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Abstract

The biomimetic approach represents a new strategy pursued in the field of
human regenerative medicine, since existing biomaterials lack the inherent
adaptability of natural tissues; in particular, they do not truly mimic the dynamic

microenvironment of tissues and organs.

Echinoderms are a good example of this ability, since they possess dynamic
connective tissues called Mutable Collagenous Tissues (MCTs), able to undergo
changes in their mechanical properties (stiffness, tensile strength and viscosity) in a
short physiological time scale. This phenomenon is called mutability, and is initiated
and modulated by the nervous system, especially by secretions of a specific cell type,
the juxtaligamental cells (JLCs). Several studies reveal that MCTs are one of the key
elements of echinoderm regenerative capacities, since they provide a dynamic ECM
with an optimal growth-promoting environment for tissue repair and regeneration.
However, the mechanisms that are behind the capabilities of MCTs to assume distinct
mechanical states are still enigmatic. Thus the main am of this work was to

contribute for the understanding of those mechanisms.

The model studied in this work was the compass depressor ligament (CDL) of
sea urchin Paracentrotus lividus, due to its easy extraction and typical MCT structure

in comparison to others MCTs, with the advantage of not presenting calcite ossicles.

The first part of this work consisted on the investigation of the CDL ECM
key-components, including fibrillar proteins but also the JLCs. Their structure and
arrangement were studied in order to understand how natural MCTs actually function.
Electron microscopy techniques were used to obtain a three-dimensional view of the
CDL architecture at the micro- and nano-scales, and to clarify the micro-organization
of the ECM components when the tissue changes from the compliant to the standard
state or from the standard to the stiff state. With this investigation we expand the
current knowledge of the relationship between organization of CDL ECM and its

different mechanical states.
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The biochemical changes that the CDL undergoes during its reversible
tensility were investigated in detail. Confocal Raman microscopy, and Fourier
Transform Infrared spectroscopy were used to investigate the possible similarities
between CDL ECM and mammalian ECM components. The possible remodelling of a
new ECM, as well as the contribution of water to CDL mutability, were hypothesized
and evaluated, since these phenomena normally occur in mammalian adaptable
connective tissues (such as the uterine cervix). We found that the fibrillar collagen has
strong similarities with collagen type | and that glycosaminoglycans (GAGSs) are from
the sulphate family. Also, we concluded that CDL mutability involved subtle
adjustments of protein components and tissue hydration, most likely without synthesis
of anew ECM.

In view of the fact that mammalian ECM homeostasis is balanced by local
protease activity involving matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs), the potential function and involvement of MMPs in CDL
mutability was also investigated. This work has provided the first evidence that
MMPs may be involved in the mechanism by which echinoderm MCT undergoes
changes in tensile properties. Gelatin zymography has revealed the presence of a
consistent pattern of MMP activity that varies quantitatively according to the
mechanical state of the ligament. Biomechanical results also demonstrate that MMPs
are involved in CDL mutability, since an increase in CDL stiffness occurs upon
stimulation with an MMP inhibitor. Similarly to mutability the stiffening action of the

inhibitor was reversible.

Another major contribution of this work was the integrated morphological,
biochemical and biomechanical investigation that was performed in CDL, comparing
different mechanical states that mimic the mutability of the tissue in vivo. The
acquired knowledge regarding to CDL structure, biochemistry and organization, as
well as the contribution to understanding the mechanisms that promote such dynamic
and reversible environment, may be inspiring for biomaterials scientists. As these
structures are commonly present at the autotomy planes of echinoderms, enhancing
tissue regeneration, the knowledge obtained in this thesis may open new and exciting
strategies in regenerative medicine.



Resumo

O bio-mimetismo tem surgido nos ultimos anos como uma nova estratégia
para abordar as questdes relacionadas com a medicina regenerativa, numa tentativa de
contornar 0s problemas de auséncia de capacidade natural de adaptacdo dos
biomateriais. De facto, a maior parte dos biomateriais actualmente utilizados néo
conseguem adaptar-se ao ambiente estruturalmente dinamico que caracteriza 0s

tecidos e 6rgdos naturais.

Os equinodermes constituem um bom exemplo desta capacidade de evolugédo
dindmica, ja que possuem Tecidos de Colagénio Mutaveis (MCT na sigla inglesa) que
podem sofrer alteragcbes muito rdpidas das suas propriedades mecénicas (rigidez,
resisténcia a traccdo, e viscosidade) num periodo curto de tempo. Este fendmeno,
designado por mutabilidade, é iniciado e governado pelo sistema nervoso do animal,
através da secrecdo de proteinas pelas células justaligamentais (JLCs na sigla inglesa).
Diversos estudos j& demonstraram que a existéncia de MCTSs constitui um elemento
chave que explica as capacidades de regeneragdo dos equinodermes, ja que deles
resulta uma matriz extra-celular (ECM na sigla inglesa) dindmica, ambiente ideal para
promover as condi¢Bes de crescimento necessarias para a regeneracdo de tecidos. No
entanto, os mecanismos que explicam as capacidades de os MCTs assumirem estados
mecanicos distintos, ainda ndo sdo conhecidos, tendo sido objectivo deste trabalho

contribuir para a sua compreens&o.

