conjugated antibody anti-DIG (Roche) in 

BB. Five washes were then performed with 1x MABT, followed by two washes with the 

freshly prepared alkaline phosphatase buffer (AP; 0.1 M Tris pH 9.5, 0.1 M NaCl, 0.05 M 

MgCl2, 0.1% Tween-20, 1 mM Levamisole). Then, the staining reaction was developed 

using 10 µl NBT/BCIP mix (Roche) with 10% dimethylformamide in AP. The detection of 

the staining was monitored under the stereomicroscope. The reaction was stopped with 

one wash in 1x MABT with 0.5 M EDTA followed by three washes in 1x MABT (5 minutes 

each). Then a quick wash with 1:1 (v/v) 1x MABT and 50% glycerol was performed. 

Samples were then stored in 50% glycerol at 4°C and subsequently observed under a 

Zeiss AxioImager M1 microscope equipped with a Zeiss AxioCam HRc camera. When 

necessary to confirm results obtained with the previously described protocol to increase 

the signal, WMISH parameters were adjusted as follows on other independent samples: 

probe concentration 0.04 ng/µl and hybridisation time 6-7 days. If necessary, these 

WMISH modified parameters (from now on called second WMISH parameters) are 

showed in the results or in the Supplementary Materials (see figure captions for details). 

 

2.3.4. Post in situ sectioning 

After whole mount imaging, hybridised samples were embedded in paraffin wax and 

sectioned in order to gain a better resolution of the tissue-specific expression. Samples 

stored in 50% glycerol were washed three times in 1x PBS or 1x MABT at RT and 

decalcified for 1-2 days in 0.5 M EDTA in 1x PBS (pH 8) or decalcifying solution (0.3 M 

NaCl and 2% L-ascorbic acid in distilled water) at 4°C. They were washed twice in 1x 

PBS or 1x MABT, post-fixed in 4% PFA in 1x PBS or 2% glutaraldehyde in 1x MABT for 

30 minutes at RT, washed twice in 1x PBS or 1x MABT, de-hydrated in an increasing 

scale of ethanol in distilled water (30 minutes each wash), cleared in xylene twice for 30 

minutes and left overnight at RT in a 1:1 solution of paraffin wax and xylene. After three 

washes with new melted paraffin wax they were embedded and then sectioned with a 

rotary microtome (Leitz 1512). Sections (10 µm thickness) were then de-waxed in xylene, 

mounted with Eukitt® and observed under a Jenaval light microscope provided with a 

DeltaPix Invenio 3S 3M Pixel CMOS camera and DeltaPix ViewerLE Software. 

 

2.4. Microscopy analyses 

Classical histological analyses (thick paraffin sections) were performed on A. filiformis 

non-regenerating arms in order to obtain a complete overview of the brittle star arm 
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anatomy and consequently be able to better characterise in which tissues the different 

gene expression patterns were detected. Sample fixation, paraffin wax embedding, 

sectioning and staining were performed following protocols described in Czarkwiani and 

co-workers (2016). 

 

3. Results 

3.1. Collagen and other ECM genes in A. filiformis 

Supplementary Table S3 summarises the best BLAST hits of each identified A. filiformis 

transcript in EchinoBase and NCBI (see below for details). 

 

3.1.1. Collagen-like genes in A. filiformis 

One of the most abundant components of ECM is collagen in its various forms (i.e. fibrillar 

and nonfibrillar), for this reason we focused our attention on the genes highly related to 

collagen (see methods) present in an A. filiformis transcriptome (Dylus et al., submitted). 

Our search identified four new genes along with the already published Afi-αcoll gene 

(Czarkwiani et al., 2013). 

Considering the high variety of collagen types and isoforms and the presence of 

repetitions of simple triplets of aminoacids (i.e. Gly-Pro-X) as a collagen signature, we 

decided to search for conserved domains in order to better characterise the identified 

collagen genes. The nucleotide sequences from the A. filiformis transcriptome were 

translated into the correspondent aminoacid sequences, using the tool in ExPASy 

(Bioinformatics Resource Portal) and then input into the NCBI Conserved Domain 

Architecture Retrieval Tool (cDART) on-line tool. In parallel, the best BLAST-X hits 

against the Strongylocentrotus purpuratus peptide database 

(http://www.echinobase.org/Echinobase/Blast/SpBlast/blast.php) and the NCBI NR 

database were considered. Figure 1 summarises the results of the analysis of the 

conserved domains and shows the different types of collagen identified. 

From NCBI cDART Afi-col-like A (AfiCDS.id16823.tr6264) is a transcript that encodes for 

a protein that contains 20 copies of the collagen triple helix repeat (coll) and a C1q 

domain, a globular domain found in both collagen and complements (Fig. 1). The best 

BLAST hit in the sea urchin database from EchinoBase is the complement gene Sp-C1qL 

(SPU_05500), whereas from the NCBI NR database is the collagen alpha-2(VIII) chain-

like [Strongylocentrotus purpuratus] (ref|XP_003724148.1|), which has an identical 

domain structure of Afi-col-like-A. The ascription of this transcript to a collagen type could 
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be controversial: indeed, considering the presence of collagen domain and C1q domain, 

it can be regarded as both a network-forming collagen or a complement C1q (the latter 

possessing both these domains according to Ricard-Blum, 2011). Furthermore, 

vertebrate protein with similar protein structure are adinopectin, TNF-α and collagen α2-

typeVIII. Taking into account all the best BLAST results this transcript is considered as a 

nonfibrillar collagen-like protein. 

From NCBI cDART Afi-col-like B (AfiCDS.id31588.tr64501) is a transcript that encodes 

for a protein that contains a laminin G domain (LamG), 20 copies of the collagen triple 

helix repeat (coll) and the fibrillar collagen C-terminal domain (ColFI; Fig. 1). The best 

BLAST hit in the sea urchin database from EchinoBase is the collagen gene Sp-6Afcol 

(SPU_009076) and from the NCBI NR database is the collagen alpha-1(V) chain isoform 

X2 [Strongylocentrotus purpuratus] (ref|XP_011679218.1|). Even if laminin G domain, 

also known as the LNS (Laminin-alpha, Neurexin and Sex hormone-binding globulin) 

domain, has not been described in Ricard-Blum (2011), it is present not only in several 

laminin family members but also in numerous extracellular matrix proteins among which 

collagen (Fallahi et al., 2005). Therefore, considering the other described domains, it can 

be regarded as a potential fibril-forming collagen-like protein (Ricard-Blum, 2011). 

From NCBI cDART Afi-col-like C (AfiCDS.id59066.tr822) is a transcript that encodes for 

a protein that contains a Von Willebrand factor, type C domain (VW; Fig. 1). The best 

BLAST hit in the sea urchin database from EchinoBase is the collagen Sp-Col805b_2 

(SPU_005167) and from NCBI NR database is the α-5 collagen [Paracentrotus lividus] 

(emb|CAE53096.1|). Considering that the VW domain can be present not only in different 

collagen types but also in other extracellular matrix protein and complement factors as 

well, a further analysis was performed in order to understand if this A. filiformis transcript 

could be considered a collagen-like protein. Hypothesising that the sequence (1360 aa) 

was not complete due to possible problems in the transcriptome assembly and the 

collagen domains could not be detected, the Paracentrotus lividus sequence (the best 

BLAST hit in NCBI; 2795 aa) was selected and a BLAST-X search in the A. filiformis 

transcriptome was performed removing the sequence corresponding to the VW domain. 

The result showed that collagen domains (triple helix repeat) are present. Considering 

the domains, this transcript presents a VW domain similar to mollusc collagens (id in 

UniProt database: K1QDW5) and can be compared to the mammalian fibril-associated 

collagens with interrupted triple helices (FACIT; Ricard-Blum, 2011) described also in 
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invertebrate chordate (FACIT-like protein; Exposito and Lethias, 2013). Therefore, this 

transcript is considered as a collagen-like protein. 

From NCBI cDART Afi-col-like D (AfiCDS.id20775.tr36218) is a transcript that encodes 

for a protein that contains 20 copies of the collagen triple helix repeat (coll) and the fibrillar 

collagen C-terminal domain (ColFI; Fig. 1). The best BLAST hit in the sea urchin database 

from EchinoBase is the collagen Sp-Fcolf (SPU_013557) and from the NCBI NR database 

is the collagen alpha-1(XXVII) chain [Strongylocentrotus purpuratus] 

(ref|XP_011679783.1|). Taking into account the just described domains, this transcript 

can be regarded as a fibril-forming collagen-like protein according to Ricard-Blum (2011). 

The Afi-αcoll sequence was obtained from NCBI (accession number: JG391435; Burns 

et al., 2011 and Czarkwiani et al., 2013) and the NCBI cDART output is a protein 

containing 20 copies of the collagen triple helix repeat (coll) and the fibrillar collagen C-

terminal domain (ColFI; Fig. 1). The best BLAST hit in the sea urchin database from 

EchinoBase is the Sp-Col805b_1 (SPU_014618) and from the NCBI NR database is the 

hypothetical protein BRAFLDRAFT 74778 [Branchiostoma floridae] (XP_002612988.1) 

that is a collagen. Taking into account these domains, Afi-αcoll can be regarded as a fibril-

forming collagen (Ricard-Blum, 2011). 
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Fig. 1. Conserved domains of the identified collagen-like genes (transcriptome 
sequences) from NCBI cDART. The transcripts were assigned to different collagen 
groups according to Ricard-Blum (2011). Domain legend: coll = collagen triple helix 
repeats; C1q = subunit of the C1 enzyme complex; LamG = laminin globular (G) domain; 
ColFI = fibrillar collagen C-terminal domain; VW = Von Willebrand factor, type C. 
Numbers: protein sequence length in aminoacids. 
 

3.1.2. Extracellular matrix (ECM) genes in A. filiformis 

Together with collagen, the main component of extracellular matrix, other molecules are 

important for its formation/structure/remodelling during regeneration, such as laminin, 

tissue inhibitors of metalloproteases (TIMPs) and ECM proteins. Therefore, we focused 

our analyses on ECM molecule-related genes present in an A. filiformis transcriptome 

(Dylus et al., submitted). Our search identified four new genes, in particular two laminin 

subunits, one ECM protein and one TIMP. 

For Afi-Lamα-L (AfiCDS.id50515.tr22425) the best BLAST hit in the sea urchin database 

from EchinoBase is Sp-LamaLf (SPU_020192) also called Sp-Lama5L1_1, whereas from 

the NCBI NR database is laminin subunit α-like isoform X2 [Lingula anatina] 

(ref|XP_013408769.1|). Therefore, this transcript is considered as the α subunit laminin-

like. 

For Afi-Lamβ-L (AfiCDS.id27309.tr36214) the best BLAST hit in the sea urchin database 

from EchinoBase is Sp-LamB2Lf (SPU_001768), whereas from the NCBI NR database 

is laminin subunit β-2 [Strongylocentrotus purpuratus] (ref|XP_793215.4|). So, this 

transcript is considered as the β subunit laminin-like. 

For Afi-ECM-protein (AfiCDS.id38268.tr22439) the best BLAST hit in the sea urchin 

database from EchinoBase is Sp-Fram1 (SPU_011688) also called FRAS1 related 

extracellular matrix 1, whereas from the NCBI NR database is FRAS1-related 

extracellular matrix protein 1 [Strongylocentrotus purpuratus] (ref|XP_011678210.1|). 

Therefore, this transcript is considered as an extracellular matrix protein. 

For Afi-TIMP3 (AfiCDS.id58489.tr18807) the best BLAST hit in the sea urchin database 

from EchinoBase is Sp-Timp4b (SPU_008866) or tissue inhibitor of metalloproteinase, 

whereas from the NCBI NR database is metalloproteinase inhibitor 3 [Strongylocentrotus 

purpuratus] (ref|XP_781027.1|). Thus, this transcript is considered as a tissue inhibitor of 

metalloproteinases (TIMP). 
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3.2. Spatial-temporal gene expression patterns 

In order to gather insights on the potential role of the isolated extracellular matrix genes 

during the process of regeneration, we studied their spatial expression in different stages 

of A. filiformis arm regeneration. Furthermore, for a better resolution of the tissue 

expressing the selected genes post whole mount in situ sample sectioning was 

performed. An initial histological analysis done to characterise the main tissues and 

structures of the brittle star arm will aid to the interpretation of the in situ hybridisation 

results. Figures 2 and 3 show the experimental model, schemes and thick paraffin 

sections, sagittal (longitudinal), cross (at the proximal and distal sides of the arm) and 

frontal, of a non-regenerating arm of A. filiformis. As in all ophiuroids, the arm of A. 

filiformis is subdivided in repetitive segments (Hyman, 1955) also called metameric units 

(Czarkwiani et al., 2013, 2016). Skeletal elements (i.e. vertebrae, shields and spines) and 

muscle bundles are sequentially repeated in each segment, whereas three main 

structures longitudinally run along the whole arm: the aboral coelomic cavity, the radial 

water canal with its associated podia and accessory vesicles and the oral radial nerve 

cord with its associated sinuses (see Fig. 2 and 3). The distal arm-tip is characterised by 

the presence of a terminal cap and a terminal podium (Fig. 2e; Czarkwiani et al., 2016). 

In order to facilitate the understanding of the subsequent results a brief overview of the 

regenerative process of the arm of this species after traumatic amputation is provided 

below. The regenerative stages selected for this study have been detailed by Dupont and 

Thorndyke (2006), Biressi and co-workers (2010) and Czarkwiani and co-workers (2013; 

2016). After wound healing, at ~ 5 days p.a. (stage 2) the regenerative bud appears, 

characterised by the first outgrowths of the three main longitudinal structures. At stage 4 

(~ 8 days p.a.) the regenerate is already well differentiated and first signs of new 

metameric units and new podia are visible at the proximal side of the new arm-tip. After 

2-3 weeks p.a. (stage >50% DI) the regenerate resembles a non-regenerating arm and it 

is almost completely differentiated in all its structures and tissues. New metameric units 

are regenerated following a proximal-distal gradient with less differentiated segments at 

the distal side of the regenerate: this regenerative mode of re-growth follows the 

distalisation-intercalation model (Czarkwiani et al., 2016) and is valid for other 

invertebrates and echinoderms as well (Agata et al., 2003; Ben Khadra et al., 2015b). 
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Fig. 2. a) Aboral view of an adult specimen of the brittle star Amphiura filiformis. b) Aboral 
view of the proximal side of a non-regenerating arm. c) Oral view of the proximal side of 
a non-regenerating arm. d) Aboral view of the distal tip of a non-regenerating arm. e-g) 
Schemes of a non-regenerating arm of A. filiformis. e) Sagittal (longitudinal) section 
scheme (SS). f) Cross section scheme at the level of the proximal side (P) of the arm. g) 
Cross section scheme at the level of the distal tip in the growth zone underneath the 
terminal ossicle (D). Abbreviations: AV = aboral view; D = distal; DCS = distal cross 
section; OV = oral view; P = proximal; PCS = proximal cross section; SS = sagittal section 
scheme. See colour legend embedded in the figure for the labelling of the different 
tissues. The epidermis is shown in black. 
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Fig. 3. a-i) Thick paraffin sections (Milligan trichrome staining) of non-regenerating arm 
of A. filiformis. Connective tissue (collagen) is stained in green/blue, cells are stained in 
pink/violet. a) Sagittal section (SS) showing the gross anatomy of an arm with its main 
tissues and structures. b) Sagittal section (SS) of the epidermis (arrow). c) Frontal section 
(FS) of the spine where the central nerve is visible. d) Cross section (CS) of the vertebra. 
e) Frontal section (FS) of the lateral shield (arrow). f) Sagittal section (SS) of the aboral 
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coelomic cavity (arrow). g) Sagittal section (SS) of the radial nerve cord (arrow) with its 
connected sinuses. h) Sagittal section (SS) of the radial water canal (arrow) with an 
accessory vesicle. i) Frontal section (FS) of the podium. Abbreviations: acc = aboral 
coelomic cavity; as = aboral shield; ct = connective tissue; CS = cross section; FS = frontal 
section; m = muscle; os = oral shield; p = podium; rnc = radial nerve cord; rwc = radial 
water canal; SS = sagittal section; v = vertebra. Scale bars: a = 100 µm; b, c, d, e, f, g, h, 
i = 50 µm. 
 

3.2.1. Expression patterns of the collagen-like genes 

The expression patterns of the four newly identified collagen-like genes and of Afi-αcoll 

are analysed in three selected stages: 2 (early regenerative phase), 4 and >50% DI 

(advanced regenerative phases) in order to have a complete overview of their localisation 

during the whole regenerative process. Expression patterns in the stump tissues are 

investigated as well. 

At stage 2 when the regenerative bud starts to appear only Afi-col-like B is localised in 

the aboral coelomic cavity epithelium (Fig. 4a, f, k), whereas all the other transcripts are 

not expressed (Afi-col-like A Fig. 5a, e, j; Afi-col-L C Fig. 6a, f, k; Afi-col-L D Fig. 7a, e, j; 

Afi-αcoll Fig. 8a, f, j). 

At stage 4 when the regenerate is in an evident regenerative phase almost all the five 

transcripts are expressed with the exception of Afi-col-L D (Fig. 7b, f, k). In particular, Afi-

col-L A is localised in the epidermis of the regenerate as visible from both whole mount 

samples (Fig. 5b) and post in situ sections (Fig. 5f, g, k), Afi-col-like B (Fig. 4b, g, h, l), 

Afi-col-L C (Fig. 6b, g, h, l) and Afi-αcoll (Fig. 8b, c, g, k) are present at the level of the 

aboral dermal layer of the regenerate, with the first one more localised in the aboral 

dermal layer of the tip of the regenerate. 

In the late regenerates (>50% DI), when all the structures are differentiated, the identified 

collagen-like genes show different expression patterns along the proximal-distal direction. 

Afi-col-L A is confined to the aboral coelomic cavity epithelium along the whole regenerate 

(Fig. 5c, d, h, i, l). Afi-col-like B is detectable at the proximal side (Fig. 4c, d, i, m) in the 

inner lining of the podia, in the rim layer of the aboral intervertebral muscles, in the lateral 

shields, in the vertebrae and in the aboral coelomic cavity epithelium, whereas in the 

distal tip (Fig. 4e, j, n) it is visible only at the level of the aboral coelomic cavity epithelium. 

The latter and the radial water canal epithelium of the non-regenerating stump tissues 

show a signal as well (Fig. 4f and S1). Afi-col-like C shows a strong expression at the 

proximal side (Fig. 6c, d, i, m) in the lateral shields, the base of the spines, the aboral 

coelomic cavity epithelium and the rim layer of the aboral intervertebral muscles, whereas 
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it is confined to the lateral shields only in the distal side of the long regenerating arm (Fig. 

6e, j) and no expression is detectable in the distal-most tip immediately before the 

terminal ossicle (Fig. 6e, n). In the non-regenerating stump tissues (Fig. S2) a signal is 

detectable at the level of the lateral shields and the radial water canal. Using the first 

WMISH conditions, Afi-col-like D in the long regenerate shows no signal but, in order to 

confirm these results, WMISH using second parameters (probe concentration 0.04 ng/μl 

and 5-7 days of hybridisation) was performed and a clear expression results being 

localised in the proximal side (Fig. 7c, h, l) of the long regenerate at the level of the aboral 

coelomic cavity epithelium and of the lateral shields, whereas in the distal tip (Fig. 7d, e, 

i, m) the signal is detectable in the aboral dermal layer and in the tip of the terminal 

podium. No staining is detectable at the level of the non-regenerating stump tissues (Fig. 

S3). Afi-αcoll expression pattern at stage >50% DI was described by Czarkwiani and co-

workers (2013) and our results confirm a signal in the lateral shields and in the spines in 

the proximal side of the regenerate but reveal an expression also in the oral shield and in 

the aboral coelomic cavity epithelium (Fig. 8d, h, l) and in the latter also in the distal tip of 

the regenerate (Fig. 8e, i, m). A similar expression pattern at the level of the lateral 

shields, the oral shield and the spines is visible in the stump tissues as well (Fig. S4). 

Post in situ sectioning reveals that a signal is evident also at the level of the stump water 

vascular system and aboral coelomic cavity epithelium (Fig. S4c, d). 

Overall, the expression patterns of the collagen genes we analysed showed that almost 

all transcripts, with the only exception of Afi-col-L B, are not expressed before stage 4 

and that different collagen genes display different localisations suggesting that several 

tissues are involved in collagen production mainly from the beginning of the advanced 

regenerative phase. Moreover, they are all expressed in at least one regenerative stage 

at the level of the coelomic cavity epithelium. 
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Fig. 4. Afi-col-like B expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, f, 
k. Afi-col-like B is expressed in the regenerative bud at the level of the aboral coelomic 
cavity epithelium (arrowhead). Stage 4 (first WMISH parameters): b, g, h, l. Afi-col-like B 
is expressed at the level of the aboral connective tissue of the regenerate (arrowhead). 
Stage >50% DI (first WMISH parameters): c, d, e, i, j, m, n. Afi-col-like B is expressed in 
the proximal side at the level of the aboral coelomic cavity epithelium, the rim layer of the 
aboral intervertebral muscles, the vertebrae, the lateral shields and the podia wall 
(arrowheads), whereas in the distal side it is detectable only at the level of the aboral 
coelomic cavity epithelium (arrowhead). Abbreviations: AV = aboral view; CS = cross 
section; LV = lateral view; OV = oral view; SS = sagittal section. Scale bars: a, b, e, f, g = 
50 µm; c = 100 µm; i, j = 25 µm. In the schemes the gene expression pattern is shown in 
violet. Red dotted lines = amputation plane. Black dotted lines = levels corresponding to 
the cross sections shown in Fig. i and j. 
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Fig. 5. Afi-col-like A expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, 
e, j. Afi-col-like A is not expressed in the regenerative bud. Stage 4 (first WMISH 
parameters): b, f, g, k. Afi-col-like A is expressed at the level of the epidermis (arrowhead). 
Stage >50% DI (first WMISH parameters): c, d, h, i, l. Afi-col-like A is expressed in the 
aboral coelomic cavity epithelium (arrowheads) along the whole regenerating arm. 
Abbreviations: AV = aboral view; CS = cross section; LV = lateral view; SS = sagittal 
section. Scale bars: a, b, d, e, f, h = 50 µm; c = 100 µm; i = 25 µm. In the schemes the 
gene expression pattern is shown in violet. Red dotted lines = amputation plane. Black 
dotted lines = levels corresponding to the cross sections shown in Fig. h and i. 
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Fig. 6. Afi-col-like C expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, f, 
k. Afi-col-like C is not expressed in the regenerative bud. Stage 4 (first WMISH 
parameters): b, g, h, l. Afi-col-like C is expressed in the regenerate at the level of the 
aboral connective tissue (arrowhead). Stage >50% DI (first WMISH parameters): c, d, e, 
i, j, m, n. Afi-col-like C is expressed in the proximal side at the level of the lateral shields, 
at the base of the spines, in the aboral coelomic cavity epithelium and in the rim layer of 
the aboral intervertebral muscles, whereas in the distal side it is expressed in the 
developing lateral shields but not in the distal tip. Abbreviations: AV = aboral view; CS = 
cross section; OV = oral view; SS = sagittal section. Scale bars: a, b, e, f, g, j = 50 µm; h, 
i = 25 µm; c = 100 µm. In the schemes the gene expression pattern is shown in violet. 
Red dotted lines = amputation plane. Black dotted lines = levels corresponding to the 
cross sections shown in Fig. i, j and n. 
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Fig. 7. Afi-col-like D expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, f, 
j. Afi-col-like D is not expressed in the regenerative bud. Stage 4 (first WMISH 
parameters): b, g, k. Afi-col-like D is not expressed in the regenerate. Stage >50% DI 
(second WMISH parameters): c, d, e, h, i, l, m. Using the first WMISH parameters no 
signal was detectable, whereas with higher probe concentration and increased 
hybridisation time, Afi-col-like D showed expression in the proximal side of the long 
regenerate at the level of the aboral coelomic cavity epithelium and of the lateral shields, 
whereas in the distal tip the signal is detectable in the aboral connective tissue and in the 
tip of the terminal podium. Abbreviations: AV = aboral view; LV = lateral view; CS = cross 
section; SS = sagittal section. Scale bars: a, b, d, f, g, h = 50 µm; c = 200 µm. In the 
schemes the gene expression pattern is shown in violet. Red dotted lines = amputation 
plane. Black dotted lines = levels corresponding to the cross sections shown in Fig. h and 
i. 
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Fig. 8. Afi-αcoll expression pattern at different regenerative stages. 1st line: WMISH; 2nd 
line: post in situ sectioning; 3rd line: schemes. Stage 2 (second WMISH parameters): a, f, 
j. Afi-αcoll is not expressed in the regenerative bud. Stage 4 (first WMISH parameters): 
b, c, g, k. Afi-αcoll is expressed at the level of the aboral connective tissue of the 
regenerate. Stage >50% DI (second WMISH parameters): d, e, h, i, l, m. Afi-αcoll is 
detectable in the proximal side at the level of the lateral shields, the spines, the oral shield 
and the aboral coelomic cavity epithelium (arrowhead), whereas in the distal tip it is visible 
in the aboral coelomic cavity epithelium (arrowheads). Abbreviations: AV = aboral view; 
CS = cross section; LV = lateral view; SS = sagittal section. Scale bars: a, b, e, f, g, h, i = 
50 µm; d = 100 µm. In the schemes the gene expression pattern is shown in violet. Red 
dotted lines = amputation plane. Black dotted lines = levels corresponding to the cross 
sections shown in Fig. h and i. 
 

3.2.2. Expression patterns of the extracellular matrix (ECM) genes 

In order to better understand the role of the other ECM components during the whole 

regenerative process, the expression patterns of the four identified ECM molecule-related 

genes is analysed in the previously mentioned stages. Expression patterns in the stump 

tissues are investigated as well. 

The two identified laminin transcripts display different expression patterns at all stages. 

Afi-Lamα-L is expressed at all stages and in different tissues. In particular, at stage 2 (Fig. 
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9a, g, k) and 4 (Fig. 9b, h, l) it is localised in the epidermis, whereas at stage >50% DI it 

is expressed in the radial water canal and in the tip of the spines in the proximal segments 

(Fig. 9c, d, e, i, m), and in the distal part it is visible in the epidermis but is absent in the 

terminal podium (Fig. 9f, j, m). On the contrary, using both first (Fig. S6) and second 

WMISH parameters (Fig. S8), Afi-Lamβ-L is not detectable neither in the regenerative 

tissues at all stages nor in the stump tissues. 

 

 

Fig. 9. Afi-Lamα-L expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, 
g, k. Afi-Lamα-L is expressed in the epidermis (arrowheads) of the regenerative bud. 
Stage 4 (first WMISH parameters): b, h, l. Afi-Lamα-L is expressed in the epidermis 
(arrowheads) of the regenerate. Stage >50% DI (first WMISH parameters): c, d, e, f, i, j, 
m. Afi-Lamα-L is expressed in the proximal side at the level of the radial water canal 
(arrowhead), the aboral coelomic cavity epithelium and at the tip of the spines (arrow), 
whereas it is expressed in the epidermis in the distal side of the long regenerate. 
Abbreviations: AV = aboral view; CS = cross section; OV = oral view; SS = sagittal section. 
Scale bars: a, b, f, h, j = 50 µm; c, g, I = 100 µm. In the schemes the gene expression 
pattern is shown in violet. Red dotted lines = amputation plane. Black dotted lines = levels 
corresponding to the cross sections shown in Fig. i and j. 
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The identified ECM protein gene, Afi-ECM-protein, shows no expression in the 

regenerative bud at stage 2 (Fig. S7a, e, i) but also in more differentiated regenerating 

arms at stage 4 (Fig. S7b, f, l) and >50% DI (Fig. S7c, d, g, h, m). To confirm these data, 

we performed WMISH using the second parameters and again no signal is visible in all 

stages (Fig. S8). With both WMISH parameters there is no expression at the level of the 

non-regenerating stump tissues as well (Fig. S7 and S8). 

The newly identified TIMP gene, Afi-TIMP3, does not show expression neither during 

early regenerative phase (stage 2; Fig. 10a, e, i) nor during advanced regenerative 

phases, namely stage 4 (Fig. 10b, f, j) and stage >50% DI, using the first WMISH 

parameters. Therefore, we performed WMISH using second parameters and in this case 

only at stage >50% DI a faint signal at the level of the aboral coelomic cavity epithelium 

is detectable from both whole mount and post in situ sectioning at the level of the proximal 

side of the long regenerate (Fig. 10c, g, k) and no signal is present in the distal tip (Fig. 

