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Echinoderms (starfish, sea-urchins and their close relations) possess a unique type of collagenous tissue that is

innervated by the motor nervous system and whose mechanical properties, such as tensile strength and elastic stiffness,

can be altered in a time frame of seconds. Intensive research on echinoderm ‘mutable collagenous tissue’ (MCT) began

over 50 years ago, and over 20 years ago, MCT first inspired a biomimetic design. MCT, and sea-cucumber dermis in

particular, is now a major source of ideas for the development of new mechanically adaptable materials and devices with

applications in diverse areas including biomedical science, chemical engineering and robotics. 
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1. Introduction

Collagenous tissue is an important structural biomaterial in most multicellular animals. The mechanical properties of

collagenous tissue are usually relatively stable, with any significant non-pathological changes taking place over timescales

of days (during relaxation of the mammalian uterine cervix ) to years (during maturation and ageing ). However, all five

living classes of the phylum Echinodermata (sea lilies and featherstars, sea-urchins, sea-cucumbers, starfish, brittlestars)

possess collagenous tissue that can drastically alter its mechanical properties within a timescale of seconds under the

direct control of the nervous system. Although such mutable collagenous tissue (MCT) appears to be unique to

echinoderms, some specific features underpinning its mechanical adaptability—particularly the absence of permanently

stable crosslinks between its constituent collagen fibrils—may be ancestral and may have permitted the emergence of

similar phenomena in other phyla. There are, for example, parallels between MCT and the collagenous mesohyl of

demosponges whose tensile properties are under non-neural physiological control .

MCT demonstrates a micro-architectural diversity comparable to that of vertebrate fibrous connective tissue, occurring as

three-dimensional fiber networks in dermal layers, parallel-fibered ligaments linking skeletal components, and crossed-

fiber helical arrays in the walls of tubular organs. These anatomical structures perform the same functions as their

vertebrate equivalents: they resist, transmit and dissipate mechanical forces, and they store and release elastic strain

energy. Their variable tensility, however, adds another dimension to their functional versatility, which is of widespread

importance to echinoderm biology and may have contributed to the evolutionary success of the phylum. In echinoderms,

prolonged postural fixation depends on passive MCT stiffening rather than active muscle contraction, resulting in a

considerable energy saving . Another process associated with MCT is irreversible destabilization, which enables

defensive self-detachment (autotomy)  and asexual reproduction by division of the whole body (fission) in brittlestars,

starfish and sea-cucumbers . Possibly related is the ‘autolysis’ or ‘melting’ of the whole dermis exhibited by some

sea-cucumbers in adverse conditions, a pathological phenomenon of great commercial importance .

2. Extracellular Components

The MCT of all echinoderms consists predominantly of extracellular materials and includes a relatively small volume

fraction of cellular components. With one exception, the extracellular materials comprise mainly transversely banded

collagen fibrils aggregated into bundles (fibers) accompanied by loose arrangements of microfibrils and interfibrillar

proteoglycans. The exception is the tendon tissue of the intervertebral muscles at the autotomy planes of brittlestar arms,

which is an extension of the basement membrane of the muscle cells (see  for further information).

The banded collagen fibrils of MCT, like those of vertebrate connective tissue, are parallel arrays of trimeric collagen

molecules with a regular stagger between adjacent molecules ranging from 40 to 80 nm, a much wider variability than the

65–67 nm reported for vertebrate fibrils . The collagen molecules of most echinoderm fibrils comprise two fibrillar α

chains (1α and 2α) which form (1α) 2α heterotrimers . A small proportion of collagen molecules in the fibrils of

sea-urchin MCT contain a third fibrillar chain (5α) and have a (1α) 5α stoichiometry . The 5α chain is unusual in that its
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N-propeptide is not removed prior to fibril assembly, as occurs in the echinoderm 2α chain and in all vertebrate fibrillar

procollagens , and is located at the surface of the fibrils. The 5α N-propeptide is also notable because it contains 11

SURF (‘sea-urchin fibrillar’) modules, which are also present in the 2α N-propeptide and in fibrosurfin—an interfibrillar

protein of unknown function. Since cleaved 2α N-propeptides have been immunolocalized to the periphery of fibril bundles

in a sea-urchin mutable ligament , it has been suggested that these SURF-containing molecules play a role in MCT

variable tensility .