O modelo escolhido para ser estudado neste trabalho foi o ligamento depressor
do compasso (CDL, do ingés) do ourico do mar da espécie Paracentrotus lividus. Esta
escolha justifica-se pelo facto de este tecido ser facil de extrair do animal,
apresentando uma constituicdo semelhante a de outros MCTs, com a vantagem de ndo
apresentar ossiculos de calcite.

A primeira parte deste trabalho consistiu no estudo dos elementos-chave que
constituem a ECM do CDL, nomeadamente proteinas fibrilares e as JLCs. De modo a
entender o funcionamento dos MCTs, foi estudada com detalhe a estrutura e

organizacdo da ECM. Técnicas de microscopia electronica foram utilizadas de forma
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a se obter uma visdo tri-dimensional da arquitectura do CDL nas escalas nano e
micrométrica, e para clarificar a micro-organizacdo dos componentes da ECM,
guando os tecidos mudam do estado relaxado para o estado de controlo, ou do estado
de controlo para o contraido. Com esta investigacdo foi possivel progredir no estudo
da organizacdo da matriz extracelular do ligamento e na possivel correlacdo entre a

estrutura da sua matriz e as diferentes propriedades mecanicas do tecido.

As modificagdes bioquimicas do micro-ambiente que constitui o CDL durante
estas alteragdes mecanicas reversiveis foram investigadas em detalhe. Microscopia
confocal de Raman, espectroscopia de infravermelho com transformada de Fourier
foram as técnicas utilizadas para investigar as possiveis semelhancas entre 0s
componentes da matriz do ligamento e aquela que constitui os tecidos de mamiferos.
Foi também avaliada a hipotese de uma nova matriz extracelular ser produzida
durante o processo de mutabilidade, e investigada a possivel contribuicdo da agua
para este processo, ja que estes dois mecanismos estdo presentes nos tecidos
conjuntivos com propriedades mecanicas adaptaveis dos mamiferos (Utero durante a
gravidez). Verificou-se que o colagénio fibrilar presente no CDL tem fortes
semelhangas com o colagénio tipo | presente nos mamiferos. Também, o0s
glicosaminoglicanos (GAGs) foram identificados como pertencendo a familia dos
sulfatos. Foi assim possivel concluir que o fendmeno de mutabilidade envolve
pequenas variacdes na secrecdo de proteinas e no nivel de hidratagdo dos tecidos, ndo

envolvendo a sintese de uma nova ECM.

O eventual envolvimento e mecanismo de accdo das metaloproteinases
(MMPs) no fendbmeno de mutabilidade dos equinodermes foi também investigado ja
que a homeostasia da ECM nos tecidos de mamiferos é controlada pela actividade
local das protéases, envolvendo MMPs e inibidores tecidulares de metaloproteinases
(TIMPs). Foi possivel evidenciar, pela primeira vez, que as MMPs podem ter um
papel a desempenhar no processo de mutabilidade dos equinodermes. De facto, testes
de zimografia em géis de gelatina mostraram que a atividade das MMPs varia
guantitatitvamente conforme o estado mecénico dos ligamentos. Os resultados
biomecanicos também demonstraram que as MMPs estdo envolvidas no fendmeno de

mutabilidade ja que houve um aumento da rigidez quando um inibidor de MMPs foi
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utilizado e visto que a ac¢do do inibidor foi reversivel tal como o préprio fendmeno

de mutabilidade.

A originalidade deste trabalho advém do facto de se ter procedido a uma
investigacdo detalhada e extensiva dos aspectos morfoldgicos, bioguimicos e
biomecanicos que governam os diferentes estados mecanicos do CDL em condigdes
semelhantes as que ocorrem in vivo. O conhecimento adquirido, no que respeita a
estrutura, bioquimica e organizacdo do CDL, conjugado com o entendimento dos
mecanismos fundamentais que promovem um ambiente dindmico e reversivel
naqueles tecidos, podem, no futuro, inspirar os cientistas que trabalham na &rea dos
biomateriais. De facto, como estas estruturas estdo em geral presentes nos planos de
autotomia dos equinodermes, favorecendo o processo de regeneragdo, os resultados
desta tese podem ser Uteis para avangos vindouros no campo da medicina

regenerativa.
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Résumeé

L’ approche biomimeétique représente une nouvelle stratégie poursuivie dans le
domaine de la médecine régénérative, les biomatériaux existants n'ayant pas la
capacité d'adaptation inhérente aux tissus naturels. En particulier, ils ne sont pas apte
a reproduire I'évolution et changements qui se produisent continument dans
I'environnement tissulaire au cours des phénomenes de régénération.

L es échinodermes sont un bon exemple de cet aspect dynamique, présent dans
les mécanismes d’évolution,, car ils possedent des tissus conjonctifs appelées en
anglais "MCT"’ (Mutables Collagenes Tissus) , capables de subir , sur des temps
physiologiques de courtes durée des changements importants au niveau des propriétés
mécaniques ( tels que: la rigidité, la résistance a la traction, la viscosité). Ce
phénomene est appelé la mutabilité. 1l est initié et modulée par le systéme nerveux,
en particulier par les sécrétions d'un type spécifique de cellules, les cellules

juxtaligamentales.