10d, h, k). 

Overall, our results showed that different ECM molecule-related transcripts are spatially 

and temporally differentially expressed suggesting that ECM components are constantly 

remodelled during regeneration and that different tissues are involved in this process. 
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Fig. 10. Afi-TIMP3 expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, 
e, i. Afi-TIMP3 is not expressed in the regenerative bud. Stage 4 (first WMISH 
parameters): b, f, j. Afi-TIMP3 is not expressed in the regenerate. Stage >50% DI (second 
WMISH parameters): c, d, g, h, k. Afi-TIMP3 is detectable at the level of the aboral 
coelomic cavity epithelium in the proximal side of the long regenerate, whereas no 
expression is visible in the distal tip. Note that the blueish staining visible in the long 
regenerate tip (d, h) cannot be considered a specific signal. Abbreviations: AV = aboral 
view; LV = lateral view; SS = sagittal section. Scale bars: a, b, e, f = 50 µm; c, d, g = 100 
µm; h = 25 µm. In the schemes the gene expression pattern is shown in violet. Red dotted 
lines = amputation plane. Black dotted lines = levels corresponding to the cross sections 
shown in Fig. g and h. 
 

4. Discussion 

4.1. Collagen-like genes are differentially expressed during regeneration 

Collagen, both fibrillar and nonfibrillar, is the main component of the connective tissues 

and basal laminas, therefore studying its gene expression is important to better 

understand the role of these tissues during regeneration, especially taking into account 

that developing structures (e.g. ossicles and muscles) normally differentiate in strict 

association with the dermal collagen, which actually acts as a fibrillar supporting scaffold 

(Okazaki and Inoué, 1976; Blankenship and Benson, 1984). We identified and studied 
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the gene expression patterns of five collagen-like genes and Burns and co-workers (2011) 

describe a high expression of collagen during A. filiformis regeneration at stages 4, 50% 

and 95% DI. Considering all the selected collagen-like genes, the overall view of their 

spatial-temporal expression patterns suggests a delay in their activation: indeed, most of 

them are not expressed at stage 2 (that can be regarded as an early regenerative phase), 

whereas they are differentially spatially localised at stages 4 and >50% DI, suggesting 

the involvement of different tissues in collagen-like molecule deposition. Collagen has 

been studied by immunohistochemical techniques in the sea cucumber H. glaberrima 

during intestinal regeneration (Quiñones et al., 2002). The authors describe that fibrous 

collagen presence is reduced during the first 2 weeks after evisceration. Similarly, in the 

regenerating nerve cord (RNC) of the same species (Mashanov et al., 2014) a reduced 

expression of collagen genes in comparison with normal RNC is detectable 2 days after 

injury followed by an up-regulation of the fibrillar collagen at the 12th day of regeneration. 

All together, these results seem partially in agreement with our findings, where a delay in 

collagen gene expression is observable since the selected collagen genes are mainly 

expressed from stage 4 onward and not during the wound healing/early regenerative 

events. Moreover, this delay in collagen and extracellular matrix deposition, together with 

collagen degradation events, has been directly connected with cell migration and 

proliferation during the early phases of regeneration that the authors suggest as being 

fundamental for the subsequent efficiency of the regenerative process (Quiñones et al., 

2002; Cabrera-Serrano and García-Arrarás, 2004). Our data indicate that collagen 

production is apparently performed by cell belonging to different tissues, such as dermal 

tissue, epidermis, coelomic lining and skeletal elements. Epithelia of all animals usually 

produce network-forming (i.e. nonfibrillar) collagen (e.g. type IV) for their basal laminas 

and skeletal elements of echinoderms present also a conspicuous collagenous 

component (as typical dermal skeleton; Hyman, 1955; Byrne, 1994), thus these tissues 

are likely to be involved in collagen production. In particular, Afi-col-L A expression at the 

level of the epidermis at stage 4 can be well explained taking into account that this 

transcript, according to Ricard-Blum (2011), can be regarded as a network-forming 

collagen. This group includes also chains forming collagen IV, typical of basal laminas, 

therefore, it is possible to hypothesise that the epidermis expressing this transcript is 

actively synthetizing/remodelling its basal lamina. Several in vitro and in vivo studies on 

mammal epithelial cells show that these are able to produce many components of the 

extracellular matrix (Green and Goldberg, 1965; Jaffe et al., 1976; Alitalo et al., 1980; 
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Campochiaro et al., 1986). Czarkwiani and co-workers (2013) describe the expression of 

the collagen gene Afi-αcoll at the level of the skeletal elements (i.e. lateral shields and 

spines) in this species in long regenerating arms, thus highlighting that cells filling or 

associated with the trabecular stereom produce collagen during regeneration. This result 

is confirmed by our analyses with the same gene, which show also the expression of this 

transcript at the level of the oral shield and of the coelomic epithelium, suggesting a 

possible role of the latter tissue in collagen production as well or in the production of cells 

that will produce collagen. The expression at the level of the aboral dermal layer, 

particularly at stage 4, suggests that both the selected fibril-forming collagen genes (Afi-

col-L B and Afi-αcoll) and the FACIT gene (Afi-col-L C) are expressed in a quite advanced 

regenerative phase where collagen fibrils are needed to create a well-organized scaffold 

for tissue re-growth. We can hypothesise that cells expressing these transcripts will be 

likely involved in collagen production at the level of the dermal layer of the regenerate 

where spicule formation is localised as well (Czarkwiani et al., 2016), thus likely creating 

the collagen scaffold needed for skeleton regeneration. A noteworthy feature is that all 

selected genes are expressed at the level of the coelomic lining, even if at different 

regenerative stages and in different tissues of coelomic origin (i.e. aboral coelomic cavity 

epithelium or inner lining of the podia). This may indicate that the coelomic lining is 

actively involved in collagen production and its cells express collagen genes in both 

already well-differentiated tissues (e.g. proximal side of the long regenerate) and more 

undifferentiated tissues (e.g. re-growing area of the distal tip of the long regenerate). Afi-

col-L A is expressed in the late stages of regeneration in this tissue, therefore, as 

previously suggested for the epidermis, its expression can be likely connected with basal 

lamina production/remodelling. Afi-col-L B is expressed in the tip of the aboral coelomic 

cavity epithelium at stage 2 and this pattern is consistent with a possible role of the 

“immune system activity” of the coelomic cells, circulating cells of the coelomic cavities, 

at this early regenerative phase. It is known that coelomocytes in echinoderms have a 

role in the immune response after injury and that the coelomic epithelium is one of the 

most likely source of these cells also during regeneration (Hernroth et al., 2010). Indeed, 

after injury, together with phagocyte clot formation, spherule cells (one of the coelomocyte 

sub-population; Smith, 1981; Karp and Coffaro, 1982) produce collagen materials to help 

wound closure and the following regenerative process (Chia and Xing, 1996). Further 

analyses, e.g. cell tracking, are necessary to confirm this hypothesis. 
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The absence of expression of some genes in the non-regenerating stump tissues 

suggests that these transcripts are expressed at different stages of regeneration but are 

not expressed when the tissues are already well differentiated as in the stump. Another 

possibility could be that the genes are expressed at a so low level that are not detectable 

by chromogenic in situ technique. Quantitative analyses (e.g. RT-PCR) focused on 

dissected part of the regenerative arms as well as the stump tissues could help to shed 

light on this possibility. 

In other invertebrates, e.g. planarians, collagen gene knock-down leads to faster eye 

regeneration (Yun, 2014), suggesting that collagen deposition can inhibit cell migration 

and the regenerative process in general. Studies on vertebrate regeneration, e.g. 

zebrafish (González-Rosa et al., 2011), describe how myocardial regeneration is 

compatible with scar formation (i.e. collagen deposition) and subsequent scar regression. 

In amphibian limb regeneration collagen deposition is suggested being highly reduced 

consequently favouring the regenerative process (Satoh et al., 2012). All together, these 

data suggest that the delay in collagen gene activation and likely protein production could 

avoid scar/fibrotic tissue formation, as happens for example after mammal injuries, thus 

likely promoting the subsequent regenerative process. Therefore, understanding the role 

of collagen during repair and regenerative phases in brittle star is important for comparing 

the striking regenerative abilities of echinoderms with those, highly reduced, of mammals. 

 

4.2. ECM genes are differentially expressed during regeneration 

4.2.1. Laminin 

Laminin is one of the main component of the basal laminas, thus it is involved in ECM 

repair and remodelling phenomena after injury where the epithelia are completely 

disrupted by the damage. From our analyses Afi-Lamα-L and Afi-Lamβ-L are similar to α 

and β laminin subunits respectively. As laminin is a heterotrimer composed of one α, one 

β, and one γ chain, it is quite surprising that expression of the β subunit gene is not 

detected at any regenerative stage. However, considering that the A. filiformis transcript 

analysed in this study is similar to subunit β-2 but in the sea urchin genome two different 

β subunit (1-like and 2-like) are described, it could be possible that the identified gene in 

A. filiformis is encoding for the other subunit or it is not expressed in the A. filiformis 

regenerative stages here investigated. Further studies, such as quantitative RT-PCR, are 

needed to clarify if its expression level could be so low that it is not detectable by 

chromogenic WMISH technique. On the contrary, the expression pattern of the α subunit 
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gene better fits our expectations. Indeed, laminin is synthetized by the epithelial cells and 

a signal in the epidermis at each regenerative stage is detected, even if its presence only 

in stages 2 and 4 and only in the distal tip at advanced stages could suggest that this 

transcript is highly involved during the first phases of repair and regeneration and at the 

level of the most “undifferentiated” tip at advanced stages, whereas it is not expressed or 

with at a highly reduced level in the epidermis when the arm is already well differentiated. 

The expression of this transcript at the level of the radial water canal epithelium only in 

the late stages of regeneration suggests that also this tissue is involved in basal lamina 

production and differentiation. This result is confirmed also by its expression in the same 

tissue at the level of the stump and in the radial nerve cord as well (Fig. S6). The signal 

in the tips of the spines in the long regenerate well fits with the fact that laminin is known 

to be involved also in nervous system development, remodelling and nervous cell 

migration (Barros et al., 2011). Indeed, spines of brittle stars are described to possess 

sensory functions (Delroisse et al., 2014) and we can hypothesise that the expression of 

this transcript in these structures is connected with these sensory functions due to 

nervous system presence. Its expression in the stump radial nerve cord is also consistent 

with the known role of laminin in nervous system development, remodelling and 

regeneration (Liesi et al., 1984), suggesting that the differentiated radial nerve cord could 

be constantly involved in remodelling events. Considering other echinoderms, laminin α 

subunits have been shown to be up-regulated during H. glaberrima gut regeneration from 

3 to 14 days post-evisceration (Ortiz-Pineda et al., 2009) and A. japonicus gut and body 

wall regeneration at 4 and 7 days (Sun et al., 2011), thus suggesting its involvement 

during both repair and regenerative phases as described for A. filiformis. 

 

4.2.2. ECM-protein 

From both EchinoBase and NCBI BLAST search, Afi-ECM-protein can be regarded as a 

FRAS1-related extracellular matrix protein 1, containing a C-type lectin-like (CTLD) 

domain (NCBI cDART analysis). This domain is usually present in proteins involved in 

extracellular matrix organisation, endocytosis, complement activation, pathogen 

recognition and cell-cell interactions. FRAS1-related extracellular matrix protein 1 has 

been shown to be fundamental for example for adhesion in mouse embryonic epidermis 

and epidermal structures (Short et al., 2007) but, at the best of our knowledge, it has not 

been studied in echinoderms so far. This transcript is not expressed at all stages of 

regeneration here investigated and with both WMISH parameters. Nevertheless, we 
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cannot exclude a low expression that could be detected by quantitative RT-PCR or an 

expression in different regenerative stages, e.g. within few days post-amputation where 

transcripts encoding for proteins involved in immune response-like activities are likely to 

be activated. Further analyses are necessary to finally define the expression pattern of 

this gene at least in the three regenerative stages here considered. 

 

4.2.3. TIMP3 

TIMPs (i.e. tissue inhibitors of metalloproteinases) are important molecules for tissue 

remodelling and regeneration. The absence of expression of Afi-TIMP3 during the first ~ 

8 days after injury suggests that high levels of connective tissue remodelling is taking 

place via metalloproteinase (MMP) activity. Further molecular studies focusing on MMPs 

during A. filiformis regeneration and quantitative analyses are necessary to confirm this 

hypothesis. Depending on the species, between three and six tissue inhibitor of 

metalloproteinases (TIMPs) have recently been described in ophiuroids (Clouse et al., 

2015) but no molecular data have been available till now on their expression patterns 

during arm regeneration. From our cDART analyses, Afi-TIMP3 contains a NTR-like 

domain (also called netrin module), typical of this protein class. So far, TIMP expression 

during regeneration has been evaluated only in another echinoderm species, the sea 

cucumber H. glaberrima. During nervous system regeneration Mashanov and co-workers 

(2014) discover that TIMPs are up-regulated in the radial organ complex (i.e. radial nerve 

cord, radial water canal and longitudinal muscle band) throughout the whole regenerative 

process. These data do not completely fit with our results where no expression is 

detectable before two-three weeks after arm amputation (advanced regenerative stages). 

In particular, Afi-TIMP3 is homologous to the TIMP3 described as up-regulated at days 

two and twenty in the sea cucumber, therefore our transcript presents a diverse 

expression than that of the radial organ complex since, differently from sea cucumber, no 

expression is detectable few days post arm amputation. These differences could be 

explained by the great diversity in tissue complexity between the two experimental 

models: a more consistent tissue remodelling by MMPs could be hypothesised for brittle 

star arm tissues in comparison to sea cucumber radial nerve cord. However, since 

qualitative in situ hybridisation analysis on A. filiformis are here compared with 

quantitative analysis in the sea cucumber it could be as well that this latter is needed to 

reveal signal in the first stages of regeneration in the brittle star. Moreover, being possible 

that each gene encodes for more than one TIMP, a similar expression to that detected in 
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sea cucumber could be shown by an another A. filiformis TIMP here not investigated. 

Hence, further analyses are necessary to shed light on this issue. 

 

4.3. Conclusion and perspectives 

The brittle star Amphiura filiformis is a good model to study the arm regenerative process 

after traumatic amputation from both a morphological and a molecular point of view 

(Biressi et al., 2010; Czarkwiani et al., 2016). The involvement of the connective tissue 

during arm regeneration has never been properly investigated in this species. Therefore, 

in the present work, we focused our molecular analyses on extracellular matrix (ECM) 

molecule-related genes, with a special attention to collagen, in order to understand their 

involvement during brittle star arm regeneration. 

Table 1 summarises the expression patterns of the 9 identified genes considering the 

whole regenerative process. Our results showed that the selected collagen-like genes 

present different spatial-temporal expression patterns suggesting that different collagen 

types are involved during regeneration at different stages and in different tissues, thus 

differentially contributing to connective tissue remodelling and deposition. In particular, 

almost all collagen transcripts are not expressed in the early regenerative phase (stage 

2), thus indicating that a delay in collagen gene activity and more likely of collagen protein 

deposition could be connected with high efficiency of regeneration, as previously 

suggested for other echinoderms (Quiñones et al., 2002; Cabrera-Serrano and García-

Arrarás, 2004). Besides collagen, other ECM-related molecule genes display dynamic 

spatial-temporal expression patterns, being expressed at different time points and in 

different tissues. Overall, our data showed that collagen and ECM-related molecule 

genes are differentially involved from both a spatial (tissue and structures) and temporal 

(regenerative stages) point of view. Other molecular analyses, i.e. quantitative RT-PCR, 

will be useful to expand and confirm in situ hybridisation results. Moreover, the selection 

of further genes (both other collagen types and ECM-molecules, such as MMPs, 

proteoglycans, fibronectin, integrins, etc.) will help to detail and complete the overall 

comprehension of the role of the connective tissue during A. filiformis arm regeneration 

in perspective of comparative studies with mammal wound closure and regenerative 

phenomena. 

 

Table 1. Summary of the expression patterns of the 9 identified genes during the whole 
regenerative process at the level of the regenerates (the expression patterns detected at 
the level of the stump tissues is not showed). a) Scheme of stage 2. b) Scheme of stage 
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4. c) Scheme of stage >50% DI. For colour legend of the schemes see the caption of Fig. 
2. Red dotted lines = amputation plane. White square = absence of expression. 
Abbreviations: ACC = aboral coelomic cavity, AS = aboral shield, CT = connective tissue, 
E = epidermis, LS = lateral shield, M = muscle, OS = oral shield, RNC = radial nerve cord, 
RWC = radial water canal, S = spine, P = podium, TO = terminal ossicle, TP = terminal 
podium, V = vertebra. 
 

 
 

5. Supplementary Materials 

5.1. Extended Materials and Methods 

5.1.1. Molecular analyses 

5.1.1.1. Primer design for cloning PCR 

Primers were selected considering primer length, Tm and product length. Moreover, 

primer specificity was checked performing a re-BLAST to A. filiformis transcriptome 

database (Dylus et al., submitted). Upon arrival, 100 µM stock were prepared by adding 

the proper volumes of NF-H2O into lyophilised products and stored at -20°C until use. 

Table A summarises all designed primers with their sequence, length, Tm and expected 

PCR product size. All primers were tested at least once using A. filiformis cDNA from 

different embryonic or regenerating (adult) stages. Only the successful ones (labelled in 

red in Table A) followed the subsequent steps (see below). 

 

Table A. List of the tested primers with their sequences, lengths, Tm and the expected 
PCR product lengths. Only with primers in red genes were successfully cloned and the 
following protocols were performed. For primers of Afi-αcoll see Czarkwiani and co-
workers (2013). Abbreviations: bp = base pair; Tm = primer melting temperature. 
 
 

Primer Name Primer Sequence 
Primer 
Length 

(bp) Tm (°C) 

Expected 
Product 

Length (bp) 

Afi-actin F ACGACGAAGTATCCGCTTTG 20 60.27 853 

Afi-actin R TCGCATTTCATGATGCTGTT 20 60.23 853 
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Afi-fibr F AGATGGTGGTCGCTCATTTC 20 60.08 510  

Afi-fibr R CAGATGATGCCTTTGCCATA 20 59.65 510  

Afi-fibrillin F GTTGGCTTCCAACTCAGCTC 20 60 1605  

Afi-fibrillin R ACAAGCATCGGGAAACATTC 20 59.94 1605  

Afi-fibnec F CCACCTGTGGTGGGTAAAGT 20 59.74 941  

Afi-fibnec R TCAAACGACACTGCCATCTC 20 59.84 941  

Afi-tenascin F CCAGACCCAGGTCATCCTAA 20 59.92 312  

Afi-tenascin R TGATTCAACGGCAACTTCAG 20 59.84 312  

Afi-versican F TTTGCACATTGGGTTGACAT 20 59.82 372  

Afi-versican R CAGGGTAGGCATGCTCAGTA 20 58.9 372  

Afi-HS F GCTAGCAATGAGGCTGGAAC 20 59.98 1671 

Afi-HS R GGCAGAATTGCGAGCTAAAC 20 59.99 1671 

Afi-PG F GCTAGCAATGAGGCTGGAAC 20 59.98 1671  

Afi-PG R GGCAGAATTGCGAGCTAAAC 20 59.99 1671  

Afi-CS F CAAGTTGCGGACGGTTATTT 20 60 1325  

Afi-CS R AACAGGCCGTCGTCAATATC 20 59.96 1325  

Afi-chonss F ACGGCGAGAGTTATGGAGTG 20 60.28 2343  

Afi-chonss R GCAACATCTGCCTCCTCTGT 20 60.42 2343  

Afi-cola1 F AGGAACGGTAACCGAGGTCT 20 59.99 1914  

Afi-cola1 R ATTAGGACCTGCACCACCAG 20 59.99 1915  

Afi-col-L A F CAACACCGACAGAACCAGAA 20 59.72 778 

Afi-col-L A R TGTTGTGTTGGCACCTCTTC 20 59.73 778 

Afi-col-L B F AACCGGGTATTCCTGGATTC 20 60.02 894 

Afi-col-L B R GTTCACCAACTCGTCCCACT 20 60.01 894 

Afi-col-L C F ACGTAAACGTTGGCATCTCC 20 60 1014 

Afi-col-L C R GTGATCGGCCTGATTGATCT 20 60.04 1014 

Afi-col-L D F CATAGTGCTTTCCCGGTTGT 20 59.99 1122 

Afi-col-L D R ATCACCGTCTGGTCCTATCG 20 59.95 1122 

Afi-a2colprec F CAGCTGGATTCCCAGGATTA 20 60.03 1436  

Afi-a2colprec R GAAAGGTGTTGCACGGAAAT 20 59.98 1436  

Afi-cola1XI F GATTGATGGACCACCAGGAG 20 60.33 1652  

Afi-cola1XI R ATGGCAGTTGTGCTGAAACA 20 60.31 1652  

Afi-col4a3 F TGACGACGACTTGGAAAGTG 20 59.87 588  

Afi-col4a3 R GGGTCATCTGGTGAGCTTGT 20 60.12 588  

Afi-cola5 F CGAGGGACTATGGAAGGTCA 20 60.07 834  

Afi-cola5 R TACTCGATGCCTGGAATGGT 20 60.48 834  

Afi-a2col F GGTGCCACTTGTCCTGAAAT 20 59.97 1687  

Afi-a2col R GTGATCGGCCTGATTGATCT 20 60.04 1687  

Afi-myohc F GCTTCCTAATCCGCAGACAG 20 59.98 1994  

Afi-myohc R AGGCAGACTTGGACCAGAGA 20 59.99 1994  

Afi-myo2lc F CCTTGATGCCTTCCTGTTGT 20 60.11 404  

Afi-myo2lc R TGCTCATCACCATCTTCACC 20 59.64 404  

Afi-myoV F TCAACCAAGGAAGCGATCTT 20 59.81 1743  

Afi-myoV R GGGAATACGACGGAGAAGGT 20 60.33 1743  

Afi-MMP21 F CAGGACCACCTGCTTCATCT 20 60.26 2090  

Afi-MMP21 R CCAATAATCCTCGCCTTTGA 20 60.03 2090  

Afi-MMP16 F GGGTACGCCTTACCACTTGA 20 59.99 1559  

Afi-MMP16 R CCCAGTAATGTTGGCGTTCT 20 59.99 1559  

Afi-MMP14 F CTGCTGACGGGAGAACATTT 20 60,25 513 

Afi-MMP14 R CTGTTAGTCGCGGGTAGGAC 20 59,76 513 

Afi-TIMP1 F TTTGCTGGTTCTTGGTCAAA 20 59.29 476  

Afi-TIMP1 R ATATCTGGGCGACTGGAGTG 20 60.1 476  

Afi-TIMP3bis F CTATTTGTGCAGGCCAGGAG 20 60.79 636  
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Afi-TIMP3bis R CATACAGTCCCGCATCTCTG 20 59.27 636  

Afi-TIMP3 F CCTTCCTAAGCACCCACAAC 20 59.59 653 

Afi-TIMP3 R AACTTGCTTGGCACAACTCA 20 59.49 653 

Afi-ficolin F CGATGGACATGATGGAAATG 20 59.73 837  

Afi-ficolin R GAGGGCCGCCAAGATATAAT 20 60.27 837  

Afi-ECM-protein F AACCCAGCAATGGTAACAGC 20 60 1983  

Afi-ECM-protein R GACACTCTGCGTTGCGATAA 20 60.02 1983  

Afi-fibronectin F ACGGTGCTCTACAGCGAGTT 20 60.08 1027  

Afi-fibronectin R CCTTTCTGTGGCCGTATTGT 20 59.99 1027  

Afi-laminin F GGGATATTTGCGTCACCAGT 20 59.82 293  

Afi-laminin R GCCTGGATCTGATTGCTCTC 20 59.92 293  

Afi-lamα F GGCACACCATCTGAAACCTT 20 59.97 1349  

Afi-lamα R TGGTCACACCTACGGTCAAA 20 60 1349  

Afi-lama2 F GTGTGTGTCGGGAAGATGTG 20 60 1170  

Afi-lama2 R ACCTATCACATGTGCGTCCA 20 59.99 1170  

Afi-Lamα-L F GTGCTACCGGACCTCAATGT 20 60 1017 

Afi-Lamα-L R CTTCAGCTTGGCCTTGTAGG 20 60.01 1017 

Afi-Lamβ-L F CACATTAGGCACGGTGAATG 20 59.99 1494 

Afi-Lamβ-L R AACCCATCTTTGCACTGGTC 20 59.97 1494 

Afi-P4H F TCTCCAATCATGGGCCTACT 20 59.51 1513 

Afi-P4H R ACAGGTTTGCAGCCCATTT 19 60.51 1513 

 

5.1.1.2. Amplification of specific cDNA fragments 

cDNA of A. filiformis at different embryonic and regenerative stages were already 

available in the laboratory and was used as template to perform gradient PCRs (see 

below for details). Amplified fragments of the correct molecular weight were then purified 

using the NucleoSpin® gel and PCR clean-up kit (Macherey-Nagel) according to 

manufacturer’s instructions and eluted in a final volume of 18-19 µl of NE buffer; nucleic 

acid concentration was checked using a NanoDrop Spectrophotometer. 

The gradient PCRs with A. filiformis cDNA were performed using Invitrogen reagents as 

follows: 

10X buffer-MgCl2  2.5 µl 

50 mM MgCl2  0.75 µl 

10 mM dNTPs  0.5 µl 

10 µM forward primer  1.25 µl 

10 µM reverse primer   1.25 µl 

10 ng cDNA of interest  5 µl 

5 U/µl DNA Taq polymerase  0.1 µl 

NF-H2O  up to 25 µl 

 

Reactions were amplified as follows (ROCHEPR2 program): 
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94°C 3’ 1 cycle 

94°C 30’’  

10 cycles T gradient*  30’’ 

72°C  1’30’’ 

94°C 30’’  

25 cycles T gradient*  30’’ 

72°C Variable** 

72°C 7’ 1 cycle 

 

*The temperatures of the gradient from the highest to the lowest were: 65°C, 62.5°C, 

59.5°C and 55.9°C. In some cases, only two temperatures were used with a reaction 

volume of 50 µl. **The extension times were optimised according to the predicted product 

length (about 1 minute per 1000 bp). 

1 or 2 µl of the PCR products were checked at NanoDrop Spectrophotometer to know the 

DNA concentration and 2 µl were loaded on a 1% TBE agarose gel to check the validity 

of the purification step. The remaining 15 µl were stored at -20°C for the following steps. 

 

5.1.1.3. Cloning of PCR fragments 

5.1.1.3.1. Ligation 

In order to clone the genes of interest the amplified fragments were ligated into pGEM®-

T Easy Vector System I (Promega; Fig. A) using the following ligation protocol: 

 

2X or 10X ligation buffer  5 or 1 µl 

pGEM®-T Easy Vector (50 ng/µl)  0.5 µl 

Fragment of interest   x* 

3 Weiss units/µl T4 DNA Ligase  1 µl 

NF-H2O  Up to 10 µl 

 

*The fragment of interest was added in the reaction using an insert:vector molar ratio 

either 6:1 or 3:1 employing the following formulas: 

- [25 ng vector x sample size (kb)/vector size (~ 3 kb)] x 6/1 or 3/1 = fragment in ng; 

- fragment in ng/fragment concentration = volume of fragment in µl. 

If the sample concentration was low the maximum possible volume (3.5 µl or 7.5 µl 

depending on the used ligation buffer) was added. The ligation reactions were then 

incubated overnight at 14°C. 
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Fig. A. Vector map of pGEM®-T Easy Vector System I (Promega). Note the presence of 
Sp6, T7 and EcoRI restriction enzyme. 
 

5.1.1.3.2. Transformation 

Plasmid with the inserted fragment of interest were then transformed in Subcloning 

EfficiencyTMDH5αTM Competent cells (Invitrogen). 5 µl of the ligation were added to 50 µl 

of bacterial aliquots and incubated 30 minutes on ice. Heat shock was then performed in 

a water bath at 42°C for 20 seconds followed by a cooling step on ice for 2 minutes. 950 

µl of S.O.C. medium (Life Technology) were added and the samples were incubated at 

37°C for 1 hour at 225 rpm. Samples were centrifuged at 11000 g for 30 seconds to 

concentrate them and reduce the volume. The remaining 100 µl, after re-suspension, 

were plated onto agarose plate with 100 μg/ml ampicillin and 20 μg/ml X-gal for the 

subsequent colony selection (see below). In some cases, the bacteria suspension was 

directly supplemented with further 100 μg/ml ampicillin (5 µl) to avoid satellite colonies. 