So far, there has been only a very limited application of comparative ‘-omics’ methodologies to the elucidation of MCT

molecular organization. Surveys of the Strongylocentrotus purpuratus genome and transcriptome analysis of a sea-

cucumber body wall revealed no unusual features of the extracellular matrix (ECM) that could explain the mechanical

adaptability of MCT. For example, echinoderms have up to four fibrillar collagen genes of the vertebrate I/II/III type and

two of the V type, all of which encode molecules occurring in varying combinations in the banded fibrils of vertebrates 

. These investigations also demonstrated the presence of fibrillin genes and their transcripts, complementing

biochemical and immunological evidence that the beaded microfibrils that are ubiquitous in MCT and non-mutable

echinoderm ligaments  consist at least partly of fibrillin-like proteins. These microfibrils may facilitate slippage

between adjacent fibril bundles during MCT deformation and contribute to passive elastic recoil after the removal of

external forces .

Other interfibrillar components include molecules that are responsible for the cohesion between adjacent collagen fibrils

and therefore have a major influence on the mechanical properties of MCT. Proteoglycans, which consist of a protein core

and glycosaminoglycan (GAG) sidechains, are present both within and on the surface of the collagen fibrils . There is

biochemical evidence that surface proteoglycans act as binding sites for other molecules that form interfibrillar

crossbridges. Staining with the cationic dyes cuprolinic blue or cupromeronic blue, which label GAG sidechains, reveals

both punctate/globular precipitates on the surface of fibrils and linear structures that extend between adjacent fibrils and

are attached to specific sites within each fibril D-period . In featherstar ligaments and sea-cucumber dermis, the

GAG components of these surface proteoglycans have been identified as chondroitin sulfate . MCT contains several

other molecules that contribute to interfibrillar cohesion but whose extracellular disposition is unknown; these are

discussed below.

3. Cellular Components

The most abundant and characteristic cellular components of MCT are neurosecretory-like cell processes containing large

(diameter > ca. 100 nm) dense-core vesicles (LDCVs). These were first described in the brittlestar intervertebral ligament

and named ‘juxtaligamental cells’ (JLCs), because in brittlestars, the perikarya are always located outside, but usually

closely adjacent to, collagenous structures . In almost all investigated mutable collagenous structures, there are two or

more populations of LDCV-containing processes distinguished by the size, and sometimes the shape and electron

density, of their LDCVs .

An expanding body of evidence indicates that JLCs are neurons. In brittlestars, they are located in aggregations, known

as juxtaligamental nodes, that have a central, neuropil-like region penetrated by the axons of motoneurons and chemical

synapses between axonal and juxtaligamental processes . Juxtaligamental nodes have an outer capsule of

neuroglia-like cells with centrally directed partitions that compartmentalize the juxtaligamental perikarya. This suggests

that the nodes could be ganglionic integrating centers that coordinate changes in the tensile properties of MCT with the

activities of other effector systems . Less organized cellular aggregations with ganglion-like features are associated

with MCT in other echinoderm classes .

It is highly likely that JLCs are the effectors that directly alter the tensile properties of MCT, since their processes terminate

in MCT, have no possible cellular targets, and link the ECM to the motor nervous system, and since they are also absent

from non-mutable echinoderm collagenous structures . Putative effector molecules occur in sea-cucumber JLCs. The

stiffening proteins tensilin and stiparin have been immunolocalized to the LDCVs of JLCs in the dermis  (also Keene

and Trotter, unpublished data), and Demeuldre et al.  detected tensilin by immunohistochemistry and in situ

hybridization in JLCs in the connective tissue of the Cuvierian tubules (extrudable adhesive structures used for defense

). In some mutable collagenous structures, alterations in tensile state are accompanied by changes in JLC

ultrastructure. These usually include indications that LDCVs or their contents are released into the extracellular

compartment. Such changes have been seen mainly in structures undergoing an irreversible alteration in mechanical

properties, which can be in the form of either drastic weakening (as occurs during autotomy) or stiffening (as undergone

by Cuvierian tubules after expulsion) .
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Other cellular components of MCT include heterogeneous vacuole-containing cells, which may be phagocytic, and, in a

few starfish and sea-urchin structures, myocytes . Most echinoderm collagenous tissue, including MCT, appears to

lack fibroblasts . As echinoderms show indeterminate growth , they must possess as yet unidentified

populations of cells with the capacity to maintain the continuous expansion of connective tissue structures.
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