Plusieurs études révelent que les MCT sont un des éléments clés des
échinodermes concernant les capacités de régénération au travers a la fois, de la
matrice extracellulaire (ECM) mais égaement en favorisant un environnement
optimal vis-a-vis des étapes de croissance, réparation et régénération. Cependant, les
meécanismes qui gouvernent les capacités des *° MCT ‘’a assumer différents états

meécaniques sont pour |’ heure encore énigmatiques.

Le modele étudié dans ce travail a éé celui du ligament dépresseur (CDL)
chez I'oursin de mer (Paracentrotus lividus), en raison d'une facilité d extraction
facile et d’une constitution et structure équivalente aux autres MCT. |l présente en

outre I'avantage de ne pas présenter d' osselets calcite.

La premiére partie de ce travail a porté sur la CDL ECM, protéines fibrillaires
et cellules, composants clés. Structure et disposition ont été éudiées afin de
comprendre comment fonctionnent réellement les *’"MCT’’ naturels. Les techniques
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de microscopie éectronique ont été utilisées aux échelles micro et nano afin d’ obtenir
une vue tridimensionnelle de I'architecture des CDL, et de clarifier les organisations
des composants ECM associées a la modification des tissus en relation avec les

différents états étudiés dans ce travail.

Les changements biochimigues que subit Ie microenvironnement du CDL au
cours d'une sollicitation de type charge- décharge en traction ont été également
étudiés en détail. La Spectroscopie Raman, FTIR et des techniques de spectrométrie
de masse ont été utilisées pour rechercher et étudier les similitudes biochimiques
existantes entre CDL, ECM et les mammiferes. En outre, des travaux visant a
identifier les molécules effectivement impliquées dans la mutabilité CDL ont été
meneés. La synthese possible d'une nouvelle ECM ainsi que la contribution de I'eau &
la mutabilité des CDL ont été émis comme hypothéses possibles et ont été évaluées,
en effet il a été constaté que le processus d' adaptabilité des tissus conjonctifs est un

phénomene présent normalement chez les mammiferes.

Chez ces derniers, I’homeéostasie (ECM) est équilibrée par I'activité au niveau
local de la protéase impliquant les métalloprotéinases matricielles (MMP) et leurs
inhibiteurs tissulaires (TIMP). Pour la premiére fois la fonction de potentiel et

I'implication des MM Ps dans |e phénomene de mutabilité échinodermes a été évaluée.

L’originalité de ce travail réside dans le choix et la mise en cauvre d’ une
approche a la fois multi-échelles et pluridisciplinaire appliquées aux études
morphologiques, biochimiques et biomécaniques des CDL, ces derniers étant
considérés comme un modele de la mutabilité des tissus in vivo. Les connaissances
acquises sur la structure des CDL, la biochimie et de I'organisation ains que les
mécanismes fondamentaux qui favorisent de tels environnements dynamiques et
réversibles, devraient constituer une étapes dans la compréhension de la régénération

tissulaire domaine phare de la médecine régénérative.
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Aims and thesis synopsis

The potential use of echinoderms as biomimetic models for regenerative
medicine remains largely unexploited. In fact, only a few biomedical studies have
focused on adult echinoderms, which have interesting regenerative capabilities and
are phylogenetic closed to chordates [1-9]. Sea-urchins, the model used in this thesis,
present in their anatomy a distinguishing connective tissue, comparing to others
phyla, which is considered as a key factor contributing to the early evolutionary
success of echinoderms [10,11]. It was recognised 100 years ago as “something
unusual” in echinoderms, since it has the ability to change reversibly the mechanical
properties in a few seconds [10-15]. This interesting connective tissue was studied in
this thesis since it is known that the ECM of tissues and organs is undoubtedly
dynamic from the chemical, structural and biomechanical points of view [5,16-18].
The ECM of the compass-depressor ligament (CDL) of sea-urchins was considered an
ideal tissue to understand the fundamental mechanisms associated to echinoderm
ECM dynamicity and reversibility. The CDL of sea-urchin was selected as the model
of study since has the advantage of having a classic MCT organization [10,19]. A
better understanding of mutability phenomena is likely to provide a unique
opportunity to develop new concepts that can be applied in the design of a dynamic
biomaterial for tissue regeneration. Thus the main goal of this thesis was to contribute
to the identification of the fundamental ECM components of the CDL, their
chemistry, structure and organization, which are responsible for its mechanical
adaptability. The study was performed in CDLs in different mechanical conditions
that mimic the in vivo CDL mutability.

In chapter 1, a review of the current knowledge regarding the mechanically
adaptable connectives tissues of echinoderms is presented. Particular attention was
given to the MCT architecture and the role of MCT components in mutability. As
mammals present a type of mechanical adaptable tissues (the uterine cervix during
pregnancy), a comparison regarding both structures and mechanisms was established,
in order to elucidate the possible mechanisms associated with reversible tensility [20-
23]. The possible contribution of MCT to the regeneration phenomena was also
reviewed in this chapter.
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The results obtained during the experimental work are presented in the form of
papers (chapter I, 1V and V), which were submitted/published in international

scientific journals.