Plates were then incubated overnight at 37°C. The day after colonies in each plate were 

counted to check the transformation efficiency and the colony PCR was performed only 

on the successful plates (see below). Plates were stored at 4°C till the results of the 

colony PCR (see below). 

 

5.1.1.3.3. Colony selection through colony PCR 

The pGEM®-T Easy Vector System I (Promega; Fig. A) contains ampicillin resistance 

gene and lacZ gene used to select the successfully transformed colonies, with the 

insertion of a fragment (white). At least 6 white single colonies and 1 negative control 
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(blue), possibly without insertion of the fragment of interest, were picked from the plates, 

added to 20 µl of LB Broth with 100 μg/ml ampicillin and incubated at 37°C for 1 hour. 

Colony PCR was performed to assess the size of the cloned fragment using Invitrogen 

reagents as follows: 

10X buffer-MgCl2  2 µl 

50 mM MgCl2  0.6 µl 

10 mM dNTPs  0.4 µl 

10 µM Sp6 primer 0.8 µl 

10 µM T7 primer  0.8 µl 

Colony 2 µl 

5 U/µl DNA Taq polymerase  0.2 µl 

NF-H2O  up to 20 µl 

 

Reactions were amplified as follows (AGACOLON program):  

95°C 1’ 1 cycle 

94°C 30’’  

30 cycles 55°C  30’’ 

72°C  1’30’’ 

72°C 10’ 1 cycle 

 

PCR products were loaded on a 1% TBE agarose gel using 10 µl of PCR product and 2.5 

µl of 6x Loading Buffer and run for 25 minutes at 100 V. Only colonies showing the right 

bands were selected and 5 µl of the bacteria suspension were added to 4 ml of LB with 

100 μg/ml ampicillin and incubated overnight at 37°C at 225 rpm in order to grow the 

corresponding bacteria and subsequently prepare the glycerol stocks (see below). 

 

5.1.1.3.4. Plasmid purification 

To prepare the glycerol stocks 750 µl of bacteria suspension were added at 750 µl of 50% 

glycerol, well mixed and immediately stored at -80°C. 

The remaining 3.25 ml of bacteria (from the starting 4 ml) were used to purify plasmids 

with the NucleoSpin® Plasmid Mini-Prep kit (Macherey-Nagel) following manufacture’s 

protocol. Plasmids were eluted from the column in 50 µl of AE buffer or 10 mM Tris. The 

DNA concentration was checked with a NanoDrop Spectrophotometer using 2 µl of 

purified plasmids. The remaining 48 µl were stored at -20°C for the following steps. 
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5.1.1.3.5. Diagnostic digestion 

When colony PCR results were not clear plasmids were digested with EcoRI restriction 

enzyme (Promega) with the following protocol: 

10X Restriction buffer H (Promega) 2 µl 

NF-H2O 15.8 µl 

Plasmid sample  2 µl 

12 U/µl EcoRI restriction enzyme 0.2 µl 

 

The reaction mixes were incubated at 37°C for 1-2 hours and subsequently checked on 

an agarose gel using 10 µl of digestion product and 2.5 µl of 6x Loading Buffer and run 

for 25 minutes at 100 V. 

 

5.1.1.3.6. Orientation PCR 

Given the fact that the ligation of the fragment in pGEM-T vectors is not directional, the 

orientation of the cloned fragment needs to be assessed to then transcribe an antisense 

probe. To check the orientation of the fragment we used PCR with an internal (fragment 

specific) and an external (vector specific) primer and the purified plasmid as template 

(see Fig. B). Two different equivalent strategies were followed using the purified plasmid 

as template. The first one using Invitrogen reagents as follows: 

10X buffer-MgCl2 2 µl 

50 mM MgCl2 0.6 µl 

10 mM dNTPs 0.4 µl 

10 µM specific F/R primer* 0.8 µl 

10 µM Sp6/T7 primer* 0.8 µl 

1 ng/µl purified plasmid 1 µl 

5 U/µl DNA Taq polymerase 0.2 µl 

NF-H2O up to 20 µl 

 

*For each fragment of interest four tubes were prepared using the following primer 

combinations: 

1) Sp6 and specific reverse; 

2) Sp6 and specific forward; 

3) T7 and specific forward; 

4) T7 and specific reverse. 

Reactions were amplified as follows (AGACOLON program): 
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95°C 1’ 1 cycle 

94°C 30’’  

30 cycles 55°C 30’’ 

72°C 1’30’’ 

72°C 10’ 1 cycle 

 

The second one was performed using Invitrogen reagents as follows: 

10X buffer-MgCl2  5 µl 

50 mM MgCl2  3 µl 

10 mM dNTPs  1 µl 

10 µM primer* 1.5 µl 

10 µM primer* 1.5 µl 

1 ng/µl purified plasmid x µl 

5 U/µl DNA Taq polymerase  0.5 µl 

DEPC-treated H2O up to 50 µl 

 

*For each fragment of interest four tubes were prepared using the following primer 

combinations: 

1) M13F and specific reverse; 

2) M13F and specific forward; 

3) M13R and specific forward; 

4) M13R and specific reverse. 

Reactions were amplified as follows (WMISH1 program): 

95°C 5’ 1 cycle 

95°C 30’’  

10 cycles 50°C  30’’ 

72°C  * 

95°C 30’’  

20 cycles 50°C  30’’ 

72°C ** 

72°C 8’ 1 cycle 

 

*variable extension time depending on the fragment length (1min/kb), **1 minute and 30 

seconds + 5 s/each cycle. 
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In both cases only two of the four reactions gave a band at the right molecular weight, 

thus it was possible to understand the orientation (sense or antisense) of the fragment of 

interest relative to T7 and Sp6 promoters in the plasmid (see Fig. B). 

After both strategies PCR products were checked on an agarose gel using 10 µl of PCR 

product and 2.5 µl of 6x Loading Buffer and run for 25 minutes at 100 V. 

 

 

Fig. B. Scheme illustrating the position of M13F, M13R, T7, Sp6 and target gene (inserted 
fragment) in the plasmid. 
 

5.1.1.4. Template PCR 

After orientation PCR, a template PCR was performed using Invitrogen reagents as 

follows: 

10X buffer-MgCl2  5 µl 

50 mM MgCl2  3 µl 

10 mM dNTPs  1 µl 

10 µM M13F primer 1.5 µl 

10 µM M13R primer  1.5 µl 

1 ng/µl purified plasmid* 1 µl 

5 U/µl DNA Taq polymerase  0.5 µl 

DEPC-treated H2O 36.5 µl 

 

Reactions were amplified using the above described WMISH1 program. 

The DNA templates were then purified using the NucleoSpin® gel and PCR clean-up kit 

(Macherey-Nagel) and eluted in a final volume of 18-19 µl of NE buffer; concentration 

was checked at NanoDrop Spectrophotometer and purity of the fragment (absence of 
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primer dimers or non-specific bands) was checked on a 1% TBE agarose gel. The 

remaining 15 µl were stored at -20°C. As above mentioned, since not for all the purified 

plasmids the subsequent orientation PCR was successful (e.g. due to conflicting results 

or technical problems) and considering that all the fragments need to be checked in order 

to be sure that the starting fragment of interest have been cloned, all the purified plasmids 

were prepared for sequencing and 10 µl of samples at 100 ng/µl (note that the 

concentration was lower in case the samples did not have a concentration higher than 

100 ng/µl) were sent to the company (Source Bioscience Sequencing). 

 

5.1.1.5. Transcription of the RNA antisense probes 

To produce antisense RNA probe labelled with DIG to detect the expression of mRNA in 

situ, transcription was performed as follows using Sp6/T7 Transcription Kit (Roche), the 

use of Sp6 and T7 depending on the fragment orientation: 

10X Transcription buffer 2 µl 

10X DIG RNA Labelling Mix (Roche)  2 µl 

DNA template (100-500 ng) x µl 

20 U/µl RNA polymerase (Sp6 or T7) 1.6 µl 

10 U/µl RNAse inhibitor 0.4 µl 

DEPC-treated H2O Up to 20 µl 

 

The mix was incubated for 5 hours at 37°C and then 1 µl of DNAse/RNAse free mix and 

2 µl DNAse/RNAse free 10X buffer (Roche) were added and incubated for 15 minutes at 

37°C. 30 µl of DEPC-treated H2O and 25 µl of 7.5 M LiCl were added and precipitated 

overnight at -20°C. 200 µl of 80% EtOH were added, then thoroughly mixed and 

centrifuged for 10 minutes at maximum rpm and the supernatant was completely removed 

without touching the pellet. This latter was then air-dried for 5-15 minutes (no more than 

15 minutes in order to not have re-suspension problems), re-suspended in 50 µl of DEPC-

treated H2O and well mixed. 

The concentration of the antisense RNA probe was then measured with a NanoDrop 

Spectrophotometer and then diluted (if possible depending on the resulting concentration) 

at the working concentration of 50 ng/µl, aliquoted, 10 µl/Eppendorf tube, and stored at -

80°C until use. 100 ng of the probe was checked on an 1% TBE agarose gel for purity 

and absence of degradation. 
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5.2. Microscopy analyses 

5.2.1. Paraffin embedding and sectioning 

Samples were embedded as follows: after fixation in Bouin fixative for about one month 

to allow decalcification, they were washed in tap water, dehydrated in an increasing 

ethanol series, cleared with xylene, washed in xylene:paraffin wax solution (1:1) and 

embedded in paraffin wax (56°-58°C). Sagittal, cross and frontal sections (5-7 µm in 

thickness) were sectioned with Leica RM2155 or Leitz 1512 microtomes and stained 

according to Milligan’s trichrome technique (Milligan, 1946). Slides were then mounted 

with Eukitt® and subsequently observed under a Jenaval light microscope as previously 

described or a Zeiss AxioImager M1 microscope equipped with a Zeiss AxioCamHRc 

camera. 

 
Table S1. Primers of the cloned genes with their sequences, lengths, Tm and expected 
PCR product lengths from PRIMER3 Software. For Afi-αcoll primers see Czarkwiani and 
co-workers (2013). Abbreviations: bp = base pair; F = forward primer; R = reverse primer; 
Tm = primer melting temperature. 
 

Primer Name Primer Sequence 
Primer 
Length 

(bp) Tm (°C) 

Expected 
Product 

Length (bp) 

Afi-col-L A F CAACACCGACAGAACCAGAA 20 59.72 778 

Afi-col-L A R TGTTGTGTTGGCACCTCTTC 20 59.73 778 

Afi-col-L B F AACCGGGTATTCCTGGATTC 20 60.02 894 

Afi-col-L B R GTTCACCAACTCGTCCCACT 20 60.01 894 

Afi-col-L C F ACGTAAACGTTGGCATCTCC 20 60 1014 

Afi-col-L C R GTGATCGGCCTGATTGATCT 20 60.04 1014 

Afi-col-L D F CATAGTGCTTTCCCGGTTGT 20 59.99 1122 

Afi-col-L D R ATCACCGTCTGGTCCTATCG 20 59.95 1122 

Afi-TIMP3 F CCTTCCTAAGCACCCACAAC 20 59.59 653 

Afi-TIMP3 R AACTTGCTTGGCACAACTCA 20 59.49 653 

Afi-Lamα-L F GTGCTACCGGACCTCAATGT 20 60 1017 

Afi-Lamα-L R CTTCAGCTTGGCCTTGTAGG 20 60.01 1017 

Afi-Lamβ-L F CACATTAGGCACGGTGAATG 20 59.99 1494 

Afi-Lamβ-L R AACCCATCTTTGCACTGGTC 20 59.97 1494 

Afi-ECM-protein F AACCCAGCAATGGTAACAGC 20 60 1983 

Afi-ECM-protein R GACACTCTGCGTTGCGATAA 20 60.02 1983 

 

Table S2. Details of the clones of the identified genes. For Afi-αcoll see Czarkwiani and 
co-workers (2013). The vector is pGEM®-T Easy Vector System I (Promega) with 
ampicillin resistance. Abbreviations: bp = base pair. 
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Clone name Fragment size 
(bp) 

Orientation  Vector 

Afi-col-L A 778 Sense, transcribed with Sp6 pGEM-T Easy 

Afi-col-L B 894 Sense, transcribed with Sp6 pGEM-T Easy 

Afi-col-L C 1014 Sense, transcribed with Sp6 pGEM-T Easy 

Afi-col-L D 1122 Sense, transcribed with Sp6 pGEM-T Easy 

Afi-TIMP3 653 Antisense, transcribed with T7 pGEM-T Easy 

Afi-Lamα-L 1017 Sense, transcribed with Sp6 pGEM-T Easy 

Afi-Lamβ-L 1494 Sense, transcribed with Sp6 pGEM-T Easy 

Afi-ECM-protein 1983 Sense, transcribed with Sp6 pGEM-T Easy 

 

Table S3. Best BLAST hits of the identified genes in EchinoBase (SPU Best BLAST) and 
in NCBI (NCBI Best BLAST). 
 

 
 

 

 

 

 

 

 

 

 

 

 

Gene

Afi Transcriptome id 

(Afi-CDSnt_v2)

CDS size 

(nt) Spu Best Blast (SPU) Score E-value

Afi-col-L A AfiCDS.id16823.tr6264 903 Sp-C1qL (SPU_05500) 207 8,00E-54

Afi-col-L B AfiCDS.id31588.tr64501 507 Sp-6Afcol (SPU_009076) 353 1,00E-96

Afi-col-L C AfiCDS.id59066.tr822 4080 Sp-Col805b_2 (SPU_005167) 895 0

Afi-col-L D AfiCDS.id20775.tr36218 4443 Sp-Fcolf (SPU_013557) 447 E-125

Afi-αcol AfiCDS.id59033.tr18060 3972 Sp-Col805b_1 (SPU_014618) 228 3,00E-59

Afi-Lamα-L AfiCDS.id50515.tr22425 11016 Sp-LamaLf (SPU_020192) 2160 0

Afi-Lamβ-L AfiCDS.id27309.tr36214 5982 Sp-LamB2Lf (SPU_001768) 1570 0

Afi-ECM-protein AfiCDS.id38268.tr22439 6807 Sp-Fram1 (SPU_011688) 2023 0

Afi-TIMP3 AfiCDS.id58489.tr18807 771  Sp-Timp4b (SPU_008866) 150 1,00E-36

Gene

Afi Transcriptome id 

(Afi-CDSnt_v2)

CDS size 

(nt) NCBI Best Blast (ID) Score E-value

Afi-col-L A AfiCDS.id16823.tr6264 903 alpha-2(VIII) chain-like [S. purpuratus ] (gi|390335431|ref|XP_003724148.1) 203 1,00E-60

Afi-col-L B AfiCDS.id31588.tr64501 507 collagen alpha-1(V) chain isoform X2 [S. purpuratus ] ref|XP_011679218.1| 350 2,00E-94

Afi-col-L C AfiCDS.id59066.tr822 4080 alpha-5 collagen [P. lividus ]  emb|CAE53096.1| 865 0

Afi-col-L D AfiCDS.id20775.tr36218 4443 PREDICTED: collagen alpha-1(XXVII) chain [S. purpuratus ] ref|XP_011679783.1| 350 4,00E-101

Afi-αcol AfiCDS.id59033.tr18060 3972 hypothetical protein BRAFLDRAFT 74778 [B. floridae ] 274 5,00E-80

Afi-Lamα-L AfiCDS.id50515.tr22425 11016  laminin subunit alpha-like isoform X2 [Lingula anatina ] ref|XP_013408769.1| 2615 0

Afi-Lamβ-L AfiCDS.id27309.tr36214 5982 PREDICTED: laminin subunit beta-2 [S. purpuratus ] ref|XP_793215.4| 1436 0

Afi-ECM-protein AfiCDS.id38268.tr22439 6807 PREDICTED: FRAS1-related extracellular matrix protein 1 [Spu] ref|XP_011678210.1| 2018 0

Afi-TIMP3 AfiCDS.id58489.tr18807 771 PREDICTED: metalloproteinase inhibitor 3 [S. purpuratus ] ref|XP_781027.1| 138 1,00E-136
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5.3. Extended results 

 

Fig. S1. a) Post in situ sagittal section showing that in the stump Afi-col-L B is expressed 
in the aboral coelomic cavity epithelium and in the radial water canal epithelium. Scale 
bar = 100 µm. b) Detail of Fig. a on the signal at the level of the aboral coelomic cavity 
epithelium (arrowhead). c) Detail of Fig. a on the signal at the level of the radial water 
canal epithelium. d) Sagittal section scheme showing the Afi-col-L B expression pattern 
at the level of the stump. Violet = presence of signal. Abbreviations: m = muscle; rnc = 
radial nerve cord; SS = sagittal section; v = vertebra. 
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Fig. S2. a) Post in situ sagittal section showing that Afi-col-L C is expressed in the stump 
at the level of the radial water canal epithelium (arrowheads). Scale bar = 50 µm. b) Post 
in situ parasagittal section showing that Afi-col-L C is expressed in the stump at the level 
of the lateral shields (two adjacent shields are visible, arrows). Scale bar = 100 µm. c) 
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Cross section scheme showing expression at the level of the stump in the lateral shields 
and in the radial water canal epithelium. Violet = presence of signal. Black dotted line = 
level at which the section in Fig. b has been performed. Abbreviations: CS = cross section; 
p = podium; PS = parasagittal section; rnc = radial nerve cord; SS = sagittal section. 
 

 

Fig. S3. a) Post in situ sagittal section showing that Afi-col-L D is not detectable at the 
level of the non-regenerating stump tissues. Blue dots visible in the section are residues 
of calcium carbonate crystals, thus is not a specific signal. Scale bar = 200 µm. b) Sagittal 
section scheme showing the absence of Afi-col-L D expression pattern at the level of the 
stump. Abbreviations: m = muscle; rnc = radial nerve cord; SS = sagittal section. 
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Fig. S4. a) Aboral view (AV) of a WMISH sample at the level of the stump. It is visible that 
Afi-αcoll is expressed at the level of the lateral shields (arrows) and at the base of the 
spines (arrowheads). Scale bar = 100 µm. b) Post in situ frontal section (FS) of the stump 
showing that Afi-αcoll is expressed in the lateral shields (arrows) and at the base of the 
spines (arrowheads). Scale bar = 100 µm. c) Post in situ cross section (CS) of the stump 
showing that Afi-αcoll is expressed also in the aboral coelomic cavity epithelium 
(arrowheads), in the oral shield (red arrow) and in the water vascular system (black 
arrows). Scale bar = 50 µm. d) Cross section scheme (CS) summarising the expression 
pattern of this gene in the stump tissues. Violet = presence of signal. Abbreviations: AV 
= aboral view; CS = cross section; FS = frontal section; p = podium; s = spine. 
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Fig. S5. a) Oral view of Afi-lamα-L WMISH sample at the level of the stump. Afi-lamα-L 
is expressed at the level of the radial water canal (arrowheads). Scale bar = 200 µm. b) 
Post in situ sagittal section of the stump showing that Afi-lamα-L is expressed not only at 
the level of the radial water canal epithelium (white arrow) as visible from whole mount 
samples but also at the level of the epidermis (black arrow) and of the ectoneural system 
of the radial nerve cord (arrowhead). Scale bar = 50 µm. c) Sagittal section scheme 
showing the expression pattern of Afi-lamα-L in the stump tissues. Violet = presence of 
signal. Abbreviations: OV = oral view; SS = sagittal section. 
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Fig. S6. Afi-Lamβ-L expression pattern at different regenerative stages. 1st line: WMISH; 
2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH parameters): a, 
e, i. Afi-Lamβ-L is not expressed in the regenerative bud. Stage 4 (first WMISH 
parameters): b, f, j. Afi-Lamβ-L is not expressed in the regenerate. Stage >50% DI (first 
WMISH parameters): c, d, g, h, k. Afi-Lamβ-L is not expressed along the whole 
regenerate length. Note that the dark pigmentation visible in the long regenerate is due 
to light reflection of the skeletal elements and it is not an actual WMISH staining, as 
clarified by post in situ sections. Abbreviations: AV = aboral view; CS = cross section; LV 
= lateral view; SS = sagittal section. Scale bars: a, b, d, e, f, g = 50 µm; c = 100 µm; h = 
25 µm. Red dotted lines = amputation plane. Black dotted lines = levels corresponding to 
the cross sections shown in Fig. g and h. 
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Fig. S7. Afi-ECM-protein expression pattern at different regenerative stages. 1st line: 
WMISH; 2nd line: post in situ sectioning; 3rd line: schemes. Stage 2 (first WMISH 
parameters): a, e, i. Afi-ECM-protein is not expressed in the regenerative bud. Stage 4 
(first WMISH parameters): b, f, k. Afi-ECM-protein is not expressed in the regenerate. 
Stage >50% DI (first WMISH parameters): c, d, g, h, k. Afi-ECM-protein is not expressed 
along the whole regenerate length. Abbreviations: AV = aboral view; CS = cross section; 
OV = oral view; SS = sagittal section. Scale bars: a, b, d, f, g, h = 50 µm; c, e = 100 µm. 
Red dotted lines = amputation plane. 
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Fig. S8. Afi-lamβ-L and Afi-ECM-protein expression patterns at the selected regenerative 
stages using the second WMISH parameters. 1st line: Afi-lamβ-L WMISH; 2nd line: Afi-
ECM-protein WMISH; 3rd line: sagittal section schemes valid for both genes. As visible 
from all images no expression is detectable in all stages for both genes. AV = aboral view; 
LV = lateral view; OV = oral view; SS = sagittal section. Scale bars: a, b, f = 50 µm; c, d, 
e, g, h = 100 µm. Red dotted lines = amputation plane. 
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Abstract 

Regeneration is a post-embryonic developmental process that ensures complete 

morphological and functional restoration of lost body parts. The repair phase is a key step 

for the effectiveness of the subsequent regenerative process: in vertebrates, post-injury 

connective tissue remodelling and rapid immune response are fundamental aspects for 

the success of this phase, their impairment leading to an inhibition or total prevention of 

regeneration. 

Among deuterostomes, echinoderms display a unique combination of striking 

regenerative abilities and diversity of useful experimental models, although still largely 

unexplored. The starfish Echinaster sepositus and the brittle star Amphiura filiformis were 

here used to investigate the presence and expression of extracellular matrix (i.e. collagen) 

and immune system molecules during the repair phase using both microscopy and 

molecular tools. 

Our results showed that emergency reaction and wound healing are faster and more 

effective in echinoderms than in mammals and delayed and less abundant collagen 

deposition at the wound site (absence of fibrosis) can be important features ensuring their 

subsequent efficient regeneration. Immunodetection of TNF-α-like in brittle star showed 

a comparable signal to that of mammals. The gene expression patterns of starfish 

fibrinogen-like and brittle star ficolin were described for the first time during echinoderm 

regeneration providing promising starting points to investigate the immune system’s role 

in these regeneration models. 
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Overall, these data suggest that the repair processes in echinoderms are key events of 

the regenerative phenomenon which distinguish them from scarcely regenerating 

animals, such as mammals. Deeper analyses will shed light on the evolution 

(loss/potentiation) of these abilities along the deuterostomian lineage. 

 

1. Introduction 

Along with metamorphosis, regeneration is one of the most fascinating post-embryonic 

developmental processes in the animal kingdom, both at larval and adult stages (Candia 

Carnevali, 2006). However, contrary to embryogenesis and metamorphosis, regeneration 

occurs after lesions, damage and loss of whole body parts due to predation, diseases or 

autotomy, thus following both unpredictable and predictable events. Moreover, the 

cellular and tissue context in which it takes place is largely different from those other 

developmental processes. Indeed, during regeneration new cells arise in the context of 

differentiated tissues of adults or larvae that are morphologically and functionally 

characterised, whereas in a developing embryo the new dividing cells constitute the new 

structures (Candia Carnevali, 2006) and in metamorphosis larval tissues are completely 

reorganised to build up the adult morphology (Tata, 1993). 

Regardless the life stage or age of the individual, all animals face and heal minor wounds, 

though the final result of the restoration process can be remarkably different. Vertebrates, 

humans included, are able to heal minor injuries but most of them possess a limited 

capacity of regeneration in case of loss of complete body parts (Sánchez Alvarado, 2000). 

One of the causes of this limited regenerative ability is the occurrence of fibrosis, i.e. the 

deposition of excess fibrous connective tissue during the first phases of repair. Indeed, in 

mammals the cicatrisation phenomenon frequently leads to an “exaggerated” 

inflammatory response that leads to fibrosis or to more severe problems e.g. keloid 

formation (Bock and Mrowietz, 2002; Rahban and Garner, 2003). These latter are 

conditions provoked by over-deposition of scarcely remodelling collagen (Diegelmann 

and Evans, 2004) that are directly connected with fibro-proliferative disorders (Tredget et 

al., 1997; Singer and Clark, 1999) and with impossibility to regenerate damaged tissues. 

Among vertebrates, notable exceptions to fibrotic wound healing and, therefore, limited 

regeneration are exemplified by some fishes, amphibians and reptiles, which fully 

regenerate body appendages such as fins, limbs and tails (Akimenko et al., 2003; 

Brockes and Kumar, 2002; Bateman and Fleming, 2009). However, regenerative 

capabilities are even more remarkable in some invertebrate clades: cnidarians (Bosch, 
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2007), planarians and annelids (Saló and Baguñá, 2002; Saló et al., 2009) and 

echinoderms (Candia Carnevali, 2006) are the most representative examples. 

In particular, echinoderms show the maximum extent of regenerative potential among 

deuterostomes: indeed, this physiological phenomenon is displayed by representatives 

of all the five extant classes (Hyman, 1955) and is described in fossils as well (Oji, 2001), 

suggesting that regeneration is an ancient feature of the phylum, virtually present in all its 

members. Moreover, echinoderms regenerate not only body appendages (e.g. spines, 

pedicellariae, whole arms; Mladenov et al., 1989; Dubois and Ameye, 2001; Candia 

Carnevali and Bonasoro, 2001b; Candia Carnevali, 2006; Biressi et al., 2010) but also 

internal organs, such as the visceral mass (Mozzi et al., 2006; Mashanov and García-

Arrarás, 2011), and even whole animals from an isolated body fragment (Ducati et al., 

2004). Therefore, they are promising models to study this phenomenon allowing us to 

compare their efficiency in regenerating whole body parts with the scarce regenerative 

abilities displayed by humans and mammals overall. 

Among the numerous echinoderm models, nowadays starfish and brittle stars (belonging 

to the classes Asteroidea and Ophiuroidea respectively) are becoming valid experimental 

models to study the regenerative process of whole arms after traumatic amputation 

(Mladenov et al., 1989; Biressi et al., 2010; Czarkwiani et al., 2013; Ben Khadra et al., 

2015a, b). However, till now only a few of these studies focused on describing arm 

regeneration using an integrated perspective, including both morphological and molecular 

aspects (Czarkwiani et al., 2016). 

The regenerative phenomenon in echinoderms is usually subdivided into three main 

phases: the repair phase, characterised by wound closure events, the early regenerative 

and the advanced regenerative phases, during which morphogenesis and differentiation 

occur. 

As in all animals, in echinoderms during the first hours/days immediately after arm injury 

different events take place at the level of the wound site and several tissues/cell types 

are involved. Wound closure is the first reaction after damage, which is important to avoid 

loss of fluid from the body cavities (that could be more or less conspicuous). This is quickly 

achieved mainly by wound edge approach and clotting phenomena of the circulating 

coelomocytes (Gross et al., 1999; Pinsino et al., 2007; Ben Khadra et al., 2015a). 

A quick inflammation response is activated as well. As described for the mammal immune 

response to injury (Martin, 1997; Wilgus, 2008), in echinoderms many molecules, 

humoral factors, complement and immune system components have been described 
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mainly in sea urchins and sea cucumbers and are thought to be involved in the 

emergency reaction after damage (Pancer et al., 1999; Rast et al., 2006; Ramírez-Gómez 

et al., 2008, 2009, 2010; Ramírez-Gómez and García-Arrarás, 2010; Smith et al., 2010). 

