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Preface to the Series

Recent developments in the applied field of natural products are impressive,
and the speed of progress appears to be almost self-accelerating. The results
emerging make it obvious that nature provides chemicals, secondary metabo-
lites, of astonishing complexity. It is generally accepted that these natural
products offer new potential for human therapy and biopolymer science. The
major disciplines which have contributed, and increasingly contribute, to
progress in the successful exploitation of this natural richness include molec-
ular biology and cell biology, flanked by chemistry. The organisms of choice,
useful for such exploitation, live in the marine environment. They have the
longest evolutionary history during which they could develop strategies to
fight successfully against invading organisms and to form large multicellular
plants and animals in aqueous medium. The first multicellular organisms, the
plants, appeared already 1000 million years ago (MYA), then the fungi
emerged and, finally, animals developed (800 MYA).

Focusing on marine animals, the evolutionary oldest phyla, the Porifera,
the Cnidaria and the Bryozoa, as sessile filter feeders, are exposed not only to
a huge variety of commensal, but also toxic microorganisms, bacteria and
fungi. In order to overcome these threats, they developed a panel of defense
systems, for example, their immune system, which is closely related to those
existing in higher metazoans, the Protostomia and Deuterostomia. In addi-
tion, due to this characteristic, they became outstandingly successful during
evolution: they developed a chemical defense system which enabled them to
fight in a specific manner against invaders. These chemicals are of low mole-
cular weight and of non-proteinaceous nature. Due to the chemical complex-
ity and the presence of asymmetrical atom centers in these compounds, a high
diversity of compounds became theoretically possible. In a natural selective
process, during evolution, only those compounds could survive which caused
the most potent bioactivity and provided the most powerful protection for
the host in which they were synthesized. This means that during evolution
nature continuously modified the basic structures and their derivatives for
optimal function. In principle, the approach used in combinatorial chemistry
is the same, but turned out to be painful and only in few cases successful. In
consequence, it is advisable to copy and exploit nature for these strategies to
select for bioactive drugs. Besides the mentioned metazoan phyla, other ani-
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mal phyla, such as the higher evolved animals, the mollusks or tunicates, or
certain algal groups, also produce compounds for their chemical defense
which are of interest scientifically and for potential application.

There is, however, one drawback. Usually, the amount of starting material
used as a source for the extraction of most bioactive compounds found in
marine organisms is minute and, hence, not sufficient for their further appli-
cation in biomedicine. Furthermore, the constraints of the conventions for the
protection of nature limit the commercial exploitation of novel compounds,
since only a small number of organisms can be collected from the biotope.
Consequently, exploitation must be sustainable, i.e., it should not endanger
the equilibrium of the biota in a given ecosystem. However, the protection of
biodiversity in nature, in general, and those organisms living in the marine
environment, in particular, holds an inherent opportunity if this activity is
based on genetic approaches. From the research on molecular biodiversity,
benefits for human society emerge which are of obvious commercial value;
the transfer of basic scientific achievements to applicable products is the task
and the subject of Marine Molecular Biotechnology. This discipline uses mod-
ern molecular and cell biological techniques for the sustainable production of
bioactive compounds and for the improvement of fermentation technologies
in bioreactors.

Hence, marine molecular biotechnology is the discipline which strives to
define and solve the problems regarding the sustainable exploitation of
nature for human health and welfare, through the cooperation between scien-
tists working in marine biology/molecular biology/microbiology and chem-
istry. Such collaboration is now going on successfully in several laboratories.
It is the aim of this new subset of thematically connected volumes within our
series “Progress in Molecular and Subcellular Biology” to provide an actual
forum for the exchange of ideas and expertise between colleagues working in
this exciting field of “Marine Molecular Biotechnology”. It also aims to dis-
seminate the results to those researchers who are interested in the recent
achievements in this area or are just curious to learn how science can help to
exploit nature in a sustainable manner for human prosperity.

Werner E.G. Miiller



Preface

When, nearly 20 years ago, I was participating in the organization of a work-
shop held in Palermo entitled “Regulation of Transcription in Sea Urchin
Embryos” (see Fig. 1), under the expert direction of Prof. G. Giudice, at the
time Director of both the University and CNR Institutes for Developmental
Biology, I was not aware of the extent to which echinoderms (sea urchins)
contribute to the advancement of science. It was spring 1986 and, among
other well-known and those who would one day be well-known in the field,
Tim Hunt (R. Timothy Hunt) presented his lecture on the “Role of maternal
mRNA in the regulation of cell division in early cell cycles of the sea urchin
embryos”. I am sure that at the moment most, if not all, of the audience
found the way in which a messenger RNA could promote the synthesis of a
protein which was going up and down during cell cycles very bizarre. Many
years later, his efforts, together with those of Paul M. Nurse and Leland H.
Hartwell, were appreciated worldwide. They were awarded the Nobel Prize in
Physiology and Medicine 2001 for “their discoveries of key regulators of the
cell cycle”. In fact, their work led to the discovery of cyclins, proteins wide-
spread in the animal kingdom, that oscillate throughout the cell cycle, bind-
ing and activating cyclin-dependent kinases. Needless to say that nowadays
everybody knows what cyclins are and how studies on their regulation are
inspiring new therapies against human cancer. However, very few people
remember that this all stemmed from a lesson from the sea urchin, just one
example of how precious simple marine organisms can be in teaching scien-
tists how to improve human health.

With this in mind, it was with great pleasure that I accepted the kind invi-
tation of Prof. Miiller to assemble a book that, by examining the recent pro-
ductive research in support of marine biotechnology, would encourage fur-
ther studies on the sustainable exploitation of biologically active compounds
from echinoderms. Echinodermata, a phylum that appeared back in the Pre-
cambrian age, accounting for more than 7,000 living species, belongs to the
branch of the animal kingdom known as the deuterostomes, a group that also
includes man. Since they are phylogenetically more related to chordates than
to other invertebrate groups, it is not surprising that echinoderms possess
regulatory mechanisms rather similar to those of vertebrates. This explains
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the flourishing interest of scientists in the fields of developmental biology,
molecular genomics and molecular evolution.

However, as many of the contributors to this book have pointed out, despite
the incredible amount of research accomplished during the past centuries
using echinoderms as a model organism in the fields of zoology, ecology,
embryology, cell biology, molecular biology, etc., modest efforts of the echin-
oderm scientific community have been directed towards studies on the devel-
opment of the sustainable production of bioactive compounds from echino-
derms and their application in biomedicine.

This book illustrates the progress made in the exploitation of natural prod-
ucts from marine invertebrates (echinoderms) at a specialized high level.
Studies describe: (1) the discovery of new potential therapeutic tools for
human health; (2) the introduction of new biomolecular and biocellular sen-
sors for the detection of environmental contamination; (3) the development
of new composite materials for biomedical applications; and (4) the improve-
ments and limitations of aquacultural techniques and farming. Past and
recent findings are reported in the format of reviews on general topics or
detailed explanations where the description of a recently defined method is
needed.

Environmental and health issues are addressed by the 2004-2010 Action
Plan of the European Community which focuses on: (1) an integrated envi-
ronmental and health monitoring system; (2) the standardization of methods
of analysis; and (3) common sampling and sample preparation procedures.
Taking these points into consideration, I decided to invite only European sci-
entists, with only one exception, to contribute their work and thoughts, most
of them being involved in EU R&D projects which encourage and support
multidisciplinary research with the aim of ensuring the rapid transfer of tech-
nology.

For all the above-mentioned reasons, I am particularly grateful to the
Marine Molecular Biotechnology Series Editor, Prof. Werner Miiller, who gave
me the opportunity to select those studies which I think will be able to pro-
mote discussion in this rapidly growing field and open new routes for
research on innovative bioactive compounds to be used in environmental and
medical research.

Many thanks are extended to all the contributors to this book; I am confi-
dent that the high scientific value of their reviews on past and current find-
ings will serve as a forum of ideas for the exploitation of echinoderm as a
bioresource and will promote the development of studies in the new exciting
field of marine molecular biotechnology.

I am also very grateful to the invaluable and friendly collaboration and
assistance of all the actual members of the group (see Fig.2) whose daily hard
work and professional skills were part of the success of this enterprise. Special
warm thanks go to my colleagues Francesca Zito and Rosa Bonaventura for
their continuous and generous collaboration, support and assistance
throughout all the difficulties related to the editorial work.
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Fig. 1. Original sketch of a sea urchin,

engaged in “transcribing”, drawn by G. \ /
Giudice and used for the cover of the \\ | ,//
scientific program of the workshop on \\ L7 /
“Regulation of Transcription in Sea A ) /
Urchin Embryos”, held in Palermo in G '\@ e

N

1986

SEA  URCH/N
TRANSCRITPTIoN

Finally, I express my gratitude to my husband Benedetto and my daughter
Laura for their continuous intellectual and practical support. In spite of the
time it took me away from them, their intelligent and open-minded attitude
was invaluable in this scientific endeavour.

In closing, I would like to recall the words of Prof. Monroy, who used to say:
“Science is one of the best ways for mutual understanding. Its language is uni-
versal and pays no attention to national barriers. This is to say that science is
one of the best approaches to peace”.

Valeria Matranga



Foreword 1

As Director of the Institute of Biomedicine and Molecular Immunology
“Alberto Monroy”,I am pleased to introduce this book on the marine molec-
ular biotechnology of echinoderms, edited by Dr. Valeria Matranga, with the
precious help of her team, who dedicated much time and effort. I know and
appreciate the dedication of Valeria Matranga to her work on cell biology,
especially her research on cell-environment interactions and on the valida-
tion of the role played by cellular and molecular biology in the detection and
assessment of environmental pollution. I am confident that this book will
have a great impact on our understanding of biological markers and their dif-
ferent functions in the cell. In addition, the advancements described here will
be extremely useful for the evaluation of environmental risk. Moreover, this
research field ultimately addresses issues on the protection of human health,
since we can now monitor potentially dangerous changes in the sea environ-
ment along the coast where degradation products from the earth accumulate.

The topics addressed in the book, Echinodermata, will be of interest to sci-
entists in various fields:

e Cell biologists will find it useful to study cell responses to stress factors;

e Marine biologists will be able to evaluate the damage to cells and organ-
isms caused by coastal water pollution, as well as the role of monitoring
such phenomena;

e Researchers dedicated to Nutritional Sciences will appreciate the “warning
messages” provided by the environmental monitoring of seawater;

e Environmental scientists will take advantage of an additional way to fight
seawater pollution, which could possibly be useful in the prevention and
adequate correction of problems originating from ground pollution.

Finally, I wish Valeria Matranga and her team continuing success in their
engrossing and promising research field.

Istituto di Biomedicina e Immunologia Professor Giovanni Bonsignore
Molecolare (IBIM) “Alberto Monroy” (Director)
Palermo, Italy
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Biology owes a great deal to Echinodermata, especially in the field of develop-
ment. Sea urchins have actually represented one of the main and one of the
first biological materials on which the history of developmental biology was
built.

Fertilization and parthenogenesis were, in fact, first clearly and correctly
described in sea urchins. Oskar Hertwig, working at the Zoological Station
of Naples, wrote in 1875: “I was lucky enough, by studying the egg of Toxop-
neustes lividus, to find an object in which phases and intimate phenomena
of fertilization were clearly visible, that is: following fertilization, few min-
utes after semen addition, around the sperm head, lodged in the cortex, a
series of rays was formed”. The description of a series of important obser-
vations followed, which allowed him to conclude: “And therefore I was able
to formulate the low: the fertilization rests on the union of two sexually dif-
ferent cells”.

Again, with regard to sea urchins, Edmund B. Wilson (1906) wrote: “Fertil-
ization accordingly consists of two distinct phenomena: first the introduction
into the egg of the paternal hereditary characteristics potentially contained in
some unknown manner in the substance of the sperm nucleus or of the chro-
mosomes in which resolves itself. Second in the introduction into the egg of a
centrosome which gives rise to the mechanisms by means of which the egg
divides and the hereditary substance is distributed to the resulting cells”.
Thus, the concept of the centrosome is also due to sea urchins.

In 1895 it was again Hertwig who described parthenogenesis in sea
urchins, while Jacque Loeb in 1909 showed that it is possible to induce
parthenogenesis in sea urchins also by chemical treatments such as hyper-
tonic seawater. This caused public surprise and also some concern, such that
some people even advised women to avoid bathing in seawater owing to the
danger of parthenogenesis!

Furthermore, genetics, in spite of a long-lasting metamorphosis, owes
some crucial initial experiments to sea urchins. It suffices here to recall the
experiments of Theodor Bovery, who in 1889 studied sea urchin hybrids,
again at the Zoological Station of Naples, and concluded that chromosomes
are qualitatively responsible for genetic character transmission, after observ-
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ing the fate of hybrid merogones in which some chromosomes were selec-
tively lacking.

Although not being the elective material for genetic studies, sea urchins
represented and still represent a very important model for studies of molecu-
lar biology and molecular genomics. The story started with the demonstra-
tion by Alberto Monroy that, following fertilization, there is an activation of
protein synthesis in the sea urchin egg. This demonstration was achieved by
Eizo Nakano and Alberto Monroy in Palermo by preloading the amino acid
pool of the unfertilized sea urchin egg with radioactive amino acids (which
was carried out by injecting the labeled amino acids into the coelomic cavity
of the adult female), and showing that immediately following fertilization, but
not before, there was a quick transfer of the amino acids from the pool to the
proteins. This injection of amino acids into the adult sea urchin was depicted
by a cartoonist (myself, at that time one of Monroy’s students; Fig. 1).

The story of molecular genetics has continued in sea urchins, especially in
the USA, where many research groups flourished, especially that of Eric
Davidson at Caltech, of which I will only recall here the regulatory gene net-
works described in sea urchins. It has continued also in Europe, e.g. in
Palermo with Monroy’s former students, including myself and younger
coworkers, both at the University and at the National Research Council of
Palermo. It has also continued at the Zoological Station of Naples and else-
where, e.g. in Villefranche sur Mer, just to quote an example. Other groups are
studying molecular genomics of sea urchins in Japan.

It should be noted here that the hypothesis of a role for DNA methylation in
differentiation was first proposed in sea urchin embryos in 1958 by Edoardo
Scarano and by colleagues still working in Naples.

It is also worth recalling the contribution of sea urchins to the field of cell
interaction. Curt Herbst, in 1891, working at the Zoological Station of Naples,
found that lowering the calcium concentration of seawater brought about a
loosening of contacts between sea urchin blastomeres, which remained inside
the fertilization envelope and continued to develop, although with a “krank-
like” aspect. This observation allowed Hans Driesch to easily separate the first
two blastomeres and to show that each gave rise to an entire, albeit smaller,

%é[ﬁ@ i "5

Fig. 1. Original sketch by G. Giudice representing a furious sea urchin chasing Prof. Eizo
Nakano, armed with a syringe, and Prof. Alberto Monroy, first in the row, at the time of
their joint experiments in the mid-1950s.




Foreword 2 XV

pluteus. Many years later, in 1961, I succeeded in dissociating sea urchin blas-
tulae into single cells, essentially by removing calcium. These cells were able
to reaggregate and to develop into pluteus-like structures, which represented
the first example of entire larvae of any kind of embryos reconstituted from
dissociated cells. These studies were followed by those of some colleagues of
mine, e.g. Letizia Vittorelli and Valeria Matranga, and by others, including
Yukio Yokota, Hans Noll and David McClay.

The theory of morphogen gradients, so popular in developmental biology,
also originated in the study of sea urchins, following the beautiful micro-
transplantation experiments done by Sven Hoérstadius in 1928 and by the
intelligent speculations of John Runnstrém.

Finally, the beginning of so-called chemical embryology can be attributed
to studies on sea urchins: it was in fact Otto Waburg who discovered in 1908
that following fertilization of sea urchin eggs there was a sudden increase in
oxygen consumption.

I am aware that many important results obtained not only using sea
urchins, but using echinoderms in general have not been included here. I
hope, however, to have succeeded in giving an idea of the contribution that
studies on sea urchins have provided to developmental biology in the past in
places like Naples Zoological Station, Woods Hole MBL, Stockholm Carolin-
ska Institute, Sugashima Marine Station and Villefranche sur Mer Marine Sta-
tion, and continue to provide especially in places like the USA (i.e. the MBL in
Woods Hole, Caltech, Pennsylvania and so on), Italy (Naples and Palermo),
France and Japan.

Dipartimento di Biologia Cellulare e dello Professor G. Giudice
Sviluppo “Alberto Monroy”, Universita di Palermo
Palermo, Italy
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Are Echinoderms of Interest to Biotechnology?

C.PETZELT

Abstract. The huge potential of echinoderms as a so far fairly untapped
source of bioactive molecules is described. Examples are presented that show
the usefulness of echinoderm-derived molecules for therapeutic application
in selected fields of cancer research, in the control of bacterial growth as sub-
stances with new antibiotic properties, and finally in the context of technical
applications such as antifouling substances. The molecules described here are
but the mere beginning of a commercial exploitation of echinoderms and
may incite a deeper involvement of biotechnology-oriented research in this
material.

Echinoderms have been used as embryos since the dawn of cell biology as
model systems to study basic phenomena such as mitosis, cell division, differ-
entiation, and organ formation, and are linked to the great cell biologists of
the 19th and 20th centuries; among many others, Boveri, Heilbrunn, Mazia,
Monroy, Wilson, Hertwig, and Brachet may be cited. Today, echinoderm
embryos continue to be the model of choice for many cell and molecular biol-
ogists, offering exciting overtures on the way from molecular to cell biology
(e.g. Arnone et al. 1997). At the same time they serve as a sensitive test system
for toxicological and environmental studies (Matranga et al. 2000).

This chapter is not intended to cover the many applications of the peculiar-
ities of the echinoderm embryonic system in cell and molecular biology;
rather it will give examples of echinoderm-derived substances that may have
biotechnological value.

Without any doubt the marine environment has huge potential as a source
of new compounds to be used in so far unknown strategies in the combat of
many pathological situations. In the course of millions of years of evolution,
many trials and errors have been made to protect the individual, either the cell
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or the entire organism, and to gain advantage in the face of possible competi-
tors. Substances have evolved that interfere with signalling or are simply poi-
sonous to other cells. Such products, to be discussed later, could be used in the
human environment to attack key problems such as cancer, bacterial infec-
tions, or, more practically, biofouling. Surprisingly, echinoderms appear to be
a rather untapped source in the pursuit of the identification of new and useful
products.

Successful identification depends to a large extent on the test system used
and on subsequent purification techniques. Probably one of the most direct
approaches is the use of whole animals or pieces of an animal to test whether
there is any antibacterial or cytotoxic activity.

Sasaki et al. (1985) identified in the macromolecular fractions of aqueous
extracts from the sea urchin Strongylocentrotus nudus antitumor activities
that inhibited transplanted sarcoma 180 solid form in ICR mice. Unfortu-
nately, this interesting work was apparently not followed up. Earlier on, it was
shown in an elegant study that triterpene glycoside isolated from 19
holothurian species of the Pacific tropical zone exhibited cytotoxic activity
against yeast and tumour cells, whereas bacteria were not affected. Out of
these glycosides the stichoposides, theoturins, and oligosides of Holothuria of
the genus Bohadschia were found to be the most active versus fungal and
yeast microflora and tumour cells (Kuznetsova et al. 1982).

Haug et al. (2002) isolated from the sea urchin, Strongylocentrotus droe-
bachiensis, the sea cucumber Cucumaria frondosa, and the starfish Asterias
rubens antibacterial activities that were detected in extracts from several tis-
sues in all species tested, but mainly in the coelomocyte and body wall
extracts. High antibacterial activity was also found in gastrointestinal organs
and eggs from A. rubens and in eggs from C. frondosa. If differences in
hydrophobicity and sensitivity to heat and proteinase K treatment were com-
pared between active extracts, it was observed that several different com-
pounds were responsible for the antibacterial activities detected. Lysozyme-
like activity was identified in several tissues from A. rubens. Haemolytic
activity could be detected in all species tested, especially in the body wall
extracts. These results indicate that echinoderms may serve as a useful source
when searching for novel antibiotics.

Carballo et al. (2002) used two brine shrimp assays to identify potential
cytotoxic substances useful in cancer therapy. They incubated whole body
extracts from three echinoderms (Holothuria impatiens, Pseudoconus califor-
nica, and Pharia pyramidata) that showed a strong cytostatic (growth inhibi-
tion) and cytotoxic effect against two human cell lines, lung carcinoma A-549
and colon carcinoma HT-29. Palagiano et al. (1996) isolated up to 20 steroid
glycosides from the starfish Henricia downeyae that caused growth inhibition
in bacteria and fungi. In this work, it is remarkable that the biological activity
originally identified in ethanolic extracts was related to single compounds
whose molecular structures were even identified. Aminin et al. (1995) first
identified in the Pacific brittle star Ophiopholis aculeata disulfated polyhy-
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droxysteroids that turned out to be potent Ca?* agonists in mammalian cell
systems (Aminin et al. 1995; Agafonova et al. 2002).

Even in the main constituents of the immune systems of echinoderms,
cytotoxic substances are found. Coelomocytes are intriguing entities express-
ing variable effector mechanisms that are elicited specifically and are repeat-
able after a variety of non-self challenges (Glinski and Jarosz 2000; Lin et al.
2001). Stabili et al. (1996) were able to isolate from coelomocytes of the sea
urchin Paracentrotus lividus a bactericidal protein and purified it to a single
polypeptide chain with a molecular weight of 60 kDa.

Epibiosis, the colonization of biogenic surfaces by epibiotic organisms such
as bacteria, filamentous algae, and sessile invertebrates, poses a major threat
to the fitness and survival of macroorganisms which could potentially be
fouled. Fouling of artificially submerged structures (e.g. ship hulls) can also
cause severe economic problems, establishing the need for refined bioassays
to determine the efficacy of potential antifouling compounds. Palagiano et al.
(1996) identified steroid glycosides from the starfish H. downeyae with pro-
found antifouling activities, compounds that were also found in several
species of the family Echinasteridae. Iken et al. (2003) monitored the brown
algal spore swimming behaviour in the presence of echinoderm extracts in
order to identify possible antifouling activities. They tested different concen-
trations of aqueous and organic extracts from body walls of sympatric echin-
oderms (starfish Luidia and Astropecten and the brittle star Astrocyclus).
They found significant effects of those extracts on spore swimming behaviour
at concentrations three orders of magnitude lower than that present naturally
in the echinoderm body walls.

Sulfated fucans are among the most prominent of all the sulfated polysac-
charides of non-mammalian origin that exhibit biological activities in mam-
malian systems. Pereira et al. (1999) investigated the anticoagulant activity of
echinoderm fucans in comparison with that of several species of brown algae
and found that the linear sulfated fucans from echinoderms had an anticoag-
ulant action resembling that of mammalian dermatan sulfate, whereas the
branched fucans from brown algae were direct inhibitors of thrombin. Such
differences have also been described for the linear sulfated fucans derived
from sea cucumbers compared to algal fucans (Mulloy et al. 2000).

Glycosphingolipids and glycopeptides are normally occurring consti-
tuents of various cell membranes in a wide variety of organisms. Surpris-
ingly, these compounds derived from echinoderms exhibit biological
function that might render them useful in medical applications. Glycosphin-
golipids have been isolated from sea cucumbers that had neuritogenic activ-
ity in the rat pheochromocytoma cell line PC-12, i.e. they were able to induce
neurite differentiation in the same way as can be achieved by the addition of
nerve growth factor (Yamada 2002). It remains to be seen whether these
compounds find medical applications, but even today they are of economic
interest in view of the high price of commercially available nerve growth fac-
tor.
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Several unique lectins are found in echinoderms. In marine invertebrates
lectins may be considered as humoral factors in the defence mechanism, as
are immunoglobulins in vertebrates, resulting in activation of phagocytes. On
the other hand, direct haemolytic activity has recently been found in a galac-
tose-specific lectin from the sea cucumber Cucumaria echinata (Hatakeyama
et al. 1999). After binding to the specific carbohydrate chains on the erythro-
cyte surface, these lectins damage the cell membrane, leading to cell lysis. A
lectin with biological activities such as mitogenic and chemotactic character-
istics was also described in the venom of the pedicellariae of the sea urchin
Toxopneustes pileolus (Nakagawa and Kimura 1982) as had been described
with other bioactive substances many years earlier by Alender (1967) occur-
ring in the spines of Diadema sea urchins.

A rich source of useful venoms has been found in the crown-of-thorns
starfish Acanthaster planci. One of its deadly venoms has been identified as a
myotoxic phospholipase A (Mebs 1991), and several other candidates for such
effects have been identified (Shiomi et al. 1985, 1988; Mebs 1989).

A not yet commercially exploited area is the phenomenon of biolumines-
cence in the brittle star Amphipolis squamata. The photocytes of this animal
produce light dependent on cyclic nucleotide and IP3, and the system may
become as useful and widespread as the luciferin-luciferase system is today
(De Bremaeker et al. 2000; Deheyn et al. 2000a—e).

Finally, an example may be cited of how echinoderms may become useful
even in bionics. It has been recently discovered by Aizenberg et al. (2001) that
in the brittle star Ophiocoma wendstii single calcite crystals are arranged in
such a way that they function as lenses. These lenses focus light onto nerve
bundles that run behind them, which presumably receive the signal to be fur-
ther processed. Thus, these thousands of lenses form a compound eye that
covers the upper surface of the animal, resulting in a function similar to a dig-
ital camera that builds up the picture pixel by pixel. At present, engineers in
the photonic industry try to imitate the perfect calcite lenses and their use in
signal reception.

This short overview was intended to stimulate the search for bioactive
compounds in echinoderms. It is surprising how little work has been done to
identify promising candidates for applied research, especially in view of the
widespread availability of the animals. It is to be hoped that the urgent need
for new strategies in cancer research or for new candidates for antibiotics in
view of the fast development in resistance of harmful bacteria will lead to a
renaissance in the field. After all, the potential rewards are of considerable
magnitude.
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Cell Adhesion and Communication: A Lesson from
Echinoderm Embryos for the Exploitation of New
Therapeutic Tools

F. Z1TO, C. COSTA, S. SCIARRINO, C. CAVALCANTE, V. POMA, V. MATRANGA

Abstract. In this chapter, we summarise fundamental findings concerning
echinoderms as well as research interests on this phylum for biomedical and
evolutionary studies. We discuss how current knowledge of echinoderm biol-
ogy, in particular of the sea urchin system, can shed light on the understand-
ing of important biological phenomena and in dissecting them at the molec-
ular level. The general principles of sea urchin embryo development are
summarised, mainly focusing on cell communication and interactions, with
particular attention to the cell-extracellular matrix and cell-cell adhesion
molecules and related proteins. Our purpose is not to review all the work done
over the years in the field of cellular interaction in echinoderms. On the con-
trary, we will rather focus on a few arguments in an effort to re-examine some
ideas and concepts, with the aim of promoting discussion in this rapidly
growing field and opening new routes for research on innovative therapeutic
tools.

1
Introduction

Echinodermata are among the most familiar marine invertebrates. The phy-
lum, characterised by the great morphological variety of its members,
belongs to a branch of the animal kingdom known as deuterostomes. The
Echinodermata have been extensively studied, particularly because of some
aspects such as the ample fossil record extending back to the Precambrian,
their ecological importance in the marine environment, the interesting mor-
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Fig. 1. A Living fossil, the pencil urchin Eucidaris tribuloides. B Presumptive crinoid fossil
found in 1981, in the Black Forest, Germany

phology of adult organisms and the advantage of experimentally manipula-

ble embryos. Approximately 13,000 echinoderm fossil species are known

(Fig. 1), while living species number about 7,000 and fall into five well-

defined classes:

e Crinoidea (sea lilies and feather stars), with about 600 living species. The
body is oriented with the mouth facing up and they may or may not have a
stalk.

e Asteroidea (starfishes or sea stars), the most familiar forms to man, with
about 1,500 living species. Typically, they have their oral surface on the ven-
tral side and usually have multiple “arms” surrounding a central disc.

e Ophiuroidea (basket stars and brittle stars), with five arms, typically flexi-
ble, radiating from a central disc, which are used for locomotion. The class
includes about 2,000 living species.

e Echinoidea (sea urchins, sand dollars and sea biscuits), with a usually glob-
ular body, formed by the fusion of skeletal plates, without distinct arms.
Some of them have bilateral symmetry, which occurred secondarily during
evolution. About 1,700 living species are known.

e Holothuroidea (sea cucumbers), characterised by a cylindrical shape and a
relatively soft body. About 1,100 living species are known.