In Chapter 111 the basic biology of CDL in the different mechanical conditions
that mimic in vivo CDL mutability, particularly the key-components and the
fundamental interactions involved in CDL reversible tensility were studied.
Information on the structural organization of the tissue as a whole and the spatial
interconnections between the different components was achieved through extensive
morphological characterization, using different electron microscopy techniques.
(Paper published in PLoSOne).

The biochemical modifications that CDL experience during mutability are
presented in detail in chapter 1V. Spectroscopy techniques were used to identify the
specific molecular components that contribute to CDL biochemical environment. The
possible remodelling of a new ECM matrix, as well as the potential contribution of
water to the CDL mutability phenomenon, was also evaluated. A mass spectrometry
study was performed in order to identify possible key-proteins involved in the
mechanism. (Paper submitted to Biointerphases journal).

Adaptable connective tissues are also present in mammals (uterine cervix
during pregnancy), in which ECM homeostasis is balanced by local protease activity
[16,20-26]. Although hypothesized, there have been no previous attempts to detect the
presence of matrix metalloproteinases (MMPs) in MCTs. New insights into the
biomechanics of CDL, as well as the possible involvement of MMPs into the
mechanism that govern tissue reversibility are presented in chapter V (Paper
submitted to PLoSOne).

Chapter VI presents a general discussion on the results obtained and suggests

new avenues for future research.
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1. Echinoderms

Echinoderms (Phylum Echinodermata) are a phylum of marine animals
belonging to a branch of the animal kingdom known as deuterostomes that are
globally distributed around the World [1]. Their name is derived from the Greek
(echinos, “spiny”; derma, “skin”) meaning spiny skin and around 13000 echinoderms
fossil species are known to exist, being the oldest identified as having lived in the
Cambrian period. At present there are 7000 living species divided in the five classes
of echinoderms: Echinoidea (sea urchins, sand dollars and sea bisbuits), Asteroidea
(sea stars), Crinoidea (sea lilies and feathers stars), Holothuroidea (sea cucumbers)
and Ophiuroidea (brittle stars and basket stars) [1,2].

The phylogenetic relationships among the five classes have been extensively
controversial, but it is generally accepted that the class Crinoidea branched first and
that the Echinoidea and Holothuroidea are sister clades [1,2]. Echinoderms are
positioned among the Deuterostomia, being the few invertebrates placed in the same
evolutionary branch of vertebrates, that share common cellular and molecular
mechanism with chordates [1,3-6].

The distinctive morphological characteristics of Echinodermata phylum are: a
pentamerous radial symmetry (in adults) with a calcareous endoskeleton with spines
or calcareous spicules. They have a complex subepithelial radial nervous system
without head or brain, usually with two or three networks positioned at different
levels of the body, however without specialized sense organs. They also own a water-
vascular system that extends from the body surface as a series of tentacle-like
projections (canals) that are essential for gas exchange purposes, and are normally
involved in functions such as feeding, locomotion and cellular respiration.
Echinoderms have a complete digestive tube, divided into a throat, stomach, intestine
and rectum (anus absent in ophiuroids). The circulatory system when present
composes the haemal system (contributing little if any role in circulation) that is
surrounded by extensions of coelom (the main body fluids are the coelomic ones)

[1,2]. They have a diverse immune system with large repertoire of innate pathogen
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recognition proteins [1,2,7]. Most echinoderms have separate sexes where

reproduction occurs by external fertilization [1,2].

The extracellular matrix (ECM) in invertebrates like in vertebrates is the non-
cellular component present in all tissues and organs that provide crucia physica
support for the cellular elements but also biochemica and biomechanical cues
required for tissue homeostasis [8-12]. Although it is a characteristic of all metazoans,
the ECM has evolved into a variety of tissues where substantial variations in
composition, molecular size and structure characterize the diversity of al
evolutionary processes [10,13,14]. The pathway by which ECM constituents are
secreted from cells is highly conserved and clearly precedes the metazoan. Although
some of the ECM proteins were highly conserved through evolution (e.g. collagen,
integrins, matrix metalloproteinases), many unique features are found among the
invertebrate molecules of the ECM [2,7,8,10-12,14].

2. The uniqueness of the echinoderm phylum

Echinoderms possess peculiar and unique connective tissues, called Mutable
Collagenous Tissues (MCTs). These tissues are considered as intelligent connective
tissues due to their capacity of undergoing reversible changes in their passive
mechanical properties (e.g. tensile strength, stiffness, viscosity) in a short time span,

through a non-muscular mechanism [15,16].

They appear in the form of dermal connective tissues, interossicular ligaments,
tendons and connective tissue, performing analogous mechanical functions as
collagenous connective tissues present in equivalent positions in vertebrates bodies
[15]. They are present in all echinoderms classes in a diversity of functional locations
where their structure can show one of three patterns of tensile change: (1) only
reversible stiffening and destiffening (e.g. MCT stiffens to maintain body posture and
softens to allow body movements due to water currents or even gravity) [16-19]; (2)
reversible iffening and destiffening, but they can aso show irreversible

destabilisation (always associated with detachment of body parts: autotomy
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mechanisms) [20]; (3) only irreversible destabilisation (again always associated with
autotomy) [21,22].

Although some echinoderm structures were defined as MCTs, only the ones
present in Table 1 were experimentally tested (mechanical tests were used to assess
the biomechanical properties of the tissues) and the results were already published
[23].