In mammals, fibrinogen, cytokines e.g. TNF-α and TGF-β, interleukins i.e. IL-1 and IL-6, 

lectins and ficolins are just some of the key players during the inflammation process and 

their presence/role should be comparatively investigated in echinoderm healing 

phenomena to better characterise these important events and shed light on possible 

evolutionary differences. 

The inflammatory response is followed by quick re-epithelialisation (Biressi et al., 2010; 

Ben Khadra et al., 2015a) and in some species by oedema appearance (Ben Khadra et 

al., 2015a, b). At this stage in echinoderms the first observed changes occur in the 

connective tissue, with both its extracellular matrix (ECM) and cellular components, 

therefore suggesting its importance during regeneration. In particular, both fibrillar and 

nonfibrillar collagens, the main ECM components, are important during the whole repair 

phase and later on during the regenerative phases since the fibrillar collagen network 

likely provides the scaffold for subsequent tissue reconstruction (Ben Khadra et al., 

2015b). The importance of collagen as scaffold for tissue development has been 

described also in the context of sea urchin larval spicule formation (Okazaki and Inoué, 

1976; Blankenship and Benson, 1984). As previously underlined, during wound closure 

and cicatrisation both collagen and ECM are remodelled and re-deposited. A few studies 

focused on sea cucumbers suggested that these events may be directly related to their 

high ability and efficiency of regeneration: a delayed collagen production was suggested 

as important for the subsequent regenerative process (Quiñones et al., 2002; Cabrera-

Serrano and García-Arrarás, 2004). 

Considering both starfish and brittle stars, the cellular/tissue and molecular aspects of the 

initial repair phase have never been comparatively and extensively studied. Therefore, 

investigating cell/molecule/enzyme/gene involvement during wound repair will help 

understanding if the absence of fibrosis during the healing process in these two classes 

is key for effective echinoderm regeneration, as suggested for sea cucumbers (Quiñones 

et al., 2002; Cabrera-Serrano and García-Arrarás, 2004). 

Hence, the aims of this research are to characterise and compare the phenomena 

occurring during the repair phase after traumatic arm amputation in the starfish Echinaster 

sepositus (Asteroidea) and the brittle star Amphiura filiformis (Ophiuroidea), using an 

integrated approach including histological, ultrastructural, immunohistochemical and 
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molecular techniques. The focus will be on ECM (and collagen) and on immune system 

involvement during the repair phase in order to understand if the “secrets” of the high 

efficient regeneration in echinoderms are linked to their highly effective initial response to 

damages without the fibrosis event. A deeper knowledge on how echinoderms heal 

severe wounds and start and complete the regenerative process will shed light on 

similarities and/or differences with animals less or not capable of regenerating whole body 

parts, humans included. In the future, this could serve the regenerative medicine field in 

finding actual clinical solutions to severe injuries or amputations. 

 

2. Materials and Methods 

2.1. Animal collection, maintenance and regeneration tests 

2.1.1. Starfish 

Adult (diameter ~ 12 cm) specimens of Echinaster sepositus were collected by scuba 

divers at depth of 5-8 m in the Marine Protected Areas of Portofino (Ligurian Sea, Italy) 

and of Bergeggi Island (Ligurian Sea, Italy). They were left to acclimatise for about two 

weeks and maintained at 18°C in aerated aquaria of artificial sea water (ASW; 37‰ 

salinity, Instant Ocean®). Chemical-physical ASW parameters were constantly checked 

and adjusted if necessary. Specimens were fed twice a week with small pieces of 

cuttlefish. Traumatic amputation of the distal third of one arm for each specimen was 

performed using a scalpel. Animals were then left to regenerate in the aquaria for pre-

determined periods, namely 24 and 72 hours (h) and 1 week (w) post-amputation (p.a.). 

Regenerating arm tissues were collected including about 1 cm of the stump and differently 

processed depending on the subsequent analyses. 

 

2.1.2. Brittle stars 

Adult (central disc diameter ~ 0.5 cm) specimens of Amphiura filiformis were collected at 

the Sven Lovén Centre for Marine Sciences in Kristineberg (Sweden) and kept in tanks 

with filtered ASW (30‰ salinity; Instant Ocean®) at 14°C. Animals were left to acclimatise 

for about one week before performing regeneration tests. Specimens were fed twice a 

week with Microvore Microdiet (Brightwell Aquatics) and ASW parameters were 

constantly checked and adjusted when necessary. Animals were anaesthetised in 3.5% 

MgCl2 (6H2O) solution (pH 8.3) in a 1:1 mix of filtered ASW and milliQ water and maximum 

of two arms per animal were amputated under a stereomicroscope at 1 cm from the disc 

and using a scalpel. They were then left to regenerate until they reached the desired 
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stages, namely 8, 16, 24, 48, 72 hours (h) and 5 days (d; stage 2) post-amputation (p.a.). 

Samples at 8d (stage 4) and 2-3 weeks (w) p.a. (>50% DI) were collected and processed 

as well but they will not be further discussed. All the regenerates were collected together 

with 2-3 segments of the stump in order to easily handle them. 

 

2.2. Microscopy analyses 

2.2.1. Light (LM) and transmission electron microscopy (TEM) 

For paraffin wax embedding starfish and brittle star regenerating samples were fixed in 

Bouin fixative that was left for one month at 4°C to allow decalcification. Then, they were 

washed in tap water, dehydrated in an increasing ethanol series, cleared with xylene or 

Histoclear, washed in xylene (or Histoclear):paraffin wax solution (1:1) and embedded in 

paraffin wax (56-58°C). After sectioning, sagittal, frontal and cross thick sections (5-7 µm) 

were stained according to Milligan’s trichrome technique (Milligan, 1946). 

For Epon resin embedding starfish and brittle star regenerating samples were fixed in 2% 

glutaraldehyde in 0.1 M sodium cacodylate (pH between 7.2-7.4) with 1.4% (starfish) or 

1.2% (brittle star) NaCl and washed overnight at 4°C in 0.1 M cacodylate buffer. They 

were post-fixed in 1% osmium tetroxide in the same buffer for 2 hours, rapidly washed in 

distilled water, decalcified at 4°C for at least 2-3 days using a 1:1 solution (v/v) of 2% L-

ascorbic acid and 0.3 M NaCl in distilled water, washed with distilled water and then in 

1% uranyl acetate in 25% ethanol (2 hours). Dehydration was performed in an increasing 

scale of ethanol and samples were then cleared in propylene oxide, washed in propylene 

oxide:Epon 812-Araldite solution (3:1 for 1 hour, 1:1 for 1 hour, 1:3 for 1 hour and 100% 

resin overnight) and embedded in pure resin. Semi-thin sections (1 µm) were obtained 

using a Reichert-Jung Ultracut E with glass knives and stained with crystal violet and 

basic fuchsin. 

Both thick and semi-thin sections were then observed under a Jenaval light microscope 

provided with a DeltaPix Invenio 3S 3M CMOS camera and DeltaPix Viewer LE Software 

or a Zeiss AxioImager M1 microscope equipped with a Zeiss AxioCamHRc camera. 

For transmission electron microscopy (TEM) the same samples used for semi-thin 

sections were used to obtain thin sections (0.07-0.1 µm) which were collected on copper 

grids, stained with 1% uranyl acetate and lead citrate and finally carbon coated with an 

EMITECH K400X Carbon Coater. Grids were observed and photographed using a Jeol 

100SX or a Zeiss EFTEM Leo912ab transmission electron microscope. 
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2.2.2. Scanning electron microscopy (SEM) of starfish samples 

After sagittal sectioning, the remaining paraffin embedded half-samples of regenerating 

starfish were used for scanning electron microscopy. Briefly, they were washed several 

times with xylene for at least 5 days, then in absolute ethanol and were later transferred 

to a series of solutions of HMDS (Hexamethyldisilazane) in absolute ethanol in different 

proportions (1:3, 1:1, 3:1, and 100% HMDS). Finally, they were mounted on stubs, 

covered by a thin layer of pure gold (Sputter Coater Nanotech) and observed under a 

scanning electron microscope (LEO-1430). 

 

2.2.3. Immunofluorescence microscopy (IF) 

For immunohistochemical analysis starfish regenerating samples underwent different 

fixation and embedding protocols depending on the antibody employed: no fixation and 

cryo-embedding in OCT or 4% paraformaldehyde (PFA) in 1x Phosphate Buffer Saline 

(PBS) and paraffin embedding. All samples were decalcified using 6% trichloroacetic acid 

(TCA) in distilled water for at least 2 days at 4°C. Brittle star regenerating samples were 

fixed in 4% PFA in 1x PBS, decalcified in 6% TCA for at least two days and embedded in 

paraffin wax. Starfish regenerating samples were embedded in paraffin wax following the 

protocol described in paragraph 2.2.1 or directly in OCT medium following standard 

procedures. Briefly, samples were rapidly passed in liquid nitrogen-cooled isopentane 

(VWR) for 1 minute, then in liquid nitrogen for few minutes, and left at -80°C until 

processed. Paraffin-embedded samples of both species were sectioned at 10 µm in 

thickness with a microtome, whereas starfish OCT-embedded samples were sectioned 

at 10 µm of thickness using a cryostat (Leica) on positively charged slides (Superfrost 

Plus, Thermo Scientific). 

Table 1 summarises tested antibodies with concentration and exposure time and 

temperature. Primary antibodies were used as follows: anti-HgfCOL monoclonal antibody 

raised in mouse (from Quiñones et al., 2002; Hg=Holothuria glaberrima) was tested to 

detect fibrous collagen and anti-TNF-α monoclonal antibody raised in mouse (ab1793; 

Abcam) was used to detect the presence of this cytokine. Paraffin-embedded slices were 

de-waxed in toluene with two washes at room temperature (RT) and then washed three 

times in 1x PBS. OCT-embedded slices were washed once in 1x PBS and then both 

types of slides underwent the same protocol. Briefly, slices were permeabilised in 0.1% 

PBSTT (1x PBS with 0.1% Tween-20 and 0.1% Triton X-100) for 20 minutes at RT and 

washed three times in 1x PBS. Then, they were blocked with 10% goat serum (Sigma-
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Aldrich) in 0.05% PBSTT (1x PBS with 0.05% Tween-20 and 0.05% Triton X-100) for 90 

minutes at RT. Several washes in 1x PBS were performed and slides were incubated with 

primary antibodies (for details see Table 1) in 5% goat serum in 0.05% PBSTT. After six 

washes in 1x PBS slides were washed in 0.05% PBSTT with 1% Bovine Serum Albumin 

(Sigma-Aldrich) for one hour at RT and then washed several times in 1x PBS. Samples 

were later incubated with secondary antibodies (for details see Table 1) in 5% goat serum 

in 0.05% PBSTT. After six washes in 1x PBS, slides were counterstained with 1:1000 

4’,6-diamidino-2-phenylindole (DAPI) for 30 minutes at RT, washed three times in 1x PBS 

and mounted with Fluoroshield (Sigma-Aldrich). Finally, slides were examined under a 

Leica TCS SP2 Laser Scanning Confocal microscope (Leica Microsystems). 

 

Table 1. Summary of primary and secondary antibodies (Life Technologies-Molecular 
Probes) used for starfish and brittle star slides with concentration, exposure time and 
temperature. Abbreviations: HgfCOL=anti-fibrous collagen from H. glaberrima (Quiñones 
et al., 2002); O/N=overnight; TNF-α=anti-tumour necrosis factor-α. Note that antibody 
concentrations were optimised with several trials and the table shows only the best tested 
conditions. 
 

Primary antibody Secondary antibody 

Anti-HgfCOL 1:2 O/N 4°C 
 

Alexa Fluor ® 488 goat anti-mouse IgG (H+L) 1:200 O/N 4°C or 

TRITC goat anti-mouse 1:200 O/N 4°C Anti-TNF-α 1:50 O/N 4°C 

 

2.3. Molecular analyses 

2.3.1. Candidate gene identification in starfish 

The identified gene of interest in starfish was the collagen biosynthesis enzyme prolyl-4-

hydroxylase (p4h). Due to the absence of any transcriptome for this species, degenerate 

primers were designed to clone it using PCR. Degenerate primers from Zhang and Cohn 

(2006) for collagen genes were tested as well (see Table 2). As positive controls, actin 1 

and ets1/2 were selected: the nucleotide sequence of actin 1 (NCBI accession number: 

KC858258.1, GI: 525327359) was used to design specific primers and clone this gene, 

whereas to clone ets1/2 degenerate primers already available in the laboratory were used 

(see Table 2). For the positive control genes, since the expected product length was lower 

than 300 bp to obtain longer RNA antisense probes for in situ hybridisation, 3’RACE was 

performed using a mixed cDNA samples from regenerate stages and the FirstChoice® 

RLM-RACE Kit (Ambion) according to manufacturer’s instructions. For actin the protocol 

was successful and both PCR products were used to transcribe RNA antisense probes. 
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For ets1/2 the 3’RACE was not successful and the degenerate PCR product was used to 

transcribe the probe. 

 

2.3.2. Candidate gene identification in brittle star 

Genes of interest were identified from EchinoBase (http://www.echinobase.org), starting 

with a targeted gene search in Strongylocentrotus purpuratus Gene bank with Gene ID, 

using Gene Name or Gene Synonym. BLAST-X analyses were performed over the Afi 

transcriptome (Dylus et al., submitted) in order to obtain the corresponding gene 

sequences in Amphiura filiformis. The genes of interest were the collagen biosynthesis 

enzyme prolyl-4-hydroxylase (p4h) and ficolin. Actin (Afi-actin) was used as positive 

control. 

 

2.3.3. Primer design 

To identify the genes of interest in E. sepositus and A. filiformis different design strategies 

were followed depending on the gene selected. For the specific primers in both species 

PRIMER3 Software version 0.4.0 (http://primer3.ut.ee/) was used optimising the following 

parameters: max 3’ stability was set at 8.0 and max polyX at 3. Primers were selected 

considering primer length and product length and for brittle star their specificity was 

checked performing a re-BLAST to the A. filiformis transcriptome (Dylus et al., submitted). 

For degenerate primers, after a search by name in EchinoBase (including both 

Strongylocentrotus purpuratus and Patiria miniata genomes), EchinoDB 

(http://echinodb.uncc.edu/) and NCBI databases, a multialignment was performed in 

order to manually design them. Vertebrate collagen-specific degenerate primers 

designed by Zhang and Cohn (2006) were tested on E. sepositus cDNA. For both species 

degenerate primers were used to clone the second positive control, ets1/2. Table 2 

summarises E. sepositus and A. filiformis primers used in this project. 

 

Table 2. List of E. sepositus (Ese) and A. filiformis (Afi) primers with corresponding primer 
length. Abbreviations and symbols: bp=base pair; F=forward primer; R=reverse primer; 
*=degenerate primers; **=collagen-specific degenerate primers from Zhang and Cohn 
(2006). 
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Primer Name Primer Sequence (5’-3’) 
Primer 

Length (bp) 

Ese-actin F GTGCCCAGAAGCCTTGTTC 19 

Ese-actin R AGGATAGAGCCACCGATCC 19 

ets1/2 deg F * CA(A/G)GA(A/G)CGNCUNGGNAU(A/C/U)CCNAA(A/G) 24 

ets1/2 deg R * (A/G)TC(A/G)CANAC(A/G)AANCG(A/G)TANAC(A/G)TA 24 

col deg F ** GGCCCTCCCGGCCTGCARGGNATGCC 26 

col deg R ** GGGGCCGATGTCCACGCCRAAYTCYTG 27 

p4h deg F * GGNCAYTAYGARCCNCAYTTYGAY 24 

p4h deg R * DATCCADATRTTNGCNACCCAYTT 24 

Afi-actin F ACGACGAAGTATCCGCTTTG 20 

Afi-actin R TCGCATTTCATGATGCTGTT 20 

Afi-ficolin F CGATGGACATGATGGAAATG 20 

Afi-ficolin R GAGGGCCGCCAAGATATAAT 20 

Afi-p4h F TCTCCAATCATGGGCCTACT 20 

Afi-p4h R ACAGGTTTGCAGCCCATTT 19 

 

2.3.4. RNA extraction, cDNA synthesis, gene cloning and antisense probe transcription 

For A. filiformis RNA was extracted and antisense probes were prepared as described by 

Ferrario and co-workers (in preparation). RNA of E. sepositus at different regenerating 

stages of interest (24 h, 72 h and 1 w p.a.) was extracted from 5 specimens per stage 

with the RiboPure Kit (Ambion) following manufacturer’s instructions. cDNA synthesis 

was performed using the RETROscript kit (Ambion) following manufacturer’s instructions 

and using 1 μg of RNA. Reactions were conducted as follows: 25°C for 5’, 42°C for 30’, 

85°C for 5’. A pool of cDNA was prepared and used to perform different PCRs. The 

amplification protocol using Invitrogen reagents (Taq DNA Polymerase (Invitrogen) or Q5 

High-Fidelity DNA Polymerase (New England BioLabs)) was optimised for each gene of 

interest (for details see Supplementary Materials). Moreover, when necessary 3’RACE 

was performed to obtain longer PCR products (for details see Supplementary Materials). 

All PCR products were subsequently ligated into pGEM®-T Easy Vector System I 

(Promega) and transformed in Subcloning Efficiency Invitrogen DH5α (Life Technologies) 

or Top 10 Competent Cells E. coli (Fisher Scientific) according to manufacturer’s 

instructions. RNA antisense digoxigenin (DIG) labelled probes were then transcribed 

following classic procedures and using the Sp6/T7 Transcription Kit (Roche) plus a DIG-

labelling mix (Roche), always following the manufacturer’s guidelines. 

 

2.3.5. In situ hybridisation (ISH) on starfish sections 

For in situ hybridisation analysis starfish regenerating samples were fixed in 4% PFA in 

0.1 M MOPS (pH 7) and 0.5 M NaCl or in 4% PFA in 1x PBS with 0.1% Tween-20 (PBST), 
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decalcified in Morse’s solution (10% sodium citrate and 20% formic acid in DEPC-treated 

water) overnight at 4°C and embedded in paraffin wax as previously described (see 

paragraph 2.2.1). Samples were sectioned at 10 µm thickness with a Leica RM2155 

microtome and, after optimisation steps, two different protocols were performed. The first 

protocol was modified from the whole mount protocol performed for A. filiformis samples. 

Briefly, sections were warmed up 30 minutes at 55°C and cooled down at RT for 15 

minutes. Slides were de-waxed with Histoclear and rehydrated in a decreasing scale of 

ethanol in DEPC-treated water, washed twice in 1x MABT (0.1 M maleic acid pH 7.5, 0.15 

M NaCl, 0.1% Tween-20 in DEPC-treated water) and post-fixed in 4% PFA in 1x MABT 

for 20 minutes at RT. After one wash in 1x MABT supplemented with 0.1% Tween-20, 

slides were washed in 1:1 solution of 1x MABT and hybridisation buffer (HB; 50% de-

ionized formamide, 0.02 M Tris pH 7.5, 10% PEG, 0.6 M NaCl, 0.5 mg/ml yeast RNA, 

0.1% Tween-20, 5 mM EDTA, 1X Denhardt’s) for 5 minutes at RT. Then, slides were pre-

hybridised in HB for 1 hour at 45°-55°C. Probes in HB were subsequently added at a final 

concentration ranging from 0.02 to 1 ng/µl and left for 1 or for 5 days at 45°-55°C in humid 

chamber. After several washes with 1:1 solution of 1x MABT and HB at 45°-55°C and in 

1x MABT only at 45°-55°C, 2 washes in 0.1x MABT supplemented with 0.1% Tween at 

45°-55°C were performed and then slides were blocked in 5% sheep serum in 1x MABT 

(blocking buffer, BB) for 30 minutes at RT and incubated in 1:1000 alkaline phosphates 

(AP) conjugated antibody anti-DIG (Roche) in BB for 1 hour at RT. After at least 5 washes 

in 1x MABT slides were washed twice in AP buffer (0.1 M Tris pH 9.5, 0.1 M NaCl, 0.05 

M MgCl2, 0.1% Tween-20, 1 mM Levamisole) and stained with NBT/BCIP mix (Roche) 

with 10% dimethylformamide in AP buffer. When staining was complete the reaction was 

stopped with one wash in 1x MABT with 0.5 M EDTA followed by three washes in 1x 

MABT. Finally, slides were mounted with 50% glycerol and stored at RT till observation. 

The second protocol performed was described by Etchevers and co-workers (2001) and 

modified by Gillis and co-workers (2012). Briefly, slides were de-waxed with Histoclear 

(2x 5 minutes) and rehydrated in a decreasing series of ethanol in DEPC-treated 1x PBS. 

Slides were then subsequently rinsed in DEPC-treated water, DEPC-treated 1x PBS with 

0.1% Tween-20 and 2x SSC solution. After preparing the hybridisation mix (1x salt 

solution, 50% formamide, 10% dextran sulfate, 1 mg/ml yeast tRNA, 1x Denhardt’s 

solution in DEPC-treated water; salt solution: 0.2 M NaCl, 0.89 mM Tris HCl, 0.11 mM 

Tris base, 5 mM NaH2PO4xH2O, 5 mM Na2HPO4, 5 mM EDTA), probes at 1 ng/µl were 

added and slides were incubated under glass coverslip at 65°-70°C overnight in humid 
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chamber. Two washes of 30 minutes each in pre-warmed 50% formamide, 1x SSC and 

0.1% Tween-20 were performed at 65°-70°C in order to remove the coverslips and slides 

were washed 3x 10 minutes in 1x MABT at RT. Slides were then blocked for 2 hours at 

RT in 1% Roche blocking reagent in 1x MABT with 20% sheep serum (Sigma-Aldrich). 

Later on, 1:1000 anti-DIG-AP in the same solution was added and left overnight at RT in 

humid chamber. Slides were washed 4-5 times in 1x MABT and then equilibrated in NTMT 

(0.1 M NaCl, 0.1 M Tris pH 9.5, 5 mM MgCl2 and 0.1% Tween-20 in milliQ water). Staining 

was performed by adding BM Purple AP substrate (Roche) at RT in the dark and stopped 

with 1x PBS. Slides were post-fixed for 5 minutes in 4% PFA in 1x PBS, washed with 1x 

PBS and mounted with DAPI Fluoromount-G® (SouthernBiotech). 

After both protocols, the slides were imaged under a Zeiss AxioImager M1 microscope 

equipped with a Zeiss AxioCamHRc camera. 

 

2.3.6. Whole mount in situ hybridisation (WMISH) on brittle star samples and post in situ 

sectioning 

Brittle star regenerating samples were fixed in 4% PFA in 1x PBST and stored in 100% 

methanol at -20°C till performing whole mount in situ hybridisation (WMISH). WMISH was 

performed together with positive controls as previously described (Ferrario et al., in 

preparation). After imaging, WMISH samples were embedded in paraffin wax and 

sectioned according to Ferrario and co-workers (in preparation) in order to better define 

the tissue-specific expression pattern of the RNA antisense probes. Slides were observed 

under a Jenaval light microscope provided with a DeltaPix Invenio 3S 3M Pixel CMOS 

camera and DeltaPix ViewerLE Software. 

 

3. Results 

Before describing the events occurring during the regenerative process, a brief summary 

of the gross morphology of starfish and brittle star arms is here provided in order to 

facilitate the understanding of the subsequent results. Further details are provided in Ben 

Khadra and co-workers (2015a) for E. sepositus and Czarkwiani and co-workers (2016) 

for A. filiformis. Figure 1 shows schemes of cross sections of both experimental animal 

arms. 

The starfish arm is mainly occupied by a spacious perivisceral coelom containing the 

pyloric caeca (part of the digestive tract), and the ampullae, the inner outgrowths of the 

tube feet or podia. Two rows of podia orally run along the whole arm together with the 
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externally exposed radial nerve cord and the radial water canal. The body wall is mainly 

occupied by calcitic ossicles and spines embedded in an abundant dermal layer and 

joined by muscle bundles. 

The brittle star arm is subdivided in repetitive segments each one mainly occupied by a 

set of skeletal elements, namely the central vertebra, the inner aboral, oral and lateral 

shields and the external spines, embedded in a thin dermal layer. Muscle bundles and 

ligaments link the adjacent segments and allow the typical snake-like movements of the 

arms. Only three main structures uninterruptedly run along the whole arm: the aboral 

coelomic cavity (that is much reduced if compared to the starfish one), the radial water 

canal, and the radial nerve cord, the latter, differently from starfish, is located inside the 

arm. Differently from starfish, the digestive tract is not hosted in the arm. 

 

 

 

Fig. 1. Gross morphology of starfish and brittle star arms. A) Schematic cross section of 
an arm of Echinaster sepositus showing its main features. B) Schematic cross section of 
an arm of Amphiura filiformis showing its main structures. Abbreviations: a=ampulla; 
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acc=aboral coelomic cavity; as=aboral shield; c=coelom; ct=connective tissue; g=mucous 
gland; ls=lateral shield; m=muscle; n=radial nerve cord; o=ossicle; os=oral shield; 
p=podium; pa=papula; pc=pyloric caeca; rwc=radial water canal; s=spine; v=vertebra. 
 

3.1. Microscopic anatomy of the repair phase 

3.1.1. Emergency reaction and re-epithelialisation 

Immediately after traumatic amputation both starfish and brittle star respond to the injury 

with actions aimed to avoid coelomic fluid loss and the entrance of debris, pathogens and 

microorganisms. 

In less than one hour p.a. in starfish a circular contraction of the body wall close to the 

amputation plane forms, providing a first sealing of the wide perivisceral coelomic cavity 

(Fig. 2A). Sealing of the perivisceral canal is further achieved in the following 24-48 hours 

by a downward folding of the aboral wall and apical shrinkage of the wound edges. In 

brittle star no evident haemostatic ring is visible. The coelomic cavities and vessels (the 

aboral coelomic cavity and the radial water canal) are simply sealed by a downward and 

upward bending respectively of the first aboral and oral shields proximal to the amputation 

plane (Fig 2C). The muscular valves along the radial water canal proximal to the injury 

apparently remain opened until stage 2 (3-5d p.a.; Fig. 2B) when they get closed possibly 

to allow an increase of hydrostatic pressure within the radial water canal (Fig. 2D). In both 

animal models the narrowing of the wound edges allows a reduction of the wound surface 

and protect it from external insults; additionally, clotting phenomena of circulating cells 

are visible at the level of the coelomic cavity, close to the amputation plane (Fig. 2F): 

coelomocytes and other cytotypes are actively recruited also from tissues around or even 

far from the amputation plane throughout the whole repair phase e.g. papulae in starfish 

(Fig. 2E). In both starfish and brittle star signs of histolysis and remodelling of injured 

tissues (mainly muscles) are soon detectable (Fig. 2C, 5F, 5G). 

Almost simultaneously to the first emergency reaction, the actual healing of the injury 

begins. In both models this is initially achieved by stump epidermal cells. 

In starfish the first wound epithelium (Fig. 3A, B), already presenting microvilli projecting 

through the cuticle that covers it (Fig. 4A), is visible within 24-48h p.a. and is mainly 

composed of stretched epithelial cells of the wound edges which dramatically change 

from a columnar to a squamous morphology and centripetally migrate over a network-

shaped syncytium of phagocytes and other cytotypes e.g. dedifferentiating myocytes (Fig. 

3C, D, 4B; Ben Khadra et al., 2015a), without losing their junctional connections. The 
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basement membrane is not visible till around 72 hours p.a. though several nervous 

processes of the sub-epithelial nervous plexus are already detectable (Fig. 4A). 

In brittle star, an almost complete wound epidermis is present already within 8 hours p.a. 

(Fig. 3E). This already possesses a well-defined cuticle presenting microvilli in the 

subcuticular space and microvillar tips on top of the homogeneous layer (Fig. 4C). 

Epidermal cells do not remarkably stretch, apparently maintaining the flat-cubic 

morphology of non-regenerating conditions: they have big roundish patchy nucleus and 

in the apical portion are jointed together by junctional complexes (Fig. 4D). The analysis 

of serial sections of samples at different regenerative stages shows that, similarly to 

starfish, the epidermal sheet centripetally migrates over the wound. No basal membrane 

is visible underneath the new epithelium. In both the subcuticular space and the wound 

area underlying the wound epithelium numerous bacteria are present (Fig. 4C, E). At 16 

hours p.a. (Fig. 3F) several phagosomes are visible in this tissue (Fig. 4F) suggesting a 

high phagocytic activity, likely on bacteria and debris still present in the wound area (Fig. 