The Concentricycloidea (sea daisies), with only two species, is an enigmatic
group of echinoderms whose phylogenetic position remains elusive, although
evidence suggests a relationship with asteroids (Pearse and Pearse 1994). The
phylogenetic relationships among the five classes have been extensively con-
troversial, but it seems generally accepted that the class of Crinoidea
branched first and that the Echinoidea and Holothuroidea are sister clades
(Fig.2).

Although the main character of the body plan of adult echinoderms, the
pentamerous symmetry, led the father of palaeontology, George Cuvier
(1769-1832), to place them in the Radiata phylum, it is now widely accepted
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Ophiuroidea

Echinoidea

£
.

Asteroidea Holothuroidea

Fig. 2. Hypothetical phylogenetic
tree of the five living classes of Echin-
odermata. This hypothesis, predict-
ing that the Crinoidea branched ear-
lier than the other classes and
suggesting that the Echinoidea and
Holothuroidea are sister clades, was
first proposed by Bather (1900) and is
supported by morphological and

molecular evidence. (Littlewood et al. L
1997) Crinoidea

that the phylogenetic proximity of echinoderms is to chordates. Among
marine invertebrates, in fact, the echinoderm clade has a unique position in
the evolutionary tree: during evolution it first appeared in the Metazoa phy-
lum with features of deuterostomes, in direct evolutionary line with chordates
and vertebrates, thus implying that there is less divergence between echino-
derms and vertebrates than between echinoderms and other invertebrates.
This is not surprising since, although the two phyla appear so dissimilar, mol-
ecular data and fossil records strongly support this grouping, even if the
attempts to identify a common ancestor are highly speculative. As the eminent
anthropologist Konrad Lorenz observed, “It is not a theory, but an irrefutable
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historical fact, that the living world - since its origin - has evolved from

‘below’ to ‘above’. Actually, it is becoming clearer that the genes encoding

developmental regulatory proteins already identified in other phyla, the mod-

ified interactions among them and changes in their expression patterns are at
the basis of the evolution of animal morphology (Raff 1996; Wray and Lowe

2000).

The name echinoderm is derived from the Greek word meaning spiny skin
and it has been the original denomination for sea urchins, since spines are
their main external characteristic. Echinoderms are exclusively marine inver-
tebrates and, with a few exceptions, are all benthic organisms (bottom-
dwellers). A number of lifestyles are typical among different classes, e.g. sea
star and crinoids are predators and filter-feeders respectively, while sea
urchins scrape algae from rocks, and holothurians, sand dollars and ophi-
uroids often feed on remains.

Echinoderms usually have separate sexes with no evident sexual dimor-
phism. Reproduction is typically achieved by external fertilisation, with eggs
and sperm freely released into the seawater. The life cycle is usually complex.
In most echinoderms the embryo develops into a planktonic larva with a
bilateral symmetry, that in some species goes through metamorphosis, typi-
cally radical, before reaching the final adult morphology.

A number of morphological features are unique to the Echinodermata phy-
lum, including:

e a pentaradial symmetry in adults (higher-order radial symmetry can be
observed in several cases, but it is clearly a secondary modification);

e a water vascular system, consisting of a set of water-filled canals branching
from a ring canal and leading to tube feet, which has many important func-
tions, including locomotion, cellular respiration and feeding;

e a mesodermal endoskeleton composed of calcareous plates assembled in a
meshwork;

e a complex subepithelial nervous system with radial nerves running under
each of the ambulacra, the row of tube feet, but without a recognisable cen-
tral part;

e sensory neurons located primarily within the ectoderm of podia, without
specialised sense organs;

e acirculatory system, if present, consisting of a haemal system derived from
coelomic sinuses.

2
Why Study Echinoderms?

There are some features that make echinoderms so interesting to study. First,
their sensitivity to environmental changes in seawater ecosystems. It is well
known that the disappearance of fragile species from certain geographic
areas is in direct relationship with high contamination of seawater and sedi-
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ments, and echinoderms are one such fragile species. In particular, embryos,
juveniles and adults of the classes Echinoidea and Asteroidea are well utilised
in studies on marine pollution, since they highly resent it. Second, their abil-
ity to regenerate parts of the body (particularly Ophiuroidea and Asteroidea),
based on stem cell recruitment. This phenomenon makes a fundamental con-
tribution to the adaptive capacities of the whole species. Third, their ability to
cause remarkable transformations in submarine substrates. Since the echino-
derms are one of the most important marine invertebrates that do not feed on
filtration, as they graze on substrate (except for holothurians and crinoids),
they can induce changes in the ratios and distributions of other marine
species (fishes and others), and eventually cause segregation as well as speci-
ation. These three features of echinoderms are just some examples of the huge
number of ways in which echinoderms can be of help in the understanding of
important biological phenomena, and in dissecting them at the molecular
level.

2.1
Echinoderms for Biomedical Research: A Simple Model to Study
Biological Events Occurring in Higher Organisms

Recently, a number of studies have offered new notions that non-mammalian
models may represent important future directions for studies on human dis-
eases, since the results obtained from these models are in many cases applica-
ble to mammals including humans. Few people realise that research on simple
marine organisms has led to some of our greatest medical advances, as well as
to new insights into environmental pollution. One of the advantages of using
echinoderms is that they produce thousands of virtually identical embryos,
and that the morphological abnormalities are readily visualised in the live
organism under the light microscope. In the following text, some aspects of
the medical advances achieved from such studies will be briefly outlined.

2.1.1
Screening and Testing of Toxic Substances

Sea urchin gametes, embryos and larvae can be used for fast, low-cost and
reliable screening and testing of toxic substances and for detailed studies on
their mechanism of action. One example is the screening for the toxicity
caused by retinoids utilised in dermatological practice, since it has been
shown that foetal malformation is a major form of toxicity associated with
some of them (Kahn et al. 1988; Sciarrino and Matranga 1995). The sea urchin
embryo has also been used as a model for screening for suspected mam-
malian developmental neurotoxicants and for anticancer drug testing (Nish-
ioka et al. 2003; Qiao et al. 2003). This test system is applicable also for exami-
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nation of new and known pharmacologically active substances, including
their adverse effects and potential antidotes. Interestingly, a method has been
developed to study the invasive properties of metastatic cells and to test the
differential effects of anti-tumoural substances on their invasive capacity,
which makes use of the sea urchin embryo basement membrane (Livant et al.
1995; Dyer et al. 2002). This structure is selectively permeable and can be
obtained intact with the associated extracellular matrix (ECM) from sea
urchin embryos (Livant et al. 1995). It has been demonstrated that all metasta-
tic tumour cells placed in contact with these basement membranes were able
to invade them and the invasion was rapid and efficient; on the other hand, as
expected, non-metastatic cells failed in the invasion. These results suggest
that molecules participating in basement membrane recognition and inva-
sion have been functionally conserved during evolution and that their consti-
tutive activity may allow metastatic cells to escape their tissues of origin
(Livant et al. 1995).

2.1.2
From Echinoderm Molecules to Mammalian Diseases: How Fundamental
Research Points to Clinical Trials

The analysis of genome sequences led to the finding of novel non-traditional
targets involved in disease pathogenesis, whose usage has the advantage of
removing infection without inducing resistance. For example, it has been
shown that novel polysaccharides present on echinoderm surfaces seem able
to stimulate early host defence and microbial clearance, but not the later
phases of inflammatory tissue injury associated with sepsis. These are the
most promising alternative or integrative treatments for pneumonia that are
under development (Cazzola et al. 2004).

In the last 10 years, a number of molecules with different effects on mam-
malian cells have been purified from echinoderms. These include compounds
with anti-coagulant activity on human blood cells, such as the peptide
“plancinin” isolated from the sea star (Koyama et al. 1998), a promising drug
for anti-thrombotic therapy. Other compounds display considerable cytotox-
icity against a small panel of human solid tumour cell lines, such as polyhy-
droxysterols and saponins isolated from the sea star (Wang et al. 2004) and
the glycolipid A-5 extracted from sea urchin intestine (Sahara et al. 1997,
2002). The latter compounds have been suggested as useful drugs for cancer
chemotherapy.

Recently, Meijer and Raymond (2003) have reviewed the steps that lead to
the identification of new drugs; that are now under evaluation for therapeutic
use against cancer, neurodegenerative diseases and cardiovascular disorders.
This is an example of how results obtained from basic research, i.e. studies on
the cell cycle in the starfish oocyte model, can be utilised in applied medical
research and treatment. The starfish cyclin-dependent kinase CDK1/cyclin B
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was initially identified as a universal M-phase-promoting factor and then
used as a screening target to identify pharmacological inhibitors. From the
first inhibitors discovered, a more selective one was optimised, which is now
entering phase II clinical trials against cancers and phase I clinical tests
against glomerulonephritis (Meijer and Raymond 2003).

2.1.3
Highly Conserved Proteins Associated with Important Biological Functions

The study of echinoderms also led to the identification of proteins with high
levels of homology to vertebrate proteins expressed in particular syndromes
or tumour cells. A sea urchin gene showing very strong sequence and struc-
tural homology with the gene coding for dystrophin, which is defective in
Duchenne muscular dystrophy, has been identified. The partial characterisa-
tion of this gene helped in the construction of an evolutionary tree connect-
ing the vertebrate dystrophin gene family with related genes in invertebrates
(Wang et al. 1998). A novel protein homologue to the sea urchin fascin (an
actin-bundling protein) has been found to be over-expressed in pancreatic
ductal adenocarcinoma, suggesting its use as a tumour marker with potential
diagnostic and therapeutic implications for pancreatic carcinoma (Maitra et
al. 2002).

Sea urchin sperm homologues of polycystin-1 and polycystin-2, the pro-
teins mutated in autosomal-dominant polycystic kidney disease, have been
sequenced (Mengerink et al. 2002; Neill et al. 2004). Both proteins have been
shown to co-localise exclusively to the plasma membrane over the sperm
acrosomal vesicle, where they may function as a cation channel mediating the
sperm acrosome reaction. These data provide the first suggestion for the role
of a polycystin-1 protein in a specific cellular process (Mengerink et al. 2002).

Recently, a fasciclin-I-like protein has been purified from sea urchin
ovaries and, by in vitro assays, it has been shown to be active in promoting
HT1080 human fibrosarcoma cell attachment (Sato et al. 2004). Fasciclin-I is a
neuronal cell adhesion molecule and up to now various proteins belonging to
the family have been identified in different species, including bacteria, plants
and vertebrates, and in the sea urchin embryo and eggs (Brennan and Robin-
son 1994; Wessel et al. 2000), although their biological function had not been
characterised. However, latest findings indicate that the protein is highly con-
served in evolution and suggest important biological roles (Sato et al. 2004).

There are also examples of the isolation of new human genes whose func-
tion has been hypothesised on the basis of their high homology to already
known and characterised echinoderm genes. A novel human homologue of
the gene coding for echinoderm microtubule-associated protein (EMAP) has
been isolated from a locus of Usher syndrome type 1, an autosomal recessive
genetically heterogeneous disorder. The finding of its high level of homology
to the echinoderm cytoskeletal component EMAP, especially at the micro-
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tubule-binding domain, and the proposed cytoskeletal nature of Usher dis-
ease, define the human EMAP as a good candidate for the USH1a syndrome
origin (Eudy et al. 1997).

3
Use of Echinoderm Embryos to Study the Basic Mechanisms
of Communication Among Cells

Developmental biology is a discipline studying the mechanisms regulating
embryogenesis and it is one of the most attractive fields in rapid expansion
among the biological sciences. Its study is becoming essential for the compre-
hension of any other fields in biology, since it combines molecular and cellu-
lar biology, physiology, anatomy, immunology, research on cancer and also
evolution and ecology. Development is mainly devoted to the production and
organisation of all the different cellular types constituting the adult organism.
The generation of different types of cells is a process known as differentiation,
while the organisation of differentiated cells in tissues and organs is per-
formed during morphogenesis.

It is well known that cells do not behave as single entities, but rather their
association in multicellular structures requires precise co-ordination
between release and uptake of signals. Communication and interaction
among living cells are, in fact, fundamental events required for the proper
development of tissues and organs. Living cells continuously receive inputs
from the environment and modify their behaviour throughout a complex net-
work of signalling pathways. This communication occurs at various levels
and, to obtain co-ordinated responses, the integration of exchanged informa-
tion is essential. Malfunctioning of this network of signalling pathways is
often connected with pathological conditions ranging from abnormal prolif-
eration to cell death. Understanding the molecular basis of communication
among living cells is a fundamental challenge for biologists, since, besides
providing better understanding of the processes controlling growth, differen-
tiation and death, it may increase the number of discoveries of new therapies
against diseases caused by inappropriate signalling.

Historically, within the phylum of Echinodermata, the sea urchin embryo
has been an excellent experimental system for investigating the cellular basis
of development, principally because of its relatively simple organisation and
because of its optical transparency that makes the observation of morpho-
genesis in vivo possible. Pioneering studies on development date back to 1892,
when Driesch, following the experimental approach to embryology proposed
by Roux about 10 years before, utilised the sea urchin embryo in his studies
with important outcomes for embryology (Driesch 1892). On the basis of his
results, Driesch proposed the very modern concept of nucleus-cytoplasm
interaction as an essential event for development (Driesch 1894). Later, from
1928 to 1935, Horstadius performed some of the most remarkable experi-
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ments in the history of embryology using the sea urchin embryo (Figs. 3, 4).
First, he separated each blastomere of the early embryo and followed their
fates; then he was able to recombine different series of blastomeres and, from
the results obtained, to propose the well-known theory on the existence of
graded properties within the unfertilised egg and the early embryo (Horsta-
dius 1939).

The sea urchin system was also one of the first in which time-lapse
microscopy was exploited extensively. For example, the classic studies of
Gustafson and Wolpert (1967) led to the identification of many of the basic
behaviours exhibited by cells in the embryo during morphogenetic move-
ments. At the time, these authors remarked, “we are, however, still ignorant
about the final steps in the casual chain between the genes and the shapes they
control” (Gustafson and Wolpert 1967). In the past 35 years, our knowledge of
the molecular basis of developmental processes and the relationship between
molecules and cell behaviour has advanced considerably. The classic studies
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of Horstadius have been extended by the lineage studies performed by David-
son and colleagues, providing a more detailed picture of the establishment of
tissue territories in the early embryo (see reviews by Cameron and Davidson
1991; Cameron et al. 1991). More recently, many other laboratories in the
world, thanks to new technologies developed in the field of molecular biology,
have succeeded in the identification and characterisation of control genes and
their key target sites and the determination of their functional significance in
the early embryo, allowing the proposal of complex gene regulatory networks
(see review by Davidson et al. 2002). An equivalent remarkable progress has
not been seen in the cell biology field, particularly in the characterisation of
the proteins involved in cell communication and cell adhesion, although some
studies date back to the early 1970s.

In the following text, molecules of the sea urchin embryo involved in cell
communication, such as cell-matrix and cell-cell adhesion proteins (PI-
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nectin, fibronectin, laminin, collagen, integrin, toposome, cadherin), growth
factors (BMP2/4, univin), signal transduction molecules (kinases), and their
genes (when characterised) will be described. Our intention is not to review
all the work done over the years in the field of cellular interaction in echino-
derms, but rather we will focus on a few arguments on the assumption of re-
examining some ideas and concepts.

3.1
Sea Urchin Embryo Transparency: A Living Laboratory for Studying
Development and Morphogenesis

To facilitate the reader in the following discussion on the relationship
between adhesion/signalling molecules and cell differentiation occurring
during embryogenesis, the development of the Mediterranean sea urchin
species Paracentrotus lividus will be briefly described. The time scale and
embryo morphology apply, with very little modifications, to many other sea
urchin species.

Fertilisation is the first event that gives rise to development and triggers
instantaneously several changes within the egg. A transient decrease in the
membrane potential, a slight increase in the intracellular pH and free calcium
ions activate several metabolic processes, causing, among other things, the
exocytosis of cortical granules and the consequent elevation of the fertilisa-
tion membrane (Fig. 5A). Cleavage stages begin within 1 h after fertilisation
and are characterised by a number of cell divisions occurring about every
30 min (Fig. 5B,C). While the first three divisions give rise to eight equivalent
blastomeres, the fourth one produces 16 cells of different sizes: eight
mesomeres at the animal pole, four macromeres and four micromeres at the
vegetal pole (Fig. 5D). Cameron and colleagues were able to describe exten-
sively the cell lineage for each of the 16 blastomeres; in addition, they showed
that most of the lineage founder cells for many tissues of the later embryo are
established at the 64-cell stage (Cameron and Davidson 1991; Davidson et al.
1998). It is noteworthy to underline that the lineage boundaries are detected
well before the appearance of any morphological difference in the embryo
and the spatially restricted patterns of gene expression already described
agree with these lineage boundaries. As cell divisions proceed, the embryo
develops into a blastula, which consists of one layer of epithelial cells, with a
typical apical-basal polarity, surrounding a filled cavity, the blastocoel
(Fig. 5E). Later, the embryo hatches from the fertilisation envelope to become
a free-swimming blastula. From this stage another phase of development
starts, which is characterised by a number of morphogenetic movements that
will completely rearrange the embryo. The first cells to move are the primary
mesenchyme cells (PMCs) that detach from the vegetal plate and ingress into
the blastocoel, where they migrate using short filopodia (mesenchyme blas-
tula stage; Fig. 5F). Some PMCs migrate towards two ventro-lateral sites and
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Fig. 5A-K. Development of the sea urchin embryo Paracentrotus lividus. A Fertilised egg;
B two blastomeres; C four blastomeres; D 16 blastomeres; E early blastula; F mesenchyme
blastula; G early gastrula; H middle gastrula; | late gastrula; J early pluteus; K pluteus

form clusters that are connected by other PMCs in a form of a subequatorial
ring. The morphology of PMCs during migration was described for the first
time by Gustafson and Wolpert using time-lapse microscopy (1961, 1967).
Shortly after PMC ingression, the vegetal plate epithelium invaginates to form
the archenteron, which is the future intestine. It is possible to distinguish at
least three gastrula stages during the elongation of the archenteron towards
the animal pole: early, middle and late gastrula (Fig. 5G-I). PMCs produce the
skeleton, first in the form of triradiate spicules, which elongate and pattern in
a complex species-specific manner. Skeleton is formed by calcium and mag-
nesium carbonate, which deposit on an organic matrix constituted by a num-
ber of well-known spicule-specific proteins. In the laboratory, the larval stage
of pluteus is obtained after 48 h post-fertilisation: it shows four arms, a com-
plex patterned skeleton and a tripartite intestine, encircled by muscles under-
going peristaltic contractions (Fig. 5J,K). At this point, the larva, if correctly
fed, is ready to continue development and form the juvenile sea urchin
through metamorphosis.

From the developmental processes outlined above it is evident that cell-cell
and cell-ECM contacts play a fundamental role in morphogenetic movements
occurring during embryogenesis. Knowledge of the key actors involved as
well as understanding of their complex interactions would eventually lead to
the unravelling of the developmental machinery. Furthermore, it should be
noted that cells forming the blastula stage monolayer exhibit a structural
asymmetry of the cytoplasm and the plasma membrane is compartmen-
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talised into distinct apical, basal and lateral domains, with characteristic lipid
and protein compositions. Embryogenesis and morphogenesis are charac-
terised by cell movements and complex cell rearrangements, which require
appropriate interactions of cells with the underlying ECM by means of spe-
cific membrane receptors. For this reason, interest in the identification, purifi-
cation and functional studies of ECM components, along with their ligands
and other molecules involved in cell-matrix adhesion, has increased in recent
years. In the following text, after a brief description of the appearance of the
ECM upon embryo development, protein molecules found in different plasma
membrane compartments of blastula cells will be described.

3.1.1
ECM Patterning in Echinoids During Embryo Development

In recent years, it has been shown that the ECM of the sea urchin embryo is a
very complex structure, consisting of a number of layers organising during
different developmental steps. Using specific antibodies, different storage
compartments of the ECM components, like granules and vesicles, have been
identified in the unfertilised egg cytoplasm. The protein contents of these
compartments are exocytosed and assembled in a highly regulated fashion at
different moments after fertilisation (for a review see McClay et al. 1990). The
early event after sperm entry is the elevation of the fertilisation envelope
above a water-filled perivitelline space (Fig. 5A; for more detailed description
on ionic events occurring at this stage, see the chapter by Angelini et al., this
Vol.). Then, a new ECM is secreted on the outer surface of the zygote, which
gives rise to different layers, the most acknowledged of them being the apical
lamina and the hyaline layer. During cleavage, other ECM molecules are also
released into the newly forming basal lamina, which will underlie the blasto-
coelic cavity from the stage of blastula (Fig. 5E). A great number of in vitro
and in vivo studies suggest that ECM has an important role during morpho-
genesis, serving as a mechanical support to the embryo as well as a substrate
for cell movements, and providing both spatial and temporal information to
adherent cells. Thus the ECM is not a fixed structure but rather is able to
respond to and effect changes in its local microenvironment.

Changes in ECM composition and regulated matrix remodelling are com-
mon events associated with embryogenesis and are carried on by matrix met-
alloproteases (MMPs). These molecules are a growing family of metalloen-
dopeptidases that act by cleaving the protein components of the ECM and
thereby regulating its composition (for a review see Stamenkovic 2003). For
many years MMPs were believed to function in facilitating cell migration sim-
ply by removing barriers such as collagen. However, recent discoveries have
shed new light on the role of MMPs in embryology, physiology and disease. It
is becoming increasingly clear, in fact, that MMPs are also involved in the
functional regulation of non-ECM molecules, including growth factors and
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their receptors, cytokines and chemokines, adhesion receptors and cell-sur-
face proteoglycans, and a variety of enzymes. MMPs therefore play an impor-
tant role in the control of cellular interactions with their environment, pro-
moting tissue turnover, both physiological, such as normal development, and
pathological, such as inflammation and cancer. The sea urchin embryo was
found to express a dynamic pattern of gelatinase activities associated with the
external ECM, some expressed only in later stages of development, others
expressed in the unfertilised egg and persisting throughout the course of
embryonic development (Mayne and Robinson 1996; Robinson 1997; Flood et
al. 2000). Their substrate specificity and metal ion requirements suggest that
these molecules are members of the MMP class of ECM remodelling
enzymes.

In recent years, a new family of molecules in the animal kingdom has been
described, called ADAMs (A Disintegrin And Metalloprotease). These are
multidomain transmembrane proteins containing a metalloproteinase and a
disintegrin domain and all or some of the following structures: a signal pep-
tide, a propeptide, a cysteine-rich and an epidermal growth factor (EGF)-like
domain, a transmembrane region, and a cytoplasmic tail. As a consequence,
ADAMs could have four potential functions: proteolysis, adhesion, fusion and
intracellular signalling (Stone et al. 1999). Although the number of ADAM
genes has grown rapidly, the biological functions of most members are still
unclear. However, they seem to be key regulators of the cell-cell and cell-ECM
interactions (see review by White 2003). Recently, a sea urchin SpADAM gene
has been sequenced and the deduced protein sequence includes all the char-
acteristic domains of vertebrate ADAMs. The structure and the types of cells
in which SpADAM orthologues are expressed are then apparently conserved
in deuterostomes (Rise and Burke 2002).

4
Apical Cell Surface

It has been reported that the first ECM structure developing soon after fertil-
isation of the egg is the external one. As viewed by electron microscopy after
ruthenium staining (Lundgren 1973), the presence of at least two distinct lay-
ers is evident: an inner apical lamina more tightly associated with the apical
plasma membrane, which is the thickest, and an outer layer, the hyaline layer,
associated with the tips of microvilli (see Fig. 6).
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Fig. 6. Schematic diagram of the ultrastructure of the epithelium of the blastula embryo.
(Adapted from Hardin 1996)

4.1
The Apical Lamina

The apical lamina is a fibrous layer surrounding the embryo, which remains
on the apical surface after removal of hyalin from the hyaline layer (Hall and
Vacquier 1982; Burke et al. 1998), and is composed principally of fibropellins
(Bisgrove et al. 1991; Burke et al. 1991). The gene coding for one of the three
known fibropellins has been sequenced and, like other extracellular mole-
cules, it contains a series of up to 20 epidermal growth-factor-like repeats
(Delgadillo-Reynoso et al. 1989; Grimwade et al. 1991; Bisgrove and Raff
1993). In vitro experiments showed that dissociated cells adhere to affinity-
purified fibropellins in a temperature-, time- and dose-dependent manner,
suggesting the role as a substrate for cell adhesion (Burke et al. 1998). Their in
vivo functional role has been investigated using monoclonal antibodies,
which were shown to interfere with the initial phase of gastrulation (Naka-
jima and Burke 1996). At this time no further proteins have been described as
belonging to this layer.

4.2
The Hyaline Layer

Historically, the first function assigned to the hyaline layer has been to hold
blastomeres together (Osanai 1960; Vacquier and Mazia 1968). In agreement
with this hypothesis, Citkowicz (1971) showed that the hyaline layer forms a
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shell that remains structurally intact after removal of epithelial cells using
hyperosmotic solutions, demonstrating that it is a structure independent
from cells that lie underneath. A number of proteins constituting the hyaline
layer have been identified and characterised. The major component is hyalin,
a high molecular weight glycoprotein secreted by the cortical granules, which
can be isolated by successive steps of solubilisation and precipitation through
removal and re-addition of Ca?* to seawater or other osmotically balanced
media (Kane 1970). Hyalin has been extensively studied both structurally and
functionally in sea urchin and sea star embryos (Vacquier 1969; Kane and
Stephens 1969; Spiegel and Spiegel 1979; Adelson et al. 1992) and partial
cDNAs have been isolated by screening expression libraries with monoclonal
antibodies to hyalin (Wessel et al. 1998). Its sequence contains consensus cal-
cium-binding motifs, in agreement with its capacity to interact with calcium
biochemically (Robinson et al. 1992), and modular repeats similar to that
known in other large ECM molecules (McClay 1991). Hyalin has been shown
to support cell adhesion in vitro (McClay and Fink 1982) and to be involved in
sea urchin morphogenesis in vivo (Adelson and Humphreys 1988). Interest-
ingly, a recent study has demonstrated that two mammalian cortical granule
envelope proteins share common antigenic epitope(s) with echinoderm
hyalin and, like hyalin, play a role in early embryogenesis (Hoodbhoy et al.
2000).

4.2.1
PI-Nectin: An Example of Signal(s) from Outside to Inside the Embryo

About 10 years ago, with the aim of purifying fibronectin from the sea urchin
embryo, we isolated and characterised another ECM protein localised in the
hyaline layer, namely Pl-nectin (Fig. 6). Although the protocol used for its
purification was that originally developed for fibronectin, the molecular
weight and other features indicated that this protein was a new molecular
species. Pl-nectin has been isolated from the species Paracentrotus lividus
(Matranga et al. 1992) and Temnopleurus hardwickii (Th-nectin; Yokota et al.
1994) as a collagen-binding molecule and, like other ECM components, it has
been found stored in specific cytoplasmic vesicles, recently named necto-
somes, in the unfertilised egg (Kato et al. 2004). The genesis and distribution
of the nectosome during oogenesis, its translocation to the cortex and gradual
secretion into the hyaline layer after fertilisation have recently been fully doc-
umented by using immunoelectron microscopy in the Japanese species T.
hardwickii (Kato et al. 2004). At later stages, Pl-nectin has been found to be
localised on the apical surface of ectoderm and endoderm cells. By in vitro
assays, the protein has been shown to mediate cell-substrate adhesion in a
dose-dependent fashion, suggesting a functional role during development
(Matranga et al. 1992). Thus it was crucial to investigate the in vivo Pl-nectin
function by morphogenetic assays in which embryos were cultured in the
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Fig. 7A, B. Skeleton
defects obtained after
culturing embryos in the
presence of high con-
centrations of mono-
clonal antibody to PI-
nectin. A Control
embryo cultured in the
presence of unrelated
IgGs; B treated embryo
showing strong skeleton
defects

presence of monoclonal antibodies to Pl-nectin. To our surprise, after this
treatment, we observed the presence of a high number of embryos with dra-
matic skeleton defects, but with normally developed ectoderm and endoderm
structures (Fig. 7; Zito et al. 1998,2000). In addition, depending on the amount
of antibody used, it was possible to obtain embryos with different degrees of
skeleton defects, which were classified on an arbitrary scale (Zito et al. 2003).
These data suggested that outer ectoderm-PI-nectin interaction is indirectly
involved in inner skeleton formation. For more detailed description on this
issue, see Section 10. The partial sequence of the coding region of the PI-
nectin gene (accession no. AJ578435) has revealed its similarity with another
component of the hyaline layer, namely echinonectin, purified from the
species Lytechinus variegatus. This protein has a lectin-binding activity that
allowed its chromatographic purification and, like Pl-nectin, it is an adhesive
substratum for cells (Alliegro et al. 1988; 1990). Although in a previous report
no cross-reaction between the two molecules was found, it is very likely that
Pl-nectin and echinonectin belong to the same family of ECM components.