Table 1: MCTs structures present in al echinoderms classes (adapted from Wilkie et al.) [23].

- Spine ligaments - Abora dermis
. - Abora dermis - Longitudinal

Asteroidea - Longitudinal interambulacral interambulacral

ligaments outwith autotomy region ligaments within
autotomy region

Crinoidea - Cirral ligament - Syzygia ligaments of arm
- Synarthrial ligaments of arm - Synostosal ligaments of
- Ligaments of the stalk stalk
- Central spine ligament
- Capsular spine ligament
- Periodontal ligament

Echinoidea

- Compass depressor ligament
- Compass-rotula ligament

- Peristomia membrane

- Tube feet

Holothuroidea

- Body wall dermis

- Introvert dermis

-Pharyngeal retractor muscle-
longitudinal body wall

muscle tendons

Ophiuroidea

- Proximal oral arm plate ligaments

- Oral shield plate ligaments

- Intervertebra ligaments

- Distal oral arm plate
- Disc dermis

- Autotomy tendons of
intervertebral muscles

The magnitude of the reversible changes that MCTs can accommodate were

analysed and quantified using several mechanical testing methods, namely creep,
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stress-relaxation, stress-strain, and dynamic stress-strain tests [15,16,23]. The
mechanical adaptability of all these MCTs was experimentally tested in vitro by
stimulation with chemical agents, such as calcium, potassium, magnesium,
neurotransmitters (e.g. acetylcholine that increases reversibly the stiffness of MCTYs)
and anaesthetics (e.g. propylene phenoxetol that decrease reversibly MCTs stiffness)
in order to mimic the in vivo situation [15,16-19,24-29]. Treatments with neuro-active
agents, such as K*, mimic in vitro the irreversible changes in MCT mechanical
properties, since they cause an immediate decrease in viscosity with subsequent tissue
rupture [15,21,22].

It is important to note that MCT variable tensility is also strongly affected by
the extracellular ionic environment; their variable tensility is pH-dependant.
Holothurian dermis has lower viscosity at pH between 6 and 8, and higher viscosity
below and above this range [24,26]. It seems that alterations in the number of charged
groups in the crosslinking agents influence their mutual interactions and their possible
configuration [15,16,24-27].

The responsiveness of MCTs to neurotransmitters and to excess of cations
suggests that MCT tensility is nervously mediated, in which the neural input seems to

involve a cholinergic hyponeural motor system [15,29-31].

The functional significance of MCTs is high. They are involved in
locomotion, maintenance of posture with low oxygen consumption (maintenance of
posture is normally performed by muscles in others animals) and self-induced
defensive detachment of body parts (autotomy) that is followed by regeneration [15-
17,21,32,33]. The non-autotomy associated MCTs present reversible changes in
tensile strength, allowing the entire animal or individual appendages to fix posture
(stiff condition). On the contrary in the compliant condition the entire body or its
appendages have freedom to move [15]. All examples of echinoderm autotomy found
in all echinoderms classes present a rapid destabilization of collagenous structures
(completely lose tensile strength) to allow a part of the body to be released in an
emergency (e.g. predator attack). This characteristic may led echinoderms to employ
asexual reproduction by fission [34,35].

12
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3. Mutable collagenous tissuesin sea-urchins

Sea-urchins, heart urchins (spatangoids), and sand dollars (clypeasteroids) are
example of animals that belong to the Echinoidea class (Fig. 1A) [1]. The externa
appendages of sea urchin, such as the catch apparatus (or the capsular ligament) of the
spine-test joint and the tube feet (Fig. 1B) are considered mutable collagenous tissues
[15,16,36].

The catch apparatus was the first echinoid MCT to be described in 1967,
however without being considered as an MCT, since Del Castillo et al. have presented
a model in which the stiff properties of the tissue was attributed only to the muscle
cells [37]. Subsequently Wilkie et al. proposed a new model suggesting that the catch
apparatus is a collagenous connective tissue with a small proportion of muscles cells,
and that the function of thistissueis entirely dependent on the collagen structure of its
extracellular matrix [37,38].

The tube feet, another example of MCT recently studied by Santos et al.,
belongs to the echinoderm water-vascular system and can present a variety of forms
and functions [36,39,40]. Indeed, this organ is involved in many different activities
such as locomotion, feeding or strong fixation to the substratum where they resist the
tensions imposed on the animal by hydrodynamics. They work in a traction system
where they attach to substrates and contract, thus pulling the sea urchin to detach
easily and voluntary [2,33,36,39-42].

The internal anatomy of a sea urchin is dominated by a large coiled digestive
system, which consists basically of a tube joining the lower mouth to the anus on the
upper surface. In regular echinoids the mouth opens into an oesophagus that initially
runs through the centre of the Aristotle’s lantern [1,2]. The Aristotle's lantern is the
masticatory apparatus to which the teeth are attached. This apparatus is a complex but
versatile system composed by skeletal pieces, elevator muscles, ligaments, and
compass depressors, al these structures being involved in all the main motor activities
such as feeding, digging, scraping and locomotion [2].
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Figure 1: MCTsin Echinoidea: (A) sea urchin Paracentrotus Lividus, (B) tube feet (tb) and the catch
apparatus (CA), (C) peristomial membrane (PM) and (D) the compass depressor ligament (CDL).