4F, G). No phagocyte syncytium is detectable underlying the wound epidermis. 
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Fig. 2. Emergency reaction. A) Stereomicroscope lateral view of the starfish arm stump 
one hour p.a. The haemostatic ring is visible (black arrow) immediately behind the 
amputation plane. The first pair of podia (arrowhead) is contracted at the level of the injury 
in order to help wound closure by reducing its surface. The aboral body wall moves toward 
the oral side (white arrow). B) Semi-thin sagittal section of the brittle star arm stump 16 
hours p.a. showing that the radial water canal is completely pervious (arrows). C) Semi-
thin sagittal section of the brittle star arm stump 16 hours p.a. showing the downward and 
upward movements of the aboral shield and of the oral shield respectively (arrows) to 
help wound closure. The intervertebral muscles involved in the amputation already show 
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rearrangement phenomena (arrowhead). D) Thick sagittal section of the brittle star arm 
stump 5 days p.a. showing a valve of the radial water canal (arrow) that is closed to 
increase inner hydrostatic pressure. E) Semi-thin sagittal section of a starfish papula far 
from the amputation plane showing circulating cells (presumptive coelomocytes) that are 
recruited for regeneration at 72 hours p.a. F) Semi-thin sagittal section of a brittle star 
arm 8 hours p.a. showing that at the level of the aboral coelomic cavity lumen cells are 
clotting (arrow) in order to seal the cavity and avoid loss of fluid. Abbreviations: 
acc=aboral coelomic cavity; ct=connective tissue; m=muscle; p=podium; pl=papula 
lumen; n=radial nerve cord; rwc=radial water canal; v=vertebra. 
 

 

Fig. 3. Wound closure. A) Semi-thin parasagittal section of the starfish regenerating arm 
24 hours p.a. where the new thin epithelium covering the wound is visible (arrow). B) SEM 
sagittal view of the starfish new epithelium (arrow) 24 hours p.a. C) SEM sagittal view of 
the starfish wound area 24 hours p.a. showing that immediately behind the new 
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epithelium a clot of cells is visible. D) Detail of C showing cells of the clot with different 
shapes. Roundish cells (possibly phagocytes) and spindle-like cells (dedifferentiating 
myocytes) are visible. E) Semi-thin parasagittal section of the brittle star regenerating arm 
8 hours p.a. showing that the wound is already healed by a thin new epithelium (arrow). 
F) Semi-thin sagittal section of the brittle star regenerating arm 16 hours p.a. where the 
new epithelium covers the whole wound surface (arrow). Abbreviations: acc=aboral 
coelomic cavity; e=epithelium; n=radial nerve cord; p=podium; rwc=radial water canal. 
 

 

Fig. 4. Re-epithelialisation phenomenon. A) TEM micrograph of the starfish new 
epithelium 24 hours p.a. The epithelial cells present nucleus (n) with a well-defined 
nucleolus and bearing microvilli (arrow). The basement membrane is not visible but 
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numerous processes of the sub-epithelial nervous plexus (arrowheads) are detectable. 
B) TEM micrograph of the starfish clot of cells immediately behind the new epithelium 24 
hours p.a. This clot is mainly composed of phagocytes displaying almost roundish nuclei 
(n) and several phagosomes (arrows). C) TEM micrograph of the brittle star new 
epithelium 8 hours p.a. Epithelial cells present a nucleus (n) with well-defined nucleolus 
and cuticle. Numerous bacteria (arrows) are present both underneath the epithelium and 
in the subcuticular space. D) TEM micrograph detail on a junction complex (arrow) 
between epithelial cells of the new brittle star epithelium 8 hours p.a. E) TEM micrograph 
detail of bacteria present during brittle star re-epithelialisation 8 hours p.a. They are 
enveloped by a thin membrane. F) TEM micrograph of the brittle star new epithelium 16 
hours p.a. Epithelial cells show a well-defined cuticle (arrowhead) and spread within them 
phagocytes are detectable with patchy nucleus (n) and several phagosomes. G) Detail of 
F on phagosomes. Abbreviation: n=nucleus. 
 

3.1.2. Collagen appearance and immunolocalisation 

In starfish at one week p.a. the damaged area is completely healed (Fig. 5A, B) with podia 

protecting the delicate regenerating area from external insults (Fig. 5C). At the level of 

the regenerating zone the new epidermis is well differentiated already at 72 hours p.a. 

(Fig. 6A, B) and an oedematous area is detectable behind it (Fig. 5C, D, E, 6C) composed 

of different cytotypes (Fig. 6; Ben Khadra et al., 2015a) interspersed in an initially 

nonfibrillar collagenous material and wide empty lacunar spaces (Fig. 5D, E, 6D, E). 

Collagen fibrils organised in small bundles are detectable in the oedematous area starting 

from one week p.a. (Fig. 6F, G, H) providing the first meshwork scaffold for cell migration 

and tissue regeneration. 

In brittle star, an oedematous area comparable to that described in starfish is never 

detectable (Fig. 5F). Muscles damaged by the amputation event are actively remodelled 

with myocytes showing spindle-like structures composed of their packed contractile 

apparatus (Fig. 5F, G). Behind the new epidermis extracellular matrix deposition starts 

around 3 days p.a. and collagen is detectable in a thin dermal layer (Fig. 5G). The 

outgrowths of the regenerating radial nerve cord, radial water canal and aboral coelomic 

canal (the main structures composing the axial core) (Fig. 5F) are then surrounded and 

supported by an already well-organised thin dermal layer which becomes slightly more 

evident from around 8 days p.a. onwards (Fig. 5H, I, J). 

As previously mentioned, collagen deposition occurs differently in the two experimental 

models. In the starfish collagen fibrils are detectable only from around 7 days p.a. 

onwards. Instead, in brittle star collagen deposition is detectable earlier, a thin layer of 

well-organised connective tissue being already visible 3 days p.a. In parallel to 

histological and ultrastructural analyses and to better define the timing of collagen 
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deposition onset, we evaluated the presence of fibrous collagen at the level of the wound 

area by using an antibody raised against the fibrous collagen of the sea cucumber H. 

glaberrima (Quiñones et al., 2002, HgfCOL). 

In starfish sections a faint immunolabelling is visible at the level of the epidermis in one 

week p.a. regenerating samples, in both the apical (cuticle) and basal portions of the 

epidermis (Fig. 7). In the latter the specific intra- or extra-cellular localisation could not be 

determined. 

Similarly, in brittle star the anti-HgfCOL labels the regenerating epidermis at both 24 and 

48 hours p.a. (Fig. 8); however, in the latter the signal is increased and more widespread, 

being detectable also deeper in the underlying connective tissue layer (new dermal layer). 

The same staining is not visible in the connective tissue of the stump. 

 

 

Fig. 5. Oedematous area formation and collagen deposition in starfish and brittle star 
regenerating arms. A-E starfish regenerating arms; F-J brittle star regenerating arms. A) 
Stereomicroscope frontal view of the regenerating arm one week p.a. showing the 
complete healing of the damaged area. B) Detail of A on the cicatrisation area (arrow). 
C) Thick parasagittal section of the regenerating arm one week p.a. showing the 
oedematous area forming at the level of the cicatrisation area and the persistent upward 
position of the first pair of podia (arrow) possibly to protect the delicate regenerating area. 
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D) Detail of C on the oedematous area. One week p.a. the new epidermis resembles the 
stump epidermis and immediately behind it an oedematous area (arrow) of cells and 
extracellular matrix (ECM) is present. E) Semi-thin parasagittal section of the 
regenerating arm one week p.a. where the oedematous area is visible underneath the 
new epidermis. Cell and newly-deposited ECM are detectable (*). F) Thick sagittal section 
of the regenerating arm 72 hours p.a. showing massive rearrangement of the muscles 
directly involved in the injury (arrow). At the level of the regenerating area both the radial 
nerve cord and the aboral coelomic cavity show signs of re-growth. G) Thick parasagittal 
section of the regenerating arm 72 hours p.a. where behind the new epidermis an injured 
muscle (arrow) is rearranging and myocytes present the typical spindle-like shape. New 
collagen is already visible underneath the new epidermis (arrowhead). H) Thick frontal 
section of the regenerating arm around 8 days p.a. (stage 4) where together with the main 
longitudinal structures the podia are regenerating immersed in a thicker and more 
organised dermis. I) Detail of K on the lateral oral dermis. New collagen is labelled in 
green/cyan (*). J) Detail of K in the distal-most dermis of the tip. New collagen is labelled 
in green/cyan (*) and the dermis appears slightly less organised than that in the proximal 
side of the regenerate. Abbreviations and symbols: ct=connective tissue; m=muscle; 
n=radial nerve cord; o=ossicle; oe=oedematous area; p=podium; pc=pyloric caeca; 
rwc=radial water canal; * in E=oedematous area; * in I and J=newly deposited collagen. 
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Fig. 6. Starfish oedematous area 72 hours and one week p.a. A) TEM micrograph of the 
new epidermis 72 hours p.a. It is thicker and more differentiated than that at 24 hours p.a. 
with a well-defined cuticle (arrowhead). B) TEM micrograph detail of the apical part of the 
new epidermis 72 hours p.a. showing cell junctions between adjacent epithelial cells 
(arrowheads) and microvilli projecting through the fuzzy coat and the double-layered 
cuticle that covers it (arrow). C) TEM micrograph at the level of the oedematous area 72 
hours p.a. Where cells are crowded together new collagen fibrils are not detectable. The 
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predominant cytotype is the dedifferentiating myocyte recognisable by the spindle-like 
structure (*) indicating the rearrangement and loss of their contractile apparatus. D) TEM 
micrograph at the level of the oedematous area 72 hours p.a. where cells are immersed 
in a nonfibrillar collagenous material (arrows). E) TEM micrograph of a presumptive 
fibroblast in the oedematous area 72 hours p.a. Collagen fibrils in longitudinal section 
(arrowheads) are visible. F) TEM micrograph of the oedematous area one week p.a. 
where more numerous new collagen fibrils in cross section (arrows) and longitudinal 
section (arrowhead) are visible spread among oedematous cells. G) TEM micrograph of 
a presumptive undifferentiated cell in the oedematous area one week p.a. This cell 
presents a big roundish nucleus with a well-defined nucleolus and new collagen fibrils 
(arrow) are spread around it. H) TEM micrograph detail on new collagen fibrils present in 
the oedematous area one week p.a. The fibrils in cross section show highly different 
diameters. Abbreviation and symbols: n=nucleus; *=spindle-like structure. 

 

 

Fig. 7. Immunohistochemistry on starfish sections using anti-HgfCOL. Nuclei are labelled 
in blue (DAPI). In all images brightness and contrast values were increased to 90 and 23 
respectively using Photoshop CC (2014) in order to better visualise the immunostaining. 
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A) Negative control (no primary Ab) on the stump aboral body wall. B) On the stump 
aboral body wall of a 72 hours p.a. sample anti-HgfCOL is present at the level of the 
apical (cuticle) and basal layers of the epidermis (arrows). C) Negative control (no primary 
Ab) on the regenerating area. D) On the regenerating area one week p.a. anti-HgfCOL is 
faintly present at the level of the apical (cuticle) and basal layers of the new epidermis 
(arrows). Abbreviations: ct=connective tissue; e=epidermis; g=mucous gland. 
 

 

Fig. 8. Immunohistochemistry on brittle star sections using anti-HgfCOL. Nuclei are 
labelled in blue (DAPI). In all images brightness and contrast values were increased to 
90 and 23 respectively using Photoshop CC (2014) in order to better visualise the 
immunostaining. A) Negative control (no primary Ab) on the regenerating area 48 hours 
p.a. B) On the stump oral area of a 24 hours p.a. sample anti-HgfCOL is present at the 
level of the epidermis (arrow). C) On the regenerating area of a 24 hours p.a. sample anti-
HgfCOL is present at the level of the epidermis (arrow). D) Negative control (no primary 
Ab) on the regenerating area 48 hours p.a. E) On the stump oral area of a 48 hours p.a. 
sample anti-HgfCOL is present at the level of the epidermis (arrow). F) On the 
regenerating area of a 48 hours p.a. sample anti-HgfCOL is present at the level of the 
epidermis and in the connective tissue immediately underneath (arrows). Abbreviations: 
m=muscle; n=radial nerve cord; p=podium. 
 

3.1.3. TNF-α-like immunolabelling 

TNF-α (cytokine) is a marker of wound healing response usually expressed in mammals 

mainly in macrophages and epidermal cells (Pastar et al., 2014). In order to investigate 

the immune response after traumatic amputation in echinoderms a commercial mouse 

anti-TNF-α was used. 
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As it is shown in Fig. 9, in starfish the antibody faintly labels the new epidermis at both 72 

hours and one week p.a. A weak signal is detectable also in the stump epidermis. In brittle 

star a much stronger TNF-α-like immunolabelling is detected in the wound epidermis as 

well at both 24 and 48 hours p.a., showing a time-dependent decrease (Fig. 10). At 24 

hours p.a. the signal is localised also deeper in the tissues below the new epidermis. A 

faint labelling is also detected in the stump epidermis although to a much less extent. 
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Fig. 9. Immunohistochemistry on starfish sections using anti-TNF-α-like antibody. Nuclei 
are labelled in blue (DAPI). In all images brightness and contrast values were increased 
to 90 and 23 respectively using Photoshop CC (2014) in order to better visualise the 
immunostaining. A) Negative control (no primary Ab) on the regenerating area 72 hours 
p.a. B) Stump aboral area of a 72 hours p.a. sample labelled with DAPI. C) Corresponding 
green channel of B showing that anti-TNF-α-like presents a faint signal in the apical and 
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basal parts of the stump epidermis (arrows). D) Negative control (no primary Ab) on the 
regenerating area 72 hours p.a. E) Regenerating oedematous area of a 72 hours p.a. 
sample labelled with DAPI. F) Corresponding green channel of E showing that anti-TNF-
α-like presents a faint signal in the apical and basal parts of the new epidermis (arrow). 
G) Negative control (no primary Ab) on the regenerating area 72 hours p.a. H) Stump 
aboral area of a one week p.a. sample labelled with DAPI. I) Corresponding green 
channel of H showing that anti-TNF-α-like presents a faint signal in the stump epidermis 
(arrow). J) Negative control (no primary Ab) on the regenerating area 72 hours p.a. K) 
Regenerating oedematous area of a one week p.a. sample labelled with DAPI. L) 
Corresponding green channel of K showing that anti-TNF-α-like presents a faint signal in 
the new epidermis (arrow). Abbreviations: ct=connective tissue; e=epidermis; o=ossicle; 
oe=oedematous area. 
 

 

Fig. 10. Immunohistochemistry on brittle star sections using anti-TNF-α-like antibody. 
Nuclei are labelled in blue (DAPI). In all images brightness and contrast values were 
increased to 90 and 23 respectively using Photoshop CC (2014) in order to better 
visualise the immunostaining. A) Negative control (no primary Ab) on the regenerating 
area 48 hours p.a. B) Stump oral area of a 24 hours p.a. sample showing that anti-TNF-
α-like is present in the epidermis (arrow) and in the dermis. C) Regenerating area of a 24 
hours p.a. sample where anti-TNF-α-like is mainly present in the new epithelium covering 
the injury (arrow) and in the rearranging area immediately behind it (arrowhead). D) 
Negative control (no primary Ab) on the regenerating area 48 hours p.a. E) Stump oral 
area of a 48 hours p.a. sample showing that anti-TNF-α-like is faintly expressed in the 
epidermis (arrow). F) Regenerating area of a 48 hours p.a. sample where anti-TNF-α-like 
is detectable at the level of the new epithelium (arrow). Abbreviations: m=muscle; 
p=podium. 
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3.2. Molecular results 

3.2.1. Positive controls: actin and ets1/2 

To optimise and validate the protocols of whole mount in situ hybridisation for brittle star 

and in situ hybridisation on paraffin sections for starfish three transcripts were identified 

and used as controls, Afi-actin (brittle star) and Ese-actin and ets1/2 deg (starfish). 

The description of the transcripts and their expression patterns are detailed and shown 

in the Supplementary Materials (see Fig. S1, S2, S3, S4) but the results will not be 

discussed in the following paragraphs. However, the localised expression patterns of all 

these positive controls gave us confidence on the effectiveness of the techniques used 

in both experimental models. 

 

3.2.2. Collagen biosynthesis enzyme gene: p4h 

Collagen is one of the key component of the extracellular matrix and plays an important 

role during the repair phase. Its biosynthesis needs to be finely regulated, therefore, we 

focused our attention on one gene encoding for an enzyme important in this process, 

prolyl-4-hydroxylase. We identified the alpha-subunit genes in both experimental models 

and analysed their expression patterns during the repair phase. 

After cloning with degenerate PCR, p4h deg sequence was checked performing a 

BLAST-X (vs non-redundant sequence database) and the best BLAST hit is the prolyl-4-

hydroxylase alpha-1 subunit (XP_018564257.1). Using cDART tool (NCBI) the 2OG-

Fe(II) oxygenase superfamily domain is detected. This domain is characteristic of prolyl-

4-hydroxylase (P4H), therefore confirming it is the desired collagen biosynthesis enzyme. 

For Afi-p4h (AfiCDS.id43946.tr460) the best BLAST hit in the sea urchin genome from 

EchinoBase is prolyl-4-hydroxylase alpha-1 subunit precursor (SPU_027669), whereas 

from the NCBI non-redundant sequence database the best BLAST hit is prolyl-4-

hydroxylase subunit alpha-1 (XP_012689665.1). The cDART tool (NCBI) confirms the 

presence of a prolyl-4-hydroxylase alpha subunit domain. Therefore, this transcript is 

considered as prolyl-4-hydroxylase (p4h). 

In starfish p4h deg expression pattern is summarised in Fig. 11G. Specifically, in the 

stump it is localised at the level of the epidermis (Fig. 11A, B, C), the pyloric caeca (Fig. 

11E) and in almost all coelom-derived epithelia: the perivisceral coelom (Fig. 11E) and 

associated papulae (Fig. 11D), the radial water canal (Fig. 11F) and the podia (Fig. 11A, 

C). Both the ectoneural and the hyponeural components of the stump’s radial nerve cord 
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show an expression of this transcript as well (Fig. 11F). The new epithelium covering the 

wound also expresses this transcript (Fig. 11C). 

In brittle star Afi-p4h is expressed in the new epidermis in the regenerative bud at stage 

2 (Fig. 12). This transcript is expressed also at the level of the inner lining of the podia in 

the stump (Fig. S7). Its localisation in the advanced regenerative stages is described in 

the Supplementary Materials and shown in Fig. S8 but it will not be discussed. 

 

 
 

Fig. 11. Expression pattern of p4h deg on regenerating arm 72 hours and one week p.a. 
using ISH on paraffin sections. A) p4h deg is expressed in the epidermis of the stump 
(arrow) and in the epidermis of the podium (black arrowhead), as well as in the inner lining 
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of the podium (white arrowhead). B) This transcript is expressed in the stump epidermis 
(arrow). C) The new epithelium shows a signal (arrow). D) p4h deg is expressed at the 
level of the coelomic lining of the papulae (arrow). E) The transcript is expressed in the 
pyloric caeca (pc) and in the perivisceral coelom (arrowhead). F) The signal is localised 
in the radial water canal epithelium (black arrowhead) and in the ectoneural (arrow) and 
hyponeural (white arrowhead) systems of the radial nerve cord of the stump. G) Sagittal 
section scheme summarising p4h deg expression pattern. Signal is highlighted in violet 
and black boxes indicate corresponding images of this figure to facilitate expression 
pattern understanding. Abbreviations: c=coelom; ct=connective tissue; m=muscle; 
p=podium; pc=pyloric caeca. 
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Fig. 12. Afi-p4h expression pattern at stage 2. A) WMISH. B) Post in situ sectioning. C) 
Scheme. Afi-p4h is expressed in the regenerative bud at the level of the epidermis 
(arrows). Abbreviations: AV=aboral view; SS=sagittal section. Red dotted 
lines=amputation plane. 
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3.2.3. Immune response-related genes: col deg and ficolin  

Immune response after injury is one of the key events happening in order to heal the 

wound and start the subsequent regenerative process. The precise regulation of these 

mechanisms are strongly necessary. Therefore, we focused our attention on two genes 

we identified in the two experimental models: col deg (starfish) and Afi-ficolin (brittle star). 

col deg is a transcript belonging to the FReD superfamily. Using the cDART tool (NCBI) 

the FReD domain is confirmed. It is usually present in fibrinogen, a glycoprotein that helps 

in the formation of blood clotting in vertebrates forming bridges between platelets and 

being the precursor of fibrin. Therefore, col deg is here considered as fibrinogen-like. 

The col deg transcript is expressed in the stump at the level of the epidermis (Fig. 13A, 

B) and in the coelomic epithelium lining the papulae (Fig. 13B, C). Free-circulating 

coelomocytes present a signal as well (Fig. 13C). Moreover, the perivisceral coelom 

epithelium and the circular coelomic muscles express also this transcript (Fig. 13D). Both 

non-regenerating and regenerating radial nerve cords show expression of col deg (Fig. 

13E, F), in particular at the level of the ectoneural and hyponeural systems. At the level 

of the stump water vascular system, the radial water canal epithelium (Fig. 13H) and the 

lining of podia (Fig. 13I) and ampullae (Fig. 13J) show a clear signal. col deg expression 

is localised also in the new epithelium covering the wound (Fig. 13K). No expression is 

detected in the mucous glands of the stump (Fig. 13B) and in the injured muscles in the 

process of active rearrangement (Fig. 13G). The scheme in Fig. 13L summarises the 

expression pattern of this transcript in both stump and regenerating tissues. 

For Afi-ficolin (AfiCDS.id39565.tr647) the best BLAST hit in the sea urchin genome from 

EchinoBase is Sp-Fic1 (SPU_000045), whereas from the NCBI non-redundant sequence 

database the best BLAST hit is hypothetical protein BRAFLDRAFT_88602 

[Branchiostoma floridae] (XP_002604312.1). This transcript is considered as ficolin. 

Afi-ficolin is not expressed in the regenerative bud at stage 2 (Fig. 14), whereas at the 

level of the stump it is localised in the radial water canal epithelium (Fig. S6). The 

expression pattern in the advanced regenerative phases is described in the 

Supplementary Materials and shown in Fig. S5 but it will not be further discussed. 
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Fig. 13. Expression pattern of col deg on regenerating arm 24 hours, 72 hours and one 
week p.a. using ISH on paraffin sections. A) This transcript is expressed in the epidermis 
of the stump (arrow). B) Expression is detectable in the coelomic lining of the papulae 
(arrows) and in the epidermis of the stump but no signal is present in the mucous gland 
(*). C) Cells in the papulae (possibly coelomocytes) are stained (arrow). D) The coelomic 
epithelium (arrowhead) and the circular coelomic muscles (arrow) show expression of 
this transcript. E) The ectoneural (arrow) and the hyponeural (arrowhead) systems of the 
stump radial nerve cord show a signal. F) The new regenerating radial nerve cord is 
stained in both ectoneural (arrowhead) and hyponeural (arrow) systems. G) 
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Dedifferentiating myocytes at the level of an injured oral muscle do not express this 
transcript. H) col deg is expressed at the level of the radial water canal epithelium (arrow) 
of the stump. I) The epidermis of the podia is stained (arrow). J) The inner lining of the 
ampullae (arrow) expresses this transcript. K) col deg is detectable in the new epithelium 
(arrow). L) Sagittal section scheme summarising col deg expression pattern. Signal is 
highlighted in violet and black boxes indicate corresponding images of this figure to 
facilitate expression pattern understanding. Abbreviations and symbols: c=coelom; 
ct=connective tissue; e=epidermis; m=muscle; o=ossicle; p=podium; *=mucous gland. 
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Fig. 14. Afi-ficolin expression pattern at stage 2. A) WMISH. B) Post in situ sectioning. C) 
Scheme. Afi-ficolin is not expressed in the regenerative bud. Abbreviations: AV=aboral 
view; SS=sagittal section. Red dotted lines=amputation plane. 
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4. Discussion 

4.1. Emergency reaction and re-epithelialisation are fast in both experimental 

models 

Both echinoderm models show a quick response to traumatic injury. The aims of the 

emergency reaction are to seal the coelomic cavities through constriction and clotting and 

decrease the exposed wound surface through shrinkage. The circular constriction visible 

in starfish, due to contraction of coelomic muscle layer and possibly connective tissue 

stiffening (Ben Khadra et al., 2015a), is not detectable in brittle star. This is consistent 

with the different anatomy of the animals: in starfish the presence of a spacious coelomic 

cavity has necessarily led to the evolution of a more “efficient” constriction/sealing system, 

which, on the contrary, is not necessary and even hardly feasible in brittle star due to the 

conspicuous skeletal element development and the absence of circular muscle bundles. 

The sealing of the coelomic cavities is ensured also by the apical contraction of the body 

walls. This event is likely to be sufficient to seal the aboral coelomic cavity and the radial 

water canal in brittle star. Similar events have been described also in other echinoderms 

(Mladenov et al., 1989; Candia Carnevali et al., 1993; Moss et al., 1998) and they are of 

primary importance for both wound closure and reduction of the surface to be healed. 

Wound contraction and blood vessel constriction have been well studied in mammal 

wound healing (Pastar et al., 2014; Ibrahim et al., 2015) and, although the involved 

structures (e.g. blood vessel and coelomic cavity) can be markedly different in anatomy 

and embryological origin (Hyman, 1955; Gilbert, 2000), comparative aspects with 

echinoderms can be profitably derived. In mammals while vasoconstriction is an almost 

immediate reaction, wound contraction is delayed in comparison to echinoderms: in 

human skin wound shrinkage weakly starts almost immediately after injury but its main 

peak is 10-15 days after the damage (Shultz et al., 2005), whereas in echinoderms it is 

perfectly visible and functional within 1-2 days p.a., and involves the whole body walls 

(Fig. 2A, C). This delay in humans is due to fibroblasts in the injury neighbourhood that 

have to emerge from quiescence, migrate and then transform into myofibroblasts (Martin, 

1997). Evolutionary constrains leading to the more efficient sealing of the body 

cavities/vessels and wound contraction in echinoderms are unknown but might be one of 

the features promoting their effective regeneration. Haemostasis in echinoderms is also 

mediated by cell clotting at the level of the coelomic cavities. The cells involved are mainly 

coelomocytes that contribute to both avoiding fluid loss and eliminating cell debris or 

microorganisms thanks to their phagocytic function (Pinsino et al., 2007, Gorshkov et al., 
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2009; Ben Khadra et al., in press). This clotting and the presence of phagocytes behind 

the new epidermis (in starfish) are comparable to the presence of platelets and 

thrombocytes described in mammalian injury (Peacock, 1984; Clark, 1988; Ibrahim et al., 

2015). 

Re-epithelialisation starts almost simultaneously with the emergency reaction and it is 

very rapid in both starfish and brittle star, although in the latter it is accomplished earlier 

(8-16 hours p.a. versus 24-48 hours p.a.), most likely due to its smaller arm size, whereas 

in mammals it takes longer than in both echinoderm models (Pastar et al., 2014). Delayed 

re-epithelialisation or defects in this process could lead to inhibition of functional wound 

healing and regeneration (Sivamani et al., 2007), therefore the quick re-epithelialisation 

displayed in echinoderms can be regarded as an important feature contributing to their 

subsequent effective wound healing. Moreover, in both experimental models the new 

epithelium is composed by epithelial cells deriving from the adjacent wound edges. These 

cells retain the junction complexes (Fig. 4D; Ben Khadra et al., 2015a), thus ensuring a 

continuous covering layer that is immediately functional as barrier against pathogens and 

further fluid loss. This is markedly different from what happens in mammals where at the 

level of the wound edges cell-cell junctions are disrupted to allow migration of single 

keratinocytes over the wound area (Pastar et al., 2014). Briefly considering A. filiformis, 

the presence of bacteria in the epidermis has been suggested having a symbiotic non 

pathological role (Burnett and McKenzie, 1997; Byrne, 1994) and the intriguing 

hypothesis that bacteria help/quicken the healing process in brittle star in comparison to 

starfish (without bacteria), disregarding different wound size, deserves to be investigated. 