4.2.2
Other Apical ECM Components

Concerning the presence of fibronectin-like molecules in the sea urchin
embryo, first evidence was obtained by immunofluorescence experiments
using antibodies against human fibronectin, even if the cross-reactive mater-
ial was described as being differently distributed in the embryo, i.e. on the
outer cell surface of the epithelial layer (Spiegel et al. 1983), on the basement
membrane (Spiegel et al. 1980; DeSimone et al. 1985), and also on the surface
of migrating PMCs (Katow et al. 1982). A sea urchin fibronectin-like molecule
has been purified for the first time from ovaries of Pseudocentrotus depressus
by Iwata and Nakano (1981, 1983). The same authors have also demonstrated
that this protein is involved in migration, adhesion and spicule synthesis of in
vitro-cultured micromeres (Miyachi et al. 1984). Later, fibronectin-like pro-
teins were purified from five different species living in Mediterranean and
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Pacific seawaters and their biochemical and immunological relationships
have been analysed for the purpose of comparative phylogenetic studies
(Matranga et al. 1995). These proteins differed in their binding affinity to
gelatin but shared different epitopes, suggesting that they are members of a
sea urchin fibronectin superfamily. Furthermore, analysis of the different fea-
tures of fibronectin-like proteins and sea urchin nectins, i.e. PI-nectin and Th-
nectin, has been carried out, since essentially the same method was utilised to
purify both groups of molecules (Yokota et al. 1994). It has been shown that
these two groups of proteins belong to different ECM protein families since
they differ in their affinity to collagen as well as in their localisation inside the
embryo.

A gene coding for a new ECM protein has been sequenced in the direct
developer Heliocidaris erythrogramma. By the use of polyclonal antibodies
raised against the protein, it has been demonstrated that it is localised on the
apical surface of ectoderm, in tight association with the plasma membrane.
The protein has been named apextrin and it has been proposed to be involved
in apical cell adhesion (Haag et al. 1999).

Although a reasonable amount of information is currently available on the
hyaline layer and apical lamina components, the spatial relationship between
them is still unclear. An approach to such studies could come from experi-
ments of co-immunoprecipitation after transient cross-linking of surface
molecules in live embryos. Alternatively, electron microscopic observations of
rotary shadowed purified molecules in diluted solutions, or in combination
with other potential partners, would serve to solve the intricate meshwork
that surrounds the embryo.

5
Basal Cell Surface

As previously reported, the basal lamina develops when new ECM molecules
are released, from the blastula stage, at the basal surfaces of epithelial cells,
into the constituting blastocoelic cavity (Fig. 6). A discrete number of reports
have described the formation of this layer and its function in sea urchin devel-
opment (Okazaki and Nijima 1964; Kawabe et al. 1981; Galileo and Morrill
1985; Amemiya 1989).

Different experimental approaches have shown the presence of few types of
collagens in the sea urchin embryo, in contrast to about 20 different types of
the protein found in higher metazoan phyla. By immunofluorescence, Wessel
et al. (1984) showed collagen localisation on the basal lamina of the embryo,
using antibodies against known vertebrate ECM components, i.e. collagen
types I, IIT and IV. Partial biochemical characterisation of collagen-like mole-
cules has been carried out from in vitro-cultured micromeres (Pucci-Minafra
et al. 1975; Benson et al. 1990; Shimizu et al. 1990). Collagen genes have been
characterised in several species of sea urchin. Using mouse type IV cDNAs,
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genomic clones have been isolated from S. purpuratus and characterised
(Venkatesan et al. 1986). A putative collagen gene has also been cloned from a
P. lividus genomic library using a C. elegans collagen gene as a probe (D’A-
lessio et al. 1989, 1990; Exposito et al. 1992). It has also been demonstrated that
fibrillar collagen types I and II and non-fibrillar collagen type IV are
expressed only by PMCs and secondary mesenchyme cells (SMC) (Angerer et
al. 1988; D’Alessio et al. 1989; Wessel et al. 1991; Lethias et al. 1995).

The first evidence of the presence of a vertebrate laminin-like molecule as a
component of the embryonic sea urchin basal lamina came from studies that
utilised an monoclonal antibody specific to laminin (McCarthy and Burger
1987). Later, the isolation and characterisation of a cDNA clone encoding a
region of the carboxy terminal globular domain (G domain) of the alpha-1 chain
of laminin from the sea urchin S. purpuratus was reported (Benson et al. 1999).

Among echinoderm-specific ECM components, pamlin has been isolated
from H. pulcherrimus embryos (Katow 1995). The author showed that PMCs
isolated from mesenchyme blastulae bound exclusively to pamlin, which
stimulates their migration in in vitro functional assays. Analysis of the mole-
cular image of pamlin by transmission electron microscopy showed that the
protein is composed of three subunits, which can aggregate in a complex fash-
ion, giving rise to a large supramolecular network (Omoto and Katow 1998).

Other ECM molecules have been identified as part of the basal lamina sur-
rounding the blastocoel (Fig. 6). A novel protein has been purified from the
sea urchin species P. lividus and H. pulcherrimus, and its biochemical charac-
terisation and functional features have been described (Tesoro et al. 1998).
The protein has been named PI-200K or Hp-200K, respectively, because of the
species from which it was isolated, and, as assessed by affinity chromatogra-
phy columns, it shows different binding affinities to type I collagen and
heparin. PI-200 K has been shown to function as an adhesive substrate, and to
be involved in the regulation of sea urchin embryo skeletogenesis (Tesoro et
al. 1998).

By means of specific monoclonal antibodies, a molecule with multiple cal-
cium-binding domains, ECM3, has been shown to be arranged in fibres on the
basal surface of the ectoderm. These studies established ECM3 as a strong
candidate for a PMC substrate molecule and point to several possible mecha-
nisms by which interactions between PMC filopodia and ECM3-containing
fibers could provide guidance information to migrating PMCs (Hodor et al.
2000).

As in the case of external ECM, it would be interesting to know the relation-
ship among all the ECM proteins described so far and their spatial organisa-
tion.
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6
The Blastocoel Matrix

It is useful to remember that the blastocoel is not an empty cavity, but it
becomes filled with a matrix whose composition is still not well known
(Fig. 6). Several methods have been used to visualise and study the structure
of the blastocoel matrix that forms at the blastula stage. Earlier electron
microscope studies described this matrix as a “meshwork of fibrous and gran-
ular material” which is an extension of the basal lamina (Katow and Solursh
1979). More recent studies have revealed an oriented meshwork, formed by
fibrillar sheets interconnected by finer filaments, that completely fill the blas-
tocoelic cavity, in contact with the basal lamina (Cherr et al. 1992). Although
detailed information about the structure of the blastocoel matrix is available,
in this case little is known about the protein molecules constituting it (for
review see Solursh 1986).

7
Receptors to ECM Molecules

ECM molecules are clearly important, but equally significant are the receptors
by which cells interact with it, the major class being the integrin superfamily
(for a review see Berman et al. 2003; Danen and Sonnenberg 2003). More than
20 of these receptors have been identified so far in different vertebrates: they
are heterodimers of two transmembrane chains, « and f, and are widely
expressed among the animal kingdom (Bokel and Brown 2002). The different
combination of a and  subunits generates integrins with differing ligand
specificity (Hynes 1992). Due to their structure, integrins can interact with
ECM by their extracellular domains and transduce external signals to the
inside by their cytoplasmic tails, which interact with the cytoskeleton, sig-
nalling molecules and other cellular proteins, resulting in regulation of many
biological functions. These include adhesion, motility, shape, polarity, growth
and differentiation (Yamada 1997). Although a reasonable number of ECM
proteins have been described in the sea urchin embryo, little is known about
their putative receptors. In recent years, however, it has been shown that this
system expresses integrins structurally similar to those characterised in other
animals (Burke 1999). Marsden and Burke (1997) reported evidence of three
novel B integrin subunits that are expressed during early development of S.
purpuratus. The full-length cDNA sequence for one of them, G, shows 58 %
similarity to vertebrate integrins, particularly to the cytoplasmic domain in
which amino acids of the human 1 subunit involved in cell adhesion and sig-
nalling are conserved (Marsden and Burke 1997). Functional assays using
antibodies and Fab fragments against another sea urchin f integrin, pL,
demonstrated its involvement in the initial phase of gastrulation and in the
organisation of actin filaments (Marsden and Burke 1998). Our preliminary
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results, in collaboration with R.D. Burke, indicate that a 3 integrin serves as a
receptor for Pl-nectin. In fact, by immunodetection using confocal
microscopy, we found that both molecules are localised on the apical cell sur-
face of gastrula embryos. In addition, we were able to show, by immunopre-
cipitation and affinity chromatography, a calcium-dependent binding
between the two molecules, in agreement with what is known for vertebrate
integrins (unpubl. results).

An « integrin subunit has been recently cloned from S. purpuratus and it
was found to exhibit 74-77 % sequence similarity to mammalian a., o, oty
and a, integrins, but its function or its putative ligand(s) have not been inves-
tigated (Susan et al. 2000). In contrast, an « integrin similar to the & subgroup
of vertebrate integrins, namely alphaSU2, has been described from L. variega-
tus, whose ligand has been identified (Hertzler and McClay 1999). In fact, this
integrin appears to be involved in the binding of epithelial cells to laminin, as
it has been demonstrated by its localisation on the basal cell surface of epithe-
lia at the mid-blastula stage and by transfection experiments using an a-inte-
grin-deficient CHO cell line. Transfected alphaSU2-expressing CHO cells have
been shown to bind to isolated sea urchin basal lamina and to purified
laminin, while they bind weakly or not at all to fibronectin, type I collagen and
type IV collagen (Hertzler and McClay 1999).

A hypothetical integrin . subunit has been recognised in an RGDS pep-
tide-binding receptor, FR-1R. The molecule localises to the basal side of the
ectoderm and to PMCs in sand dollar embryos and it is involved in PMCs
migration and gastrulation (Katow and Sofuku 2001).

8
Lateral Cell Surface

From as early as 1900, it was documented that sea urchin embryos can be dis-
sociated into single cells after a simple treatment with Ca?*-free seawater
(Fig. 8A; Herbst 1900). Later, based on Herbst’s observation, Giudice (1962)
observed that dissociated cells were able to spontaneously reaggregate and
differentiate into structures closely resembling normal larvae if Ca?* and
Mg?* were restored in the seawater (Fig. 8B). The possibility of obtaining nor-
mal bipinnaria larvae from dissociated cells has been also demonstrated in
the starfish Asterina pectinifera (Dan-Sohkawa et al. 1986).

8.1
Cell-Cell Adhesion and Communication: The Discovery of Toposome

The ease of dissociating and reaggregating cells of the sea urchin embryo
offered an exceptional model for studies on molecules involved in cell-cell
adhesion and for the development of methods for their isolation. In the late
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1970s, it was first shown that Fab fragments (Fabs) from antibodies to plasma
membranes purified from blastula embryos were able to prevent reaggrega-
tion of dissociated cells (Fig. 8C). The inhibition was reversed if soluble pro-
teins extracted with n-butanol from purified membranes were added
(Fig. 8C).In addition, these n-butanol extracts were able to strongly stimulate
the rate of reaggregation of dissociated cells, suggesting the presence of some
aggregating-factor(s) (Fig. 8B; Noll et al. 1979). In agreement with this
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hypothesis, it was observed that the exposure of dissociated cells to n-butanol
completely removed the protein(s) responsible for reaggregation, since cells
were not able to reaggregate even in the presence of Ca?* and Mg?* (Fig. 8D).
However, the treatment with n-butanol did not affect the viability of the cells,
since both reaggregation and embryonic development were completely
restored by readdition of extracted proteins to the butanol-treated cells
(Fig. 8D; Noll et al. 1979). As a consequence, an easy and low-cost procedure,
i.e. the non-cytolytic treatment of live dissociated cells with diluted n-
butanol, allowed the preparation of large quantities of crude extracts, from
which the isolation, purification and characterisation of the active component
could be attempted. In fact, the biochemical identity and biological activity of
a large and oligomeric glycoprotein complex, called toposome, was later
achieved (Noll et al. 1985; Matranga et al. 1986). Toposome is a 22S complex
consisting of six 160-kDa subunits that are processed proteolytically as devel-
opment proceeds. Cuts are revealed only after analysis by SDS-PAGE, since
nicks introduced by specific enzymes, probably a cathepsin B-like protease
(Yokota and Kato 1988), do not cause fragmentation of the native protein, thus
securing the embryonic integrity. The need for toposome processing has been
explained by postulating that a limited number of subunits could be gener-
ated by this strategy. Their differential association could then give rise to var-
ious molecular populations, each specifying a positional code guiding the cell
in the embryo; from this comes the name toposome (Noll et al. 1985). Sup-
porting this interesting hypothesis, toposome-specific monoclonal antibodies
have been shown to stain cell surface structures in a pattern consistent with a
positional code. The biological activity of the whole toposome complex, or
parts of it, in mediating cell adhesion of dissociated cells has been tested and
it was found that the oligomeric integrity of toposome is essential for its func-
tion (Matranga et al. 1986; Scaturro et al. 1998). The ultrastructural localisa-
tion of toposome has been investigated by electron microscopy of immuno-
gold-labeled eggs and hatched blastulae (Gratwohl et al. 1991). Toposomes
were seen on the surface of the egg, as well as stored in yolk granules and in
the electron-dense lamellar compartment of the cortical granules. In the
hatched blastula, toposomes modified by limited proteolysis in the yolk gran-
ules have been found associated with the plasma membranes, while unmodi-
fied 160-kDa toposomes, originating from the cortical granules, have been
found on the outside of the hyaline layer. The latter distribution suggests that
these toposomes function by attaching the apical lamina to the surface of the
microvilli and thereby to the cytoskeleton of the growing embryo. Therefore,
the authors proposed a different function for the two differently localised
populations of toposomes (Gratwohl et al. 1991).

An important aspect of dissociation and reaggregation experiments is the
effect on the transduction of signals from the exterior of the cell to the
nucleus, ultimately involving DNA synthesis. An intriguing paradox is that in
the sea urchin embryos, a “no-contact inhibition” was found. In fact, dissoci-
ated cells stop DNA synthesis until cell contacts are re-established, i.e. in the
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formation of the reaggregates (Sconzo et al. 1970; De Petrocellis and Vittorelli
1975). Later, we found that toposomes were responsible for the required signal
transduction since reaggregation-inhibiting Fab restored DNA synthesis in
dissociated cells (Vittorelli et al. 1980). Apparently, the binding of Fabs to the
contact sites mimics cell-cell adhesion and thus stimulates DNA synthesis, in
the same way that binding of Fabs to the receptors of epidermal growth factor
or insulin mimics the action of those hormones (Kahn et al. 1978; Schreiber et
al. 1981).

Further analysis on toposome molecules led to the characterisation of its
precursor from sea urchin coelomic fluids of both male and female adults
(Cervello and Matranga 1989). The authors produced, for the first time, evi-
dence that the so-called vitellogenin (Vg), found in the coelomic fluid of both
male and female sea urchin adults, and its intermediate form, the so-called
major yolk protein (MYP) present in granules of unfertilised eggs, are both
unprocessed precursor forms of toposome. Both proteins promote cell reag-
gregation of dissociated blastula cells, suggesting that processing is not
required for the cell-adhesion function, but rather directs their localisation
during development (Cervello and Matranga 1989). Historical work on the
228 particle assigned to the protein a nutritional role due to its accidental
occurrence in granules of the egg and to the need for the non-feeding embryo
to develop soon. Similarly, the so-called vitellogenin, although found in both
male and female sea urchins, has been recognised as the bona fide precursor
to yolk protein, asking for genetic and functional analogies with the verte-
brate homologue. It was then important to find the coding sequence for the
protein. Previous efforts to gain decisive evidence of a yolk-related nutritional
role by cloning the gene for the 22S glycoprotein particle from S. purpuratus
failed because they resulted in the isolation of only a short cDNA and genomic
DNA fragments (Shyu et al. 1986, 1987).

Recently, full-length ¢cDNAs from four different sea urchin species have
been reported. They include the Hawaiian Tripneustus gratilla toposome
mRNA complete coding sequence (cds), submitted back in 2001 and released
in 2003 (accession no.AY026514) and the Mediterranean P. lividus cds submit-
ted in 2003 and released in 2004 (accession no. AY274929). Strikingly, it has
been discovered that the protein, also ironless, is a member of the transferrin
family (H. Noll et al., pers. comm., work in prep.), in agreement with sequence
data from reports on Pseudocentrotus depressus (Unuma et al. 2001), S. purpu-
ratus (Brooks and Wessel 2002) and H. pulcherrimus (Yokota et al. 2003)
cDNAs. Other ironless members of the transferrin family continue to be dis-
covered, two of which are also membrane-associated (Morabito and Moczyd-
lowski 1994; McNagny et al. 1996). Their functions, however, remain
unknown.
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8.2
Other Cell-Cell Adhesion Molecules

Among cell-cell adhesion molecules, cadherins have been fully characterised
in vertebrate organisms (see review by Koch et al. 2004). These proteins are
transmembrane glycoproteins that mediate homophilic calcium-dependent
cell-cell adhesion in a number of cellular junctions, and their function has
been shown to be critical both in normal development and in the develop-
ment of the invasive and metastatic phenotype (see reviews by Wheelock and
Johnsony 2003a; Hazan et al. 2004). Several pathways are activated by cad-
herin-mediated cell-cell interactions and numerous studies are in progress to
elucidate the complex relationships among them (Wheelock and Johnsony
2003b). Although recent work on sequence analysis has shed new light on the
molecular basis of cadherin adhesion, understanding the specificity of these
interactions remains a major challenge (Patel et al. 2003). The first immuno-
logical evidence for the presence of a cell adhesion protein similar to the
mouse E-cadherin in the sea urchin embryo has been shown in P. lividus
(Ghersi and Vittorelli 1990; Ghersi et al. 1993). Furthermore, the use of poly-
clonal antibodies raised against a cloned sea urchin cadherin, which recog-
nises at least three major polypeptides, and the cloning of a novel sea-urchin-
specific cadherin molecule support the hypothesis for the presence of several
cadherins in this system (Miller and McClay 1997).

8.3
Cell Junctions

The presence of cell junctions in the sea urchin embryo has been described
since the 1960s. The blastular wall has the structure of a simple epithelium,
similar to that of vertebrates. At their apical surfaces, the cells are joined by
typical junctional complexes, including zonulae adherens or belt desmo-
somes, septate junctions and spot desmosomes, while hemidesmosome-like
structures appear localised at their basal surface (Fig. 6; Wolpert and Mercer
1963; Spiegel and Howard 1983). Septate junctions have also been observed at
the four-blastomere stage (Chang and Afzelius 1973), although they constitute
a continuous layer only later in development (Gilula 1973). At least three types
of desmosome, two types of septate junction and a tricellular junction have
been described (Spiegel and Howard 1983). Studies on the osmotic and struc-
tural properties of the blastular wall date back to 1940, when a decrease in the
permeability of the blastula wall to small molecules such as sucrose (Moore
1940) was observed, coinciding with the formation of junctional structures
and with an apparent increase in the adhesion between cells.
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9
Signalling Pathways

A key feature of both cell-ECM and cell-cell adhesion is the linkage of recep-
tors or other transmembrane molecules to the cytoskeleton, which activates
specific intracellular pathways. In particular, cadherins and integrins have
been described to modulate and to be modulated by multiple signalling trans-
duction pathways (Thiery 2003). These are complex networks involving a
number of steps, including the production of second messengers, the activa-
tion of protein kinases and their subcellular distribution that brings them
into contact with the appropriate targets. Although each adhesion protein
activates a particular pathway, i.e. the tyrosine kinases and mitogen-activated
protein (MAP) kinase cascade components activated by integrins and the Wnt
pathway influenced by cadherins, it is becoming increasingly clear that cell
adhesion proteins may share much of the same basic components of signal
transduction machinery. Cell adhesion proteins, in addition to their well-
established role in providing positional information, have been demonstrated
to regulate also the cellular response to other extracellular stimuli, such as sol-
uble growth factors. However, much remains to be learned concerning the
mechanisms that co-ordinate positional and biochemical signals (for a review
see Aplin et al. 1998). Some of the components of such signalling pathways
have been described in echinoderm embryos and some pathways are going to
be elucidated, but this issue will not be further extended in this chapter.

10
Growth Factors

Growth factors, like the ECM, have been shown to fulfil vital developmental
roles in many embryonic systems. Among them, transforming growth factor-
beta (TGF-fB) superfamily members appear to have diversified greatly with
the evolution of vertebrates, but, although they are believed to be widely dis-
tributed among the animal kingdom, only a few invertebrate deuterostome
TGF-B molecules have been identified so far. Sequence comparisons suggest
an early origin and an evolutionary conservation of the molecular conforma-
tion of the members of TGF-f superfamily (see reviews by Hogan et al. 1994;
Kingsley 1994; Chin et al. 2004). Among echinoderms, the first gene encoding
a member of the TGF-p superfamily to be reported was identified in the sea
urchin embryo, and it was named univin (Stenzel et al. 1994). Sequence com-
parisons placed univin in the bone morphogenetic protein (BMP) group of
the TGF-P superfamily along with the vertebrate BMPs, decapentaplegic pro-
tein from Drosophila and Vg-1 from Xenopus. Recently, we have shown the
involvement of this growth factor in the ectoderm inductive signals needed
for the skeleton morphogenesis in the sea urchin embryo (Zito et al. 2003). In
this system, skeletogenesis is a fully documented example of ecto-mesoderm
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induction, since PMCs, although already determined to only synthesise the
skeleton (Okazaki 1975), need signals from the surrounding ectoderm to
direct skeleton growth and patterning (Armstrong et al. 1993; Ettensohn and
Malinda 1993; Guss and Ettensohn 1997). As previously mentioned, we found
that the inhibition of Pl-nectin interaction with ectoderm cells produced per-
turbed embryos, in which only skeleton elongation and patterning were
specifically affected. Interestingly, we observed that univin expression was
strongly inhibited in skeleton-defective embryos, while its misexpression,
obtained by univin mRNA injection, rescued skeletogenesis. These findings
are in agreement with the hypothesis of the involvement of diffusible mole-
cules in the ecto-mesoderm induction suggested by other researchers (Kiy-
omoto and Tsukahara 1991; Page and Benson 1992; Ettensohn and Malinda
1993; Guss and Ettensohn 1997). Our data, in particular, support a model in
which some ectodermal cells secrete processed univin or a related growth fac-
tor into the blastocoel, where it signals PMCs to synthesise the spicule matrix
proteins required for spicule growth (Fig. 9). The ability of ectodermal cells to
produce the signal depends on their association with Pl-nectin on the apical
ECM. Since by our preliminary results the interaction between ectodermal
cells and Pl-nectin seems mediated by an integrin receptor, it is reasonable to
hypothesise the involvement of one of the signalling pathways already known
for integrins in other systems. Studies aimed at the identification of such a
pathway are in progress in our laboratory. Furthermore, this model predicts
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that PMCs should express a TGF-p receptor. Recently, one similar to verte-
brate type I receptor, Alk2, has been found to be expressed in ingressed PMCs
of S. purpuratus embryos, which can mediate both activin and BMP signals (L.
Angerer, unpubl. observ.). However, whether this receptor mediates the skele-
ton-promoting signal is not yet known.

Two very recent papers have shown the involvement of a MAP kinase sig-
nalling pathway in the development of the micromere lineage and mes-
enchyme differentiation (Fernandez-Serra et al. 2004; Rottinger et al. 2004).
Whether a MAP kinase signalling is required for the ecto-mesoderm induc-
tion guiding skeletogenesis remains to be demonstrated.

Other BMPs homologues have been recently cloned in the sea urchin
embryo, specifically SpPBMP5-7 (Ponce et al. 1999), TgBMP2/4 (Hwang et al.
1999) and LvBMP2/4 (Angerer et al. 2000), and AtBMP2/4 in the starfish (Shih
et al. 2002). Their developmental expression patterns have been described by
Northern blotting and in situ hybridisation experiments. Functional studies
altering LvBMP2/4 mRNA levels showed the involvement of this growth fac-
tor in regulating cell fate allocation along the sea urchin animal-vegetal
embryonic axis (Angerer et al. 2000). Evidence of the presence of growth-fac-
tor-like molecules belonging to other families than TGF-Bs has also been
reported. In 1987, a cDNA clone whose protein product displayed striking
homology to the EGF family of proteins was identified and characterised in
the sea urchin embryo (Hursh et al. 1987). The presence of other growth fac-
tors in echinoderms has been shown by indirect methods. Platelet-derived
growth factor-BB (PDGF-BB) and TGF-a have been reported to be involved in
development by using human recombinant proteins, which rescued sea
urchin embryo abnormalities induced by ECM disrupters (Ramachandran et
al. 1993), or using anti-human PDGF-B and TGF-a antibodies which affected
embryo development (Govindarajan et al. 1995). Antibodies against mam-
malian receptors for PDGF and EGF, or a dominant/negative RNA for PDGF
receptor, have been reported to be involved in early differentiation and mor-
phogenesis of the embryo (Ramachandran et al. 1995, 1997). A new member
of the fibroblast growth factor receptor (FGFR) family has been cloned in S.
purpuratus and it has been shown to contain a series of domains characteris-
tic of the family, as three immunoglobulin-like motifs, an acid box, a trans-
membrane domain, a relatively long juxtamembrane sequence, a split tyro-
sine kinase domain and two conserved intracellular tyrosine residues
(McCoon et al. 1996). These authors detected SpFGFR protein only in muscle
cells of the embryo, suggesting that its function may be required to support
the proliferation, migration and/or differentiation of myoblasts, rather than
being involved in commitment to a muscle fate (McCoon et al. 1998).
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11
Concluding Remarks

In the last 30 years, a number of adhesion molecules have been identified in
the echinoderm model system, some homologous to already known verte-
brate adhesion molecules, while others are specific to the phylum. However, it
is noteworthy to remark here that some of the echinoderm-specific cell-adhe-
sion proteins share epitope(s) with mammalian proteins. These include, for
example, hyalin, whose homology has not been found in vertebrates, but some
of its antigenic epitopes are shared with two mammalian cortical granule
envelope proteins (Hoodbhoy et al. 2000). Taken all together, the findings
described up to now reveal all the possible scenarios, such as a great conser-
vation of some basic processes as well as the development of new genes and
processes during evolution. We can find cell-adhesion proteins developed
early in metazoan evolution that have been conserved and have conserved
their developmental roles. There are other cases in which only some of the
functional epitopes have been conserved and new proteins have been assem-
bled from new arrangements of old domains. Eventually, entirely new proteins
evolved, which do not show any close equivalent in invertebrates, and exam-
ples can be found in some uniquely vertebrate functions such as vascular biol-
ogy, neurobiology and neural crest migration (Hynes and Zhao 2000). Never-
theless, one message still remains clear: that is, the phylogenetic closeness of
echinoderms to chordates. Support for this relationship, other than by molec-
ular data, is provided by fossil records. A new group of small fossils have just
been discovered in China (Shu et al. 2004). These fossils, dating back to the
Lower Cambrian (about 520 million years ago), have been interpreted to be
the most primitive echinoderms yet known, and have been supposed to be the
bridge linking echinoderms and other deuterostomes.