The functional morphology investigation of the Aristotle’s lantern as well as
its biomechanical behaviour was studied in detail, pointing to the existence of two
tissues in direct contact with this masticatory apparatus that has variable tensility [17-
19,28]. The peristomial membrane is one of them. It is a flexible tissue of the buccal
apparatus that surrounds the mouth (Fig. 1C) and connects the lantern to the test of the
animal, playing a fundamental role in lantern’s movements. Their variable tensility is
helpful not just in motor activities but also adapts its mechanical properties depending
of the volume of coleomic fluid inside of the test [17-19,28].

Another MCT that is present into the Aristotle’'s lantern is the compass
depressor ligament (Fig. 3D), that was considered as an MCT after the ultrastructure
studies performed by Lanzavecchia et al. on the lantern [17,43]. Each lantern contains
ten CDLs that extend from the distal lobes of the compasses to the interambulacral
processes of the perignathic girdle (inner edge of the test) at its junction with the
flexible peristomia membrane [15,17,18,28,44,45]. Their variable tensility helps the
animal to stabilize the position of the lantern and to regulate the internal pressure. It is
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also known that it works as a ventilator, since the elevation and depression of the
compass and movement of associated fluids oxygenate the muscles [15,17].

MCT also confers mechanical adaptability to structures that lack some kind of
musculature (e.g. sealily stalk) or can aso work in parale with muscular
components (e.g. asteroids and echinoids spine ligaments, echinoid peristomial
membrane) [15,23]. Although CDLs were considered to be muscle due their ability to
contract, ultrastructure investigations revealed that CDLs from P. lividus are basically
collagenous ligaments that present in their inner surface a thin myoepithelium (with
peritonocytes and myocites) that represent only 8% of the total area [17,23]. The
presence of muscles cells complicates the interpretation of CDL variable tensility.
However, for being responsible for the maximally stiffened state of CDL muscles
would have to develop a high tensile strength, superior to that of the strongest muscle
known (the retractor muscle of Mytilus edulis) [17,23]. Furthermore, muscle cells
have not been detected in the majority of confirmed MCTs that show variable tensility
[17,23]. Although some control pathways regulating contractile and collagenous have
common features there is no evidence for the participation of muscles in the
mechanical adaptability of MCTs[15,23].

4. General MCT architecture

The mutable collagenous tissues can be considered as composite materials,
constituted by a dense extracellular matrix of collagen fibrils, fibrillin microfibrils,
proteoglycans (insoluble and soluble PGs), water and a number of specific
constitutive and regulative proteins (effector proteins) already identified and
characterized in holothurian dermis (see Fig. 2) [15,29]. As MCTs are present in
several anatomical locations, they perform the same mechanical functions as the
collagenous connective tissue at analogous locations in the bodies of vertebrates,
which can be generalized as resisting, transmitting and dissipating energy, while the
interfibrillar matrix gives resistance to compression maintaining the tissue hydrated
[8,12,15,46].
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Besides collagen, other supramolecular assemblies are present in all studied
MCTs. This is the case of the loose networks of microfibrils endowing tissues with
elasticity [15,29]. An extensive morphological, biochemical and immunological
characterization of these structures from C. frondosa reveal that they resemble
fibrillin-containing microfibrils of mammalian connective tissues [47-51]. The
microfibrils network extracted from holthurian dermis tested by tensile testing shown
to be extensible reversible up to 300% of their inicia length [48]. It seems that this
protein help MCT in a compliant state to return its initial dimensions after it has
undergone deformation [15,47,48].
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Figure 2: MCT organization: MCT is constituted by parallel aggregations of collagen fibrils to which
proteoglycans and glycosaminoglycans are attached serving as binding sites for molecules involved in
interfibrillar cohesion (stiparin and tensilin). Collagen fibrils are delimited by fibrillin microfibrils that

helps the tissue to re-establish itsinitial mechanical properties after undergone deformation [15].

Although other cell types are present (e.g. fibroblast-like, phagocytes and
myocytes), al confirmed MCTs are permeated by or in contact with the
juxtaligamental cells (JLCs) [15,17,18,33,52-54]. It has been known that JLCs are a
part of the nervous system due to their close association with neuronal processes
(functional contact with axons sometimes at chemical synapse-like junctions)
providing MCT innervation [15,17,52,54]. Neural inputs to MCTs seem to include
both cholinergic and aminergic components. The activities of these cells are
controlled at least partly by cholinergic pathway, although there is evidence of the

presence of aminergic innervation due to the presence of axon-like structures
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[15,17,52,54]. In most MCTs structures it is possible to identify more than one
population of granules that is distinguishable by shape (circular or oval profiles), size
and variable electron density [55]. These cellular elements are considered as the
effector cells responsible for MCT tensility, since they terminate within MCT, they
are in close contact with the nervous system and in the sea cucumber model (dermis
of sea cucumber Cucumaria frondosa) it was identified molecules in their granules
that influence the interfibrillar cohesion [15,56,57]. Also in the sea cucumber model,
more than one populations of JLCs was distinguishable morphologically, suggesting
that one cell type could be responsible for the release of the stiffening protein and
another for the de-stiffening protein resulting in the stiff and compliant mechanical
state respectively [55]. The only case that it was observed possible exocytosis and
reduction in granule electron density, granule number and size was in JLCs located in
MCTs after autotomy. However it was not possible to evaluate if it was aresult of the

tissue disintegration due to autotomy [53].