 

4.2. Oedematous area present in starfish does not characterise brittle star repair 

phase 

The repair phase events occurring after re-epithelialisation differ between the two 

experimental models. Indeed, the regenerating area of starfish arm is characterised by a 

temporary (3-7 days p.a.) oedematous area that is not detectable in brittle star. 

The oedematous area of starfish is actually a “filling tissue” developing at the level of the 

wound and characterised by the presence of different cytotypes intermixed by a sparse 

nonfibrillar extracellular matrix. Cells at this stage are mainly phagocytes, coelomocytes, 

undifferentiated cells, fibroblasts and dedifferentiating myocytes (Ben Khadra et al., 

2015a, b). Phagocytes and coelomocytes can be regarded as cells involved in the 

immune response (Glínski and Jarosz, 2000; Pinsino et al., 2007; Smith et al., 2010) and 
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can be functionally compared to monocytes and macrophages of mammals (Martin, 1997; 

Pastar et al., 2014) whose presence is fundamental for effective wound debridement and 

healing (Koh and DiPietro, 2011). The oedematous area progressively matures (see 

below) and this “filling tissue” is functionally (and partially histologically) comparable to 

the granulation tissue of mammals, although in this latter the matrix deposition is much 

more conspicuous than in echinoderms (Martin, 1997; Pastar et al., 2014). 

In brittle star immediately after re-epithelialisation the tissues damaged during the injury, 

e.g. muscle bundles, are actively remodelled but no sign of granulation tissue-like 

structures are visible as already described by Biressi and co-workers (2010) and 

Czarkwiani and co-workers (2016). After only 2-3 days p.a. regeneration of the main 

longitudinal structures (i.e. radial nerve cord, aboral coelomic cavity and radial water 

canal) occurs. Therefore, brittle star repair phase is accomplished much earlier than that 

of starfish and of mammals as well. Size-related aspects likely play a significant role in 

this better efficiency; however, the existence of specific cellular or molecular mechanisms 

cannot be excluded and would be “justified” by an evolutionary selective pressure playing 

on the very fragile arms of A. filiformis and their frequent loss. Regardless, both 

echinoderm models, although presenting some differences in repair phase events and 

timing, are clearly more efficient and rapid than mammals in healing an injury that, 

moreover, is much more complex than a mammal skin wound. This underlines that the 

different regenerative abilities of echinoderm and mammals diverge since the very first 

reparative events and do not only depend on differences in re-growth capacity. 

 

4.3. Extracellular matrix during regeneration: a focus on collagen 

As previously mentioned, the fibrillar reorganisation of the extracellular matrix (ECM) 

occurs earlier in brittle star than in starfish. In particular, in brittle star regenerating arm 

collagen is already present in the thin dermal layer underneath the new epidermis at the 

middle/end of the repair phase, whereas in starfish collagen fibrils and small fibril bundles 

start being visible at the level of the oedematous area only at the end of the repair phase. 

After the repair phase the ECM continuously matures creating a more organised collagen 

network for cell migration and tissue regeneration, ensuring both physical scaffold and 

first mechanical resistance. Few studies have focused on ECM deposition during 

echinoderm regeneration processes. By using an anti-fibrous collagen antibody (HgfCOL) 

specifically raised in an echinoderm species (the sea cucumber Holothuria glaberrima), 

Quiñones and co-workers (2002) have observed a decrease in the protein content during 
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the first 2 weeks of visceral regeneration of this species, suggesting extensive collagen 

remodelling. This time period corresponds to the repair and first regenerative phases. 

Therefore, we decided to use the same antibody (HgfCOL) to detect collagen presence 

during the repair phase of both E. sepositus and A. filiformis. The antibody consistently 

labels the basal portion (probably the basement membrane) of both the stump and the 

regenerating epidermis and, in brittle star, also the connective tissue underling the wound 

epithelium. Noteworthy is the fact that this latter signal is absent in the stump, suggesting 

that this fibrous collagen could be a characteristic of the new connective tissue. 

In order to better characterise collagen involvement during the repair phase, the gene 

encoding for a key collagen biosynthesis enzyme (prolyl-4-hydroxylase; p4h) has been 

preliminarily studied in terms of its expression pattern during regeneration. In both 

experimental models a signal is localised at the level of the regenerating epidermis, 

further supporting a role of this tissue in collagen biosynthesis. In starfish this transcript 

is present also in the coelomic epithelium of different structures of the stump, in the pyloric 

caeca and in the radial nerve cord suggesting that different tissues are involved in 

collagen production. At the best of our knowledge, this enzyme has been previously 

investigated in echinoderms only by Sugni and co-workers (2014) who have described 

collagen synthetic activity in presumptive fibroblast-like cells of the sea urchin compass 

depressor ligaments using immunodetection. Few studies have been focused on p4h of 

invertebrates in general (Veijola et al., 1994; Abrams and Andrew, 2002) and of marine 

invertebrates in particular (Pozzolini et al., 2015). In humans P4H is detected in several 

different tissues e.g. capillary endothelial cells, liver, kidney, skeletal myocytes, and 

developing bones, therefore, confirming that collagen synthesis is performed in tissues of 

highly different origin and function (Nissi et al., 2001). Moreover, in a rabbit model Kim 

and co-workers (2003) have described that inhibition of P4H leads to reduced collagen 

deposition and improvement in hypertrophic scars (i.e. keloids), thus indicating a possible 

clinical way to reduce fibrotic scar formation and subsequently improve tissue 

regeneration. These findings suggest that diverse tissues are involved in collagen 

synthesis and this aspect needs to be further investigated in order to confirm the 

hypothesis that delayed fibrous collagen deposition in echinoderms could be an 

advantage in terms of regenerative capacity. Furthermore, these kinds of studies could 

hold great biomedical potential that could hopefully lead to possible solutions to 

problematic clinical complications e.g. keloids or severe amputations in humans. 
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Overall, differences occur between echinoderm and mammal collagen deposition during 

wound healing. Indeed, in mammals, collagen starts to be deposited almost immediately 

after injury (around 10 hours) at the beginning of the repair phase and it is later constantly 

remodelled (Prockop and Kivirikko, 1995). The deposition of collagen in echinoderms 

starts only at the middle/end of the repair phase and the delay in fibrillar extracellular 

matrix organisation and the presence of a “loose” connective tissue at the level of the 

regenerating area provide a more “dynamic and plastic” environment for tissue 

regeneration. Moreover, contrary to mammals (Bock and Mrowietz, 2002; Rahban and 

Garner, 2003), in echinoderms no fibrotic scar or keloid formation are normally detected 

(Quiñones et al., 2002). 

 

4.4. Immune system contribution during regeneration 

It is well known that the immune system plays a key role during the initial haemostasis 

and throughout the whole inflammation phase after injury. In both starfish and brittle star, 

we have evaluated the presence of a pro-inflammatory cytokine, the tumour necrosis 

factor-α-like (TNF-α-like), during the first days after amputation. TNF-α is one of the main 

players in vertebrate wound repair and it is up-regulated during this process (Grellner et 

al., 2000); it is involved in inflammatory response (Bradley, 2008) as well as keratinocyte 

activation, migration and differentiation and fibroblast activation (Pastar et al., 2014). 

Gene homologous to the mammalian TNF-α has been described in echinoderms 

(Matranga et al., 2005) and it is found in both the sea urchin Strongylocentrotus 

purpuratus and the starfish Patiria miniata genomes (Cameron et al., 2009) as well as in 

the Amphiura filiformis transcriptome (Dylus et al., submitted). Due to the absence of 

genome or transcriptome of Echinaster sepositus it has not been possible to definitively 

confirm its presence at a genomic/transcriptomic level in this species. Our results showed 

that, at least in the brittle star, a TNF-α-like signal is detectable in the regenerating 

epidermis and the underlying tissues during the first 24 hours p.a. Later (48 hours p.a.) it 

apparently decreases in intensity and it is localised only in the regenerating epidermis. 

This is consistent with what reported for mammals, where epithelial cells and 

macrophages infiltrating the wound express this fundamental regulative factor (Pastar et 

al., 2014). Apparently, in the brittle star a “basal” level of TNF-α-like is constitutively 

expressed also in the stump epidermis. Whether this is related to the subcuticular 

presence of bacteria and, therefore, to a constantly activated “basal” inflammatory 

response is a fascinating hypothesis to test. 
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Together with immunolocalisation, molecular analyses on two genes important during the 

repair phase after injury have been performed. For starfish the gene encoding for a 

protein containing a FReD (fibrinogen-related) domain has been identified. This domain 

is typical of fibrinogen, a glycoprotein that in vertebrates is fundamental for blood clotting, 

being the precursor of fibrin. Fibrinogen-like presence in echinoderms has been 

described only by Xu and Doolittle (1990) in the sea cucumber Parastichopus parvimensis 

but no expression data are available in these marine organisms. To the best of our 

knowledge, these are the first results on fibrinogen-like gene expression pattern in 

echinoderms. col deg is mainly expressed in coelomic structures and cells suggesting 

that both the stump and the regenerating coelomic epithelium could be involved in direct 

production or release of cells that express this gene. The signal at the level of the new 

epidermis suggests that also this tissue could be involved in production of fibrinogen-like 

during the repair phase. In mammals, fibrinogen is fundamental for granulation tissue 

formation and cell migration (Drew et al., 2001) and in humans in particular, it is mainly 

produced by hepatocytes and lung epithelium and is the major coagulation protein having 

a central role in platelet aggregation during wound healing (Guadiz et al., 1997; Laurens 

et al., 2006). Therefore, further analyses are necessary to understand if fibrinogen-like 

gene expression leads to subsequent fibrin-like formation and if something similar to 

mammal fibrin clot (Clark, 2001) could be transiently present in echinoderms as well. 

For brittle star the gene encoding for a ficolin has been identified. Afi-ficolin is also a 

transcript containing a fibrinogen-related domain (FReD) and it is involved in immune 

response after injury. In both vertebrates and invertebrates ficolin is a lectin important in 

the innate immune response (Fujita, 2002; Iwanaga and Lee, 2005; Matsushita, 2009). 

The absence of its expression in the regenerative bud of A. filiformis is quite surprising. 

However, in the absence of its genome and considering that in the sea urchin genome 

four potential ficolin genes are present (http://www.echinobase.org/), we cannot exclude 

the presence of other ficolin genes and, therefore, their expression during regeneration. 

Moreover, a localised expression in the stump at the level of the radial water canal 

epithelium suggests that it is actively produced in this tissue. Hence, it is possible to 

hypothesise that proteins are synthetized in the stump tissue and subsequently released 

at the level of the coelomic fluid of the water vascular system (comparable to vertebrate 

circulatory system in terms of function) to reach the regenerating area. At the best of our 

knowledge, this is the first results on this transcript expression during arm regeneration 

in this species and more detailed analyses are necessary to confirm this hypothesis. 
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4.5. Conclusion 

In this study the starfish E. sepositus and the brittle star A. filiformis have been used as 

models to compare the repair phase after arm amputation between these two echinoderm 

species as well as with mammals. The main similarities/differences between them are 

summarised in Table 3 and Fig. 15. 

Our results showed that both starfish and brittle star are more efficient in haemostasis, 

wound contraction and re-epithelialisation of the injury in comparison to mammals in 

terms of both rate and efficiency. The extracellular matrix (ECM) fibrillar organisation in 

echinoderms is delayed and less conspicuous in comparison to mammals and, together 

with the absence of over-deposition of collagen (fibrosis), suggests a possible advantage 

for echinoderms because their temporary loose ECM is likely more “plastic” than the 

collagen/fibrin clot of mammals. As suggested for other echinoderms (Quiñones et al., 

2002) this “plasticity” could be directly connected to the subsequent efficiency of 

regeneration. 

The involvement of the immune system during the repair phase has been investigated 

through immunodetection of TNF-α-like and expression patterns of fibrinogen-like and 

ficolin genes for starfish and brittle star respectively. Overall, our data showed that TNF-

α-like presence in brittle star is preliminary comparable to that of mammals. Fibrinogen-

like and ficolin transcripts are both involved in echinoderm immunity but further analyses 

are necessary to understand if they could have a similar role to that of mammals during 

wound healing. 

In general, we provided the first evidences of the importance of ECM fibrillar organisation 

and immune system molecules during starfish and brittle star regeneration and 

highlighted interesting differences (mainly in wound healing and ECM organisation) 

among echinoderm and mammal responses to injury that suggest that their different 

regenerative abilities diverge since the very first repair events and do not only depend on 

differences in re-growth capacity. Moreover, our findings showed that echinoderms are 

valid alternative models to study biological processes (e.g. wound healing and 

regeneration) can also be important to hopefully help solving human health problems 

(Gurtner et al., 2008). 

 

Table 3. Summary of the main differences between the events occurring during the repair 
phase of echinoderms and mammals. *=data from Martin, 1997, Werner and Grose, 
2003, Pastar et al., 2014. 
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EVENT STARFISH BRITTLE STAR MAMMALS* 

Constriction of 
the 

cavities/canals 

Sealing of the 
coelomic cavities 
(haemostatic ring) 

Sealing of the coelomic 
cavities (no haemostatic 

ring) 

 

Vasoconstriction of 
the blood vessels 

 
Wound 

contraction 

Aboral body wall 
moves toward the 
oral side (within 24 

hours p.a.) 

 

Aboral and oral body walls 
move toward the wound 

(within 24 hours p.a.) 

 

Contraction of the 
wound edges (after 3-

4 days post injury) 

Clotting in the 
cavities/canals 

 

Coelomocytes 
 

Coelomocytes 
Platelets and 
thrombocytes 

Phagocytosis Coelomocytes Coelomocytes Macrophages 

Re-
epithelialisation 

direction 

 
Centripetal 

 
Centripetal 

 
Centripetal 

Epidermal cell 
junction 

disruption 

 
No 

 
No 

 
Yes 

 
Oedematous 

area formation 

 
Yes 

 
No 

Granulation tissue 
(only partially similar 

to starfish 
oedematous area) 

Canal/vasa 
infiltration 

 

No 
 

No 
 

Yes (angiogenesis) 

ECM deposition 
at the wound 

site 

 
Not conspicuous 

 
Not conspicuous 

 
Conspicuous 

Fibrosis No No Yes 

Scar formation No No Yes 

TNF-α-like 
detection during 
the repair phase 

 
Faint 

 
Yes 

 
Yes 

 

 
 
Fig. 15. Main similarities/differences in the repair phase events among starfish, brittle star 
and mammals. See colour legend embedded in the figure. 
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5. Supplementary Materials 

5.1. Extended Materials and Methods 

5.1.1. 3’RACE and degenerate PCR protocols for starfish cDNA amplification 

For actin standard gradient PCR was performed and the transcript was successfully 

cloned. However, since the PCR product was short (less than 300 bp), 3’RACE was 

performed using a mixed cDNA samples from regenerate stages and the FirstChoice® 

RLM-RACE Kit (Ambion) according to manufacturer’s instructions optimising annealing 

temperature (55°C) and cycles (40) in order to obtain a longer product (predicted length 

~ 1 kb) and, thus, a longer RNA antisense probe. Primers used for 3’RACE are listed in 

Table S1. Also these PCRs were successful, therefore both PCR products were cloned 

and used to transcribe RNA antisense probes as previously described. 

For ets1/2 degenerate primers (100 µM) were used on a mixed cDNA samples from 

regenerate stages as follows: 95°C for 5’ followed by 35 cycles of 95°C for 30’’, 

temperature gradient for 30’’ and 72°C for 30’’ and a final 7’ elongation at 72°C. The 

temperatures of the gradient from the highest to the lowest were: 60°C, 54.5°C, 48°C and 

45°C. The amplification was successful for all of them but the PCR product was short 

(around 300 bp). Therefore, specific primers were designed to perform 3’RACE using a 

mixed cDNA samples from regenerate stages and the FirstChoice® RLM-RACE Kit 

(Ambion) according to manufacturer’s instructions in order to obtain a longer PCR product 

(predicted length ~ 3.5 kb) and, thus, a longer RNA antisense probe. Primers are listed 

in Table S1. The annealing temperature (55°C) and cycles (40) were optimised. Since 

this PCR was not successful, the short PCR product was cloned and used to obtain the 

RNA antisense probe. 

Collagen-specific degenerate primers (20 µM) from Zhang and Cohn (2006) were used 

on a mixed cDNA samples from regenerate stages. To optimise the amplification, the 

following protocol was tested and subsequently modified: 94°C for 1’ followed by 35 

cycles of 94°C for 45’’, temperature gradient for 45’’ and 68°C for 2’ and a final 10’ 

elongation at 68°C. The temperatures of the gradient from the highest to the lowest were: 

60°C, 54.5°C, 50.8°C and 45°C. 50.8°C was selected as best amplification temperature 

and cycles were increased to 40. The PCR product was then purified with NucleoSpin® 

gel and PCR clean-up kit (Macherey-Nagel) and cloned as described before. 

For p4h, degenerate primers (Table 2; 100 µM) were used with Q5 High-Fidelity DNA 

Polymerase (New England BioLabs) and Invitrogen reagents and the following protocol 

was performed: 98°C for 30’’, 35 cycles of 98°C for 10’’, temperature gradient for 30’’ and 
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72°C for 30’’ and a final 2’ elongation at 72°C. After purification with NucleoSpin® gel and 

PCR clean-up kit (Macherey-Nagel), cloning and RNA antisense probe transcription were 

performed as described before. 

 

Table S1. List of 3’ outer and inner primers used for E. sepositus 3’RACE PRCs 
(FirstChoice® RLM-RACE Kit; Ambion) for Ese-actin and ets1/2 deg. All primers were 
used at a concentration of 10 µM. Abbreviations and symbols: bp, base pair; F, forward 
primer; R, reverse primer; *=specific primer already present in Table 2. 
 

Primer 
Name 

Primer Sequence (5’-3’) 

 

3’ RLM-
RACE PCR 

Primer 
Length 

(bp) 

Ese-actin 
SO* 

 

GTGCCCAGAAGCCTTGTTC 
 

Specific outer 
 

19 

Ese-actin 
SI 

 

CATCATGAAGTGTGACGTGGA 
 

Specific inner 
 

21 

ets1/2 deg 
SO 

 

CCATTCAGCTGTGGCAGTT 
 

Specific outer 
 

19 

ets1/2 deg  
SI 

 

ACCGAACCTGCCAACATATC 
 

Specific inner 
 

20 

3’ RACE 
inner 

 

CGCGGATCCGAATTAATACGACTCACTATAGG 
Kit inner 
primer 

 

32 

3’ RACE 
outer 

 

GCGAGCACAGAATTAATACGACT 
Kit outer 
primer 

 

22 

 

5.2. Extended results 

5.2.1. Description of the positive control transcripts and of their expression patterns 

Ese-actin is a transcript whose sequence is available in NCBI (GenBank: KC858258.1, 

around 300 bp long). This is actin 1 and a BLAST-X (vs non-redundant sequence 

database) in NCBI shows that it is a β-actin. Using cDART tool (NCBI) the actin domain 

is confirmed. The sequence of the longer actin has been checked as well, confirming the 

previous result. 

After cloning through degenerate PCR, ets1/2 deg sequence is checked with NCBI 

BLAST-X (vs non-redundant sequence database) and it shows 100% identity with ets1/2 

transcription factor of the starfish Patiria pectinifera. Moreover, using cDART tool (NCBI) 

the ets domain is detected. Therefore, this transcript is confirmed being the transcription 

factor ets1/2. 

For Afi-actin (AfiCDS.id2787.tr9243) the best BLAST hit in the sea urchin database from 

EchinoBase is Sp-CskaI (SPU_009481) also called CyI, whereas from the NCBI non-

redundant (NR) database is an actin related protein 1 [Strongylocentrotus purpuratus] 

(NP_999634.1 GI:47550921). Here this transcript is considered as actin. 



 

184 
 

The expression patterns of Ese-actin, ets1/2 deg and Afi-actin are described below. 

Schemes are provided in order to facilitate expression pattern understanding (Fig. S1I for 

Ese-actin, Fig. S3 for ets1/2 deg and Fig. S4 for Afi-actin). For A. filiformis, stages of the 

advanced regenerative phase are described as well. 

Ese-actin is expressed in the stump at the level of the coelomic lining of the perivisceral 

cavity (Fig. S1A), of the papulae (Fig. S1B), of the ampullae (Fig. S1C) and of the podia 

(Fig. S1D) and in the pyloric caeca (Fig. S1A). Moreover, it is present also in the epidermis 

of the podia (Fig. S1D) and of the body wall (Fig. S1E). The expression is detectable also 

in the non-regenerating radial nerve cord, in particular in the ectoneural and hyponeural 

systems (Fig. S1F). In the regenerating area the signal is present at the level of the new 

epidermis (Fig. S1G), the regenerating radial nerve cord and radial water canal (Fig. 

S1H). 

ets1/2 deg is expressed in the stump at the level of the epidermis of body wall and podia 

(Fig. S2A). The coelomic epithelium presents a signal at the level of the inner lining of the 

podia (Fig. S2A), the radial water canal (Fig. S2F), the papulae (Fig. S2B), the ampullae 

(Fig. S2G) and the perivisceral coelom in both the stump area (Fig. S2D) and the 

regenerating area (Fig. S2E). This transcript is localised also in the pyloric caeca (Fig. 

S2D) and in the stump radial nerve cord at the level of the ectoneural and hyponeural 

systems (Fig. S2F). The new epidermis shows a signal as well (Fig. S2C). No expression 

is detectable at the level of the main muscle bundles (Fig. S2F) and of the ossicles (Fig. 

S2A, C). 

Both WMISH and post in situ sections show that Afi-actin is expressed in the regenerative 

bud epidermis at stage 2 (Fig. S4A, F, I) and the same expression pattern is detectable 

at stage 4 (Fig. S4B, G, J). At the late stage, >50% DI, Afi-actin is expressed in the 

proximal side of the long regenerate at the level of the epidermis covering spines and 

podia (Fig. S4C, D, H, K) and not at the level of other structures (e.g. oral, aboral and 

lateral sides). In the distal tip this gene is expressed in the epidermis as well (Fig. S4E, I, 

L). 
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Fig. S1. Expression pattern of Ese-actin on starfish regenerating arm 24 hours p.a. using 
ISH on paraffin sections. A) Ese-actin is expressed in the coelomic cavity epithelium 
(arrowhead) and in the pyloric caeca (pc; arrow) of the stump. B) The inner lining of the 
stump papulae (i.e. coelomic epithelium) shows expression of this transcript. C) Ese-actin 
is expressed at the level of the inner lining of the stump ampulla (i.e. coelomic epithelium). 
D) Ese-actin is expressed in the epidermis of the stump podia (arrow) and in the inner 
coelomic lining (arrowhead). E) This transcript is expressed in the stump epidermis 
(arrow). F) Ese-actin shows an expression in the stump radial nerve cord, in particular at 
the level of the ectoneural (arrowhead) and of the hyponeural systems (arrow). G) Ese-
actin is expressed in the new epithelium (arrow). H) The regenerating radial nerve cord 
(arrow) and radial water canal (arrowhead) show expression of this transcript. I) Sagittal 
section scheme summarising Ese-actin expression pattern. Signal is highlighted in violet 
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and black boxes indicate corresponding images of this figure to facilitate expression 
pattern understanding. Abbreviations: ct=connective tissue; m=lower transverse 
ambulacral muscle; p=podium; pc=pyloric caeca. 
 

 

Fig. S2. Expression pattern of ets1/2 deg on starfish regenerating arm 24 hours and 72 
hours p.a. using ISH on paraffin sections. A) ets1/2 deg is expressed in the stump at the 
level of the epidermis (arrow) and of the podium, in particular in the epidermis (black 
arrowhead) and in the inner coelomic lining (white arrowhead). B) The papulae (arrows) 
present a signal. C) The new epidermis (arrow) shows expression of this transcript. D) 
ets1/2 deg is expressed in the pyloric caeca (pc) and at the level of the coelomic 
epithelium (arrow). E) This transcript is expressed in the new coelomic epithelium (arrow). 
F) In the stump the radial water canal (arrow) and the radial nerve cord show a clear 
expression pattern. In particular, in the radial nerve cord both the ectoneural (white 
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arrowhead) and the hyponeural (black arrowhead) systems show a signal. G) The inner 
lining of the ampullae (arrow) shows expression of this transcript. Abbreviations: 
c=coelom; ct=connective tissue; m=muscle; o=ossicle; p=podium; pc=pyloric caeca. 
 

 
 

Fig. S3. Sagittal section scheme of the starfish regenerating arm summarising ets1/2 deg 
expression pattern. Signal is highlighted in violet and black boxes indicate corresponding 
images of figure S2 to facilitate expression pattern understanding. 
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Fig. S4. Afi-actin expression pattern at different regenerative stages. 1st line: WMISH; 2nd 
line: post in situ sectioning; 3rd line: schemes. Stage 2: A, F, I. Afi-actin is expressed in 
the epidermis (arrowheads) of the regenerative bud. Stage 4: B, G, J. Afi-actin is 
expressed in the epidermis (arrowheads) of the regenerate. Stage >50% DI: C, D, E, H, 
K, L. Afi-actin is expressed in the proximal side at the level of the spine and podia 
epidermis, whereas in the distal side is expressed in the whole epidermal layer. 
Abbreviations: AV=aboral view; CS=cross section; FS=frontal section; LV=lateral view; 
OV=oral view; SS=sagittal section. Scale bars: A, B, E, F, G = 50 µm; C, H = 100 µm. In 
the schemes the gene expression pattern is shown in violet. Red dotted lines=amputation 
plane. Black dotted lines=levels corresponding to the cross section schemes of Fig. K 
and L. 
 

5.2.2. Expression patterns of the A. filiformis genes in the advanced regenerative stages 

Afi-ficolin and Afi-p4h expression patterns in the advanced regenerative stages (stage 4 

and >50%DI) are here described but not further discussed. 

Afi-ficolin (Fig. S5) is not expressed neither in the regenerate at stage 4 nor at stages 

>50% DI in both proximal and distal sides. 

Afi-p4h (Fig. S8) is expressed at the level of the epidermis in the regenerate at stage 4. 

In the >50% DI stage at the proximal side the expression is localised in the epidermis of 

podia and spines and in the aboral coelomic cavity epithelium, whereas at the distal side 

expression is detectable only at the level of the epidermis. 
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Fig. S5. Afi-ficolin expression pattern in the advanced regenerative stages. 1st line: 
WMISH; 2nd line: post in situ sectioning; 3rd line: scheme. Stage 4: A, D, G. Afi-ficolin is 
not expressed in the regenerate. Stages >50% DI: B, C, E, F, H. Afi-ficolin is not 
expressed in both proximal and distal side of the late regenerate. Abbreviations: 
CS=cross section; LV=lateral view; OV=oral view; SS=sagittal section. Red dotted 
lines=amputation plane. Black dotted lines=levels corresponding to the cross sections 
shown in Fig. E and F. 
 



 

190 
 

 

Fig. S6. Afi-ficolin expression pattern in the brittle star stump tissues. A) This transcript is 
expressed in the radial water canal epithelium (arrows). B) Detail of A on the staining at 
the level of the radial water canal epithelium. C) Sagittal section scheme showing the 
localisation of the signal (violet). Abbreviations: n=radial nerve cord; SS=sagittal section; 
v=vertebra. 
 

 

Fig. S7. Afi-p4h expression pattern in the brittle star stump. This transcript is expressed 
in the inner lining of the podia (arrow) of the stump. Abbreviation: AV=aboral view. 
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Fig. S8. Afi-p4h expression pattern in the advanced regenerative stages. Stage 4: A, D, 
H. This transcript is expressed in the epidermis of the regenerate (arrows). Stages >50% 
DI: B, C, E, F, G, I, J. Afi-p4h is expressed in the proximal side at the level of the aboral 
coelomic cavity epithelium (arrowheads) and of the epidermis of podia and spines, 
whereas in the distal side its expression is localised in the epidermis only. Abbreviations: 
AV=aboral view; CS= cross section; OV=oral view; SS=sagittal section. In the scheme 
the signal is shown in violet. Red dotted lines=amputation plane. Black dotted lines=level 
corresponding to the cross sections shown in Fig. E and G. 
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3) INTRODUCTION TO CHAPTER 5 

 

As previously underlined, echinoderm regenerative abilities have been suggested being 

connected with “dynamic” connective tissue (MCTs) presence (Wilkie, 2001). The 

possibility of increasing human regenerative abilities exploiting knowledge from other 

animal peculiar features/adaptations has always fascinated scientists. The marine 

ecosystem has been a valid and continuous source of inspiration and of experimental 

models to study regeneration from both “basic research” and application perspective. In 

particular, echinoderm MCTs can be considered not only a source of inspiration but also 

of biomaterials for future biotechnological application (e.g. regenerative medicine). The 

exploration of the potential of collagen, their main component, is one of the most 

appealing in biotechnological viewpoint. 