All the topics discussed up to now imply as a consequence that the knowl-
edge of the functional genome of echinoderms might lead to the definition of
basic pathways involved in development as well as in diseases. Further, impor-
tant outcomes for the understanding of echinoderm and chordate evolution
will be obtained from the comparative analysis of the expression patterns of
regulatory genes in Echinodermata (Wray and Lowe 2000). Currently, a sys-
tematic analysis of the echinoderm genome, namely that of the sea urchin S.
purpuratus, is in progress (http://sugp.caltech.edu/), which is expected to pro-
vide new understanding on the organisation of the genome, as well as new
insights into the possible application of echinoderm genes in biotechnology
and human therapy. An analogous analysis of the genome of the Mediter-
ranean species P lividus has recently started within the NoE Marine
Genomics Europe, joining together the European scientific laboratories
(www.marine-genomics-europe.org).

It is hoped that studies on the Echinodermata will result not only in impor-
tant cell biological insights, but also in development of further therapeutic
tools.
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A Model for Assessing Toxicity of Environmental
Contaminants
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Abstract. The early development of sea urchins has been thoroughly studied
since the beginning of the 20th century thanks to the particular features of the
model involving cell signalling, making it easy to follow the complex cell-to-
cell interactions that lead to development. In this chapter, the prominent role
of cell-to-cell communication in developmental events is discussed, as well as
the role of intracellular ion changes that are in turn regulated by signal
molecules belonging to the cholinergic system. The results seem to indicate
that the zygote stage is the most suitable to study the role of the cholinergic
system, as at this stage, a calcium spike can be evoked by exposure to
acetylcholine (ACh) or to muscarinic drugs, at any time before the nuclear
breakdown. The described outcomes also open a path to a new way of
considering biomarkers. In fact, most environmental factors have the capacity
to interfere with the cholinergic system: stress, wounds, inflammation and
pollution in general. In particular, this offers a way to investigate the presence
in the environment and the degree of aggressiveness of neurotoxic
contaminants, such as organophosphate and carbamate pesticides, largely
used in European countries for many purposes, including agricultural pest
control and medical treatment. These drugs exert their function by
interfering with the regulation of the cholinergic system and the consequent
electrical events. Thus, the sea urchin zygote could represent a reliable model
to be used in biosensors with the capacity to translate the effect of neurotoxic
pesticides, and generally of stress-inducing contaminants, in living cell
responses, such as electrical responses.
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1
Basic Research

1.1
Cell-to-Cell Signalling During Sea Urchin Development

The early development of sea urchins has been thoroughly studied since the
beginning of the 20th century. The great challenge of understanding develop-
ment has been achieved thanks to the particular characteristics of the model
involving cell signalling: echinoderm eggs are about 80-100 pm in diameter,
and may be observed with the aid of a simple stereomicroscope. Each stage of
the development, including fertilisation, occurs outside the maternal body,
the eggs and embryos are transparent and all the cell dynamics can be fol-
lowed in vivo. During fertilisation and egg activation and the first develop-
mental events, the cortical reaction responsible for the block to polyspermy is
revealed by a dramatic elevation of the envelope, called the fertilisation layer
(Fig. 1; see Giudice 1973, 1986 for reviews). Moreover, a large number of eggs
are released for each spawning, and development proceeds synchronously up
to metamorphosis.

For this reason, sea urchin development represents one of the few models
selected by developmental biologists for both basic and applied research. The
advantage of this model is its simple organisation, making it easy to follow the
complex cell-to-cell interactions that lead to development with non-invasive
methods which in other animal models are possible only in cultured cell lines.

The development of echinoderms, and in particular of sea urchins, has
been studied at each stage, including fertilisation. The most significant dis-

<—

Fig. 1. Paracentrotus lividus unfertilised and fertilised eggs. Fertilised eggs show the ele-
vated fertilisation layer (arrows)
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coveries on this subject have been possible thanks to this model: for instance,
most of the electric events responsible for fertilisation were first studied dur-
ing early sea urchin development (see Epel 1975, 1980 for reviews). In a recent
paper, Quiao et al. (2003) have shown that sea urchin developmental events
are exportable to mammalian development.

In recent years, there has been increasing awareness concerning the promi-
nent role of cell-to-cell communication in developmental events: in particu-
lar, neurotransmitter system molecules were found to have a relevant role in
modulating cell-to-cell interaction mediated by ion fluxes or ion intracellular
changes. Buznikov and colleagues (since the 1970s: Buznikov et al. 1972, 1996,
2001a; Buznikov 1980, 1990; Quiao et al. 2003) have detailed the history of
classic neurotransmitter involvement (biogenic amines, acetylcholine and
GABA) in early developmental events from segmentation to the formation of
highly specialised structures, and have adapted the discoveries obtained from
sea urchin embryos to about every other animal model (Buznikov 1990;
Buznikov et al. 1996; Quiao et al. 2003). Ryberg and colleagues (Gustafson et
al. 1972; Ryberg 1973, 1974,1979) used the localisation of acetylcholinesterase
activity (AChE, E.C. 3.1.1.7., the lytic enzyme of the neurotransmitter acetyl-
choline) as a marker to investigate cholinergic neurodevelopment, and found
a diffuse net of neuro-epithelial cells, not organised in a real nervous system,
while Nakajima (1986, 1988; Nakajima et al. 1993) identified a system of
organised catecholaminergic ganglia. The presence and role of a serotonergic
system were studied by Thorndyke and colleagues (Thorndyke et al. 1992;
Beer et al. 2001). Professor Drews’ group (Drews 1975) localised cholin-
esterase (ChE) in sea urchin mesenchyme cells undergoing morphogenetic
movements, and compared this function with the one found in high-verte-
brate developing structures. Following his discoveries, some authors inter-
preted the presence of AChE in cells and tissues as a “symptom” of cell migra-
tion (Weinberger et al. 1984).

Professor Minganti’s group focused attention on the role of cholinergic
neurotransmitter system molecules in cell-to-cell communication mediated
by ion fluxes, and confirmed the exportability of the results to other animal
models as well, including chordates and high vertebrates (Minganti et al.
1981). We have followed Minganti’s line of research with studies on the devel-
opment of the Mediterranean sea urchin, Paracentrotus lividus, from fertilisa-
tion up to metamorphosis. Cholinergic signalling system molecules have
been found at each developmental stage, playing different roles according to
the temporal windows and the degree of differentiation, including the neuro-
muscular function in the rudiment and in the juvenile (Vidal et al. 1993;
Falugi et al. 1999; 2002), localised in radial muscles, in the tube feet and at the
basis of the spines (Fig. 2).

Here, we present a summary of studies on fertilisation and early cell cycles,
some conducted by our group, along with information from some of the out-
standing papers available in the literature.
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Fig. 2A-E. Paracentrotus lividus larva 18 days old, competent for metamorphosis. A Section
of the larva containing a sagittal section of the rudiment. B Section of the larva containing
an oblique section of the rudiment. Histochemical reaction to acetylcholinesterase,
revealed by dark precipitation. C, D Co-localisation of formaldehyde-induced fluorescence
suggesting presence of biogenic amines and AChE (dark staining) at basis of forming
spines. E AChE reaction in the radial mouth muscles. musc Muscles under the forming
spines of the rudiment (rudim); mrm mouth radial muscle; Sp b spine bases. Resin section,
5 um thick; bar 100 pm. (Karnovsky and Roots 1964)

1.2
Fertilisation

Fertilisation has been the most investigated point in the history of research,
and the sea urchin has been the most investigated model in this respect:
authors such as Epel (Epel 1975; Kuo et al. 2000) and Jaffe, both Laurinda and
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Lionel (Jaffe 1976, 1980, 1983; Jaffe and Robinson 1978; Turner et al. 1984),
investigated the electrophysiological events; Vacquier (1969, 1981; Vacquier
and Moy 1977) and Lennarz (Schmell et al. 1977; Ohlendieck et al. 1994;
Ohlendieck and Lennarz 1996; Just and Lennarz 1997) investigated
sperm-egg reception and adhesion; Shen (Rakow and Shen 1990; Shen 1995)
and Chambers (Chambers and De Armendi 1979; Longo et al. 1986; McCulloh
et al. 1987; Crossley et al. 1988; Ivonnet and Chambers 1997) investigated cal-
cium dynamics in egg responses; Schuel (e.g. Schuel et al. 1991) investigated
sperm dynamics; and Whitaker (Whitaker and Irvine 1984; Crossley et al.
1988; Wilding et al. 1996; Harrison et al. 2002) investigated the mechanisms of
calcium release from inner stores. Each author’s approach included morpho-
logical, biochemical and electrophysiological methods, sometimes with dif-
ferent hypotheses and interpretations.

Essentially, fertilisation occurs in two phases: the first phase is charac-
terised by sperm activation events; the second, by the egg activation events.

1.2.1
First Phase: Sperm Activation

Sperms are immobilised in male gonads and genital ducts, as the membrane
in these sites is stabilised by cholesterol and glycoproteins (Gilbert 1994) and
by the sperm fluid, which has a low pH and contains calmodulins (Gilbert
1994).

During the first phase of fertilisation, the sperm motility is activated, the
sperm are able to swim towards the egg, and are capacitated to the acrosome
reaction, during which the acrosome vesicle releases the enzymes it contains
into the water surrounding the egg envelope. During these phases, electrical
events caused by inward-outward ion fluxes take place.

Actually, in each of these events, calcium is made available for the sperm
since it is abundant in seawater as well as in the peri-ovular jelly coat; the lat-
ter probably also plays a role in modifying the sperm membrane, and also in
activating the acrosome reaction (Darszon et al. 1987; Garcia-Soto et al. 1987;
Liévano et al. 1990). Moreover, K+ and Ca?* channels are activated by speract,
the attractant molecule released by the egg, thus leading the sperm to find the
egg of the same species (Babcock et al. 1992).

At the same time, Na*, abundant in the marine environment, causes an
increase in the intracellular pH level, which in turn activates flagellum dynein,
maintained low by the low pH of the sperm fluid. This event seems to be
guided by the activation of nicotinic receptors, present in the membrane of
the flagellum, as shown by experiments with a-bungarotoxin, a type of snake
venom which is specific for these receptors (Nelson 1976; Falugi et al. 1993b),
and by histochemical staining of agonist and antagonist drug binding (Bac-
cetti et al. 1995). In each case, ionic changes play a role in the phase in which
swimming is activated as well as in the phase in which the egg membrane is
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“attacked”; these events take place thanks to: (1) an enhanced swimming
activity and (2) exocytosis of the acrosome granule which, releasing lytic
enzymes, exposes the egg membrane, free from accessory envelopes (jelly
coat), and perforates the primary envelope (vitelline membrane). Simple neu-
rotransmitter signal molecules play a crucial role in these processes as well.

Cholinergic system molecules were discovered in sperm cells of different
animal species (Bishop et al. 1977; Sastry et al. 1979; Baccetti et al. 1995). These
findings led researchers to investigate the possible role played by neurotrans-
mitter system molecules in these cells. In particular, the presence in sperm of
cholinergic molecules has been reported and studied by Nelson (1973, 1978,
1990) and Nelson et al. (1970), who supplied evidence for the implication of
the cholinergic system in sperm propulsion. The activity of the enzyme
acetylcholinesterase (AChE, E.C. 3.1.1.7.) was evaluated by biochemical meth-
ods in the sperm flagellum of the sea urchin P. lividus (Cariello et al. 1986).
AChE is the lytic enzyme of the cholinergic system, and its function is to
cleave ACh into choline and acetate, thus restoring ACh receptor excitability.
In sperm of the same sea urchin species, AChE was also localised by histo-
chemical methods on the head membrane (Falugi et al. 1991). ACh receptors
were also found and localised in the sperm cell structures: muscarinic recep-
tors mainly in the acrosome, nicotinic receptors both in the acrosome and in
the flagellum membrane (Baccetti et al. 1995). The two different families of
receptors seem to play different roles in the different moments of fertilisation:
the nicotinic ones (nAChRs, see Stroud et al. 1990), gating Na* channels on
activation by their specific ligands (ACh and cholinomimetic agonist drugs),
may result in a change of the Na+ influx and consequently H* efflux, increas-
ing the internal pH and activating the dynein of the flagellum. The muscarinic
ones, known in five different molecular forms, associated with G-protein in
the intracellular domain, trigger a second messenger transduction cascade
(Birdsall et al. 1978; Watson and Arkinstall 1994), activating intracellular
dynamics related to fertilisation (Falugi et al. 1993a).

In addition, the effects of cholinomimetic drugs on P. lividus sperm motil-
ity and fertilisation ability suggested an involvement of the nAChRs and
mAChRs in these phenomena (Falugi et al. 1993b). This was also clear from
experiments with potentiometric dyes, which helped to evidence the pattern
of membrane depolarisation and fluidity during swimming and acrosome
reaction caused by the presence of either eggs, calcium ionophore A 23187 or
nicotine (Falugi et al. 1993a).

The localisation of the studied molecules in the different cell districts is
useful in order to understand their function. The presence of molecules
immunologically related to AChRs was found to be constant in gametes of
different organisms, and their localisation seems to be related to the differ-
ent mode of interaction between sperm and egg in the different species. In
particular, P. lividus sperm presented molecules immunologically correlated
to muscarinic receptors mainly at the acrosome and nicotinic receptors at
the acrosome and along the flagellum (Fig. 3), thus confirming previous
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Fig. 3. Comparison of the localisation of muscarinic and nicotinic receptors in human and
sea urchin sperm (sp). Acr Acrosome; eq equatorial ring; p.acr post-acrosomal region; midp
midpiece; flag flagellum

results (Dwivedi and Long 1989; Baccetti et al. 1995). This localisation sug-
gests that the nicotinic receptors play a role in sperm propulsion, as previ-
ously suggested by in vivo pharmacological experiments, with agonist and
antagonist drugs (Nelson 1976; Dwivedi and Long 1989; Falugi et al. 1993b).
As to the receptors present in the acrosome, their function may be related to
sperm-egg interaction, including acrosome reaction (AR) and membrane
fusion. Similarly, Bray et al. (2002), recently investigating whether the nAChR
may have a role in the acrosome reaction (AR) of human sperm, have
obtained strong evidence that ACh is capable of initiating the AR by activat-
ing an a7 subunit-containing nAChR and that this receptor is essential for
the AR initiated by purified recombinant human zona pellucida (ZP) protein
(rhZP3), thus playing a potential role in the initiation of the AR by intact ZP
in vivo. In the sea urchin, this reaction could also be enhanced by molecules
immunologically related to choline acetyltransferase (ChAT, E.C. 2.3.1.6), the
biosynthetic enzyme of ACh (Mautner 1986) present on the surface of
mature eggs (Angelini et al. 2004), as this enzyme is capable of auto-
nomously synthesising ACh, active on the ACh receptors located in the acro-
some (Fig. 4).

The function of muscarinic AChRs localised in the acrosome of P. lividus
sperm might be related to the fusion of the membrane between the gametes.
This assumption arises from the comparison between their localisation in sea
urchin sperm and that in mammalian sperm, respectively: to be precise, in sea
urchin sperm, the first fusion between the sperm and the egg membrane takes
place at the tip of the acrosome, where these ACh receptors are also localised,
while mammalian sperm present the receptors at the acrosome equatorial
ring (Baccetti et al. 1995), where the first contact and fusion with the egg takes
place (see Longo 1987 for comparison among the different models).
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B

Fig. 4A-C. ChAT ultrastructural immunogold reaction in Paracentrotus lividus sperm.
A Control; B, C reacted sperm (x12,000)

A matter of debate over recent years has been the fact that the binding sites
for pharmacological agents may differ between in vitro and in vivo experi-
ments, as suggested from experiments on mouse sperm (Florman and Storey
1982). However, experiments on sea urchin fertilisation are normally carried
out in seawater, the natural medium in which this event takes place, so as to
eliminate any possible difference between in vivo and in vitro experiments.

1.2.2
Second Phase: Egg Activation

It is well known that sea urchin egg activation and fertilisation are led and fol-
lowed by electrical phenomena, especially as far as ion dynamics are con-
cerned. Following the contact of the egg’s membrane with that of the sperm,
an early depolarisation event of the egg membrane takes place, caused by an
influx of Na* ions (see Epel 1975, 1980), which makes the membrane permis-
sive to the fusion (McCulloh et al. 1987).

This spike is immediately followed by an explosive increase in intracellular
[Ca?*], released from intracellular stores (Giudice 1973; Longo 1987). This
event evokes a strong membrane depolarisation (about 90 mV) and activates
the egg, causing the so-called fast block to polyspermy as well as the cortical
reaction. The egg, thus activated, begins to “breathe” and starts its metabolic
activities, including DNA synthesis and the trigger for the first cell cycles
(Giudice 1973; Longo 1987).

As far as the mode of regulation and unfolding of these ion dynamics is
concerned, a great deal of research has been carried out since the beginning
of the last century and, according to Ohlendieck and Lennarz (1996), the num-
ber of investigations on the subject has greatly exceeded that of the works
concerning the philosopher’s stone over the past centuries! However, recently
some progress has been made towards the comprehension of these phenom-
ena.
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1.2.2.1
First Step: Na* Influx

This event was described by Epel (1980): as soon as the sperm touches the egg
membrane, a minor influx of Na* takes place throughout the egg membrane;
at the same time, sperm-egg membrane fusion takes place, immediately fol-
lowed by calcium release from intracellular stores. The meaning of this first
Na* influx was apparently forgotten by researchers in the following years, who
rather chose to focus on the calcium wave responsible for the block to
polyspermy.

Just recently, this event has been re-examined, by considering old papers on
the effects of nicotine exposure during sea urchin egg fertilisation and by
observing that the ionic dynamics (first Na* influx, immediately followed by
explosive Ca?* release) are very similar to what happens in the neuromuscu-
lar synapses. Nicotine had been reported by Jaffe (1980) to cause polyspermy;
thus it is very likely that nicotinic receptors may be present just as in the neu-
romuscular post-synaptic membrane. To be precise, nicotinic receptors were
histochemically revealed by curare-prevented «a-bungarotoxin binding
(Falugi and Prestipino 1988; Falugi et al. 1989) at the egg surface. More
recently, by exposing sea urchin unfertilised eggs to acetylcholine together
with eserine (Physostigmine, Sigma), we have observed, after the addition of
sperm, a membrane depolarisation of about 40 mV (starting from a rest
potential of -70 mV, to the spike of -30 mV), while the normal final depolari-
sation in control eggs is +0 mV, with a depolarisation ranging between 70 and
90 mV. Moreover, the exposure to acetylcholine prior to fertilisation signifi-
cantly increased the percentage of polyspermic eggs as compared to controls
(Harrison et al. 2002; Angelini et al. 2004). The pharmacological properties of
these receptors were verified with electrophysiological methods by Chambers
and co-workers, who confirmed the presence of nicotinic receptors in the
unfertilised sea urchin egg, and characterised them as being identical to the
ones present in the neuromuscular synapses (Ivonnet and Chambers 1997).
According to these authors, the presence of nAChR channels at the surface of
unfertilised eggs can account for the capacity of nicotine to impair the block
to polyspermy, by lowering the positive shift of the egg’s membrane potential
caused by sperm.

This could also explain our results described above (Angelini et al. 2004)
Actually, the same effect of maintaining the fertilisation potential of the egg at
low levels could be exerted by an increased quantity of ACh, which in this case
could maintain the membrane fusibility for a longer period of time than
under physiological conditions. This relationship between the first step of
depolarisation due to Na* influx and membrane fusibility seems to be reli-
able. In fact, as previously demonstrated (Longo 1987; McCulloh et al. 1987;
McCulloh and Chambers 1992), a low membrane depolarisation allows sperm
entry and membrane fusion in the sea urchin Lytechinus pictus and Strongy-
locentrotus purpuratus.
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What is the source of ACh able to activate the nicotinic receptors present on
the egg surface? The answer to this question could be the discovery of mole-
cules related to choline-acetyltransferase (ChAT, the biosynthetic enzyme of
acetylcholinesterase) in the acrosome and head membrane of P lividus
sperm, reported by immunogold methods and electron microscopy (Piom-
boni et al. 2001). To be precise, we found that ChAT immunoreactive mole-
cules, revealed by immunogold particles, were mainly localised in the sperm
head of P lividus. In immotile sperm (“fixed-dry sperm”), gold particles
appeared to be particularly concentrated in the acrosome vesicle. However,
when sperm began to swim actively as a result of their suspension in seawater
containing eggs, the gold particles were observed in the membrane all along
the head region. This may suggest that the sperm autonomously synthesises
ACh, and that this function is active as far as the first sperm-egg interaction
takes place (Angelini et al. 2004). The cholinergic molecules present in the
sperm acrosome might play a role in sperm-egg interaction, as hypothesised
by Ibanez et al. (1991) for mammalian sperm, where ChAT molecules and
their mRNAs were found in the equatorial ring, which is where the first con-
tact with the egg takes place.

Therefore, our hypothesis is that ACh released by the sperm surface (where
ChAT is exposed) may, at the first contact, excite the nicotinic AChRs present
in the egg membrane, thus evoking the first event of Na*-induced depolarisa-
tion, responsible for membrane fusion (Angelini et al. 2004; Fig. 5).

Exposure thesis
of ChAT to membranes
[ CHAT~
lz. ® Ach

o 90
@@@@@@
®

Nicotinic receptor ~ Na® Channel

(close channel)

Fig. 5. Schematic drawing of the possible function of ChAT and nicotinic receptors during
fertilisation



Cell Signaling During Sea Urchin Development 55

1.2.2.2
Calcium Dynamics

Although the egg membrane is effectively an excitable membrane, its similar-
ity with the synapses is only limited to the nicotinic receptors, because the
influx of Na* ions caused by acetylcholine in the sea urchin egg is not suffi-
cient to evoke the release of calcium ions and the rapid block to polyspermy,
as we demonstrated in cooperation with the laboratory of Prof. Whitaker
(Harrison et al. 2002), thanks to the use of cholinomimetic agonists and
antagonists on P. lividus and Lytechinus pictus eggs and zygotes. We did not
find any evidence of an involvement of cholinergic molecules in this process,
as nicotinic AChR agonists were not capable of evoking any [Ca?*] variation
in unfertilised eggs by themselves, nor were the antagonists capable of pre-
venting the calcium spike provoked by sperm. Also, muscarinic agonists and
antagonists were completely inactive in the course of these events.

Thus, in the fast block to polyspermy a different kind of signal and recep-
tor molecule must be active for the Ca?* ion release. The latter was elicited
by a signal transduction cascade, since Whitaker and Irvine (1984) had
shown that an inositol-triphosphate (IP3) injection in the cytoplasm was
sufficient to activate the sea urchin unfertilised egg and to cause the cortical
reaction.

Actually, in August 2000, a paper by Kuo et al. was published, reporting that
IP3 release was due to an atypical neurotransmitter, nitric oxide (NO). These
authors showed that nitric oxide synthase (NOs) is present in the post-acroso-
mal area of the sperm, and that it is activated by contact with the jelly coat, to
synthesise NO, which is subsequently carried inside the egg together with the
sperm material. This would be the signal that triggers the transduction cas-
cade, including the release of IP3; these events result in an explosive release of
calcium from the inner stores, identified as cortical vesicles of the endoplas-
mic reticulum (see Giudice 1986; Shen 1995 for extensive reviews) and,
recently, also vacuolar-like structures (Churchill et al. 2002).

1.3
First Cell Cycle

Therefore, cholinergic molecules do not seem to be involved in the block to
polyspermy and cortical reaction. Nevertheless, several authors have found a
complete set of cholinergic system molecules in the eggs both before and after
fertilisation. Among these, our group has localised nicotinic AChR molecules
in the sea urchin P. lividus by use of curare-prevented FITC-a-bungarotoxin
binding at the surface of unfertilised and fertilised eggs of P. lividus (Falugi et
al. 1989), alongside muscarinic AChR molecules (Piomboni et al. 2001), as well
as other cholinergic molecules, such as acetylcholinesterase (Piomboni et al.
2001) and maternal choline acetyltransferase (ChAT) molecules, assembled
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on the oolemma during egg maturation and fertilisation processes (Angelini
et al. 2004). Actually, muscarinic receptor molecules are present in the egg
starting from the first maturation events, but are assembled on the egg mem-
brane only after fertilisation. This was demonstrated by both ultrastructural
localisation of anti-mAChR immunoreactivity and Western blot of cytoplasm
homogenates compared with membrane extracts of unfertilised and fertilised
eggs (Piomboni et al. 2001). A similar distribution pattern was found for
ChAT (Angelini et al. 2004). Moreover, the cortical granules display a content
of active molecules of AChE, identified by the enzyme reaction product as
suggested by Karnovsky and Roots (1964). These molecules are synthesised
within the endoplasmic reticulum, processed in the Golgi vesicles and from
there exposed at the membrane surface (Piomboni et al. 2001). During the
cortical reaction, these molecules are extruded into the perivitelline space
(Fig. 6).

Such a coordinated distribution of signal molecules suggests a function for
the cholinergic system, displayed after fertilisation. The key to the under-
standing of this possible function lies in the role played by muscarinic AChRs,
which consists of triggering intracellular signal transduction (Watson and
Arkinstall 1994). This appears to be the case in all the systems in which they
have been identified. It has been recently reported that mAChRs are func-
tional only when assembled on the cell surface, while inactive subunits are
contained in ER-derived vesicles (Mei and Xiong 2003). This is true for ChAT
as well, as it is known that ChAT activity is regulated by its binding to the
cholinergic membrane (Dobransky and Rylett 2003) and by interaction with
other cellular proteins related to this membrane (Gabrielle et al. 2003). In
other words, the enzyme is not active when it is inside the cytoplasm, while it
is active when it is exposed on the cholinergic membrane.

Furthermore, by FURA-2 experiments, it was shown that ACh and car-
bamylcholine, the natural signal and the cholinomimetic agonist of the
mAChR, respectively, are capable of evoking a [Ca?*]; spike. This occurs when
the exposure is performed at a time preceding the nuclear envelope break-
down (NEB) occurring at the first cell cleavage, i.e. approximately 15 min for
P. lividus and 40 min for L. pictus after fertilisation. In contrast, atropine
(antagonist of mAChRs, non-selective among the different molecular forms of
the receptors) prevented further Ca?+ spikes caused by agonist molecules. The
ability to respond to them was acquired again after rinsing the atropine pre-
sent in the egg-containing water (Harrison et al. 2002); for this reason, we
hypothesised that mAChRs could be involved in the regulation of intracellu-
lar ionic dynamics related to the cleavage of the first cell cycles (Harrison et
al. 2002). All our findings seem to suggest a model of autocrine regulation of
these dynamics. To be precise, those ChAT molecules that after fertilisation
are exposed at the egg surface may autonomously synthesise ACh. The egg
cannot receive ACh from elsewhere, because after fertilisation the zygote is
enclosed in the fertilisation membrane, which is in turn completely sur-
rounded by seawater, and transported by waves and currents. The ACh pro-
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Fig. 6. A Schematic drawings of the relative localisation of AChE activity, ChAT
immunoreactivity and muscarinic receptors during maturation phases of sea urchin eggs.
Ic Lampbrush chromosomes; nu nucleus. B AChE histochemical localisation in the cortical
granules of Paracentrotus lividus mature egg. C Cortical granules extrusion (arrows) during
the cortical reaction. D AChE activity in the elongated microvilli of the fertilisation cone.
E Muscarinic receptors included in cortical vesicles in unfertilised eggs. F Muscarinic recep-
tor immunoreactivity at the membrane surface of fertilised egg. G ChAT immunoreactivity
in immature ovarian egg. H ChAT immunoreactivity in fertilised eggs. Bars 50 um. The elec-
tron microscopy figures were taken at instrument magnification x20,000
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duced by the ChAT assembled on the egg membrane is released into the peri-
vitelline space and reaches the mAChRs that at this stage are also exposed at
the surface (Piomboni et al. 2001). As a result, muscarinic activation evokes a
[Ca?*] response, which further enhances development. The hypothesis that
calcium may be involved in the regulation of the first cell cycle may be also
supported by the findings of Steinhardt (1990a, 1990b), who proposed that
intracellular [Ca?*]; changes might be possible signals for the regulation of
different mitosis stages, in both animal and plant cells. In particular, together
with coworkers, he forwarded the hypothesis that calcium might be res-
ponsible for the regulation of the NEB at the moment of cleavage. The above-
cited authors showed that a calcium transient immediately precedes the NEB,
which may also be prevented by subtracting calcium from the cell (Baitinger
et al. 1990).