5. ECM constituents and their role in the molecular mechanism of
mutability

5.1 Collagen and fibrillin

Based on current evidence, it appears that most MCTs consist of paradlel
aggregates of discontinuous, spindle-shaped collagen fibrils with paraboloidal tips to
which PGs are covaently or non-covalently attached [15,29,58-64]. This seems to be
the perfect arrangement for fibrils that strengthen a discontinuous fibre composite
avoiding shear-stress concentration near its ends [15,59,65].

Although the main fibrillar extracellular components are common in the
matrix of all MCTs structures, their organization and spatial arrangement can be
diverse. In sea urchins for example, the compass depressor ligament as well as the
spine ligament present a structure with predominantly parallel fiber array. However
the peristomial membrane shows distinct layers with orthogonal fiber arrays
[15,17,18]. This structural diversity of MCTs is comparable to that of mammalian
connective tissues [15,17,18,66,67].
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Similarities were also found between vertebrate collagen type | and sea urchin
collagen fibrils regarding d-banding pattern (67nm), amino-acids composition, cross-
link chemistry and gene organization [15,59,61,62,65,68-73]. Although the work
performed by Trotter et al. suggests some close resemblance between the d-banding
pattern of collagen from sea-urchin spine ligament, holothurian body wall and
mammalian type | fibrils have some differences in the staining intensity, suggesting
that dissimilarities might occur at the amino acid sequences [15,59,60,68]. Also some
differences were found regarding the chain composition of echinoid and holothurian
collagen molecules, their solubility and amino acid composition [15,60,74]. Although
some differences were achieved, none of them can be correlated with MCT variable
tensility.

Interesting Exposito et al. have demonstrated the presence of heterotypic
fibrils with collagen molecules that undergo distinct maturation in their N-propetide
domain. This domain seems to be specific of echinoderm phylum and consist of a 140
amino acid long motif (sea urchin fibrillar module (SURF) [72,73,75,76]. Although
they seem to be exclusive of echinoderms and are present in MCTs structures, their
contribution to the variable tensility is still speculative since SURF molecules also
appear in several tissues that are not mutable [73,75,76].

During the last decade, numerous investigations have characterized the
fibrillar collagen chains in hydra, worms, and sea urchin [73]. These data support the
concept that in invertebrates and vertebrates the triple helix is conserved, despite the
presence of some imperfections and sometimes low levels of sequence identity [73].
Sea urchin collagen literature identifies the presence of two fibrillar o chains (1 o and
2 a) involved in the formation of heterotrimeric molecules [(al), a2] that are
characteristic of mammalian type | collagen [66-70,72-78]. Phylogenetically,
echinoderm striated collagen fibrils are aso close to mammalian type | fibrils. The
phylogenetic tree of the collagen genes presented by Wada et al. demonstrate the
proximity of sea urchin collagen genes to those coding collagens of mammalian type |
fibrils[15,73,76,79].
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The variable tensility of MCT does not involve changes in the mechanical
properties of the collagenous fibrils. All the ultrastructural studies performed were
unsuccessful to prove that MCT tensility is accompanied by modifications in fibrils
diameter or even by changes in d-banding pattern. Futhermore, the fusiform shape of
thefibrilsis not related with MCT variable tensility [15,29].

Fibrillin  microfibrils were aready biochemically and ultrastructuraly
characterized by Thurmond and Trotter. However, their involvement in the mutability
phenomenon is inconclusive since they appear in connective tissues that are not
mutable [15,47-51].

5.2 Ground substance and molecular interactions involved in the

interfibrillar cohesion

MCTs can be maintained stiff or compliant due to the ground substance
molecules that interconnect fibrils, this process being strongly influenced by the
extracellular ionic composition and concentration, suggesting that the capacity of the
fibrils dlide past each other can be controlled through alterable interaction of specific
charges that congtitute the extracellular matrix [15,16,24-27,29]. They are extremely
sensitive to the ionic surrounding medium; their tensile strength is pH dependent and
the stiffness decrease with monovalent cation concentration (e.g. K*). It is possible
that monovalent cations mask GAG anionic sites reducing collagen-GAG and GAG-
GAG interactions. Divalent cations (Ca?* and Mg®™), have an opposite influence on
MCT dtiffness regarding the monovalent ones, it is possible that they can act as
divalent cross-linkers. However the current hypothesis suggests that their role on the
variable tensility is more related with their action on the cellular components (JLCs)
rather than the ECM itself [15,24,27,29,80].

As in mammalian connective tissues, one of the molecules involved in
interfibrillar cohesion are proteoglycans (PGs) that are covalently or non-covalently
attached to collagen fibrils, serving as binding sites for the effector molecules
responsible for interfibrillar coheson [8,81-84]. PGs with ther typica
glycosaminoglycans (GAGs) side chains were already characterized in the echinoid
spine ligament, where GAGs belong to the chondroitin-dermatan sulphate family
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[29,59,60,81,84-86]. In holothurian dermis, highly sulphated fucose GAGs were also
observed and associated with collagen fibrils [59,61,81].