 

3.1. Collagen 

Collagen is the most abundant protein in the animal body and constitutes the main 

component of the extracellular matrix (ECM) and therefore of connective tissue. It ensures 

structural integrity, mechanical resistance and elasticity depending on connective tissue 

function (Wilkie, 2005). Together with other molecules strictly associated (e.g. 

glycosaminoglycans and proteoglycans), collagen possesses also a physiological 

function, being responsible for cell response and behaviour, such as migration, 

proliferation and differentiation (Shuppan et al., 1998; Di Lullo et al., 2001; Gelse, 2003; 

Czirok et al., 2004; Pawelec et al., 2016). Therefore, it is important in several processes 

and in tissue and organ repair and regeneration as well. Till now almost 30 types of 

collagen have been described (Exposito et al., 2010). This protein is characterised by the 

repetition of Gly-Xaa (usually proline)-Yaa (usually hydroxyproline) tripeptide sequences 

which permits the formation of alpha helix domains. Single triple helices constitute the 

tropocollagen which is then subjected to several post-translational modifications that lead 

to the great variety of collagen types and forms present in animals. Indeed, collagen is 

usually classified according to the different supramolecular aggregations in fibrillar and 

nonfibrillar forms, these latter comprehending e.g. collagen type IV, typical of basement 

membranes. The most common fibrous types are: type I, present in skin, tendons and 

bones, type II, typical of cartilages, and type III, usually forming reticular fibres. Type I 

collagen is one of the better characterised fibrillar collagen from both ultrastructural and 

mechanical point of view (Kuhn, 1987; Shoulders and Raines, 2009). It is composed of 
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three alpha chains which fold creating the characteristic banding pattern with a periodicity 

(D-period) of generally around 67 nm (Fig. 12). This fibrillar collagen is typical of 

vertebrate tissues but numerous invertebrates, both terrestrial and marine, present 

collagen type I-like collagens, e.g. sponges (Heinemann et al., 2007), cnidarians (Addad 

et al., 2011), molluscs (Nagai et al., 2001, 2002) and echinoderms (Nagai and Suzuki, 

2000; Di Benedetto et al., 2014). 

Due to its peculiar features and its involvement in several biological processes, both 

vertebrate-derived and invertebrate-derived collagens are nowadays intensively 

investigated as potential biomaterials for human biotechnological applications since 

collagen can be exploited e.g. to create tools for clinical/biomedical purposes (Lee et al., 

2001). 

 

 

Fig. 12. Collagen type I structure from aminoacid sequence to fibril organisation (from 
iupui.edu). 
 

3.2. Marine-derived collagen and its potential 

Marine animals are nowadays intensively studied, among the other reasons, as source 

of biomolecules and biomaterials for human health applications (Jha and Zi-rong, 2004; 

Silva et al., 2014). Within marine animals, invertebrates are becoming the most interesting 

sources of bioactive compounds: sponges, corals, nudibranchs, bryozoans and sea slugs 

are just few of these examples (Donia and Hamann, 2003; Haefner, 2003). Among the 
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different molecules obtained from these animals, collagens have attracted the interest of 

researchers because they present several interesting features in comparison to those of 

mammal origin which are nowadays the most commonly used in 

biotechnological/biomedical applications (Parenteau-Bareil et al., 2010; Silva et al., 

2014). Industrially available collagen is mainly of bovine and porcine origin which carries 

a risk of transmission of serious diseases (e.g. Bovine Spongiform Encephalopathy or 

BSE), whereas marine-derived collagen usually presents low antigenicity (Yamamoto et 

al., 2014). Moreover, it is preferred to mammal collagen also due to allergy problems 

(Silvipriya et al., 2015), religious and social/life style constraints (Jenkins et al., 2010) and 

high costs of recombinant technologies (Silva et al., 2014), all problems that have to be 

faced when using mammal-derived collagen. This latter is usually employed in its 

hydrolysed form but for many applications collagen in its native fibrillar conformation could 

better mimic the in situ connective tissue environment, i.e. the extracellular matrix and its 

complex scaffold/network structure. Collagen has a wide range of possible 

biotechnological applications, such as biomaterials for regenerative medicine (Pawelec 

et al., 2016), cell culture, tissue engineering (TE), guided tissue regeneration (GTR; 

Ferreira et al., 2012; Tal et al., 2012), pharmaceutical, ophthalmological, biomedical, 

cosmetic and food industries (Lee et al., 2001). The wide application potential of this 

protein makes its study fundamental for human health purposes. 

 

3.3. Echinoderm-derived collagen and its potential 

As previously described, echinoderms possess peculiar connective tissues (MCTs) 

whose main component is collagen. Echinoderm collagen has been characterised from 

both ultrastructural and biochemical point of view. Fibril D-period, diameter, length and 

chain composition are some of the features investigated in different echinoderm classes. 

For starfish species (Matsumura, 1973; Kimura et al., 1993; Ferrario, 2013) collagen fibrils 

have a mean D-period between 50 and 60 nm and a fibril diameter between 20 and 600 

nm. These values are comparable with those of other echinoderms, whose D-period 

ranges from 44 nm (sea urchin) to 67 nm (sea cucumber; Sugni et al., 2013) and fibril 

diameter between 11 nm and 184 nm (sea urchin) and between 20 and 410 nm (sea 

urchin; Ribeiro et al., 2011). Overall, according to biochemical analyses, echinoderm 

collagen is comparable to invertebrate type I-like and vertebrate type I collagens (Di 

Benedetto et al., 2014; Barbaglio et al., 2015), thus suggesting that it might replace 

mammal-derived collagen in biotechnological/biomedical applications. 



 

195 
 

In this perspective, our laboratory recently started exploiting echinoderm connective 

tissues as valid alternative source of fibrillar collagen (Di Benedetto et al., 2014). Besides 

being potentially safer in comparison to mammal-derived collagen, echinoderm-derived 

collagen may be even more appealing for material design addressed to regenerative 

medicine and tissue engineering. Indeed, considering echinoderm regenerative process 

the developing structures (especially ossicles and muscles) normally differentiate in strict 

association with the dermal collagen, which actually acts as a fibrillar scaffold. Thus, 

considering this intrinsic properties/functions, echinoderm collagen fibrils maybe an 

optimal material to develop biomimetic, mechanically resistant and growth-promoting 

scaffold for cell culture studies and regenerative medicine. Other main advantages of 

echinoderm-derived collagens are: the possibility of easily and efficiently extracting 

fibrillar collagen in its native conformation (i.e. maintaining its ultrastructural integrity; 

Matsumura, 1974; Trotter et al., 1994; Barbaglio et al., 2012, 2013; Di Benedetto et al., 

2014) and the opportunity of exploiting eco-friendly sources e.g. food industry wastes as 

suggested by Di Benedetto and co-workers (2014). With fibrillar collagen it will be possible 

to produce both two- and three-dimensional membranes and scaffolds that can be used 

in the previously suggested medical fields. To assess the suitability of these innovative 

biomaterials both in vitro and in vivo tests need to be performed in order to evaluate their 

biocompatibility and effectiveness for human applications. 
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Abstract 

The use of marine collagens is a hot topic in the field of tissue engineering. Echinoderms 

possess unique connective tissues (Mutable Collagenous Tissues, MCTs) which can 

represent an innovative source of collagen to develop collagen barrier-membranes for 

Guided Tissue Regeneration (GTR). In the present work we used MCTs from different 

echinoderm models (sea urchin, starfish and sea cucumber) to produce echinoderm-

derived collagen membranes (EDCMs). Commercial membranes for GTR or 

soluble/reassembled (fibrillar) bovine collagen substrates were used as controls. The 

three EDCMs were similar among each other in terms of structure and mechanical 

performances and were much thinner and mechanically more resistant than the 

commercial membranes. Number of fibroblasts seeded on sea urchin membranes were 

comparable to the bovine collagen substrates. Cell morphology on all EDCMs was similar 

to that of structurally comparable (reassembled) bovine collagen substrates. Overall, 

echinoderms, and sea urchins particularly, are alternative collagen sources to produce 

efficient GTR membranes. Sea urchins display a further advantage in terms of eco-

sustainability by recycling tissues from food wastes. 

 

1. Introduction 

The marine ecosystem and its inhabitants have always been sources of food, 

biomaterials, active compounds or simply ideas for human applications (e.g. medicine, 

cosmetics, biotechnology, biofuels, etc.). Many examples of sustainable exploitation of 
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“blue resources” have been reported so far including: 1) professional swimsuits inspired 

by shark skin, 2) algae and marine sponge bioactive substances (Gupta and Abu-

Ghannam, 2011; Dembitsky et al., 2005; Rao et al., 2006; Guzmàn et al., 2011) for 

pharmacological use (anti-cancer or anti-neurodegeneration drugs), 3) structural 

molecules (i.e. chitin and collagen) from different marine animals as alternative 

biomaterials for biomedical applications (Gomez d’Ayala et al., 2008; Gomez-Guillen et 

al., 2011). Basic research on ocean life and applied research on possible industrial 

applications are the key activities in terms of “blue growth” in biotechnology and 

bioeconomy (European Commission, 2012): the sustainable exploitation of “blue 

resources” and the eco-friendly management of industrial wastes are nowadays two of 

the most challenging aspects in this field. 

To date, marine invertebrates (e.g. sponges, jellyfish and molluscs), are among the most 

promising groups of animals for this kind of studies because of their variety and 

abundance in all seas. However, a wide range of marine biodiversity is still unexplored 

from this point of view. Echinoderms are marine invertebrates widespread in all the 

oceans and employed as source of food for decades (e.g. sea cucumbers and sea 

urchins; Conand, 2004; Barrington et al., 2009). They are well known also for their 

peculiar connective tissues, called Mutable Collagenous Tissues or MCTs, which are able 

to rapidly change their passive mechanical properties (stiffness and viscosity), under the 

nervous system control (Wilkie, 2005). MCTs are a unique feature of echinoderms and, 

although their presence was not described in all known species, their ubiquity throughout 

the phylum is highly probable: indeed, MCTs have been described in all the five extant 

classes (Wilkie, 2005) and in fossil specimens as well (Baumiller and Ausich, 1996), thus 

indicating they are probably an ancestral character. This type of tissue has been recently 

proposed as possible source of inspiration for “smart dynamic biomaterials” for tissue 

engineering and regenerative medicine applications (Barbaglio et al., 2012, 2013). 

Particularly, the sea urchin peristomial membrane (a well-known MCT) has been 

proposed as a sustainable and eco-friendly source of native fibrillar collagen to produce 

thin membranes for regenerative medicine applications (Di Benedetto et al., 2014). 

Indeed, the peristomial membrane is a sea urchin food industry waste that can be 

transformed in a highly valuable by-product. 

Among the “blue biomaterials” marine collagen has the most promising perspectives as 

valid candidate for replacing the most commonly used mammal-derived collagen. This 

latter is routinely employed in a wide range of human applications (Karim and Bath, 2008; 
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Silva et al., 2014; Silvipriya et al., 2015), from large-scale uses, such as food (Djagny et 

al., 2010), pharmaceutical/nutraceutical industry (Sahithi et al., 2013) and cosmetics 

(Buck II et al., 2009), to more targeted fields, such as cell cultures (Lee et al., 2008) and 

biomedical/clinical applications (Tsai et al., 2005; Glowacki and Mizuno, 2008). However, 

due to allergy problems (Silvipriya et al., 2015), religious and social/life style constraints 

(Jenkins et al., 2010), disease transmission-connected reasons (e.g. bovine spongiform 

encephalopathy or BSE) and high costs of recombinant technologies, collagen sources 

alternative to mammals are constantly investigated (Silva et al., 2014). In this sense 

marine animals, and echinoderms in particular, are surely appealing (Shimomura et al., 

1962; Nagai and Suzuki, 2000; Nagai et al., 2000; Swatschek et al., 2002; Song et al., 

2006; Uriarte-Montoya et al., 2010; Barros et al., 2014; Di Benedetto et al., 2014). A 

further advantage of echinoderm MCTs is the relative easiness to obtain high amount of 

native collagen fibrils, which maintain their original structure (Matsumura, 1974; Trotter et 

al., 1994; Di Benedetto et al., 2014). Indeed, most mammalian collagen is usually 

employed in its hydrolysed (acid-solubilised) form, a characteristic that strongly reduces 

the mechanical performances of the produced membrane/scaffold and that can be a limit 

in those biomedical applications where highly resistant materials, with fibril three-

dimensional organisation, are required e.g. tendon/ligament regeneration (Kew et al., 

2011) or dermis reconstruction (Ruszczak, 2003). Echinoderm MCTs can be useful to 

easily and rapidly produce fibrillar collagen membranes with a high similarity in terms of 

both ultrastructural and mechanical characteristics to the physiological situation of 

connective tissue. A specific regenerative medicine field where fibrillar collagen 

membranes are commercially used is Guided Tissue Regeneration (GTR; Ferreira et al., 

2012; Tal et al., 2012). One of the aims of GTR is to reduce post-surgical tissue 

adhesions, a common and only partially solved complication (Parker et al., 2001), which 

prevents proper tissue regeneration. These latter are abnormal attachments or mixture of 

cells forming between tissues or organs after surgery or due to local inflammation. Only 

recently researchers have tried to produce effective and satisfactory tools to overcome 

them. Indeed, barrier/membranes composed by several different biomaterials (e.g. 

chitosan and hyaluronic acid) have been tested for GTR but none of them displayed all 

the necessary functional properties, the most important of which is avoiding cell 

penetration into the underlying anatomical compartment (Tang et al., 2007). Collagen-

based membranes seem promising from this point of view because their porosity/three-

dimensional structure can be modified as desired. However, their use is still limited by the 
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weak mechanical resistance. This, for example, reduces their efficacy in prevention of 

wound dehiscence or in tendon repair. 

The present work was addressed to evaluate if echinoderm-derived collagen membranes 

could represent a valuable “blue alternative” to the commercially available (mammal-

derived) membranes employed for GTR. This was done by considering different aspects, 

including ultrastructural properties, mechanical performances as well as the behaviour of 

human skin-derived fibroblasts (hSDFs) when seeded on these substrate types. 

Considering the high biodiversity of echinoderms, we also evaluated which animal/MCT 

source might be more suitable for this biotechnological application. To accomplish this, 

representatives of different echinoderm classes were used: the sea urchin Paracentrotus 

lividus, the starfish Echinaster sepositus and the sea cucumber Holothuria tubulosa. 

 

2. Materials and methods 

2.1. Experimental animals 

Adult specimens of the sea urchin P. lividus, the starfish E. sepositus and the sea 

cucumber H. tubulosa were collected by scuba divers in Paraggi (Marine Protected Area 

of Portofino, Ligurian Sea, Italy), transferred to the Department of Biosciences (University 

of Milan) and immediately dissected. Samples of sea urchin peristomial membranes (PM; 

Fig. 1A and B), starfish aboral arm walls (AW; Fig. 1C and D) and sea cucumber whole 

body walls (BW; Fig. 1E-G) were collected and stored at -20°C for the subsequent 

collagen extraction protocol (see paragraph 2.2). Animal collection and experimental 

manipulation were performed according to the Italian law. 
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Fig. 1. Echinoderm tissues for the collagen extraction protocol in vivo (stereomicroscopy) 
and in histological sections (light microscopy, Trichrome Milligan staining; collagen is 
stained in green). A) Sea urchin peristomial membrane (PM). B) PM connective tissue 
characterised by highly packed collagen fibrils and fibres (ct) with quite large ossicles 
(os). C) Starfish aboral arm wall (AW; arrows). D) AW connective tissue characterised by 
dense collagen fibre bundles (ct) in which large ossicles (os) are widespread. E) Sea 
cucumber body wall (BW). F) BW connective tissue with small spicules and absence of 
highly packed collagen fibres (ct). G) Detail of figure F on the loosely packed collagen 
fibrils. 
 

2.2. Echinoderm collagen extraction 

Sea urchin collagen was extracted from the peristomial membranes as previously 

described by Di Benedetto and co-workers (2014). Starfish aboral arm walls followed the 

same protocol with only slight modifications. Briefly, the frozen tissues of both animals 

were dissected in small pieces, rinsed in artificial sea water and left in a hypotonic buffer 

(10 mM Tris, 0.1% EDTA) for 12 hours at room temperature (RT) and then in a 

decellularising solution (10 mM Tris, 0.1% Sodium Dodecyl Sulphate) for 12 hours at RT. 

After several washings in phosphate-buffered saline (PBS), samples were placed in 

disaggregating solution (0.5 M NaCl, 0.1 M Tris-HCl pH 8.0, 0.1 M β-mercaptoethanol, 

0.05 M EDTA-Na). The obtained collagen suspension was filtered and dialysed against 

0.5 M EDTA-Na solution (pH 8.0) for 3 hours at RT and against dH2O overnight at RT. 

Starfish samples underwent an additional step in 1 mM citric acid (pH 3-4) between 

decellularising and disaggregating solutions in order to remove as much as possible the 

calcium carbonate ossicles present in the fresh tissue. All the steps were carried out 
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under stirring conditions. Sea cucumber collagen was extracted from the whole body wall 

following a different protocol. Briefly, the starting tissue was cut into small pieces, placed 

in PBS and gentamicin (40 μg/ml) and left in stirring conditions at RT for at least 5 days 

in order to obtain a collagen suspension that was subsequently filtered. Suspensions 

obtained from the three experimental models were then stored at -80°C until use. 

 

2.3. Ultrastructural characterisation of isolated echinoderm collagen fibrils 

2.3.1. D-period measurements 

A drop of fibril suspension was placed on a 300 mesh copper grid with FORMVAR 

membrane. The excess was removed after 5 min and the grid was stained with potassium 

phosphotungstate (pH 7.3) for 1 min. All the grids were then observed and photographed 

under a transmission electron microscope (TEM JEOL SX100, Tokyo, Japan) and the D-

period was measured from digital images by Adobe Photoshop CS3 Extended Software 

(Version 10.0.1). 

 

2.3.2. Glycosaminoglycan (GAG) visualisation 

A 10 μl drop of suspension of each type of collagen was added to FORMVAR-coated 

grids which, after excess removal, were processed according to the following steps: 

filtered dH2O (30 s x3), 500 mM NaCl (1 min), fixative solution (2.5% glutaraldehyde, 300 

mM MgCl2, 25 mM sodium acetate, pH 5.6; 1 min), 0.2% Cuprolinic Blue (1 min), fixative 

solution (30 s x2), 1% sodium tungstate (1 min) and filtered dH2O (30 s x3). The grids 

were then observed and photographed under a transmission electron microscope (TEM 

JEOL SX 100, Tokyo, Japan). 

 

2.4. Production of echinoderm-derived collagen membrane (EDCM) 

Membranes of the three echinoderm collagen types were prepared as previously 

described for sea urchin membrane by Di Benedetto and co-workers (2014) to produce 

substrates for both mechanical and in vitro tests (see paragraphs 2.5.2 and 2.6 

respectively). Briefly, 500 μl of the collagen suspensions were dried overnight in a silicon 

mould at 37°C. The resulting collagen sheets were weighted in order to calculate the 

original collagen concentrations. The remaining suspensions were centrifuged for 10 min 

at 50xg to remove eventual precipitated debris and then for 20 min at 2000xg (sea urchin), 

1500xg (starfish) or 4000xg (sea cucumber). The pellet was re-suspended in 0.01% Triton 

X-100 for cell culture substrates or in autoclaved filtered dH2O for membranes for 
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mechanical tests to reach a 2 mg/ml final collagen concentration. 300 μl of the former 

suspensions were placed in 24x multiwells dishes and 800 μl of the latter in rubber 

silicone moulds (10 mm-16 mm) and left dry overnight at 37°C. The obtained collagen 

membranes were then immersed in EDC/NHS (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide) cross-linker solution (30 mM 

EDC/15 mM NHS in 100 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer, pH 5.5; 

Song et al., 2006; Yang, 2012) for 4 hours at RT and then washed with PBS, dH2O and 

70% EtOH. 

 

2.5. Collagen membrane characterisation 

2.5.1. Ultrastructural analysis: scanning electron microscopy (SEM) 

Collagen membranes for both cell cultures and mechanical tests were fixed with 2% 

glutaraldehyde in 0.1 M cacodylate buffer (2 hours, 4°C) and post-fixed with 1% osmium 

tetroxide in 0.1 M sodium cacodylate buffer (2 hours, RT). After careful washings with 

dH2O, samples were dehydrated with an increasing concentration ethanol and then 

transferred to a series of solutions of Hexamethyldisilazane (HMDS)/absolute ethanol in 

different proportions (1:3, 1:1, 3:1 and 100% HMDS). Membranes were then mounted on 

stubs, covered with pure gold (Agar SEM Auto Sputter, Stansted, UK) and observed 

under a scanning electron microscope (LEO-1430, Zeiss, Oberkochen, Germany). 

Measurements of collagen membrane thickness, mesh size (superficial porosity), fibril 

diameter and length were performed with Adobe Photoshop CS3 Extended Software. 

SEM analyses were carried out also on both reassembled (fibrillar) bovine collagen 

(BCMs; see paragraph 2.6) and commercial membranes (CMs; bovine collagen) in order 

to compare their ultrastructural characteristics with the EDCM ones. 

 

2.5.2. Mechanical analysis: force-extension tests 

Echinoderm and commercial collagen membranes were cut into small strips (2 mm-10 

mm) whose ends were fixed to rigid plastic supports with cyanoacrylate cement 

(Superattak®, Heckel, Düsseldorf, Germany). Each strip was photographed under a 

LEICA MZ75 stereomicroscope provided with a Leica EC3 Camera and Leica Application 

Suite LAS EZ Software (Version 1.8.0) to allow digital width measurements. For details 

on the experimental apparatus and conditions see Di Benedetto and co-workers (2014). 

19, 21, 46 and 7 strips were tested for sea urchin, starfish, sea cucumber-derived and 

commercial membranes respectively. Samples were immersed in L-15 Leibovitz cell 
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culture medium throughout the mechanical test. They were subjected to elongations of 

0.1 mm every 10 s until complete rupture. The force peaks generated at each elongation 

step were used to produce a stress-strain curve from which the mechanical parameters 

(stiffness, tensile strength and tensile strain) were calculated as follows: 

Δ stress (MPa) = Δ F / CSA (Cross Section Area); 

Δ strain = Δ l / l (sample starting length); 

Stiffness (Young’s Modulus; MPa) = Δ stress / Δ strain; 

Tensile strength (MPa) = Maximum weight before rupture / CSA; 

Tensile strain (%) = Extension / l (sample starting length) x 100. 

 

2.6. In vitro tests 

Primary human dermal fibroblasts (hSDFs) derived from human epithelial biopsy were 

obtained as described in Coccè and co-workers (2016). Briefly, cells were cultured in 

minimum essential medium Eagle (EMEM) with Earles salts and NaHCO3 (Sigma-Aldrich) 

supplemented with 10% fetal calf serum (Euroclone), 2 mM glutamine (cod. ECB3004D, 

Euroclone), antibiotic antimycotic solution 100 U/ml penicillin, 100 μg/ml streptomycin and 

0.25 μg/ml amphotericin B (Sigma-Aldrich). Cells were seeded in 24x multiwells on 

EDCMs as well as on reassembled (fibrillar) bovine collagen membranes (BCMs), on 

bovine skin-derived soluble collagen (Sigma-Aldrich) and on plastic as controls, the last 

two being the commonly used controls for in vitro tests. 300 μl of bovine-skin derived 

soluble collagen (Sigma-Aldrich) was added to each well, left for 15 min and subsequently 

removed and left air-dry for at least 2 hours before use. This same soluble collagen was 

used to produce BCMs: 8 volumes of collagen mixed with 1 volume of 10x PBS and 1 

volume of 0.1 M NaOH were added in each well and left to dry overnight at 37°C before 

use. In vitro tests lasted 4 days. 

 

2.6.1. Cell counting 

Cells seeded on the different substrates were fixed in 4% paraformaldehyde in PBS, 

stained with 0.1% methylene blue and carefully washed with filtered dH2O. Photographs 

of five representative areas for each well were taken under a LEICA MZ75 

stereomicroscope provided with a Leica EC3 Camera and Leica Application Suite LAS 

EZ Software (Version 1.8.0). Cell counting was independently performed from digital 

images by two different operators. Once absence of statistically significant differences 

between operators was verified (t-test), mean values were considered. The mean cell 
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number of each well was normalised against the mean cell number of the control (plastic) 

wells and expressed as a percentage. Each treatment (=substrate) was repeated in 

duplicates or triplicates. Experiments were repeated five times (rounds). 

 

2.6.2. Cell morphology and cell-substrate adhesion/interaction analysis 

SEM and immunofluorescence (IF) techniques were performed to analyse cell 

morphology as well as cell-substrate adhesion and interactions. For SEM analyses cell 

seeded substrates were fixed after 4 days in 2% glutaraldehyde in 0.1 M sodium 

cacodylate buffer for 2 hours (4°C) and then processed as previously described (see 

paragraph 2.5.1). Samples were observed under a scanning electron microscope (LEO-

1430, Zeiss, Oberkochen, Germany). IF specific stainings were performed to reveal 

cytoskeletal F-actin organisation and both stress fibre and focal adhesion presence. After 

4 days in culture, cells were fixed in 4% paraformaldehyde and permeabilised with 0.1% 

Triton X-100 in PBS for 30 min at RT. Cells were subsequently blocked with 10% normal 

goat serum in PBS for 1 hour and incubated with mouse monoclonal Anti-Vinculin 

antibody (1:500, Sigma-Aldrich) overnight at 4°C. Then, cells were incubated with FITC 

(fluorescein isothiocyanate) conjugated goat anti-mouse secondary antibody (1:250, 

Millipore) and Actin-stain 555 phalloidin (100 nM, Cytoskeleton) for 1 hour. Nuclei were 

counterstained with Fluoroshield with DAPI (4,6-diamine-2-phenylindole dihydrochloride, 

Sigma-Aldrich). Samples were then examined under a Leica TCS SP2 Laser Scanning 

Confocal microscope (Leica Microsystems). 

 

2.7. Statistical analyses 

For mechanical tests non-parametric Kruskal-Wallis test, Tukey’s test and Dunn’s 

Multiple Comparison test were used to analyse stiffness, tensile strength and tensile 

strain of both EDCMs and commercial membranes (GraphPad Software). For in vitro tests 

Generalised Linear Model (GLM) was used to analyse the effect of both substrate type 

and round on cell number with Bonferroni post-hoc test (SPSS 15.0 Version Software). 

In both cases, differences were considered significant at the P<0.05 level (see Results). 

 

3. Results 

3.1. Echinoderm-derived collagen extraction 

The extraction protocols optimised for the different echinoderm tissues (i.e. sea urchin 

peristomial membrane, starfish aboral arm wall and sea cucumber body wall) allowed us 
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to obtain highly concentrated collagen fibril suspensions. No fibril aggregates, cell debris 

and calcium carbonate residues were detected from both light and electron microscopy 

observations, thus they were considered suitable for the production of two-dimensional 

membranes (Fig. 2). Sea urchin-derived collagen was extracted from both animals 

collected in the wild and from commercial activities (e.g. waste from restaurants) but since 

ultrastructural, mechanical and in vitro analyses showed almost identical results (data not 

shown) they were pooled together. 

 

 

Fig. 2. SEM. Collagen network of the different membranes. It is possible to observe the 
comparable homogeneous and random distribution of collagen fibrils, the low superficial 
porosity and the absence of debris of the three EDCMs, the comparable fibril network of 
the reassembled (fibrillar) bovine collagen membrane (BCM) and the more oriented 
collagen fibril bundles of the commercial membrane. A) BCM. B) Commercial membrane. 
C) Commercial membrane detail on the collagen fibril bundles showing the high 
superficial porosity of the collagen network. D) Sea urchin-derived collagen membrane. 
E) Starfish-derived collagen membrane. F) Sea cucumber-derived collagen membrane. 
 