According to these discoveries, we proposed a model that could help to
explain the function of inter- and intracellular signals mediated by choliner-
gic molecules during fertilisation and the first cell cycles - both gametes pos-
sess cholinergic molecules: ChAT, which is necessary in order to produce ACh,

Fig. 7. Schematic drawing of the hypothesis about “autocrine” behaviour of acetylcholine in
fertilised eggs: ChAT synthesises ACh, which activates the muscarinic receptors exposed at
the surface after fertilisation, triggering the transduction cascade causing Ca?* release from
inner stores. Musc rec Muscarinic receptors; G-prot G-protein
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AChE, which cleaves ACh bound to the receptors, and ACh nicotinic and mus-
carinic receptors (Figs. 6, 7). Moreover, their activities are displayed at differ-
ent times: during the first phase, the nicotinic receptors in the sperm tail are
involved in promoting swimming [a-bungarotoxin blocks their movement
(see Nelson 1976; Falugi et al. 1993b); then the receptors present in the acro-
some (both nAChRs and mAChRs) may be excited by the ACh synthesised by
the ChAT present on the egg surface.

During the second phase, when sperm activate the eggs, ACh, auto-
nomously synthesised by ChAT on the sperm head, activates the nicotinic
receptors present in the egg membrane (characterised by Ivonnet and Cham-
bers 1997) and the first step of depolarisation caused by Na* influx mediated
by the nicotine receptors takes place. This makes the egg membrane permis-
sive to fusion with the sperm membrane.

Successively, the cholinergic molecules are not involved in the calcium
wave, which is released by intracellular stores at fertilisation through IP3
release by membrane phospholipases; this, in turn, is caused by the NO,
inserted into the egg intracellular domain by the sperm ingression (Kuo et al.
2000). However, the cortical reaction following the calcium wave causes the
exposure of muscarinic receptors at the egg surface, and AChE is released into
the perivitelline space together with the other cortical granule components.
After this exposure, mAChRs become active and excitable, evoking further
calcium spikes (as demonstrated by Harrison et al. 2002) when bound by the
ACh, autonomously synthesised by ChAT exposed on the egg membrane. This
event might be related to the calcium spike that was reported to take place
during the nuclear envelope breakdown (Steinhardt 1990a, b; Wilding et al.
1996).

1.4
Cleavages

From cleavage and until the blastula stage, AChE activity, which had disap-
peared during fertilisation, starts to be present and active once more
(Fig. 8A), starting from the perinuclear envelope; this, at least in vertebrate
muscle cells (Miki and Mizoguti 1981), is the first site of synthesis. Also, at
these stages, the final destination of the molecules is at the blastomere surface
where presumably they play a role in cell-to-cell interaction (Fig. 8B). Exten-
sive studies conducted by Buznikov and coworkers demonstrated that, during
these events, the typical neurotransmitters mainly involved in regulating cell-
to-cell interaction are represented by biogenic amines (Buznikov et al. 2001);
these are responsible for inducing messages among blastomeres (Shmukler
and Buznikov 1998).
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Fig. 8A, B. AChE histochemical reaction in Paracentrotus lividus. R Zygote, showing dark
labelling around the nucleus, in the cytoplasm and in the sperm pathway from the fertilisa-
tion cone (arrow) to the point of contact with the female pronucleus. B Two-blastomere
stage, showing the enzyme activity product around the nuclei and in the furrow between
the blastomeres. In toto mount, bar 80 pm

1.5
Ongoing Research

At this point, our interest is towards the molecular forms of muscarinic recep-
tors involved in the different stages of egg activation and cell cycling. We are
now investigating the changes that take place when passing from the “embry-
onic” to the “adult” molecular forms of the m2 receptor. These changes are
possibly due to alternative splicing during developmental events (Angelini et
al. 2004). Another aim is to specify the involvement of the ryanodine receptor
possibly by identifying its mRNA transcription and pharmacological charac-
terisation during the events supported by calcium activation. From our pre-
liminary results, the activation of egg and calcium spiking during the first cell
cycle seems to be due to different release mechanisms: the first, brought about
by sperm activation, seems to be mainly due to IP3 release, as demonstrated
by Whitaker and Irvine (1984), while the second, susceptible to muscarinic
receptor activation, seems to be mainly due to calcium release mediated by
ryanodine receptor. Actually, from preliminary results, ryanodine receptors
seem to be mainly expressed during the first cell cycle, while the amount of
these molecules found and characterised by both incorporation in artificial
membranes and Northern blot analysis indicates a very scarce presence dur-
ing the other stages: unfertilised egg and up to the four-cell stage (Angelini et
al. 2000; Prestipino, pers. comm.).
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2
Applied Research

The described results open a path to a new way of considering biomarkers. In
fact, most environmental factors have the capacity to interfere with the
cholinergic system: stress, wounds, inflammation and pollution generally
(Kaufer et al. 1998), in a number of organisms from invertebrates (Dauber-
schmidt et al. 1996) and fish (Fulton and Key 2000), to high vertebrates, such
as birds (Misawa et al. 1981), up to mammalians, including man (Wessler
2003). In particular, some broadly employed pollutants and drugs specifically
affect the cholinergic system, and consequently the other typical neurotrans-
mitter systems, such as those depending on biogenic amines (Buznikov et al.
2001b). These are the so-called neurotoxic compounds.

2.1
Neurotoxic Contaminants

A class of contaminants diffused all over the world is represented by neuro-
toxic substances, in particular organophosphate (OP) and carbamate (CB)
pesticides. These are largely used in European countries for many purposes,
for example in agriculture, gardening and even domestic pest control.
Among these, OP compounds have been used for a great number of other
purposes, e.g. as chemical weapons and medical compounds (anxiolytics,
antispasmoics, regulators of eye pressure, and drugs for Alzheimer’s disease,
etc.).

Neurotoxic pesticides inhibit cholinesterase activities (acetylcholin-
esterase, AChE, E.C. 3.1.1.7 and pseudocholinesterase, BuChE, E.C. 3.1.1.8.)
and, consequently, the status of the cholinergic neurotransmitter system.

2.1.1
Health Risks

These insecticides are strongly suspected to be harmful, and clearly they are
in the case of acute intoxication, when organisms come into contact with high
doses, generally as a result of accidents or occupational exposure. However,
there is also the possibility of subtle chronic (low-dose, long-term) damage
due to aerosol diffusion, or to residuals in crops and vegetables, possibly rein-
forced by the presence of traces of other pollutants, such as other neurotoxic
substances, heavy metals and hydrocarbons, among others. On the other
hand, the no-effective concentration for humans (NOEC), indicated by the
pharmaceutical companies and databases, is not surely ascertained, because it
is obtained by experimental exposure of animals, generally rats or mice, and
then by estimating it as several-fold lower. Moreover, the doses that do not
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affect adults may heavily strike embryonic differentiation, a very sensitive
stage in the life of an organism (Romero et al. 1989)

2.1.2
Mode of Function of Organophosphates and Carbamates

These neurotoxic compounds target the cholinergic neuromuscular system,
where they inhibit the activity of acetylcholinesterase (AChE, E.C. 3.1.1.7.)
and pseudocholinesterases (E.C. 3.1.1.8.). These are the lytic enzymes of sig-
nal choline esters, including acetylcholine (ACh), and consequently their inhi-
bition causes an overflow of ACh at receptor sites; this, in turn, affects intra-
cellular responses. In this way, neurotoxic compounds may cause alteration of
all functions of the cholinergic neurotransmission system, and of other neu-
rotransmitters, the release of which is influenced by the cholinergic system
(Buznikov et al. 2001). The pharmacology of OPs has been extensively stud-
ied, since they were initially conceived as chemical weapons during World
War II (Karczmar et al. 1970). Some differences between the two classes of
neurotoxic pesticides are known: (1) OPs irreversibly link the AChE molecule
by the phosphate group (Sultatos 1994), while carbamates compete for the
substrate acetylcholine (ACh) (Mineau 1991); and (2) OPs can leave residuals
in the environment, while carbamates only leave small inorganic molecules
(e.g. carbon dioxide) (Hayes and Laws 1991).

2.1.3
Persistence in the Environment and Crops

The persistence of these compounds in the environment is generally consid-
ered fairly short, but there is evidence that they may persist in sediments over
long periods of time, such as in the River Rhine (Dauberschmidt et al. 1996),
where lethality of fish, molluscs and aquatic birds lasted for months and kilo-
metres downstream after the actual contamination had taken place. Accord-
ing to Ragnarsdottir (2000), an OP pesticide presenting a short half-life in the
laboratory increases to 1 year under conditions of low pH and temperature.
The same author reported that OPs are detected in soils years after applica-
tion, probably due to sorption of the OPs onto soil particles, making them
unavailable for microbial metabolism (Ragnarsdottir 2000). Insofar as living
organisms are concerned, the effects of such compounds may last much
longer, because the AChE of blood may be affected for up to several months
(see the case report by Romero et al. 1989).
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2.2
Biosensors

For the reasons explained above, at present, a great deal of effort is concen-
trated on creating “biosensors”, capable of perceiving neurotoxic compounds
in the environment, as well as in food and water.

Most of the biosensors are represented by devices that have the capacity to
measure, with high sensitivity, the activity of acetylcholinesterase in the pres-
ence of suspected inhibitors and in particular OP or carbamate compounds.
These high-technology instruments can measure the presence and amount of
neurotoxic compounds in environmental matrices, or in rough material and
elaborated foods. The biosensors used for this purpose are generally based on
highly sensitive molecular forms of AChE, immobilised in devices capable of
recording changes in activity in real time, and by transferring them to screens
or other recording devices (Crew et al. 2004; Pritchard et al. 2004), or by use of
mutated bacteria or yeast (Wu et al. 2002).

In order to evaluate the effects on living organisms, and their health risks,
another kind of biosensor is now being studied. Actually, the effects of neuro-
toxic compounds, and particularly of OPs and carbamates, are not only
directed towards AChE activity, but may also affect ACh receptors, directly
(Abdallah et al. 1992; Sultatos 1994). Thus, the best biosensor in this case
should be a biosensor with the capacity to translate the effect of neurotoxic
pesticides in living cells to cell responses, such as the electrical ones. The
advantages of this biosensor are represented by the fact that complex cell
response is taken into account, and that the AChE molecules and the ACh
receptors are in their natural environment, and follow their natural transduc-
tion cascades up to the cell response. For this purpose, a model of this biosen-
sor is being devised in the laboratory of the Fraunhofer Institute for Biomed-
ical Engineering (IBMT), based on microtechnology.

2.3
Effects of Neurotoxic Compounds on P. lividus lon Dynamics

From this point of view, the early phases of sea urchin development offer very
good material for the preparation of biosensors based on living cells, because
the effects on the cholinergic system are per se translated into changes in
membrane potential. Actually, by exposing P. lividus zygotes to diazinon, an
OP compound, we found that the increase in [Ca?*], either caused by mus-
carinic drug exposure or the physiological one preceding the NEB, was pre-
vented. The K+ outward channel probably linked to excitation of the mus-
carinic receptor m2 was also blocked by highly diluted phentoate, another OP
compound commonly used as an insecticide (Percivale 2003).

This offers the possibility of adapting this model to a biosensor capable of
recording the impedance changes by using P. lividus zygotes (the moment
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when the cholinergic system is mostly dependent on electrical variations)
(Fig.9).

The employment of these cells is at present innovative, as well as bioethi-
cally compatible. In addition, it may solve some controversial points, such as:
1. The problem of experiments on animals, which are more expensive,

besides causing pain, which is particularly evident in higher organisms.

Gametes from sea urchins may be obtained easily by intra-oral 1/1,000 ACh

injection: this treatment allows gamete spawning without sacrificing the

adults, which survive in good health (as demonstrated by further natural
spawning in a few weeks: M. Franzoni and M. Sgro, preliminary results,
pers. comm.).
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Fig.9. A Schematic drawing of the living cell-based biosensor (IBMT). B The micro-device
for impedance recording
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2. The improved knowledge of developmental biology, within the emerging
knowledge that neurotransmitter molecules are not limited to neuromus-
cular structures, but are generally involved in cell-to-cell communication,
leading to interaction between developing cells and tissues.

3. Exporting the results to other organisms, including man, by comparing the
effects on P. lividus zygotes with the effects on human stem cells (addressed
to development).

4. Allowing us to establish conversion parameters among the different cell
sources, in order to use the most suitable and available for each situation of
risk assessment.
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Echinoderm Reactive Oxygen Species (ROS)
Production Measured by Peroxidase,
Luminol-Enhanced Chemiluminescence (PLCL)
as an Immunotoxicological Tool
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Abstract. The importance of reactive oxygen species (ROS) production in
invertebrate immunity prompted the use of this response in immunotoxico-
logical studies in several taxa including marine organisms. In this chapter, we
review the effects of environmental factors and contaminants such as heavy
metals and polychlorinated biphenyls (PCBs) on the production of ROS by
the main immune effector cells of echinoderms, the so-called amoebocytes.
ROS production was measured by the peroxidase, luminol-enhanced chemi-
luminescence (PLCL) method. This method was found to predominantly
reflect the production of superoxide anions and peroxides, among which
hydrogen peroxide and peroxynitrite are the main species detected. Exoge-
nous factors such as water temperature and salinity can influence this
immune response in echinoderms. However, gender, handling stress and par-
asitism by a castrating ciliate apparently did not affect it. The impact of met-
als on ROS production differed greatly according to the duration and routes of
exposure; in vitro and short-term in vivo exposures to metals caused an inhi-
bition of this immune response, while the opposite effect was observed in a
long-term in vivo exposure study. On the other hand, PCBs systematically had
a stimulatory effect on ROS production independent of the echinoderm
species or exposure routes. From the study of complex field contaminations, it
appeared that contaminants released in the environment, such as metals,
modulate starfish amoebocyte ROS production. This impact potentially rep-
resents a threat to the sustainability of natural populations of echinoderms
and thereby to the stability of benthic ecosystems.
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1
Introduction

In contrast to vertebrates, invertebrates defend themselves against offending
microorganisms only by means of non-specific, innate mechanisms. The effi-
ciency of this primitive immune system is witnessed by the fact that 95 % of
existing animals are invertebrates. This system relies on both cellular and
humoral components. The immune cells are involved in phagocytosis, encap-
sulation, hydrolytic enzyme secretion and the respiratory burst (Chia and
Xing 1996). The latter is a mechanism by which a phagocytic cell drastically
increases its oxygen consumption upon encounter with foreign material. The
oxygen is converted into the very reactive superoxide anion O,- by a mem-
brane-bound enzyme, the NAD(P)H-oxidase (Babior 1984). This free radical
in turn yields several radical or non-radical oxidants such as the hydroxyl
radical (-OH-), hydrogen peroxide (H,0,) or singlet oxygen ('O,). The reduc-
tion of hydrogen peroxide by the myeloperoxidase (MPO) enzyme may also
lead to the formation of hypochlorous acid (HCIO). All these oxidants are col-
lectively called reactive oxygen species (ROS). The transduction of the stimu-
latory signal from the membrane to the NAD(P)H-oxidase involves phospho-
lipase C (PLC) and protein kinase C (PKC) and requires the presence of
calcium ions (Lennartz 1999; Torreilles et al. 1999). ROS are thought to destroy
foreign particles by oxidising macromolecules such as lipids, proteins or
nucleic acid, resulting in lipid peroxidation, enzymatic activity disruption
and DNA damage (Buechter 1988). They might also act by inducing an
osmotic imbalance in the lysosomes, ending in the activation of hydrolytic
enzymes (Reeves et al. 2002).

The importance of ROS production in invertebrate immunity prompted
the use of this response in immunotoxicological studies in several taxa
including marine organisms. Most of these studies are dedicated to bivalve
molluscs or arthropods (Baier-Anderson and Anderson 2000). In these
groups, metals generally inhibit ROS production, although, in some instances,
an increase in this immune response was observed after both in vitro (Ander-
son et al. 1997) and in vivo (Dyrynda et al. 1998) contaminations. Decreased
ROS production was also observed in bivalves after experimental polycyclic
aromatic hydrocarbons (PAH) exposure and in mussels collected in the field
after an oil spill (Larson et al. 1989; Dyrynda et al. 1997). Similarly, Pipe et al.
(1995) determined the production of ROS by immune cells of mussels col-
lected in contaminated sites and found a negative correlation between the
immune response and the level of organic contamination. The observed
effects appear to vary greatly according to the contaminant and the inverte-
brate species studied and the exposure mode. The mechanism by which the
production of ROS is affected remains unclear and probably depends on the
contaminant studied. Metals are known to take part in the formation of cer-
tain reactive species (Kehrer 2000) but can also act by inactivating divalent
cation-requiring enzymes involved in ROS production. Other contaminants
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such as pentachlorophenol are uncouplers of oxidative phosphorylation and
may act by interfering with the activity of the NAD(P)H-oxidase (Baier-
Anderson and Anderson 1997).

Despite their ecological and economical importance, echinoderms have
been largely ignored in the field of immunotoxicology. Numerous representa-
tives of this phylum are key species of marine benthic ecosystems. By their
abundance or their trophic role, they often act as structuring species of their
ecosystem. Moreover, since the marine sediments represent a reservoir for
many contaminants, echinoderms that live within or upon the sediments are
particularly at risk concerning the impact of marine pollution. ROS produc-
tion in this phylum has been reported by a few authors (Ito et al. 1992, Wheat-
ley et al. 1998). Therefore, we investigated the effects of environmental factors
and contaminants such as heavy metals and polychlorinated biphenyls
(PCBs) on the production of ROS by the main immune effector cells of echin-
oderms, called amoebocytes. These results are reviewed and discussed in the
present work along with a description of the method used to measure ROS
production.

2
Measurement of Reactive Oxygen Species (ROS) Production

Luminol-enhanced chemiluminescence (LCL) has been used for a long time
for the measurement of the respiratory burst of vertebrate phagocytic cells.
This method is considered to be sensitive to both the formation of oxygen
radicals and the activity of the endogenous peroxidase, myeloperoxidase
(MPO). The signal obtained using invertebrate immune cells is often much
lower compared to their vertebrate counterparts (Torreilles et al. 1996). This
can be improved by adding an exogenous peroxidase (horseradish peroxi-
dase, HRP) to the measuring medium (Coteur et al. 2002). Adding HRP
increases the signal intensity and makes it more specific to the presence of
peroxides. We used this system to measure ROS production by echinoderm
amoebocytes and determined the specificity of this method. It was found that
peroxidase, luminol-enhanced chemiluminescence (PLCL) is predominantly
affected by superoxide anions and peroxides, among which hydrogen perox-
ide and peroxynitrite appear to be the main species detected (Coteur et al.
2002).

The detailed protocol of this method is as follows. Experimental animals
are wrapped in a towel to absorb external seawater and then bled by cutting
the tip of one arm and draining 3 ml of coelomic fluid in an equal volume of
sterile anticoagulant buffer [Ca?*, Mg?*-free artificial seawater (CMFASW)
(Noble 1970) with 1.2x10-2M EDTA] at 4 °C. The amoebocyte concentration
of this suspension is determined as follows: 200 pl of the cell suspension from
each animal is distributed in wells of a UV-transparent microplate (96-wells,
UVstar, Greiner), cells are mildly agitated for 5 s and the absorbance at 280 nm
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is determined using a microplate reader (Spectrafluor Plus, TECAN; three
flashes per well). This is related to the cell concentration by using the follow-
ing predetermined relation (Coteur et al. 2002): A,;,=0.157 X cell concentra-
tion (x106 cells ml-1)+0.067. The suspension is then centrifuged (400 g,
10 min, 4 °C) and the supernatant replaced by CMFASW (without EDTA), the
volume of which is adjusted to obtain a concentration of 1£0.25 x 10°
cells ml-'. This concentration is used for normalising chemiluminescence
measurements. For PLCL measurements, 100 pl of a luminol/HRP solution
[freshly prepared by 100-fold dilution in artificial seawater (ASW) of a stock
solution of luminol 10 mg ml-!, HRP 5 mg ml-!, dimethylsulfoxide (DMSO)
1 M in ASW] is added to 20 ul of a bacteria suspension (Micrococcus luteus,
5%10° bacteria ml-! in ASW) or an equivalent volume of ASW (unstimulated
controls) in replicate wells of an opaque white microplate (96 wells, Lumitrac,
Greiner). The chemical background (i.e. the chemiluminescence of the bacte-
ria and the solutions alone) is then measured using a microplate reader (Spec-
trafluor Plus, TECAN) with the following settings: luminescence mode, inte-
gration time = 0.5 s, photomultiplier gain = 180. The reading time for 80 wells
is about 75 s. Subsequently, 80 pl of amoebocyte suspension in CMFASW is
added (resulting in a final amoebocyte concentration of 4+1x10° cells ml).
(Thus, the resulting final solution contains 60 % of the nominal Ca?* and Mg?*
concentrations of seawater.) The microplate is stored at 13x1 °C (i.e. the aver-
age field seawater temperature) and PLCL is measured every 10 min over a 2-
h period. Measurements are normalised with the actual amoebocyte concen-
tration in each sample and expressed as the sum of all 10-min interval
measurement [in relative light units (RLU), an internal scale of the instru-
ment] for 10° cells ml-! (total chemiluminescence) for resting or stimulated
amoebocytes.

3
Modulation of ROS Production by Environmental Factors

In order to distinguish the influence of environmental pollution from natural
variability of echinoderm immune responses, it is crucial to delineate the
endogenous or exogenous factors that affect these responses. For instance,
injury, acute temperature shock, acidic pH or heavy metal shock were shown
to affect the sea urchin immune system (Matranga et al. 2000, 2002). More-
over, a year-round study of a particular immune response is necessary in
order to identify periods that might be characterised by increased variability
compared to others. Therefore, we investigated the effects of environmental
factors and the annual variability of ROS production by amoebocytes of the
starfish Asterias rubens (Coteur et al. 2004).

The ROS production by amoebocytes is efficiently stimulated by the pres-
ence of bacteria or bacterial wall components such as lipopolysaccharide
(LPS) but not by the soluble stimulant phorbol-myristate-acetate (PMA, a
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protein kinase C activator) (Coteur et al. 2002). Other factors such as water
temperature affected the production of ROS both in experimental conditions
and in the field. The ROS production in starfish maintained in very cold
waters (< 6 °C) was dramatically increased compared to starfish held at (even
slightly) higher temperatures and this effect was also observed in the field
during the coldest month of the year (Fig. 1).

It is thus a threshold-type effect that precludes the use of ROS production
in the field during this period since very high natural variations can occur in
limited time. Another factor that partially determines the immune response is
the water salinity as ROS production decreases with increasing salinity. How-
ever, handling stress, gender and parasitism by a castrating ciliate did not
influence amoebocyte ROS production in our experimental setup (Coteur et
al. 2004).

4
Impact of Metal Contaminations

In order to have a comprehensive picture of the effects of metals on ROS pro-
duction, this immune response was measured after in vitro exposure of A.
rubens amoebocytes or after in vivo experimental contamination of
starfishes. Furthermore, natural populations exposed to these contaminants
were monitored in the field.

A first experiment was designed to screen the potential of several metals to
affect ROS production in vitro. Amoebocytes were exposed to different con-
centrations of selected metals prior to measuring the unstimulated ROS pro-
duction. Among all metals tested, only mercury and silver were shown to
modulate the resting amoebocyte ROS production (linear regressions:
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p<0.001, R?=0.277 and p=0.004, R?>=0.165, for Hg and Ag respectively) (Fig. 2).
The lack of ROS production inhibition by other metals (Al, Cr, Cd, Zn, Pb, Fe
and Cu) is somewhat surprising since Larson et al. (1989) found that, among
several types of xenobiotics, Cu was the most immunosuppressive in vitro.
However, these authors used a contaminating copper concentration range of
200-2,500 pg 1-1. In our hands, the maximal copper concentration tested was
2 pg 1! which is closer to environmentally relevant concentrations. In order to
compare the sensitivity of A. rubens amoebocytes with that of bivalve hemo-
cytes, we calculated the IC50 values (the metal concentration inducing 50 % of
response suppression) for mercury and silver. These values (14.8 and
23.0 pg 1! for Hg and Ag respectively) are 60-600 times lower than those
obtained using the phagocytic activity of hemocytes of the clams Spisula
polynyma and Mya arenaria (Brousseau et al. 2000; Fournier et al. 2000). It
thus seems that starfish amoebocyte ROS production is highly sensitive to in
vitro contamination by silver and mercury but not to other metals (at least at
or close to environmentally relevant concentrations).

The impact of in vivo metal contaminations was studied along a metal con-
tamination gradient occurring in a Norwegian fjord, the Serfjord, where
wastes of three smelters, built in the innermost part of the fjord, were dis-
charged in this area for more than 60 years. Concentrations of mercury in fish
and of cadmium and lead in mussels from this fjord resulted in public advi-
sories to regulate human consumption (North Sea Task Force 1993).

ROS production was measured both in starfishes sampled along the gradi-
ent (long-term - life-long - contaminations) and in starfishes transferred up
the gradient (short-term experimental contamination) (Coteur et al. 2003a).
The production of ROS in starfishes from field populations increased along
the pollution gradient in direct relation with the contamination of the
starfishes by cadmium, lead and zinc (e.g. zinc, Fig. 3).
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In contrast, when starfishes were transferred from the control site to the
contaminated head of the fjord, the temporary accumulation of some metals
such as zinc or cadmium in starfishes was accompanied by an inhibition of
ROS production (Fig. 4).
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Fig. 3. Bacteria-stimulated reactive oxygen species (ROS) production (mean + SE, n=10)
and zinc concentration in the pyloric caeca (mean + SE, n=>5) of starfishes collected along a
metal pollution gradient in a Norwegian fjord. RLU Relative light units
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Fig. 4. Effects of short-term transfer experiments up the gradient of metal contamination
in a Norwegian fjord. Bacteria-stimulated reactive oxygen species (ROS) production (mean
* SE, n=10) and zinc concentration in the pyloric caeca (mean * SE, n=5) of starfishes
transferred from the uncontaminated site (opening of the fjord) to the most contaminated
site (head of the fjord) over time. RLU Relative light units
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Thus, it seems that, depending on the duration of exposure (several days or
life-long), the effects of the same contaminants can range from a severe inhi-
bition to a marked increase in ROS production. We hypothesised that the
impact of metals in field conditions would occur in three phases: short-term
inhibitory effects exerted by direct action of metals on the immune cells are
followed by a recovery due to the induction of protective mechanisms and,
eventually, when these mechanisms are overwhelmed, indirect stimulatory
effects on the immune responses appear due to a global disruption of the ani-
mal physiology.

For studies on the impact of metal contamination on stress marker produc-
tion, see Matranga et al., (this Vol.).

5
Impact of PCB Contaminations

Polychlorinated biphenyls are persistent organic contaminants of human ori-
gin which accumulate in the environment. These contaminants are highly
toxic, particularly the non-ortho-substituted and mono-ortho-substituted
congeners, the so-called coplanar PCB congeners (cPCBs) that can display a
configuration very close to that of the highly toxic 2,3,7,8-tetrachlorodibenzo-
dioxin (2,3,7,8-TCDD).