It seems that the integrity of the ECM of MCT in contact with extracellular
medium with a ionic composition of sea-water depends on the electrostatics
interactions that are very important to maintain the interfibrillar cohesion [16,24-27].
MCT tensility seems to be adjusted through changes in the type or even density of
interactions between adjacent PGs molecules or between PGs and collagen fibrils.
While PGs-PGs interactions are poorly characterized, it is agreed that collagen-PGs
interaction are mainly electrostatic where the softening of MCT may result from the
weakening or even suppression of PG-collagen interaction, which alows the

interfibrillar slippage to occur [15,16,27,29].

5.3 Effector molecules

In terms of molecules responsible for interfibrillar cohesion, clear interfibrillar
bridges were already visualised (with electron microscopy techniques), and some of
the proteins involved were already identified in the sea cucumber model [15,29,55-
57,87,88]. The one that is more likely to have a role in the standard tensile state is
stiparin, the most abundant glycoprotein that interacts with collagen fibrils via a
surface-bound PG [57]. MCT re-dtiffening from the '‘compliant’ state has been
ascribed to tensilin, a glycoprotein that binds to collagen fibrils via surface GAGs
forming interfibrillar bridges between collagen fibrils, preventing interfibrillar
dippage [56-58]. Tensilin was isolated from Cucumaria frondosa with agents causing
cell lysis, indicating that it is secreted from cells, however it was also localized
extracellularly (it depends on the mechanical state of the tissue) [15,55,56,58]. The
hypothesis at the moment is that collagen fibrils are held together by stiparin through
weak bonds (since stiparin is easily extracted with seawater) that facilitates the action
of effector molecules such as tensilin (see Fig.3). Another stiffening agent has been
recently identified. The MCT stiffening from the standard to the maximally stiffened
state was recently attributed to a novel stiffening factor (NSF). However it still
essentia to elucidate if the stiffening activity of NSF is due to its direct action on

extracellular components or to effects on cells [87].
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Figure 3: The hypothesis of tensilin-tensilin protease: compliant MCT results from the release of
tensilin protease from juxtaligamental cell (JLC 1) (1), which has the ability to cleave tensilin near its
GAG-binding site (2). Fibrils are able to slide past each other becoming the tissue in the compliant
condition (3). The standard condition results from the release of fresh tensilin from a second type of
juxtaligamental cell (JLC 2) to the extracellular matrix (4) [15].

The potential destiffening agent has not yet been identified. It has been
wondered that enzymes might have such role. The hypothesis of tensilin—tensilin
protease proposed by Wilkie et al. appears plausible, since the C-terminus of tensilin
(that contains a collagen-binding domain) undergoes proteolysis in vitro. It has been
suggested that tensilin-induced stiffening is reversed in vivo by a specific protease.
Also, as the amino acid sequence of tensilin has 21-36% homology with a tissue
inhibitor metaloproteinase (TIMP) raises the possbility that the mutability
mechanism may have evolved from a MMP-TIMP system [15]. It seems that once
released in the extracellular matrix this protease will cleave tensilin near the GAG
binding site, alowing fibrils to slide past each other and resulting in a compliant
condition. Reversibility is obtained by the release of “fresh” tensilin to the ECM that
will restore or perform new bonds becoming the tissue in its initial mechanical
properties [15].

A “dtiparin inhibitor” and a “ plasticiser factor” were aso identified as
responsible for the transition from the standard to the compliant state [15,55,88]. Till
now, the factor(s) that return MCT from the maximally stiffened state to the standard
state were not identified. It can be hypothesised that, different mechanisms and

proteins effectors can be involved in the different transitions (see Fig.4).
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Figure 4: Effector molecules already identified in the sea cucumber model and involved in the
transitions compliant-standard, standard-stiff and standard-compliant state. NSF- novel stiffening

factor; Stiparin inh- stiparin inhibitor.

5.4 Theinvolvement of calcium ionsin MCT mutability

The mechanism of the nervous mediated changes in MCT tensility is not
completely understood. However, it was proposed that calcium could be an effective
agent for handling the tensile properties of echinoderm MCTs [15,89]. The pioneer
work of Wilkie et al. demonstrates that the viscosity of intervertebral ligament of a
brittle star was calcium dependent [15,24,54]. It is known that the mechanical
properties of MCTs are affected by changes in the extracellular ionic concentration as
it was referred before. Increasing Ca** concentration cause MCT stiffening. On the
contrary, bathing in a Ca®* chelating solution reduces stiffness [15,90]. This result
suggests that calcium ions could contribute to the interfibrillar cohesion like a
crosslinking agent, like in mammalian connective tissues. It is thought that Ca®
maintains the linkage between collagen fibrils and PGs, and that JL Cs could modulate
the amount of extracellular calcium inducing changes in tissue stiffening [15,29,80].
However, MCTs also become tiff even in the presence of Ca®* chelating medium
where their cells are lysed, suggesting the hypothesis that there are others molecules
(effectors proteins) that are being released from the cells to the ECM [89-91]. Trotter
and Koob et al. demonstrate that Ca®* is important only in the cellu