3.2. Ultrastructural characterisation of collagen fibrils and membranes 

Table 1 summarises the mean fibril D-period for each type of collagen membrane. As 

shown in Fig. 3, in all three echinoderm collagen types GAGs were present regularly 

distributed along the whole fibril, strictly according to the D-patterning. As for TEM 

analyses, also SEM observations confirmed the “cleanliness” of the echinoderm-derived 

collagen suspensions since no debris and undissociated fibres were detected (Fig. 2). 

Data on fibril ultrastructural features and on membrane average mesh size and thickness 

are reported in Table 1. SEM analyses showed that in both EDCMs and BCMs, collagen 
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fibrils were randomly distributed on the well plastic surface, without a clearly organised 

pattern and creating a highly dense collagen network (Fig. 2). Differently, commercial 

membranes showed thick fibril/fibre bundles interspersed in a loose thin fibril network and 

displayed a more oriented distribution (Fig. 2B and C). Fig. 4 shows at a macroscopical 

level (stereomicroscopy) an example of commercial bovine collagen membrane and an 

example of EDCM (sea urchin-derived collagen membrane). 

 

Table 1. Ultrastructural features of collagen fibrils and membranes. Data shown as mean 
± SD and/or ranges. a Tricarico et al. (2012); b Di Benedetto et al. (2014). 
 

 
Commercial 

membrane (CM) 
Sea urchin 
P. lividus 

Starfish 
E. sepositus 

Sea cucumber 
H. tubulosa 

Mean fibril D-
period (nm) ± SD 

- 62.7 ± 2.8 63 ± 4.7 66 ± 1.6 

Fibril D-period  
range (nm) 

- 60 - 66 a 60 - 70 61.4 - 68.9 

Diameter range 
(nm) 

70 - 3640 
(fibrils and fibres) 

25 - 300 b 
(fibrils) 

37 - 362 (fibrils) 
36 - 520 
(fibrils) 

Mean length (µm)  
± SD 

- 208 ± 93.3 337.7 ± 106.8 233 ± 115.8 

Average mesh  
size (µm) 

>> 2 < 2 b < 2 < 2 

Membrane 
thickness range 

(µm) 
316 - 390 9 - 14 9 - 15 10 - 11 

 

 

Fig. 3. TEM. GAG distribution (arrows) on echinoderm collagen fibril surface according 
to the D-patterning (square brackets). A) Starfish-derived collagen fibril. B) Sea 
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cucumber-derived collagen fibril. For GAG decoration on sea urchin-derived collagen fibril 
see Figure 2 in Di Benedetto et al. (2014). 
 

 

Fig. 4. Stereomicroscopy. Examples of the collagen membranes. A) Commercial 
membrane currently available for clinical purposes. B) Sea urchin-derived collagen 
membrane after the cross-linking protocol. 
 

3.3. Mechanical characterisation of echinoderm-derived and commercial collagen 

membranes 

Stiffness (or Young’s Modulus), tensile strength and tensile strain were evaluated in order 

to have a complete overview and comparison among the EDCM and commercial 

membrane mechanical features in physiological conditions (i.e. immersed in a fluid 

biochemically and osmotically similar to that present in human tissues). Both EDCM 

stiffness (Fig. 5) and tensile strength (Fig. 6) were significantly higher (~ 20 folds) than 

those of commercial membrane, which, on the contrary, showed higher tensile strain 

comparing to EDCMs. Sea urchin membrane stiffness (see also Di Benedetto et al., 2014) 

was similar to that of both starfish and sea cucumber membranes (P>0.05; Dunn’s 

Multiple Comparison Test), whereas sea cucumber membrane stiffness was significantly 

higher than that of starfish membrane (P<0.001; Dunn’s Multiple Comparison Test). Both 

sea urchin and sea cucumber membrane stiffness was significantly higher than that of 
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commercial membrane (P<0.01 and P<0.001 respectively; Dunn’s Multiple Comparison 

Test), whereas starfish membrane stiffness was statistically similar to commercial 

membrane values (P>0.05; Dunn’s Multiple Comparison Test). Echinoderm membrane 

tensile strength was statistically similar among each type of collagen (P>0.05; Dunn’s 

Multiple Comparison Test) and significantly higher than that of commercial membrane 

(P<0.01 sea urchin, P<0.001 starfish and sea cucumber; Dunn’s Multiple Comparison 

Test). Commercial membrane mean tensile strain ± SD (62.12% ±14.43) was higher than 

that of EDCMs (sea urchin: 32.81% ±5.77 (see also Di Benedetto et al., 2014); starfish: 

49.48%±20.89; sea cucumber: 27.96%±9.89). 

 

 

Fig. 5. Box plot of stiffness (or Young’s Modulus) of commercial membranes and EDCMs. 
CM, commercial membrane (n = 7); sea urchin-derived collagen membrane (n = 19); 
starfish-derived collagen membrane (n = 21); sea cucumber-derived collagen membrane 
(n = 47). ** P<0.01, *** P<0.001 vs commercial membrane (Dunn’s Multiple Comparison 
Test). 
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Fig. 6. Box plot of tensile strength of commercial membranes and EDCMs. CM, 
commercial membrane (n = 7); sea urchin-derived collagen membrane (n = 19); starfish-
derived collagen membrane (n = 21); sea cucumber-derived collagen membrane (n = 47). 
** P<0.01, *** P<0.001 vs commercial membrane (Dunn’s Multiple Comparison Test). 
 

3.4. Cell counting 

The Generalised Linear Model (GLM) was used to evaluate the effect of substrate type, 

experimental round and their interaction on the number of seeded cells. Cell growth was 

significantly affected by both factors (P<0.001) but not by their interaction (P=0.079). This 

means that, during the same experimental round, changing the substrate, cells grew 

differently, and that, with the same substrate, cell grew differently in different experimental 

rounds depending on the specific condition of each experimental round. However, the 

statistical evaluation of the interaction between substrate type and experimental round 

indicates the substrate performance (from the most favourable to the least one in relation 

to the cell growth) did not significantly change in the different experimental rounds. Data 

on cell counting are reported in Fig. 7 and Table A (Appendices). Cell number on sea 

urchin-derived collagen was significantly higher than that on the other echinoderm-

derived substrates (starfish P<0.001 and sea cucumber P<0.022) but was comparable to 

the control (plastic, 100%) and was also statistically similar to soluble bovine-skin 

collagen substrate (P>0.05); however, hSDFs were less numerous than on BCMs, even 

if only in one round. Cell percentage on starfish and sea cucumber-derived membranes 

was comparable (P>0.05) but significantly lower than all the other substrate types 

(P<0.05). 

Moreover, hSDFs were seeded once also on aligned type I collagen fibrils 

(AlignCol®Matrix, Sigma-Aldrich) and the percentage of cells (normalised against the 

plastic) resulted comparable (81.63%±8.13) to that of cells seeded on EDCMs. 
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Fig. 7. Cell counting after 4 days of culture of human skin-derived fibroblasts seeded on 
bovine skin-derived soluble collagen, reassembled (fibrillar) bovine collagen membranes 
(BCMs) and EDCMs normalised against the plastic control (100%). Data shown as mean 
values of 2-4 replicates (see Table A in Appendices for mean values ± SD for each round). 
Black square: first round; grey diamond: second round; grey circle: third round; black 
triangle: fourth round; asterisk: fifth round. 
 

3.5. Cell morphology and cell-substrate adhesion/interactions 

Overall, hSDFs seeded on fibrillar substrates, namely EDCMs and reassembled bovine 

collagen membranes (BCMs; Fig. 8C) presented a more elongated shape in comparison 

to those on “flat” substrates, as plastic and soluble bovine collagen, where they showed 

a highly flattened “sun-like” morphology (Fig. 8). Considering cell-substrate interactions 

(Fig. 9), fibroblasts seeded on both EDCMs and BCMs similarly displayed a low number 

of short filopodial processes, which strongly localised only at the main cell attachment 

points (usually two), whereas cells on “flat” substrates (plastic and soluble bovine 

collagen) showed a higher number of numerous, long and thin filopodial processes, 

widespread on the whole cell surface. Immunofluorescence microscopy (IF) confirmed 

the different cell morphology already observed by SEM analyses and enabled 

visualisation of cytoskeletal organisation (phalloidin), particularly stress fibres, contractile 

actin bundles fundamental for cell adhesion. Fibroblasts seeded on fibrillar substrates 

(namely EDCMs and BCMs) showed less stress fibres and less numerous focal adhesion 

plaques (vinculin) comparing to those on “flat” substrates. Fig. 10 shows two 

representative examples (plastic and sea cucumber-derived membrane) of the 

aforementioned differences. 
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Fig. 8. SEM. Morphology and shape of hSDFs seeded on different collagen membranes 
and on plastic. hSDFs seeded on fibrillar collagen membranes present a more elongated 
shape than those seeded on “flat” substrates. A) Plastic (control). B) Bovine skin-derived 
soluble collagen. C) Reassembled (fibrillar) bovine collagen membrane (BCM). D) Sea 
urchin-derived collagen membrane. E) Starfish-derived collagen membrane. F) Sea 
cucumber-derived collagen membrane. 
 

 

Fig. 9. SEM. Details on the filopodial processes of hSDFs seeded on different collagen 
membranes and on plastic. hSDFs seeded on fibrillar collagens present less numerous 
and shorter filopodial processes than those seeded on “flat” substrates. A) Plastic 
(control). B) Bovine skin-derived soluble collagen. C) Reassembled (fibrillar) bovine 
collagen membrane (BCM). D) Sea urchin-derived collagen membrane. E) Starfish-
derived collagen membrane. F) Sea cucumber-derived collagen membrane. 
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Fig. 10. IF. Representative images of the morphology, cytoskeletal (F-actin) organisation 
and focal adhesion plaque pattern of hSDFs seeded on “flat” substrate (A) and fibrillar 
substrate (B). Cell nuclei are labelled in blue (DAPI), stress fibres in red (phalloidin) and 
focal adhesion plaques in green (vinculin). hSDFs seeded on fibrillar substrate present 
less numerous stress fibres and less visible focal adhesion plaques in comparison to 
those seeded on “flat” substrate. 
 

4. Discussion 

Marine collagen is one of the most promising biomaterials for a wide range of different 

applications (Silva et al., 2014; Silvipriya et al., 2015). New biotechnology with a low 

environmental impact are nowadays widely encouraged since the large public attention 

and sensibility to both human health and eco-sustainable nature exploitation have highly 
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increased in the last few decades. Many marine animals are currently investigated and 

used to extract collagen (Nagai and Suzuki, 2000; Nagai et al., 2000; Uriarte-Montoya et 

al., 2010; Addad et al., 2011; Pang et al., 2013). Echinoderms especially can be valid 

“blue” and alternative sources of collagen to the currently used mammalian ones. Indeed, 

as previously described by Di Benedetto and co-workers (2014), fibrillar collagen can be 

easily extracted from echinoderm MCTs and the high plasticity of their collagen fibril 

cohesive forces/cross-linking (Wilkie, 2005) is probably one of the reasons for the relative 

ease with which collagen fibrils can be isolated. 

In the present work we optimised different extraction protocols to efficiently obtain clean, 

relatively pure and highly concentrated native collagen fibril suspensions from three 

echinoderm MCTs/ species, which differ in the overall collagen fibril and fibre organisation 

and in the skeletal element presence (Fig. 1). Starfish aboral arm wall and partly sea 

urchin peristomial membrane show highly packed fibrils/fibres and conspicuous 

calcareous ossicles, whereas sea cucumber body wall displays loosely packed and 

homogeneously widespread fibrils as well as small calcareous spicules. This can partially 

explain why fibril extraction is easily obtained by mild non-denaturing methods (such as 

PBS) for sea cucumber, whereas stronger treatments (disulphide bonds disruption) are 

necessary for both sea urchin and starfish. Despite these differences, the fibrillar 

conformation and integrity were maintained throughout the extraction protocols, an 

important feature for the subsequent employment in scaffolding. Indeed, it is well 

documented that the reassembling of mammalian solubilised collagen (by simple 

pH/temperature variation or electrospinning) produces fibrillar structures which are only 

partially similar to the native conformation in terms of both mechanical and structural 

properties (Zeugolis et al., 2008; Chung et al., 2010). Also collagens from other marine 

sources, e.g. fish, jellyfish and sponges, are currently extracted in their acid-soluble form, 

thus losing their native conformation (Nagai and Suzuki, 2000; Addad et al., 2011; Barros 

et al., 2014). 

Fibril mean diameter and D-period were similar among the three types of echinoderm 

sources and comparable also to those reported for other MCTs (Barbaglio et al., 2015), 

other marine animals (Heinemann et al., 2007) and mammalian type I collagen (Gelse et 

al., 2003; Wilkie, 2005; Fang and Holl, 2013). Glycosaminoglycan (GAG) presence along 

the fibril surface is fundamental to maintain fibril integrity (Tricarico et al., 2012). 

Moreover, GAGs are important for cell migration, adhesion, proliferation and 

differentiation (Pieper et al., 2000) both in vitro (e.g. cell culture) and in vivo (e.g. 
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morphogenesis and wound healing) and are often added to mammalian collagen 

scaffolds to improve their performances in tissue engineering applications (Haugh et al., 

2011). Therefore, obtaining a native fibrillar collagen already provided with GAG 

decoration is one of the advantages of EDCMs. 

The average superficial porosity of EDCMs was much smaller than the size of human 

cells. Therefore, they are likely to be efficient as cell barrier for biomedical applications 

where a proper division between two anatomical compartments is requested, such as 

Guided Tissue Regeneration (GTR). In GTR these barriers help the healing process 

avoiding mixture of adjacent regenerating tissues and are useful to prevent post-surgical 

tissue adhesions (Tsai et al., 2005). These latter are widespread and serious medical 

problems, not only for the patient health (Diamond and Freeman, 2001) but also from an 

economic point of view (Wilson et al., 2002). Commercial bovine collagen membranes 

are currently used for this kind of purposes (Fig. 4). However, their porosity is much higher 

and their network is less homogeneous than those of EDCMs (Table 1; Fig. 2), thus 

suggesting these latter are likely to display a more efficient barrier-effect. EDCM limited 

thickness, combined with high mechanical resistance, can be further advantages since 

this biomaterial simultaneously provides handleability during surgery, reduced steric 

hindrance in the wound and post-surgery resistance to avoid dehiscence occurrence: the 

higher the tensile strength and the resistance to uni-axial tension (Young’s Modulus) the 

better the biomaterial can support stresses before rupture. The mechanical resistance of 

commercial membranes (Fig. 5 and 6), which display a much higher thickness, or 

reported for bovine-derived collagen membranes cross-linked with EDC/NHS (~30 MPa; 

Grover et al., 2012) is much lower compared to EDCMs, thus suggesting the potential 

utility of echinoderm collagens, especially in mechanically demanding tissue engineering 

applications. Lower values of EDCM tensile strain (relative elongation) than those 

recorded for commercial membranes further support the previous statement. Moreover, 

the possibility to produce much thinner membranes is an obvious advantage also from a 

practical point of view since a lower amount of fresh material is necessary. Having 

highlighted the advantages of EDCMs, is there a favoured echinoderm/MCT collagen 

source for the proposed application? Despite the comparable ultrastructural 

characteristics and mechanical performances (with sea cucumber membranes displaying 

slightly higher values), the three different EDCMs showed partially different results in the 

in vitro tests with human skin-derived fibroblasts. We previously demonstrated that sea 

urchin-derived membranes are not toxic for mammalian cells: horse mesenchymal stem 
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cells seeded on these substrates were viable and even able to actively proliferate in long-

term period (21 days), although they showed an initial transitory “drop” (day 4) and a slight 

delay compared to controls (Di Benedetto et al., 2014). 

In this work we used human adult fibroblasts because this cytotype is the most suitable 

in view of GTR applications and because it was largely used to test also different marine-

derived collagen substrates, such as from jellyfish (Song et al., 2006; Addad et al., 2011). 

Cells seeded on EDCMs and BCMs (both regarded as fibrillar substrates) were similar in 

terms of morphology, cytoskeletal organisation and substrate adhesion pattern, thus 

suggesting the absence of any anomalous cell behaviour due to the echinoderm-derived 

collagen. Interestingly, they presented a more elongated shape, less and shorter 

filopodial processes in comparison with those seeded on “flat” substrates (bovine skin-

derived soluble collagen and plastic), possibly indicating a reduced substrate adhesion, 

a feature that can be advantageous in “cell barrier” for GTR applications. Nevertheless, 

cell numbers recorded after 4 days were different on the three EDCMs: sea urchin 

membranes displayed similar values to bovine collagen substrates and to plastic control, 

whereas both starfish and sea cucumber membranes showed a lower number. Whether 

this is only a transient and temporary cell behaviour, as we previously observed for sea 

urchin membranes (Di Benedetto et al., 2014) or it is a toxic effect must be investigated 

by further long-term analyses. In general, our findings underline also that the standard 

controls usually employed for this kind of in vitro tests (soluble collagen and plastic) are 

not truly reliable to test biocompatibility of fibrillar substrates, as they display a different 

structure/geometry (“flat” vs fibrillar), a parameter strongly influencing cell behaviour and 

response (Murphy et al., 2012). From a socio-economical perspective, sea urchins, and 

partially starfish, might display a major advantage if compared to sea cucumbers. In the 

former, collagen can be reliably obtained as food industry by-product without affecting 

natural populations. In starfish, high amount of eco-friendly collagen could be obtained 

from those ecologically “dangerous” species regularly subjected to massive control 

campaigns (e.g. the coral feeder crown-of-thorn Acanthaster planci; Fraser et al., 2000; 

Mendonça et al., 2010; Baird et al., 2013). Sea cucumbers, from both fishery and 

aquaculture (Toral-Granda et al., 2008; Purcell et al., 2013; Yokoyama, 2013), have the 

undoubted advantage of the amount of collagen obtainable from a single animal but are 

over exploited as source of food, especially in the Asian cuisine and, therefore, they could 

not be conveniently used as by-product. Thus, in terms of ecosustainability sea urchins 

and starfish should be preferred to sea cucumbers. However, considering a possible 
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industrial scale-up, at present sea urchin employment seems more promising and 

feasible. The increased market demand and the simultaneous decline of sea urchin wild 

populations all over the world are making aquaculture a fundamental alternative to sea 

urchin fishery (Carboni et al., 2012; Parisi et al., 2012). The possibility to valorise sea 

urchin by-product is likely to further promote the development of this mariculture sector. 

Moreover, sea urchin farming in (environmentally sustainable) integrated multi-trophic 

aquacultures (IMTA) will also ensure social acceptance and additional economic 

advantages (Schuenhoff et al., 2003; Barrington et al., 2009). 

 

5. Conclusions 

Echinoderm MCTs can be considered eco-sustainable sources of fibrillar collagen for 

biomedical applications. The possibility to rapidly produce valuable collagen membranes 

suitable for specific clinical purposes makes these marine invertebrates highly interesting 

in terms of both research and applied studies. We propose this “blue” biomaterial derived 

from marine invertebrates, especially from sea urchins, as a promising alternative to the 

nowadays mammalian-derived collagen biomaterials. Further in vitro and in vivo studies 

are necessary to more deeply evaluate EDCM exploitability, including permeability, 

biodegradability and immunogenicity, all of these being key features to validate new 

biomaterials for human clinical applications (Chung et al., 1990). 

 

6. Appendices 

Table A. Mean cell number (from two to four wells/replicates) ± SD on the different 
substrates normalised against the corresponding plastic control well mean values for 
each of the five rounds and estimated marginal mean ± SE of cells on each type of 
substrate for the corresponding rounds (normalised as just described). Not all the different 
substrates were present in each round due to starting material availability. 
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Bovine skin-
derived 
soluble 

collagen 
substrate 

Reassembled 
(fibrillar) bovine 

collagen 
membrane 

(BCM) 

Sea urchin-
derived 
collagen 

membrane 

Starfish-
derived 
collagen 

membrane 

Sea 
cucumber-

derived 
collagen 

membrane 

Round 1 136.19 ± 18.58 - 156.17 ± 16.50 - 29.73 ± 2.16 

Round 2 139.73 ± 18.62 - 90.60 ± 7.67 45.66 ± 9.75 - 

Round 3 109.97 ± 10.71 - 51.41 ± 6.33 16.61 ± 4.70 58.17 ± 15.93 

Round 4 165.21 ± 85.48 240.17 ± 148.25 161.97 ± 13.31 - - 

Round 5 62.51 ± 9.18 96.07 ± 18.13 55.29 ± 3.94 34.60 ± 5.82 - 

Estimated 
Marginal 
Mean ± 

SE 

122.73 ± 10.33 168.12 ± 14.91 103.09 ± 8.44 32.29 ± 13.55 43.95 ± 17.83 

 

7. Supplementary Materials  

7.1. Extended Materials and Methods 

7.1.1. Animal collection and maintenance 

Adult specimens of E. sepositus (diameter ~ 10-20 cm), P. lividus (variable size) and H. 

tubulosa (variable size) were collected by scuba divers at depth of 5-8 meters in the 

Marine Protected Area of Portofino (Paraggi, GE, Italy). They were immediately 

transported to our laboratory at the University of Milan. Sea urchins were immediately 

dissected and the oral halves were stored at -20°C until use for collagen extraction, 

whereas starfish and sea cucumbers were put in aerated 50 L glass tanks with a closed 

system of artificial sea water (ASW; 37‰ salinity) prepared mixing a commercial 

aquarium salt (Instant Ocean®) with partially deionised water at 17°C. In order to 

guarantee optimal stabling conditions, specimens were exposed to 8 hours/day of light, 

salinity and temperature were checked daily, whereas nitrites and nitrates concentrations, 

pH, and other ASW parameters were measured weekly. Animals were left to acclimatise 

few weeks before dissecting them for collagen. Starfish and sea cucumbers used for 

collagen extraction were dissected and the aboral body walls and the whole body walls 

respectively were stored at -20°C until use. Starfish and sea cucumbers were fed once a 

week with pieces of cuttlefish and pellets respectively. 
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4) GENERAL CONCLUSIONS AND PERSPECTIVES 

 

Echinoderms have always caught the interest of scientists in particular for their striking 

regenerative abilities and their peculiar dynamic connective tissues, two of their most 

amazing physiological adaptations. Although studies have been performed on both topics 

still a lot needs to be clarified. Can studies on echinoderm regeneration shed light on the 

regenerative process events and reveal the “secrets” of an effective regeneration? Can 

biomaterials derived from echinoderm connective tissues be useful for regenerative 

medicine applications? In this research we aimed to contribute answering these questions 

and showed that echinoderms can be valid models to study biological processes, such 

as regeneration, as well as explore the potential of marine resources/materials for 

different human applications. 

 

4.1. Echinoderm regeneration 

The starfish Echinaster sepositus and the brittle star Amphiura filiformis were used to 

investigate and describe arm regeneration after traumatic amputation from both 

tissue/cellular and molecular perspectives. After having defined the main histological 

events occurring during arm regeneration, we focused our attention on two fundamental 

aspects: the role of the connective tissue (particularly collagen) and the involvement of 

immune system during the first repair phase. 

Our findings showed that starfish regenerative process can be subdivided in three main 

phases similarly to that of brittle star (Biressi et al., 2010): a) the repair phase, 

characterised by quick emergency reaction and wound healing (re-epithelialisation); b) 

the early regenerative phase, characterised by the first signs of differentiation; and c) the 

advanced regenerative phase, during which the proper morphogenesis occurs. 

Regeneration in starfish follows the distalisation-intercalation model (Agata et al., 2003, 

2007) described also for brittle star arm regeneration (Czarkwiani et al., 2016) but, 

comparing to this latter, it is accomplished in a longer period (Dupont and Thorndyke, 

2006). In both cases the regenerative process leads to the formation of completely 

differentiated and functional new arms, event that is not clearly occurring in adult 

mammals after amputation of whole body parts. 

As far as the connective tissue is concerned, we showed that during regeneration fibrillar 

collagen deposition and organisation occur earlier in brittle star in comparison to starfish 

and in both echinoderm models the fibrillar extracellular matrix (ECM) deposition is 
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delayed in comparison to mammals and no over-deposition of collagen (fibrosis) is 

detectable, these aspects being fundamental to allow the subsequent effective tissue re-

growth. We identified a total of 10 new ECM-related genes and we performed for the first 

time in situ hybridisation on E. sepositus regenerating samples. Molecular results 

suggested that different tissues are involved in ECM deposition/remodelling in diverse 

regenerative phases and the regenerating epidermis plays a key role in collagen 

biosynthesis in both experimental models. 

The post-traumatic immune response was initially investigated by evaluating the 

presence and distribution of a TNF-α-like molecule, which is one of the key player of the 

repair phase in mammals. We showed that this molecule is present in brittle star and its 

distribution is comparable to that of mammal wound healing. Moreover, we identified 2 

new genes (fibrinogen-like in starfish and ficolin in brittle star) that seem involved in 

echinoderm immediate reaction to injury. 

Overall, our findings showed that quick emergency reaction and re-epithelialisation, 

delayed ECM fibrillar organisation and absence of fibrosis are some of the “secrets” of 

effective repair of severe damages and subsequent regeneration in comparison to 

animals that are less or not at all capable of regenerating whole body parts after injury. 

Moreover, we showed that echinoderms can be used as valid models to investigate and 

compare immune system involvement during the repair phase. 

Taking into account that the gene regulation of arm regeneration in starfish is still an 

almost unexplored field, the next steps will be to obtain high-throughput molecular 

screening (transcriptomes) of regenerating tissues at different stages. This will provide 

new tools to investigate in detail echinoderm regeneration and will give further insights 

into the evolution of the molecular mechanisms underlining this fascinating phenomenon 

both within the echinoderm phylum and along the deuterostomian lineage. 

 

4.2. Echinoderm biotechnological potential 

The dynamic connective tissues of echinoderms are well known for their importance in 

many life aspects. Together with their biological importance, they can also be regarded 

as potential source of material, mainly fibrillar collagen, for regenerative medicine 

applications, such as Guided Tissue Regeneration (GTR). Indeed, marine-derived 

materials are nowadays highly demanded as alternative products to mammalian-derived 

materials, even more considering they can be obtained from eco-friendly sources, e.g. 

food industry wastes. 
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Using as representatives of the echinoderm classes the starfish Echinaster sepositus, the 

sea urchin Paracentrotus lividus and the sea cucumber Holothuria tubulosa, we showed 

that, after extraction protocol optimisation, we obtained homogeneous fibrillar collagen 

suspensions that were used to produce thinner, more compact and more resistant two-

dimensional membranes (EDCMs) than mammal-derived commercial ones, all 

advantages for GTR applications. In vitro tests with human skin-derived fibroblasts 

suggested among the different echinoderm sources sea urchin-derived collagen 

membranes as the most promising ones. 

The characterisation of EDCM biocompatibility and biodegradability in vivo will be 

necessary to evaluate their future use for human medical applications. Moreover, three-

dimensional echinoderm-derived collagen scaffolds can be produced allowing us to 

expand the regenerative medicine applications for which marine collagen could be used 

as alternative to mammal-derived collagen, e.g. for skin substitutes or dermis 

regeneration. This could be done also taking into account information from in vivo studies 

on regenerating echinoderms. Indeed, for instance, re-epithelialisation described after 

injury in echinoderms could inspire the development of biomaterials of marine origin 

useful for quick and effective (e.g. against pathogens) skin reconstruction in humans. 

Finally, the improvement of starting material supply could be achieved establishing active 

collaborations with fishermen, food industries, farmers and institutions in order to start a 

promising pipeline “from the seas to the operating room” for the future production of a 

new eco-friendly marine-derived biomaterial. 

 

4.3. A summary of the main outcomes of this research 

Overall, we showed that echinoderms are valid models for both basic and applied 

research studies. Indeed, they can be used to shed light on effective regeneration and 

uncover its “secrets” from both cellular/tissue and molecular perspectives. Comparisons 

of processes and mechanisms between animals that can so efficiently regenerate and 

those with limited regenerative abilities will help understanding key similarities and 

differences that in the future hopefully may be useful for regenerative medicine and to 

solve human medical problems, e.g. severe wounds or amputations. Moreover, we 

showed that echinoderm connective tissues are valuable and promising eco-friendly 

sources of fibrillar collagen that can be employed to produce marine-derived biomaterials 

(i.e. collagen membranes) for human biotechnological applications such as regenerative 

medicine, GTR or tissue engineering. 
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