The effects of PCBs were tested by injecting coplanar or non-coplanar con-
geners in the coelomic cavity of the sea urchin Paracentrotus lividus (Coteur
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Fig. 5. Bacteria-stimulated reactive oxygen species (ROS) production (mean + SE,n=4) and
PCB congener #126 (mean * SD, n=4) concentrations in the body wall of starfishes main-
tained on sediments spiked with a mixture of PCB congeners, over exposure time. RLU Rel-
ative light units
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et al. 2001) and of the starfish A. rubens (Danis et al., pers. comm.). In both
studies, PCBs were found to increase the production of ROS; coplanar con-
geners being the most effective in this respect. At very high concentrations,
however, a steep drop in ROS production was observed probably due to direct
cellular toxicity (Danis et al., pers. comm.). Similarly, when starfishes were
maintained on a sediment spiked with a mixture of PCB congeners, the amoe-
bocyte ROS production followed closely the transient accumulation of copla-
nar congeners, such as congener #126, in the starfish tissues (Fig. 5).

Likewise, the contamination by coplanar congener #77 was found to
increase the ROS production of starfishes exposed through water, sediments
or food (Danis et al. 2003).

6
Impact of Complex Contaminations

We investigated amoebocyte ROS production in natural populations of
starfishes exposed to complex, multi-elemental contaminations in order to
assess the general impact of contaminants on the immune function of
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Fig. 6. Bacteria-stimulated reactive oxygen species (ROS) production (10* RLU/10¢
cells ml-!; mean + SE, n=10) in starfishes collected from different stations in the North Sea.
RLU Relative light units
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starfishes in the field. Starfishes were collected at different North Sea stations
presenting a large range of metal and PCB contamination levels (Coteur et al.
2003b). Significant differences were found in ROS production of starfishes
collected at the different stations. In particular, ROS production was signifi-
cantly inhibited at the stations located off the Elbe/Weser estuaries (BW sta-
tions) and off the North Sea Canal (LN3) (Fig. 6).

Moreover, ROS production was negatively linked with the levels of metal
contamination in the starfish tissues and in the sediments (Fig. 7). However,
no link was found between the immune response and the non-coplanar PCB
concentrations in the samples.

From this study it can be concluded that the contamination levels observed
in field conditions are sufficient to induce immunomodulation in echino-
derms and that this modulation is particularly linked with metal contamina-
tion of the environment.

7
Discussion

The production of reactive oxygen species constitutes one of the main mech-
anisms of destruction of foreign material in invertebrates. In echinoderms,
it was first demonstrated by Ito et al. (1992) who found that sea urchin
amoebocytes produce hydrogen peroxide when stimulated by erythrocytes.
From our studies, bacteria or bacterial wall components also appear as effi-
cient stimulators of ROS production. On the other hand, the parasitism of
starfishes by a castrating ciliate or the challenge of sea urchins by the
amoeba Paramoeba invadens did not modulate this oxidative activity
(Wheatley et al. 1998; Coteur et al. 2004). Exogenous factors such as water
temperature and salinity can influence this immune response in echino-
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derms. It has been hypothesised that this increased ROS production is linked
to the elevated concentration of dissolved oxygen, a major source of ROS, at
low water temperature (Regoli et al. 2000). Sea urchin coelomocytes react by
overexpressing a heat shock protein (Hsp70-like protein) when subjected
either to a rise or to a drop in temperature, the latter inducing a greater
stress response than the former (Matranga et al. 2000). The sharp rise in
Hsp70 expression in coelomocytes at low temperatures might represent a
protective response towards the ROS produced by these cells, since Hsp70 is
an efficient antioxidant (Chong et al. 1998). From our studies, it is concluded
that if a particular period is to be selected for comparing ROS production in
the field, we would suggest either October to December, which is charac-
terised by constant (but low) resting and stimulated ROS production (the
latter being around 50x103 RLU/10¢ cells ml), or the period between April
and August, during which stimulated ROS production is high and constant
(around 100x103 RLU/10°¢ cells ml-!) but somewhat offset by an increased
variation in resting ROS production.

When these precautions are taken, ROS production appears as a very effi-
cient tool for immunotoxicological studies since it is modulated by the most
abundant and toxic contaminants. However, concerning metals, the effect dif-
fers greatly according to the exposure type: the duration and routes of expo-
sure appear crucial for determining the impact on ROS production. This vari-
ability in the impact of metals makes it necessary to always include
background-exposed starfishes whether in experimental conditions or in the
field in order to work on relative instead of absolute grounds.

In contrast to metals, PCBs have systematically the same effect on ROS pro-
duction independent of the echinoderm species or exposure routes in exper-
imental conditions. Either the stimulatory effect of PCB could be explained by
a direct action of PCBs on the intrinsic mechanism of ROS production by
amoebocytes as suggested by Coteur et al. (2001), or PCB detoxification
mechanisms could take place in amoebocytes; these processes lead to the pro-
duction of a certain amount of oxygen free radicals, adding to the ROS pro-
duced spontaneously by the immune cells.

A contaminant-induced increase or decrease in ROS production both rep-
resent a hazard to the health of individuals. Decreased production will lead to
recurrent infections since invading microorganisms will not be efficiently
destroyed. This was illustrated in molluscs in which contaminants that
reduced ROS production by oyster hemocytes exacerbated the severity of
infections (see Baier-Anderson and Anderson 2000). It was also shown that
some mollusc pathogens have the ability to inhibit ROS production and con-
sequently to survive in their host (LaPeyre et al. 1995). On the other hand,
increased ROS production can lead to damages to self tissues since ROS are,
by their very nature, totally non-specific and are able to alter a wide range of
self-macromolecules such as DNA and enzymes (Buechter 1988).

From the study of complex field contaminations, it appears that contami-
nants released in the environment, such as metals, modulate starfish amoebo-
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cyte ROS production. This impact potentially represents a threat to the sus-
tainability of natural populations of echinoderms and thereby to the stability
of benthic ecosystems.
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Monitoring Chemical and Physical Stress
Using Sea Urchin Immune Cells
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H.C. SCHRODER, W.E.G. MULLER

Abstract. Coelomocytes are the cells freely circulating in the body fluid con-
tained in echinoderm coelom and constitute the defence system, which, in
response to injuries, host invasion, and adverse conditions, is capable of
chemotaxis, phagocytosis, and production of cytotoxic metabolites. Red and
colourless amoebocytes, petaloid and philopodial phagocytes, and vibratile
cells are the cell types that, in different proportions, constitute the mixed
coelomocyte cell population found in sea urchins. Advances in cellular and
molecular biology have made it possible to identify a number of specific pro-
teins expressed in coelomocytes under resting conditions or when activated
by experimentally induced stress. Only recently, coelomocytes have been used
for pollution studies with the aim of introducing a new biosensor for detec-
tion of stress at both cellular and molecular levels, as sentinel of sea health. In
this chapter, we briefly review the important features of these valuable cells
and describe studies on their use in the laboratory and in the field for the
assessment of chemical and physical pollution of the sea.

1
Introduction

Life on earth originated in the sea. Marine animals were the first animals that
had to evolve defence strategies for their survival. To cope with possibly dan-
gerous events, marine organisms have developed over millions of years what
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we now call an immune system, as a strong defence mechanism able to resist
host attacks in an efficient way. The term “immunis” comes from the Latin
meaning “exempt”, referring to protection against foreign agents. It is still
believed that in all organisms of the animal kingdom the cells of self are vir-
tually marked, so that they are not attacked by their own defence mechanism.
Therefore, the immune system must have the capacity to discriminate
between self and non-self, to transform itself to deal with future dangers, and,
in addition, to change, since the self also evolves with time (e.g. during
embryo development). However, the self/non-self model of the immune sys-
tem has recently been disproved because of many inconsistencies: (1) not all
foreign cells need to be destroyed, some in fact must be assimilated for nour-
ishment; (2) in mammals the growing embryo, in principle a host, is not
destroyed by the immune system of the mother. This is just to quote two
examples. To solve these apparent paradoxes one very attractive theory has
been proposed by Polly Matzinger, the present head of the National Institute
of Allergy and Infectious Diseases at NIH, Bethesda, Maryland, USA. In her
September 2001 lecture entitled, “An Innate Sense of Danger”, she proposed
that cellular apoptosis signals and directs the immune mechanism (reviewed
in Matzinger 2002). In other words, the triggering factor comes from the
“sense of danger” originated during damage to body tissues, rather than from
the classical recognition of foreign antigens. Her theory has given hints to
studies on tumour regression, graft rejection, pregnancy failure and autoim-
mune diseases. Another puzzling question, which the self/non-self model can
neither predict nor explain, is: why is the mere foreignness of a protein not
enough to elicit immunity, and why are noxious substances like mineral oil,
mycobacteria, and aluminum hydroxide needed in order to get a clear
response? Charles Janeway, one of the most brilliant and imaginative immu-
nologists, recently deceased (April 2003), proposed, together with his col-
league Medzhitov, the so-called Pathogen-Associated Molecular Pattern the-
ory (Medzhitov and Janeway 2002). They postulate that immune responses
cannot occur unless antigen-presenting cells are first activated, and that this
activation occurs via pattern recognition receptors. Their prediction of the
presence of evolutionarily conserved receptors recognizing molecules from
infectious non-self organisms was confirmed when, studying Drosophila Toll
innate immune sensor, they found the mammalian Toll-like receptors
(Medzhitov et al. 1997), which are now studied by laboratories around the
world.

The above-mentioned new ways of interpreting the machinery of the
immune system bring to the concept that the innate immune system is an evo-
lutionarily ancient form of host defence found in most multicellular organ-
isms. The basic mechanisms operating in sensing and attacking foreign
agents are already found in echinoderms. It is stimulating that these hypothe-
ses can be tested in the echinoderm model and that, to a certain extent, stud-
ies on their defence system might provide many useful insights into the
understanding of the mechanisms involved. In the following text, we briefly
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review the state of the art on what is known about the echinoderm immune
system, with particular emphasis on mechanisms and/or molecules involved
in sensing experimental or environmental stress.

2
Echinoderm Coelomocytes as Immune Effector Cells:
Morphological Features and Recognized Functions

In all organisms the first defence against infections involves a physical barrier
to invasions by pathogens or foreign substances, provided by their body coats
which physically prevent the interaction between the host and the invading
organism. However, when pathogens accidentally or experimentally penetrate
this barrier they first encounter generic or specific molecules that restrict the
infection. The second-line defence consists of cells that can engulf (phagocy-
tose) foreign substances or pathogens or can aggregate under formation of
large coagulates (clots) in the case of wounds. Other cells secrete in the
medium specific anti-host molecules, which will be discussed below. Phago-
cytosis is a complex process which involves several steps, including: (1)
chemotaxis, whereby phagocytic cells are attracted towards chemotactic
chemicals like microbial products, complements, or damaged cells; (2) adhe-
sion, whereby phagocytes stick to each other and attach to foreign agents; (3)
opsonization, a process that enhances adhesion, whereby specific proteins
(opsonins) are coated on the microbial surface; and (4) ingestion, whereby
phagocytes extend their cellular projections, engulfing the foreign organism.
Finally, the foreign organism can be digested by enzymes in the lysosome. All
the steps described above have been studied using echinoderms as a model
system. In the past, each of the echinoderm classes has preferentially been
used for a certain type of study; in the case of classical immune/defence stud-
ies, involving self/non-self recognition, which occurs when grafting cells from
one individual to another, scientists have mostly used the classes of Holothu-
riodea and Echinoidea. For the purpose of our description and to take care of
the amount and the heterogeneity of information present in the literature, we
will focus our interest on echinoids, specifically sea urchins. In the body of
adult sea urchins a cell population lives, which has been identified as the true
immune effector because of many proven characteristics. Quite vast, although
not so recent, literature is available which describes the morphologies present
in this mixed cell population (see Smith 1981; Matranga 1996). However, pos-
sibly due to the way in which cells have been collected or preserved before
their observation by optical or electron microscopy, a variety of misleading
classifications are reported, which have generated confusion. The easiest way
to give a nomenclature that reflects the actual morphology of the cells is the
immediate observation of fresh and live cells just taken from the sea urchin
without any addition of anti-coagulant solution (Fig. 1). Under these condi-
tions it appears clear that some cells are capable of rapid movements, while
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others show very slow motions. Within the first group, fast-moving cells are
red and colourless, each constituting 5-7 % of the total cell population. Pecu-
liar to this cell type is their characteristic locomotion (about 0.5 pm s)
achieved by rapid changes in their body shape, where a leading edge of the cell
is protruded towards their march direction (Fig. 2). Consequently, these cells
are referred to as amoebocytes, from the Greek amoeba, which means change,
referring to the shape of the cell (Fig. la,b). The red pigment, called
echinochrome, is thought to be utilized by echinoderms as an anti-bacterici-
dal agent. This notion comes from the single report present to our knowledge
in the literature, describing the release of a red pigment by the sand dollar
Mellita quinquiesperforata coelomocytes in response to stress (Smith and
Smith 1985).In the same study the authors showed the release of histamine on
challenge and suggested that the coelomocyte stress response may be an evo-
lutionary precursor to the mammalian allergic response. Due to their fast
movement, it seems conceivable to suppose that this cell type is utilized as a
first defence mobilization, as in the case of wound healing or prompt attack by
foreign agents. Indeed, red amoebocytes have been observed trapped in clot-
ting and encapsulation (Smith 1981).

Another type of very fast cells, constituting 5-6 % of the total cell popula-
tion, are the so-called vibratile cells (Fig. 1c); these are round cells which,
thanks to a long flagellum, can move in a straight direction along a helicoidal
pattern. The function of this less studied cell type is at present unknown.

Finally, the most abundant morphology observed (80-85 %) is constituted
by cells with a dendritic-like phenotype, namely “petaloid” or “philopodial.”
Their conversion from the first to the second morphology is easily observed
under the microscope within 5-10 min, and a detailed description, as well as

Fig. 1. Paracentrotus
lividus coelomocytes:
ared amoebocyte;

b colourless amoebo-
cyte; ¢ vibratile cell;
d petaloid phagocyte;
e philopodial phago-
cyte. Bar 10 pm
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Fig. 2. Red and colourless amoebocytes freshly collected and rapidly moving under the
microscope. Bright fields of cells viewed on a Zeiss Axioscope 2 plus using a 63x objective
lent. Pictures taken every 8 s. Bar 10 pm

different functional states of the same cell type, can be found in several papers
(Edds 1985, 1993; Henson et al. 1999).

These four major cell types have been consistently seen and described for
at least three different species, i.e. the Pacific Ocean Strongylocentrotus purpu-
ratus (Hillier and Vacquier 2003), the North Sea Strongylocentrotus droe-
bachiensis (Bertheussen and Seljelid 1978), and the Mediterranean Sea Para-
centrotus lividus (Matranga and Bonaventura 2002). However, the proportion
of each cell type can vary not only among species but also between individu-
als of the same species, according to their size and physiological conditions, as
we will see below. It should be recalled that these cells, within a few minutes
(5-10 min) after collection from the sea urchin body, tend to clump; therefore,
for their use and/or observation, they need to be placed in an anti-coagulant
solution, which, on the other hand, might affect their physiological morphol-
ogy. However, much work still needs to be done on the function of all these
cell types. Most of the immune responses that we expect to be carried out are
performed by phagocytes (reviewed by Smith 1981). It seems that the petaloid
stage is involved in migration towards the sites of injuries, while the fillopo-
dial stage is involved in clotting. In fact, because of their high numeric repre-
sentation and the ability to change the shape of their cytoplasmic protrusions,
phagocytes are able to form large clots in which other coelomocyte types are
trapped or possibly contribute to their formation. However, of course, phago-
cytes deserve their name from their ability to engulf (phagocyte) foreign par-
ticles, such as pathogens, as observed in the clearance of injected bacteria (Yui
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and Bayne 1983) or even synthetic beads (Bertheussen 1981). In addition,
encapsulation, a process by which the host is surrounded by a layer of cells
and eventually digested by lytic enzymes released into the cavity, is per-
formed by phagocytes and so-called spherule cells (possibly colorless amoe-
bocytes), the latter being claimed to release bactericidal substances (Johnson
1969; Gerardi et al. 1990).

However, due to the small number of controversial reports present in the
literature, the real function of each of these cell types is still not acknowl-

edged.

3
The Origin of Coelomocytes: Terminally Differentiated or
Circulating Stem Cells?

Nowadays, the origin of coelomocytes is becoming an extremely interesting
field of research for at least two reasons: (1) the access to a new, interesting
and easy to use model system to work on and (2) the potential source of stem
cells for the production of new therapeutic tools (see, for example, their
involvement in regeneration phenomena). The axial organ, a complex circula-
tory system composed of closed vessels, is believed to be the source of coelo-
mocytes which, in analogy to the vertebrate system, has been regarded as the
ancestral primary lymphoid gland. This notion comes from an old study
which described the release of coelomocytes from the axial organ after echi-
noid injury (Millott 1969). Indeed, 10 years later, another report confirmed
these results, describing the presence in the axial organ of many coelomocytes
rich in pigment and granules, separated into compartments by elastic fibers.
The authors, reporting what they called “transformational stages of coelomo-
cytes”, suggested the axial organ as the site of their storage and maturation, as
well as excretory functions via the water vascular system (Bachmann and
Goldschmid 1978).

More recently, two populations of cells, namely adherent (B-like) cells
resembling mammalian B lymphocytes and non-adherent (T-like) cells
resembling mammalian T lymphocytes, have been fractionated from the axial
organ of the sea star Asteria rubens (Leclerc and Bajelan 1992). The character-
ization and identification of molecules produced and released into the coelom
by these two cell types would be of extreme interest. An alternative hypothe-
sis explaining the presence of the mixed cell population in the coelomic fluid
postulates that these cells represent different maturation stages of the same
cell line (Smith 1981). Although attractive, no evidence has been provided
confirming this hypothesis. On the contrary, recent studies have shown a
rapid increase in the amount of the red amoebocytes (previously referred to
as red spherulae cells because of lack of movement caused by the medium
used) in response to pollution or experimentally induced stresses (Matranga
et al. 2000). This evidence can be explained by either the rapid division of cir-
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culating stem cells or the recruitment from the axial organ or similar reser-
voirs. Both hypotheses need experimental confirmation.

Unfortunately, these lines of investigation have not been followed very
much over the years. The development of techniques enabling the culture of
coelomocytes as mixed cell population and, more interestingly, as single cell
types constitutes a necessary step for studies on the origin and function of
coelomocytes; efforts are awaited in this direction.

4
Molecules Expressed by Echinoderm Coelomocytes

Many studies performed in the early 1950s and 1960s demonstrated that, in
response to graft reactions or invading agents, sea urchin coelomocytes pro-
duce and release into the so-called coelomic fluid a variety of different pro-
teins. In addition, several other stimuli or even the puncture of a needle were
shown to produce the activation of a certain number of genes (Smith et al.
1992). The advent of molecular biology techniques, combined with efforts in
biochemical purification of molecules, led to the discovery of an extended
collection of proteins, expressed in coelomocytes under physiological or
adverse/stress conditions (reviewed in Matranga 1996; Matranga and
Bonaventura 2002). The repertoire of identified and characterized proteins
specifically expressed in sea urchin coelomocytes is growing fast. The list
includes most of the immune molecules already described for the vertebrate
immune system, such as cytokines, lectins, perforins, lysosomal enzymes,
serum proteins, profilins, and others. Below we give a brief overview of these
proteins, arbitrarily grouped into five main categories, which we think are of
interest for the exploitation of new biotechnological tools.

4.1
Innate Immune Molecules: The Complement System

Aquatic organisms are under constant assault by pathogens, which must be
kept in check by the fast-acting innate immune system. Indeed, innate immu-
nity is fighting against pathogens using defence mechanisms that are quickly
mobilized and triggered by receptors recognizing a broad spectrum of
pathogens. The lower deuterostomes, including echinoderms, possess an
innate immune system part of which shares similarities with the vertebrate
complement system. The latter is composed of a complex group of serum pro-
teins which are activated in a cascade-like fashion. Only the alternative path-
way and the lectin pathway are of interest here, since the classical pathway
concerns the adaptive immune system which involves antigen-antibody com-
plexes that, to our best knowledge, are not present in echinoderms. The alter-
native complement system pathway activates C1, C4, C2, C3, C5 and finally C6
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to C9, which form the membrane attack complex. The lectin pathway activates
C2,C3,C4 and some C1 homologue calcium-dependent lectin family proteins.
There is growing evidence from several studies that describe the identifica-
tion of genes coding for homologues of the vertebrate complement system
proteins. It has been shown, for example, that complement component C3 is
specifically expressed in sea urchin coelomocytes (Al-Sharif et al. 1998).
While in earlier studies the whole mixed coelomocyte population was used, in
very recent reports some authors have separated by gradients the four popu-
lations of cells and were able to show that only phagocytes express the SpC3
gene and contain the protein (Gross et al. 2000). Further studies have shown
that SpC3 acts as a humoral opsonin, tagging target cells for ingestion by the
cell type called, by authors, polygonal phagocytes (Clow et al. 2004), most pre-
sumably the petaloid form of phagocytes. Interestingly, the same authors
found that SpC3 is already present in the developing sea urchin embryo, with
a peak in transcript levels just prior to and during gastrulation (Shah et al.
2003). In addition, continuous exposure to heat killed Vibrio diazatrophicus,a
marine pathogen of sea urchins, from the hatching blastula to the pluteus
stages, highly increased SpC3 expression. These results provided evidence for
a complement-based immune system in defence against pathogens, which sea
urchin embryos may use in their aquatic environment. In later studies, two
cDNAs from coelomocytes, SpCRL (S. purpuratus complement related pro-
tein, long form) and SpCRS (short form), were characterized. Their deduced
protein sequences have domains that are also found in regulatory proteins,
such as factor H and factor I, and in the terminal pathway components C6 and
C7 (Multerer and Smith 2004).

4.2
Agglutinins, Lectins and Adhesion Molecules

One of the major events that are macroscopically observed in response to
pathogens or experimental manipulation is the aggregation of coelomocytes
to form clots or to encapsulate hosts. Classically, studies on agglutination of
exogenously injected red blood cells into the sea urchin coelomic cavity led to
the partial characterization of many molecules. The aggregation of phago-
cytes at inflammatory sites is a feature that invertebrates and vertebrates have
in common. The recruitment of cells, mainly phagocytes and red amoebo-
cytes, is due to chemotaxis and cellular proliferation is triggered by cytokines
(Prendergast et al. 1983). In most cases the recognition and binding of non-
self material is based on the presence of carbohydrate-specific molecules,
which may therefore represent an evolutionary ancient binding principle.
Candidates of the last functions are proteins isolated from the coelomic fluid
and most probably produced by coelomocytes. Evidence has been reported
for a so-called aggregation factor found in Holothuria polii (Canicatti and
Rizzo 1991) as well as in sea urchins (Canicatti et al. 1992). It is now generally
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accepted that the invertebrate host defence functions first by immobilizing
and then by encapsulating offensive (attacking) microorganisms. During this
process, two mechanisms are operating, possibly in cooperation: some mole-
cules are involved in the adhesion between cells surrounding and encapsulat-
ing the host, while others, such as perforins (for a review see Glinski and
Jarosz 2000), attack the invading agent.

Some years ago we showed that colourless amoebocytes, at the time
referred to as colourless spherule cells (Cervello et al. 1994), serve as reser-
voirs for the precursor of a cell adhesion protein (toposome) which is later
used by the embryo (Matranga et al. 1986) and whose synthesis has recently
been demonstrated (Unuma et al. 2001; see Zito et al., this Vol.). The protein is
released into the medium in response to stress induced by centrifugation, sug-
gesting its involvement in the clotting of coelomocytes after injuries.

Hillier and Vacquier (2003) have recently demonstrated that intercoelomo-
cyte adhesion is mediated by a coelomic plasma protein with a relative mole-
cular mass (Mr) of 75 kDa, named amassin. The protein forms large disulfide-
bonded aggregates to which coelomocytes attach. What is interesting is that,
by sequence comparison data, it has been shown that amassin shares a protein
domain with olfactomedin (OLF), a group of extracellular matrix vertebrate
proteins specific to the olfactory neuroepithelium (Yokoe and Anholt 1993).
The authors claim that this is the first report assigning a function to a protein
of the OLF family and suggest that other as yet undescribed proteins belong-
ing to this family may function in intercellular adhesion.

Among cell-cell and cell-matrix adhesion molecules, integrins, a family of
proteins, play a fundamental role. Through the recent use of polymerase chain
reaction, it has been possible to identify integrin beta subunits in coelomo-
cytes. Comparative sequence analysis with vertebrate integrins will con-
tribute to the understanding of the evolution and function of this important
group of receptors (for a review on the argument see Burke 1999).

Even if not related to the immune response, a few reports have described
the presence of globin/hemoglobin in echinoderms. This is the case for four
different globin molecules - two of them have been sequenced - found in the
sea cucumber Caudina arenicola (McDonald et al. 1992). By partial amino
acid sequencing (about 40 amino acids) little homology with holothurian glo-
bins has been found in recently discovered hemoglobins contained in coelo-
mocytes circulating in the water vascular system of the ophiuroid Hemipholis
elongata (Christensen et al. 2003). The authors were able to demonstrate a
higher affinity for oxygen in juveniles than in adults; the latter exhibiting a
heterogeneous mixture composed of three major fractions. Taken together,
these findings, confirming once again the role of the “hemal” system carried
out by coelomocytes in some of the echinoderm classes (holothurians and
crinoids), provide new insights into the understanding of the evolution and
function of globin genes.
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4.3
Cytoskeleton Proteins

The cytoskeleton is a cellular “scaffolding” or “skeleton,” used to maintain
and/or alter cellular shape. It appears to be evident that an organized set of
proteins must operate in order to accomplish the rapid movements that all
coelomocyte populations carry out. The expression of one such specific pro-
tein, kinesin, was first shown by domain-specific monoclonal antibodies
(McAbs); the protein is highly concentrated in restricted cellular domains,
always in association with microtubules which are well spread in fast-moving
cells and perinuclear in stationary cells (Henson et al. 1992).

The partial purification of a 110-kDa peptide, possessing KtEDTA-, Ca?*-,
Mg?*-,and F-actin-activated Mg?*-ATPase activities characteristic of myosin-
like motor proteins involved in particle/vesicle intracellular trafficking, has
been reported (D’Andrea et al. 1994). The authors claim that coelomocytes
display particle/vesicle movements even in cells devoid of microtubules
(petaloid) and possess an unconventional myosin which may be the motor
protein driving particle/vesicle translocation.

The presence of other intermediate filament proteins has been shown in
petaloid coelomocytes from two species of echinoderms, the sea urchin
Strongylocentrotus droebachiensis and the sea cucumber Cucumaria frondosa
(Holy et al. 2000). Three isoforms have been characterized: a 68-kDa sea
urchin lamin, as well as two putative lamin isoforms of approximately 70 and
68 kDa in sea cucumber coelomocytes. In this study, McAbs were produced
that recognize lamin isoforms in immunofluorescence and Western blot and
were used for tracing studies on their intercellular localization and function.
Other authors have studied the actin-based centripetal flow process in sea
urchin coelomocytes, demonstrating that it is the result of a two-part mecha-
nism: actin polymerization at the cell edge coupled with actomyosin contrac-
tion at the cell centre (Henson et al. 1992). Extended studies suggested a sig-
nificant cross-talk between the two underlying mechanisms and indicate that
changes in actomyosin tension may be translated into alterations of the struc-
tural organization of the actin cytoskeleton (Henson et al. 2003).

A molecular approach provided evidence for the increased expression of a
gene (SpCoell) coding for a newly discovered sea urchin profilin, in response
to minor injuries, such as puncture by a needle of the peristomal membrane
(Smith et al. 1992). Its sequence has striking similarity to the mammalian pro-
filin, a small protein that has both actin and phosphatidyl-inositol-biphos-
phate binding functions (Goldschmidt-Clermont et al. 1991). It is supposed
that sea urchins can utilize this mechanism which links the signal transduc-
tion system to the cytoskeleton.
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4.4
NK Antigens and Cytokines

Special consideration should be given to these classes of proteins because they
could constitute a potential source of new therapeutic drugs, to be derived
from coelomocyte exploitation.

The obvious analogies in the features and functions of coelomocytes to
human lymphocytes prompted the search for natural killer (NK) cells and
their related antigens. It was not surprising that CD56 and CD57 antigens
were shown to be expressed in a subpopulation, although not specified, of
Lythechinus variegatus coelomocytes, by immunocytometry analysis (Koros
etal.2000). On the other hand, only phagocytes from Arbacia punctulata were
shown to have the strongest cytotoxic activity and the highest binding to
human NK markers, namely CD14, CD56 and CD158b (Lin et al. 2001).

Interestingly, using a mouse thymocyte proliferation assay, Burke and
Watkins (1991) showed the presence of a cytokine activity extractable from
the coelomic fluid of the sea star Pisaster ochraceus, which can be blocked
with antibodies to mammalian interleukin (IL)-1 alpha. Based on the increase
in bacteria clearance after addition of recombinant IL-1 alpha to coelomo-
cytes cultured in vitro, the authors proposed that endogenous interleukins
stimulate recruitment of phagocytic cells as part of the non-specific cellular
defence mechanism operating in asteroids.

The same line of evidence came from studies reporting that IL-1 and 6 and
tumour necrosis factor (TNF) are found in the coelomic fluid of the echino-
derm Asterias forbesi (Beck and Habich 1986, 1996). However, attempts at iso-
lation and characterization of the true echinoderm TNF proved elusive since
its presence has been demonstrated only indirectly by the use of cross-react-
ing antibodies to the human inflammatory cytokine.

Recently, in the framework of the UVTOX European project, the presence of
a stress-inducible TNF-alpha-like activity in P. lividus sea urchin coelomo-
cytes has been demonstrated (Matranga and Madaratz, pers. comm.). This
evidence came from experiments in which the culture medium obtained from
coelomocytes exposed to physical stress (temperature and UV-B radiation)
was added to a mouse macrophage cell line, displaying a dose-dependent
apoptosis in response to TNF-alpha (Mosman 1983; Hansen et al. 1989). Fur-
thermore, coelomocyte-secreted activity was, at least partly, neutralized by
antibodies raised against human or mouse TNF-alpha (not shown). More
importantly, by RT-PCR with different oligonucleotide primer pairs designed
on the basis of murine TNF-alpha sequence, these authors were able to suc-
cessfully amplify TNF-alpha fragments from total RNA obtained from sea
urchin coelomocytes (not shown). Products of the expected size ranges were
cloned into bacterial vectors and amplified for sequencing (not shown). The
full length sequence analysis of the putative TNF-alpha mRNA, which is in
progress, will show whether sea urchin coelomocytes can produce vertebrate-
like TNF-alpha molecules.
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4.5
Stress Response Proteins

The “4-D” model postulated by Matzinger for the functioning of the verte-
brate immune system, namely Danger, Death, Destruction, and Distress, con-
stitutes an attractive working hypothesis that could be tested using sea urchin
coelomocytes. However, very few, if any, systematic and consistent studies
testing this hypothesis are provided in the literature. We will give just a few
examples of proteins, related to stress response, which have attracted the
attention of investigators. It is known that, during an inflammatory insult,
changes in the plasma concentration of certain divalent cations, involving, for
example, iron-specific binding and transporting proteins, provide a major
host defence response in vertebrates. Strikingly, a ferritin molecule was
cloned from an echinoderm coelomocyte cDNA library showing a conserved
iron-responsive element sequence and sharing a high analogy to the verte-
brate homologue (Beck et al. 2002). These authors showed an increased
expression of ferritin mRNA after stimulation of coelomocytes with drugs
such as LPS or PMA, with a parallel decrease in the amount of iron in “in
vitro” culture supernatants over time. These results suggest that echinoderm
ferritin is a protein involved in acute phases of toxification and that seques-
tration of iron is an ancient host defence response in animals.

Recently, acute effects, as opposed to chronic effects, of temperature, chem-
ical, UV-B radiation and pollution stresses have been demonstrated in studies
on the expression of a few stress proteins. Briefly, we have demonstrated the
overexpression of hsp70 (Matranga et al. 2000, 2002) and acetylcholine
esterase (Angelini et al. 2003); these results will be discussed in the following
sections.

5
Cell Cultures of Coelomocytes:
New Tools to Detect Marine Pollution

As already mentioned, the development of in vitro cultures of coelomocytes
has been considered important and recommended in order to better analyze
the mechanisms involved in defence/stress response and to overcome the
stress of manipulation. Media for keeping sea urchin coelomocytes outside of
the animal, for a reasonably sufficient period of time, generally involve the use
of anti-coagulant reagents, such as the chelating agents EDTA and EGTA. In
our studies, P. lividus coelomocytes were kept and separated into subpopula-
tions by gradients in an EDTA-containing buffer (ISO-EDTA). This medium
was good enough to show, for the first time, that coelomocytes respond to
physical and chemical stresses by elevating the hsp70 expression levels
(Matranga et al. 2000). However, it was not preserving the morphological fea-
tures of freshly collected cells and it was not usable at all for in vitro exposure
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to chemicals or other stresses. A medium involving EGTA, although utilized
with success for the American species Lythechinus variegatus (Koros 1993),
was, in our hands, not working. We then used successfully a medium modified
from that originally described by Henson et al. (1992). We were able, under
these conditions, to keep cells for short-term cultures in vitro, but not longer
than 4-6 h (Matranga et al. 2002). In fact, by Hoechst staining, we observed
that the number of apoptotic cells increased after prolonged time culture:
from 5-6% for culture times up to 6 h, gradually increasing to 10-12%
between 8 and 12 h, and above 20 % after 14 h. The number of apoptotic cells
reached 25 and 44 % after 16 and 18 h, respectively (not shown). Therefore, for
studies on chronic effects of pollutants on sea urchin coelomocytes, it was
necessary to define a culture medium for long-term cultures. For this purpose
we took advantage of the technique described for primary cultures of epithe-
lial cells and myocytes obtained from the heart of the mollusc Pecten max-
imus (Le Marrec-Croq et al. 1999), which utilizes a simple medium based on
sterile seawater. In fact, mollusc cultures were maintained viable in vitro for at
least 2 months and used as a sensitive test to study the effects of pollutants at
the cellular level (Pennec et al. 2002).

The medium has been adapted to the P. lividus coelomocytes osmolarity,
thanks to collaboration with G. Dorange within the framework of the
UVTOX European project. Total cells were collected by bleeding with a ster-
ile syringe introduced through the peristomal membrane and plated on tis-
sue culture-treated 24-well plates. Half of the medium was refreshed every
other day. Under these conditions, cells attached to the plastic-ware without
the need of any special adhesive factor. The number of attaching cells grad-

Fig. 3a-d. Surface antigens
localized on sea urchin coelomo-
cytes attached to the substrate.
Bright field and immunofluores-
cence images of whole mounts
decorated with WGA-FITC. Bar
10 pm
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ually increased with time, and within 1 h virtually all cells plated were
bound to the substratum. The vitality of cells was confirmed by the expres-
sion of surface antigens, as assessed by WGA-FITC fluorescence on whole
mount specimen (Fig. 3).

When maintained in culture for longer periods of time, cells have the ten-
dency to form bundles and fibres, although maintaining their individuality
(Fig. 4); petaloid-shaped phagocytes were no longer visible and possibly
philopodial phagocytes were converted into a fibroblastoid-like morphology.
Interestingly, both red and colourless amoebocytes, as well as vibratile cells,
continued to be observable, constituting an easy criterion for assessing the
viability of the culture.

An attempt to keep cells in culture for more than 8 days, which in some
cases lasted up to 20 days (Fig. 5), resulted in the formation of a meshwork of
cell clumps interconnected by macrofibres made of cellular protrusions
(Fig. 5a). Even after such a long time it was possible to distinguish red amoe-
bocytes. Possibly, colourless amoebocytes were passively trapped or adhered
to the large phagocyte aggregates present in the culture (Fig. 5b,c), in agree-
ment with earlier reports on hanging drops cultures (Johnson 1969).

The culture media tested, namely the Henson and the Le Marrec-Croq
modified coelomocyte media, respectively, referred to as HMCC and LMCC
below, were used for the next experiments and constitute good starting points
to define an appropriate coelomocyte culture medium for establishing con-
tinuous cell cultures.

Fig. 4. Sea urchin coelomocyte cultures. Cells, maintained in culture in vitro for 4 (a) and 8
(b) days tend to form bundles and fibres. Bar 10 pm
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Fig. 5. Sea urchin coelomocyte long-
term cultures. Cells were maintained for
20 days in culture after plating. Bar:

a 158 pm; b 100 pm; € 50 pm

6
Laboratory Experiments

The growing concern over the health state of the sea has attracted the atten-
tion of many laboratories to the use of aquatic invertebrates, e.g. echino-
derms, as tools for monitoring environmental hazards. However, only few
investigations report the effects of pollution in terms of cellular and biochem-
ical modifications on adults of higher marine invertebrates, such as the sea
urchin. Most of the reports present in the literature describe in fact the
toxic/teratogenic effects of various chemical agents and drugs on the develop-
ment of sea urchin embryos (Kobayashi 1980; Ozretic and Krajnovic-Ozretic
1985; Sconzo et al. 1995; Morale et al. 1998; Russo et al. 2003; Geraci et al. 2004;
Roccheri et al. 2004). The studies described below were aimed at finding a bio-
logical indicator to be used as a stress marker and to characterize the



100 V. Matranga et al.

response to induced or accidental stresses by the use of molecular markers
using sea urchin coelomocytes as biosensors.

It was already known that sea urchin embryos respond to temperature
stress by the activation of specific genes (Giudice 1989), whose sequence for
the P. lividus species has been identified and described (Sconzo et al. 1992).
However, there were no studies on the presence of constitutive and/or
inducible hsp70 protein in adult sea urchin cells at that time. In a first
attempt, we tested the hypothesis that coelomocytes play a role in defence
mechanisms activated by adverse external conditions, challenging whole P.
lividus sea urchin to low and high temperature stress. For our purpose, adult
individuals were kept at 16 °C, the control temperature (CT), with subse-
quent 35 °C heat stress (HS) or 4 °C cold stress (CS) for 4 h. After a 1-h recov-
ery at 16 °C, coelomocytes were gently collected at 4 °C to prevent handling
stress as much as possible, lysed, and analyzed by Western blotting. The anti-
hsp70 McAb used for immunodetection, previously shown to cross-react
with other invertebrate hsp70s (Koziol et al. 1997), recognized both the con-
stitutive and the inducible forms. We found an overexpression of the hsp70
protein in coelomocytes obtained from temperature-stressed urchins, with a
two- and a five-fold increase in the protein levels for heat and cold stress
respectively (Matranga et al. 2000). The inductive response was time-depen-
dent, i.e. individuals kept for 60 min at the non permissive temperature had
twice the hsp70 levels as those exposed to the stress for 30 min. No increases
in hsp70 expression were found for periods between 1 and 4 h, and periods
longer than 4 h under temperature stress led to death of the animals
(Matranga et al. 2000).

The presence and function of acetylcholinesterase (AChE) in vertebrate
blood cells and plasma have been elucidated, suggesting its pivotal role in ion
exchange (for a review of AchE activity in sea urchin embryos see Angelini et
al., this Vol.); in addition, its activity has been found to be associated with the
perinuclear region of leucocytes (Falugi 1985). Bearing in mind the similarity
between coelomocytes and vertebrate blood cells, we investigated the pres-
ence of AChE activity in coelomocytes exposed to cold stress, with the aim of
assessing the possibility of using the AChE activity present in these cells as a
biomarker for both field and laboratory studies on environmental stress. Our
results showed that cholinesterase activity increased with the time of expo-
sure to cold stress and it was detected in petaloid phagocytes and colourless
amoebocytes (Angelini et al. 2003). In both cases, the function might be
linked to cytoskeletal dynamics, which follows changes in intracellular ion
concentrations. This has been observed in sea urchin zygotes, as a result of the
action of molecules related to the cholinergic system (Harrison et al. 2002).

In our experiments on whole sea urchins, we found a discrete variability in
the basal levels of hsp70 as well as a different inductive response when com-
paring coelomocytes that were obtained from different individuals. This can
be explained by the fact that different sea urchins possess a different personal
history, thus reflecting different physiological conditions. We cannot in fact
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avoid the possibility that individuals utilized for the experiment were already
under stress pressure caused, for example, by pathogens or other foreign
agents (drugs, pollutants). We now know that pollution can be one of such fac-
tors increasing the hsp70 expression (Matranga et al. 2000; see following sec-
tion).

It was then important to repeat these experiments using the same cell pop-
ulation taken from one individual and confirm the results obtained with
whole adults as object of study. Then, using in vitro short-term cultures
(1-4 h) of sea urchin coelomocytes, an identical number of cells, having an
identical cell type composition, could be exposed to the same stress condi-
tions, giving us also the possibility of monitoring their morphology. When
their response to temperature, acidic pH, and heavy metals was tested, using
again the hsp70 protein as a stress marker, results recapitulated those
obtained with whole sea urchins (Matranga et al. 2002). This was an important
achievement since, for the first time, coelomocyte cultures were used to
“sense” heavy metal pollution, induced in our case experimentally by the
addition of cadmium chloride to the medium. Moreover, since a dose-depen-
dent increase in the hsp70 levels was shown, this could have been conveniently
used for studies applied to environmental monitoring.

However, a concern for the applicability of the measurements was given by
the fact that in order to elicit a response in a short period of time (4 h), high
concentrations of cadmium were used, in the micromolar range. We know
that such high cadmium levels are never reached in the marine environment,
even in highly polluted areas. Then it was important to keep cells in culture
for longer periods of time and to test lower cadmium concentrations, in the
nanomolar range. This was possible thanks to the definition of a coelomocyte
culture medium, LMCC medium, by which cells could be easily maintained
for 3-8 days in culture (see previous section). The hsp70 expression was then
monitored in total coelomocytes continuously exposed to CdCl, for 3 days,
after plating the cells for 5 days in LMCC medium in 24-well plates. Under
these conditions cells were responsive to the heavy metal and showed an
increase in hsp70 levels. However, higher expression levels were observed at
the lowest CdCl, doses, probably due to damage of cells exposed to the heavy
metal for long periods of time. Figure 6 shows the results of a representative
experiment.

It is well known that UV radiation causes damage to DNA and/or protein in
a variety of organisms (for more information see Schrider et al., this Vol.).
Many invertebrates, including sea urchins, spawn and/or develop in the 1-m
zone of the sea and thus are susceptible to genetic damage. The effects on sea
urchin embryo development have already been recently described by a few
authors (Epel et al. 1999; Lesser et al. 2003; Bonaventura et al. 2005).

To test whether sea urchin coelomocytes respond to UV-B radiation
(312 nm) (1,000 J/m?2) alone, or in combination with different concentrations
of CdCl,, by activating the expression of hsp70, in vitro cultures have been
used as follows. Sea urchins were bled through a cut in the peristomal mem-
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brane. The fluid was poured onto ISO-EDTA and the cell suspension was
divided into a certain number of Petri dishes. Cultures of coelomocytes were
kept under different stress (cadmium) conditions for 2 h; then the cells were
or were not exposed to UV-B, collected, centrifuged and the pellet lysed as
previously described (Matranga et al. 2002). Equal amounts of protein were
loaded onto SDS-PAGE and analysed by Western blotting for the expression of
hsp70 using a commercially available antiserum (Fig. 7). A two-fold increase
in the expression of hsp70 is found in UV-B-stressed coelomocytes as com-
pared to the control. Similarly, a three-fold increase in the hsp70 level is
observed in coelomocytes exposed to 10-*M CdCl,. When coelomocytes were
exposed to both 10-*M CdCl, and UV-B radiation, we did not observe an addi-
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tive effect, the increase in hsp70 level being about 2.5-fold. We observed the
same trend for coelomocytes exposed to both 10> M CdCl, and UV-B. This
apparent paradox could be explained by the experimental conditions used:
i.e., cells were first exposed to cadmium for 2 h and then UV-B treated. We can
hypothesize that, in agreement with what is known about the protective effect
on apoptosis produced by hsp70 expression (Samali and Cotter 1996), under
these conditions the first stress is somehow protecting cells from the second
one (UV-B).

7
Field Studies

Only recently, we have tried to establish the use of echinoderm coelomocytes,
obtained from sea urchins and sea stars, as a cell laboratory wherein to test
different environmental hazards. Below we report a few examples of analyses
of samples collected in oceanographic campaigns held in the northern and
southern Adriatic Sea as well as in the North Sea.

71
The Northern Adriatic Sea: First Example of Monitoring Metal
Pollution

Back in 1995, during an EU-sponsored summer course on “Monitoring of
environmental stress using modern techniques”, we assessed pollution by
means of analysing cellular and molecular markers of stress, using coelomo-
cytes from sea urchins collected in the seawaters around Croatia, during the
war. Some tracts of this coast had been previously designated as polluted
areas, as a result of urban runoff and/or industrial waste from a nearby fish
cannery, and others as non-polluted (Miiller et al. 1998; Schroder et al. 1999).
Animals were collected from three sites: (1) along the coast near Rovinj
(Istria), known as the “urban contaminated area”, (2) in front of Ruder
Boskovic Marine Station, the “industrial contaminated site” and (3) from the
uncontaminated Limski Canal (north of Rovinj), the “unpolluted controls”.
The first difference observed between polluted and non-polluted coelomo-
cytes was found at the cellular level. In fact, in those samples obtained from
sea urchins collected from polluted areas, regardless of urban runoff or indus-
trial waste contamination, a consistently greater number of red amoebocytes
was observed (Matranga et al. 2000). We do not have an explanation yet to
account for this increase in cell number. A few hypotheses can be put forward:
(1) conversion of pre-existing phenotypes, for example from colourless to red
amoebocytes; (2) rapid cell duplication activated by a mitogenic signal, possi-
bly linked to the production of trophic factors, such as inflammatory
cytokines IL-1 and 6 and/or TNF; and (3) recruitment from the so-called
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hematopoietic areas present in the adult urchin (axial organ). Although all are
attractive and supported by a few reports present in the literature, these
hypotheses need experimental confirmation.

At the molecular level, the differential expression of stress markers in coelo-
mocytes obtained from sea urchins collected from polluted seawaters was
demonstrated by a two-fold increase in hsp70 levels in comparison with con-
trols (Matranga et al.2000). In addition, we found that both phagocytes and red
amoebocytes,isolated by gradients, expressed hsp70 at high levels.

7.2
The Southern Adriatic Sea: A Case Study for the Assessment
of TNT Exposure

The studies described above were the first example of the use of sea urchin
coelomocytes for monitoring environmental stress and opened the way to
other field studies. This was the case for a campaign that took place in June
2003 around Pianosa Island (Tremiti Islands Marine Protected Area, Adriatic
Sea, Italy), sponsored by the Istituto Centrale per la Ricerca Scientifica e Tec-
nologica Applicata al Mare (ICRAM). This site was chosen because of the large
number of TNT-containing bombs dumped at sea at the end of World War IL
Obviously, the disposal of the explosive 2,4,6-trinitrotoluene (TNT) repre-
sents a serious hazard to marine ecosystems, and several agencies strongly
recommend their monitoring. Analyses of P. lividus specimens, collected
around Pianosa Island, and compared with an unimpacted site in the same
archipelago near Caprara Island (Tremiti Islands Marine Protected Area,
Adriatic Sea, Italy), were aimed at detecting the hsp70 expression levels and
the differences in the subpopulation ratio of coelomocytes. In Western blot-
ting experiments using total cell lysates, we found a significant increase in the
expression of hsp70 in samples from the TNT-impacted site around Pianosa
Island with respect to the Tremiti Islands (not shown). In addition, when sep-
arated into subpopulations, coelomocytes obtained from sea urchins col-
lected around Pianosa Island showed a high proportion of red amoebocytes,
which, in contrast, were scarcely visible in specimens from control sites (not
shown). These results support the suitability of sea urchin coelomocytes as
valid tools for monitoring the effects of TNT exposure on aquatic fauna and
emphasize their important role as stress bioindicators for future ecotoxico-
logical studies in the marine environment.
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7.3
The North Sea: A Norwegian Fiord as a Natural Gradient
of Metal Contamination

An interesting confirmation of the results obtained in field studies came from
the analysis of hsp70 levels present in coelomocytes from the sea star Asteria
rubens collected in the Norwegian fiords during the campaign held in
May-June 2000, thanks to collaboration with Drs. Coteur and Dubois. The
fiord, located in southwestern Norway, is about 38 km long, 1-3 km wide, and
at maximum 390 m deep (see for details Coteur et al. 2003). The study area
and sampling sites are extremely interesting because they constitute a sort of
natural dose-dependent open-sea laboratory where the heavy metal concen-
tration decreases going from the head of the Serfjord, where first zinc then
titanium/iron smelters are located, to the open sea. In fact, studies on the
accumulation of Cd, Pb, Zn, and Cu in the sea star Asteria rubens,living along
the natural gradient, demonstrated a direct relationship with the level of con-
tamination of the environment, at least for Cd and Pb (Coteur et al. 2003). We
then tested hsp70 expression in the same samples and found again an increase
in levels of the protein, which also correlated with the levels of heavy metals
measured in animal tissues (not shown). This result, demonstrating hsp70 as
a marker of stress for another class of echinoderms, reinforces its efficiency in
pollution monitoring.

8
Concluding Remarks

Our current understanding of inflammatory and immune responses in
humans probably has its roots in the comparative approach to immunology.
For example, in the late 1900s, research on echinoderms provided initial evi-
dence of the importance of phagocytic cells in reactions to foreign material.
Over the last 40 years it has been widely documented that sea urchin coelo-
mocytes, the echinoderm immune effector cells, mediate cellular responses to
danger through chemotaxis, phagocytosis, encapsulation and cytotoxicity.
More recently, the production of a variety of proteins, whose genes are acti-
vated by an efficient responsive system, has been reported. However, despite
recent advances in molecular and cellular biology, a clear understanding of
the molecular mechanisms operating in echinoderms’ response to damage/
stress is still lacking. This is partially due to the small number of reports,
often contradictory, which makes interpretation of results a very difficult task.
The possibility of using the sea urchin coelomocyte as a stress model under
controlled laboratory conditions was first proposed by Koros (1993) and
recently described by Matranga (Matranga et al. 2000; Matranga 2002). Their
use has been extended to in vitro short-term cultures and field studies, which
made coelomocytes from P lividus, and possibly from other echinoderm
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species, a good tool for the assessment of molecular and cellular alterations in
response to chemical and physical stresses. The introduction of novel tech-
niques for the assessment of contamination in the marine environment is one
of the top priorities within the European Community. Efforts to identify and
apply “early” stress markers, long before pathological conditions such as dis-
eases, mortality, or population changes occur, are greatly awaited. Moreover,
recent evidence has suggested that the use of a battery of biomarkers, being
more advantageous than the use of a single biomarker, offers an effective early
warning system in biomonitoring aquatic environments (Ringwood et al.
1999). To this end, it would be interesting to develop a panel of sensible mole-
cular stress markers expressed by sea urchin coelomocytes maintained in
large plants or large-scale facilities where different stress conditions might be
tested.

Marine invertebrates rely on innate immunity, the study of which has
recently grown in higher vertebrates. It is now believed that the Toll-like
receptors, discovered by comparative immunological studies, are responsible
for a large proportion of the innate immune recognition of pathogens, sens-
ing the “pathogen-associated molecular patterns” and/or providing the “dan-
ger signal”, as speculated by Janeway and Matzinger, respectively. It is stimu-
lating that the most abundant class of sea urchin coelomocyte, namely
phagocytes, has a striking similarity in morphology, and probably in func-
tion, to dendritic cells, the immune cells present in the mammalian system in
those tissues that are in contact with the environment (skin, nose, lungs, stom-
ach and intestine). Recently described endogenous “danger signals”, released
by tissues undergoing stress, damage or abnormal death, and necessary for
the activation of dendritic cells (a necessary step for the initiation of primary
and secondary immune responses in humans), are: heat-shock proteins,
nucleotides, reactive oxygen intermediates, extracellular-matrix breakdown
products, neuromediators and cytokines like the IFNs (Gallucci and Matzin-
ger 2001). The fact that most of these molecules have been found in sea urchin
coelomocytes in response to physical and chemical stress once again demon-
strates the suitability of this model system to sense pollution and the interest
in this field for the exploitation of new biotechnological tools.
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Abstract. The depletion of the stratospheric ozone layer and the resulting
increase in hazardous ultraviolet-B (UV-B) radiation reaching the Earth are
of major concern not only for terrestrial but also for aquatic organisms. UV-B
is able to penetrate clear water to ecologically significant depths. This chapter
deals with the effects of UV radiation on DNA integrity in marine benthic
organisms, in particular sea urchins in comparison to other marine inverte-
brates (sponges and corals). These animals cannot escape the damaging
effects of UV-B radiation and may be additionally exposed to pollution from
natural or anthropogenic sources. Besides eggs and larvae that lack a protec-
tive epidermal layer and are particularly prone to the damaging effects of UV
radiation, coelomocytes from the sea urchin Paracentrotus lividus were used
as a “cellular sensor” to analyse the effects on DNA caused by UV-B, heavy
metals (cadmium), and their combined actions. From our data we conclude
that sea urchin coelomocytes as well as cells from other marine invertebrates
are useful bioindicators of UV-B and heavy metal stress, responding to these
stressors with different extents of DNA damage.
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1
Introduction

It is now well established that the thinning of the stratospheric ozone (0,)
layer results in higher levels of mid-ultraviolet (UV-B) radiation reaching the
Earth’s surface (Smith et al. 1992; El-Sayed et al. 1996). The biologically dam-
aging effects of decreased UV-B absorption in the stratosphere are especially
pronounced in the Antarctic where the decline in ozone levels (the so-called
ozone hole) amounts to more than 50 % (Gleason et al. 1993). However, reduc-
tion of ozone concentration is also occurring at temperate and tropical lati-
tudes (Stolarski et al. 1992).

1.1
Atmospheric Ozone

The UV waveband of the electromagnetic spectrum is subdivided into three
regions: UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (200-280 nm).
The biological effects of UV radiation strongly depend on wavelength. In gen-
eral, shorter-wavelength UV radiation (<320 nm) is more active than UV
radiation at longer wavelength.

Atmospheric O, is created in the stratosphere at altitudes between about 25
and 100 km; it selectively absorbs UV radiation with different efficiency
depending on wavelength (Molina and Molina 1986). The most damaging
UV-C radiation is completely absorbed before reaching the Earth’s surface,
while UV-A and visible light (spectral range 400-700 nm) are not significantly
absorbed by the ozone layer. The release of chlorofluorocarbons and other
anthropogenic chemicals, including nitrous oxide and bromine-containing
halons, is causing a degradation of the ozone layer, resulting in an increase in
the intensity, in particular of the short-wavelength UV-B radiation penetrat-
ing the Earth’s atmosphere. In contrast to UV-B, the solar spectrum in the UV-
A and visible range is only little or unchanged by ozone depletion (Cadwell et
al. 1986).

The intensity of biologically damaging UV radiation at the Earth’s surface
depends on a variety of factors including cloud cover, sun angle, atmospheric
aerosols and seasonal and geographical factors (Frederick et al. 1989). In gen-
eral, a strong seasonal variation is observed in temperate regions, while sea-
sonal dependence is much less near the equator.
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1.2
Penetration of Solar UV Radiation in Marine Waters

In seawater, sunlight is attenuated by absorption and scattering with increas-
ing depth (Jerlov 1968; Dustan 1982).In parallel, a change in the spectral com-
position of the light is observed. The attenuation of visible light is higher at
the wavelengths at either end of its spectral range. In the UV range, shorter
wavelengths (UV-B and UV-C) are more attenuated than longer wavelengths
(UV-A). Nevertheless, UV-B light still penetrates in clear seawater up to 30 m
(Smith et al. 1992) or more (about 50 m in the Antarctica; Smith et al. 1992)
and harmful effects can still be measured at depths up to 20-25 m (Smith and
Baker 1979, 1981; Karentz and Lutze 1990; Regan et al. 1992; Smith et al. 1992;
Prézelin et al. 1994). The penetration of UV-B is, however, influenced by sev-
eral constituents of the seawater, in particular by dissolved organic carbon
(Baker and Smith 1982; Scully and Lean 1994; Crump et al. 1999), the amount
of which is higher in coastal waters than the open sea.

1.3
Effects of Solar UV Radiation on Aquatic Organisms

In humans, increased UV-B exposure may cause skin cancer, eye damage, and
changes in the immune system (Griffiths et al. 1998). However, deleterious
effects of UV-B radiation are also observed in aquatic organisms and ecosys-
tems (Hader et al. 1995). There are many studies concerning the effects of UV-
B irradiation on phytoplanktonic organisms (Helbling et al. 1992). However,
zooplankton and benthic invertebrates are also prone to UV-B damage
(Hunter et al. 1979; Damkaer et al. 1980; Karanas et al. 1981; Malloy et al. 1997).
In particular, sessile species such as sponges and corals are sensitive to the
adverse effects caused by UV-B radiation (reviewed in Acevedo and Nolan
1993). These animals do not possess a UV-B-adsorbing epidermal layer like
higher plants and animals and cannot avoid the harmful effects of solar radi-
ation.

The most serious effects of UV-B radiation are observed in those organ-
isms that are exposed to sunlight during their developmental stages. Eggs and
larvae residing in surface waters may receive high levels of UV-B, causing
impaired development (Hunter et al. 1979; Damkaer et al. 1981; Damkaer and
Dey 1983; Ringelberg et al. 1984; El-Sayed 1988; Jeffery 1990; Shick et al. 1991;
Bothwell et al. 1993; Blaustein et al. 1994; Little and Fabacher 1994; Hider et al.
1995).

Protection from harmful UV-B radiation can be achieved by behavioural
(e.g. the daily vertical migration of planktonic organisms) or physiological
(e.g. development of shells, enhanced melanin production, or induction of
antioxidant defense and repair processes) adaptation mechanisms (El-Sayed
1988; Vincent and Roy 1993; Hessen 1994).
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1.4
DNA Damage

The deleterious effects of UV-B on marine organisms are caused by photo-
chemical absorption of radiation by macromolecules. UV-B induces direct
damage to DNA, proteins, and some other molecules that have absorbance
maxima in the UV-B region. The most important macromolecule affected by
UV-B radiation is DNA (Friedberg et al. 1995). The absorbing centers within
the DNA are the purine and pyrimidine bases, which have absorption maxima
at 260-265 nm. The absorption maxima of proteins in the UV-B and UV-C
regions are around 280 nm. UV-A radiation causes indirect damage to DNA
via formation of oxygen and hydroxyl radicals (Fridovich 1986; Peak and Peak
1989; Karentz et al. 1994). These reactive oxygen species (ROS) interact with
DNA to form strand breaks, alkali-labile sites and DNA protein cross-links.
The major lesions induced by UV-B are DNA photoproducts [cyclobutane
pyrimidine dimers and pyrimidine(6-4)pyrimidone dimers]. The most com-
mon lesion caused by UV-A is the formation of 8-hydroxydeoxyguanosine.

1.5
DNA Repair

DNA lesions could be cytotoxic, by inhibiting DNA replication and transcrip-
tion, or cause mutations, which are possibly harmful for living organisms.
Therefore several mechanisms have evolved to repair damaged DNA. There
are two major DNA repair mechanisms: photoreactivation and nucleotide
excision repair. Photoreactivation repair of UV-induced cyclobutane pyrimi-
dine dimers is a photoenzymatic process consisting of two steps: binding of a
photoreactivating enzyme (photolyase) to the dimers and subsequent repair
and dissociation of the complex after irradiation with visible light. Aquatic
organisms may be highly sensitive to exposure to UV-B in the absence of vis-
ible light (Hirosawa and Miyachi 1983; Buhlmann et al. 1987). Nucleotide exci-
sion repair involves a series of steps, including recognition of the defective
site, incision of the damaged DNA strand at or near the lesion, subsequent
excision and synthesis of the DNA around the damaged site using the comple-
mentary intact strand as a matrix, and, finally, ligation of the remaining nick
in the repaired strand (Sancar 1996a). DNA excision repair does not depend
on light.

1.6
Solar UV Radiation and Evolution

The formation of the stratospheric ozone layer was a result of the oxygenation
of the atmosphere due to evolution of photosynthesis. In the period before the
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“Cambrian explosion”, there were only low levels of oxygen in the atmosphere
(Cloud 1968; Canfield and Teske 1996). Consequently, during this period, a
less dense ozone shield protected living organisms from UV radiation than
exists at present (Loomis 1988; Towe 1994; Brasier 2000). This suggests that
living organisms were exposed to high levels of UV radiation. Therefore, it
can be deduced that the oldest still extant Metazoa, the sponges (Porifera),
which developed about 800 million years ago, must have acquired efficient
protection systems to resist those environmental effects (Miiller and Miiller
1998); this assumption has been confirmed by experimental results (see
Sect.2.9.). The absence of a protective ozone layer is also considered to be one
major reason for the confinement of life to the ocean during that time period
(Fisher 1965).

1.7
Heavy Metals

Cadmium and some other heavy metals are natural constituents of seawater
but can also be considered as conservative pollutants. Increased concentra-
tions of these metals may be present in marine organisms due to bioaccumu-
lation. Therefore, marine contamination by even low concentrations of heavy
metals can disturb marine ecosystems (Radenac et al. 2001). The toxic as well
as the potential mutagenic and teratogenic effects caused by cadmium have
been described in many organisms (Flick et al. 1971), including marine inver-
tebrates (Schroder et al. 1999b). They involve the production of ROS, DNA
strand breaks, and inhibition of DNA synthesis and repair enzymes (Hartwig
1994; Schroder et al. 1999b) Studies on ROS production in response to envi-
ronmental factors and contaminants, such as heavy metals and polychlori-
nated biphenyls (PCBs), by echinoderm immune effector cells are reviewed by
Coteur et al. (this Vol.). In particular, marine sponges are able to accumulate
high amounts of cadmium (Miiller et al. 1998). Also, organic derivatives of
heavy metals often found in the marine environment, e.g. tributyltin (TBT),
may cause damage to marine invertebrates (Batel et al. 1993). Similarly, stud-
ies on the accumulation of cadmium (Radenac et al. 2001; Coteur et al. 2003)
and PCBs (Noblet et al. 2003) have been reported for asteroids and echinoids.

2
Marine Invertebrates as Bioindicators

Until recently, research on biological effects of UV-B radiation in the marine
environment primarily focused on phytoplankton. However, marine inverte-
brates are highly sensitive to physical and/or chemical environmental stres-
sors and, consequently, the analysis of their molecular responses to UV-B has
gained increasing attention. In addition, these animals developed various pro-
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tective mechanisms against such stressors; e.g. by induction of heat shock
proteins (Koziol et al. 1996; Miiller et al. 1998; Matranga et al. 2000). A few
stress proteins have been used as tools to detect marine environmental pollu-
tion using marine invertebrates as bioindicators, including HSP70 and metal-
lothioneins (Lyons-Alcantara et al. 1998; Miiller et al. 1995, 1998; Schroder et
al. 1999a,b; Cajaraville et al. 2000; Matranga et al. 2000, 2002; Matranga and
Bonaventura 2002; Roccheri et al. 2004).

2.1
Sea Urchins

Sea urchins have been proposed to represent valuable bioindicator organisms
to detect environmental perturbations (Dinnel et al. 1988; Sconzo et al. 1995;
Morale et al. 1998; Matranga et al. 2000). These animals are exposed to solar
UV radiation during all stages of their life cycle. In particular, their (transpar-
ent) embryos are poorly protected against irradiance by UV light.

Although DNA repair enzymes (e.g. photolyases) protect sea urchins, UV
radiation may cause direct damage to DNA by formation of pyrimidine
dimers or cross-links between DNA and protein. As a consequence, delayed
cell divisions, developmental delays, and abnormalities may occur. In a Euro-
pean Union project (“UVTOX”), sea urchin coelomocytes have recently been
used as a novel biosensor of the effects caused by UV-B and heavy metals
(cadmium) and their combinations (Schréder et al. 2000a).

2.2
Sea Urchin Coelomocytes

The coelomocytes are immune effector cells of sea urchins, which are con-
tained in the coelomic cavity of the animals. These cells were found to
strongly respond to a number of environmental and experimentally induced
stresses (Matranga et al. 2000, 2002; Matranga and Bonaventura 2002; see also
Matranga et al., this Vol.).

In the experiments described below, the sea urchin P. lividus was investi-
gated. The coelomocytes were obtained as a total cell population by bleeding
the animals through a cut in the peristomal membrane. The coelomic fluid
was poured into an ISO-EDTA anti-coagulant solution. The resulting cell sus-
pension was divided into several Petri dishes. The coelomocytes were har-
vested in CCM (coelomocytes culture medium) (Henson et al. 1992), kept in
Petri dishes, and then exposed to UV or metal stress. Under long-term culture
conditions using a modified medium (Le Marrec et al. 1999), the cells tend to
form bundles and fibres (see Matranga et al., this Vol., Figs. 4, 5).



DNA Damage and Developmental Defects After Exposure to UV and Heavy Metals 117

2.3
Assay for DNA Integrity

One achievement of the European Union UVTOX project was the introduc-
tion of novel techniques for the assessment of the effects of increased UV-B
exposure, due to ozone depletion, in marine invertebrates without or in com-
bination with stress by pollution (Schréder et al. 2000a). Analysis of DNA
damage and repair was carried out using a quick and sensitive fluorometric
microplate assay, Fast Micromethod (Batel et al. 1999; Schroder et al. 2004).
This technique measures the rate of unwinding of cellular DNA upon expo-
sure to alkaline conditions using a fluorescent dye, which preferentially binds
to double-stranded DNA. The sensitivity of this assay is similar or even supe-
rior to Comet Assay (Bihari et al. 2002). The Fast Micromethod has major
advantages compared to other tests for DNA damage: the assay is performed
in 96-well microplates within 3 h or less; it requires only minimal amounts of
material (30 ng of DNA per well; ~3x103 cells or ~25 ug of tissue). The assay
can also be applied to frozen tissue samples.

The procedure applied in the experiments described below was as follows.
The cells (coelomocytes cultures, sponge primmorphs, or other cells) or tis-
sues under study were exposed to solar UV irradiation, UV-B light or heavy
metal stress (or combinations of UV and heavy metals). After stress exposure,
the cells were applied to a black microplate; then lysing solution containing
PicoGreen was added. The lysing solution consisted of 4.5 M (for coelomo-
cytes) or 9 M (for sponge cells) urea, 0.1 % SDS, 0.2 M EDTA, pH 10. Lysis of
cells was allowed for 1 h in the dark. DNA unwinding was started by addition
of 250 pul of 0.025 M NaOH to each well. Measurements were performed for up
to 1 h at 480 nm excitation and 520 nm emission using a Fluoroskan II fluo-
rescence ELISA plate reader. Effects were expressed as strand scission factor
(SSF), which was calculated after 20 min of denaturation, as follows: SSF=log
(% dsDNA in sample/% dsDNA in control). Negative values for SSFs are
indicative of increased frequencies of strand breaks.

2.4
Radiation Source

2.4.1
Full Solar Spectrum Lamp

A full solar spectrum lamp was used, which allows sunlight simulation (SOL
500; Dr. Honle AG, Planegg, Germany) with filters H1 (wavelengths = 320 nm;
UV-A and visible light) or H2 (wavelengths = 295 nm; UV-B, UV-A, and
visible light). The cell concentration was 2x10* cells/ml. The energy output of
the lamp was monitored with a UVM-CP radiometer (with A and B sensor;
UV-Consulting Peschl, Mainz, Germany).
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2.4.2
UV-B Lamp

Irradiation was performed using a monochromatic UV-B lamp (VL215.M
from Vilber Lourmat with a peak emission at 312 nm, L+F-Labortechnik,
Wasserburg). For elimination of UV-C (<290 nm) the light was filtered
through cellulose diacetate (Kodacel; Eastman Kodak, Rochester).

2.5
DNA Damage in Coelomocytes

Sea urchin coelomocytes were used as a bioindicator to study the effects of
exposure to (solar) UV-A and UV-B radiation, heavy metals (cadmium chlo-
ride), and combinations on the occurrence of DNA strand breakage using the
Fast Micromethod.

2.5.1
UV Radiation

Irradiation of sea urchin coelomocytes using the full solar spectrum lamp
(SOL 500) at wavelengths 2320 nm (filter H1) or 2295 nm (filter H2) resulted
in a dose-dependent increase in DNA damage, as determined by Fast
Micromethod (Fig. 1). The increase in frequency of DNA single-strand breaks
(expressed as SSF) was much higher if a filter was used that excludes only UV-
C but not UV-B (filter H2). In the experiment shown in Fig. 1, the cells were
irradiated for the same time periods (10 and 60 s) with filters H1 and H2, and
the UV-A (filter H1) and UV-B (filter H2) doses were determined (UV-
radiometer with a UV-A and UV-B sensor respectively). Interestingly, the SSF
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values were found to increase after incubation of the cells following irradia-
tion due to the formation of transient breaks during repair of DNA damage
(see Figs. 3 and 4).

Similar results were obtained after irradiation of coelomocytes using a
monochromatic (312 nm) UV-B lamp (results not shown).

2.5.2
Cadmium

The effects of mixed pollution on marine invertebrates have been intensively
studied in the past (Miiller et al. 2000), but less attention has been paid to the
combined effects of exposure to UV radiation and environmental pollutants.
This problem has become increasingly important due to depletion of the UV-
B protective ozone layer. Therefore, we determined the effects of cadmium (as
a model pollutant) and its combined effects with UV-B (see Sect. 2.5.3) on
DNA integrity in sea urchin coelomocytes.

Analysis of DNA damage in coelomocytes treated with various concentra-
tions of cadmium chloride (10-¢ to 10-12 M) for 2 h revealed a dose-dependent
effect of the heavy metal on frequency of single-strand breaks (Fig. 2). Even at
the low concentration of cadmium chloride of 10-12 M, an induction of DNA
strand breaks in coelomocytes was found (Fig. 2).

2.5.3
Combined Effects

In the following, we determined the effects of different combinations of UV
and cadmium exposure on DNA integrity in sea urchin coelomocytes. Unex-
pectedly, we found that after exposure of the cells to radiation emitted by full
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Fig. 3. Effect of cadmium
on DNA repair in sea urchin
coelomocytes after irradia-
tion using a SOL 500 lamp
with filter H1 (UV-A and
visible light; wavelengths
2320 nm). Coelomocytes
(4.8%x10° cells/ml) were irra-
diated with 90 or
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Fig. 4. Effect of cadmium
on DNA repair in sea urchin
coelomocytes after irradia-
tion using a SOL 500 lamp
with filter H2 (UV-B, UV-A,
and visible light; wave-
lengths 2295 nm). Coelo-
mocytes (4.8x10° cells/ml)
were irradiated with 6.5 or
40 mJ/cm? UV-B in the
absence or presence of

10-¢ M cadmium chloride;
cadmium chloride was pre-
sent throughout the repair
periods of 30 or 60 min at
16 °C. For further details,
see Fig. 1

solar spectrum lamp at wavelengths 2320 nm (UV-A and visible light; filter
H1), lower levels of DNA single-strand breaks [decrease in SSF X (-1) value]
were present in coelomocytes if cadmium chloride was added during a post-
irradiation repair period of 30 or 60 min at 16 °C (Fig. 3), even at a concentra-
tion (10-° M) that has a strong DNA damaging effect. The same result was
observed after exposure of the cells to wavelengths 2295 nm (UV-B, UV-A,
and visible light; filter H2) and subsequent recovery in the presence of 10-° M
cadmium chloride (Fig. 4). These effects are most likely caused by a cadmium-
induced inhibition of the enzymes (endonucleases) involved in DNA excision
repair occurring after UV damage of DNA (Hartwig 1994).
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2.5.4
Expression of HSP70

Sea urchin coelomocytes also respond to UV-B radiation by an induction of
expression of the heat shock protein HSP70 (see Matranga et al., this Vol.).
Similarly, an increase in HSP70 level was observed in coelomocytes exposed
to 10-*M cadmium chloride (Matranga et al. 2002).

2.6
Experimental Approach

2.6.1
Effect of UV-B Radiation on P. lividus Embryo Development

Sea urchin embryos occurring in the superficial layers of seawater and lacking
a protective epidermal layer are particularly prone to UV-B damage. The
effects of UV radiation have been studied on larvae and early juveniles of the
sea urchin Strongylocentrotus intermedius (Yabe et al. 1998). We used
embryos of the sea urchin P. lividus as a cellular biosensor for monitoring the
effects of UV-B and its combined effects with pollutants (cadmium).

The results showed that blastula and pluteus larvae are seriously damaged
by UV-B when exposed to 500 and 1,000 J/m2 When embryos were exposed at
the mesenchyme blastula stage to different UV-B doses and observed at 68 h
of development, we found an increase in the number of defective embryos,
which paralleled the increase in the UV dose used. Table 1 summarizes the
results obtained, taking into consideration the two major perturbed cate-
gories, i.e. gut- and skeleton-defective embryos. The typical morphologies of
aberrant embryos are shown in Fig. 5, which illustrates a representative exper-
iment; while control embryos were well-developed plutei (Fig. 5a, b), UV-
exposed embryos were partially inhibited in the differentiation of their endo-
derm derivatives, as the three parts of the digestive apparatus failed to be
properly organized (Fig.5 ¢, g and d, h). Similarly, a severe inhibition of skele-

Table 1. Abnormalities in sea urchin embryos exposed to UV-B radiation.
Numbers refer to the percentage of 100 embryos scored, having the follow-
ing morphologies: N normal; G gut defects; S skeleton defects

Morphology UV-B radiation (J/m?)

0 50 300 500 1000
N 92.9 77.6 48.0 19.4 4.8
G 7.1 22.4 33.3 66.7 72.6
S - - 18.7 13.9 22.6
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Fig. 5a-j. Morphological observation of sea urchin embryos exposed to UV-B radiation at
mesenchyme blastula stage. Embryos were continuously cultured for 66 h (48 h after irradi-
ation). Control embryos (a, b), embryos with gut defects (c, d, g, h), and embryos with
skeleton defects (e, f, i, j). Bar 50 mm

tal patterning was observed in UV-B-exposed embryos, which showed either
a failure in proper elongation or incorrect patterning of skeletal rods (Fig. 5e,
iandf,j). As a consequence, UV-B-treated embryos had poorly or asymmetri-
cally developed arms.

It has already been mentioned that UV radiation, causing DNA damage,
induces the expression of genes involved in the DNA repair machinery. The
human XPB/ERCC-3 DNA excision repair gene, coding for a helicase that
unwinds the DNA in 3" to 5" direction, is highly conserved and related genes
were found in different organisms: Drosophila melanogaster (Mounkes et al.
1992), Dictyostelium discoideum (Lee et al. 1997), Saccharomyces cerevisiae
(Park et al. 1992), and Geodia cydonium (Batel et al. 1998).

Since it was known that XPB/ERCC-3 gene expression increases after UV
treatment in sponges (Batel et al. 1998), it was conceivable to hypothesize its
activation after UV stress also in other marine invertebrate organisms, like
the sea urchin. Therefore, it was interesting to isolate the homologous cDNA
in P, lividus embryos. To this end, we used as source total RNA from 32-cell
stage embryos irradiated with UV-B, at a dose of 200 J/m?, and kept in the
dark for 2 h. The degenerated oligonucleotide primers were designed on the
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1

GGTCCAGTGTGCCGAGGTATGGTGCCCAATGGCTCCAGAGTTCTTCAGAGAGTATCTGGC ~ 60

vQ<cCALEVUWCPHNAPETFTFRETYTLL

61 - AATTAGGACTAGAAAGAGATTATTGCTGTATGTAATGAATCCCAATAAGTTCCGGGCATG - 120
I RTREKRILILLYVHNENPUNIEKTFIRZALC

121 - TCAGTTTCTTGTGTGGTTCCACGAGCAGCGGAACGACAMGGTCATCGTCTTCTCAGATAL - 180
Q FLVWFHE GQERNDIEKVWVYTIUVTFZSTUDHUN

181 - CGTCTTTGCTCTAAAGCATTATGCAATAGCTATGGGCAGACCGTATATCTATGGGCCTAC - 240
VF AL EKHTYLRIAHNGRPTYTITVYGEPT

241 - AAGTCAAGGAGAGAGGATGCAGATCTTACAGAACTTTCAACACAACCCTGCCGTCAATAC - 300
5 QG ERNOQILQNTFOQHNPULALVNT

301 - AATCTTCATTTCCAAGGTCGGTGATAATTCCTTTGATCTTCCCGAGGCTAATGTTCTCAT - 360
I FISEKVVG6GDDNJSTFTDILPEWALNTVLTI

361 - CCAGGTTTCATCCCATGGTGGATCAAGALGACAAGAAGCTCALCGTCTAGGTCGTATCCT - 420
Q Vs 5 HGGS5S RPROQELQRILGR RTIL

421 - CAGAGCTAAGAMAGGTGCTGCAGCGGAGGAGTATALCGCCTTCTTCTAC- 469

R A K EKGULLALALAEETYNWLMLTFTFY

Fig. 6. Nucleotide sequence of Paracentrotus lividus cDNA encoding the DNA repair heli-
case XPB/ERCC3 (Pl-ercc3), and its deduced amino acid sequence. Forward and reverse
oligonucleotide primers used for RT-PCR amplification are underlined

basis of a multiple sequence alignment of the three XPB/ERCC-3 nucleotide
sequences from Drosophila (Mounkes et al. 1992), mouse (Weeda et al. 1991),
and G. cydonium (Batel et al. 1998). The partial cDNA sequence (469 bp) and
its deduced amino acid sequence [deposited in the National Center for
Biotechnology Information (NCBI) databank; accession number AJ439717]
are shown in Fig. 6. The comparative analysis revealed an 87 % amino acid
identity with Ciona intestinalis (NCBI accession no. T31655), 83 % with Mus
musculus and Homo sapiens (Weeda et al. 1990), 80 % with D. melanogaster,
73 % with G. cydonium and Caenorhabditis elegans (Hartman et al. 1989),
69 % with S. cerevisiae (Park et al. 1992), and 67 % with D. discoideum (Lee et
al. 1997). The Pl-ercc3 probe is currently used in Northern blotting and RT-
PCR experiments with embryos exposed to UV-B radiation (unpubl. results).

2.6.2
Effect of Cadmium on P. lividus Embryo Development

A study of the effects of sublethal concentrations of cadmium chloride on sea
urchin embryo development revealed a decrease in the percentage of normal
embryos with increasing concentrations of cadmium chloride (10-¢ to 10-3 M)
24 and 48 h after fertilization (Russo et al. 2003). Embryos exposed to 105 to
103 M cadmium chloride developed no significant differences compared to
controls until the swimming blastula stage (about 12 h after fertilization).
However, these embryos showed developmental defects when control
embryos reached the late gastrula stage (about 24 h of culture). The number
of delayed and abnormal embryos increased with increasing concentrations
of cadmium chloride. At 10> M cadmium chloride, 51-67 % of the embryos
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were delayed at the early gastrula stage. Concentrations of cadmium chloride
higher than 10-3 M were lethal to the embryos. These results confirm previous
studies (Pagano et al. 1982; Fernandez and Beiras 2001; Radenac et al. 2001)
and are in agreement with the results from studies on vertebrates (Chernoff
1973; Layton and Layton 1979; Samarawickrama and Webb 1979). Our recent
studies on time-dependent continuous exposure of P lividus sea urchin
embryos reveal the synthesis of a specific set of stress proteins (90, 72-70, 56,
28 and 25 kDa) which was dependent on the duration of the treatment (Roc-
cheri et al. 2004).

Metallothioneins are possibly involved in detoxification processes in
marine organisms occurring after exposure to heavy metals such as cad-
mium, zinc and copper (Bonham et al. 1987; Lyons-Alcantara et al. 1998;
Cajaraville et al. 2000). Therefore, we also investigated the effects of exposure
to sublethal concentrations of cadmium chloride on the expression of the
metallothionein gene during the development of P. lividus sea urchin embryos
(Russo et al. 2003). Northern blot analysis and RT-PCR experiments revealed
that the metallothionein gene is constitutively expressed at low levels in con-
trol embryos at cleavage, swimming blastula, late gastrula and pluteus stages
(6,12,24 and 48 h after fertilization; Russo et al. 2003). The levels of metalloth-
ionein transcripts increase with the developmental stage, in agreement with
results reported by others (Wilkinson and Nemer 1987). However, when
embryos were cultured in the presence of sublethal concentrations of cad-
mium chloride and harvested at cleavage, swimming blastula, late gastrula
and pluteus stages, a time- and dose-dependent increase in the levels of tran-
scription of metallothionein gene was observed (Russo et al. 2003). Embryos
exposed to 10> M cadmium chloride showed, if at all, only a very small
increase in metallothionein mRNA, in agreement with the absence of mor-
phological abnormalities; at 10-* M cadmium chloride a modest increase in
metallothionein expression was observed, while embryos exposed to 10> M
cadmium chloride showed a strong increase in the levels of metallothionein
transcripts at the blastula (12 h; three-fold) and gastrula (24 h; two-fold)
stages. Quantitative analysis of sea urchin embryos using a relative RT-PCR
showed a two-fold increase in the levels of metallothionein transcripts even
after 6 h following cadmium exposure, and a three-fold (two-fold) increase
after 12 h (24 h), confirming results obtained by Northern blotting. The levels
of metallothionein transcripts decreased in embryos treated for 48 h. Interest-
ingly, morphological abnormalities were observed only after 24 h of exposure
to the pollutant. An increase in expression of metallothionein gene after cad-
mium exposure was also found in the marine sponge Suberites domuncula
(Schroder et al. 2000Db).

Besides development of malformations, DNA damage and disturbances of
mitotic spindle formation have been described in sea urchin gametes and
embryos following cadmium exposure (Pagano et al. 1982).
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2.7
Porifera

Sponges (Porifera) represent the phylogenetically oldest metazoan phylum;
they separated from the common ancestor of the other metazoan phyla at the
Proterozoic-Phanerozoic boundary, close to 800 million years ago, before the
“Cambrian explosion”, which began about 540 million years ago (reviewed in
Miiller 1998). The increased UV-B radiation reaching the Earth during that
period (see above) restricted the evolution of those pro- and eukaryotes that
were provided with only a weak UV-light-protection system. Therefore, it can
be assumed that sponges must have acquired efficient protection systems to
resist these environmental effects (Miiller and Miiller 1998).

2.8
Sponge Primmorphs

In the experiments described below, the marine sponge S. domuncula was
used to monitor the response to UV-A and UV-B radiation and visible light. A
special cell culture system was used to study the effects of exposure to these
radiations on DNA integrity of sponge cells (Fig. 7). The sponge cell culture

Fig. 7a-d. Formation
of primmorphs from
single cell suspensions
of the sponge S.
domuncula. Sponge tis-
sue (@) (x0.7) was dis-
sociated into single
cells (b) using Ca?*-
and Mg?*-free artificial
seawater containing
EDTA (Rottmann et al.
1987) (x100); after
transfer into
seawater/antibiotics,
aggregates are formed
(c) (x100), which
finally resulted in the
formation of prim-
morphs after an incu-
bation period of

3-4 days (d) (x20)
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starts from dissociated cells of S. domuncula, which subsequently form aggre-
gates; in those aggregates the cells start DNA synthesis and proliferate. The
aggregates, termed primmorphs, show a tissue-like appearance and can be
cultured for more than 5 months.

2.8.1
UV Radiation

The primmorphs from S. domuncula cells were used as a model to analyze the
effects of UV-A and UV-B on DNA integrity in sponge cells in vitro. The Fast
Micromethod was adapted to work with low-integrity sponge DNA; unwind-
ing was performed at pH 11.6. At this pH only strand breaks and cross-links
could be measured. At higher pH (>12.0), alkali-labile sites (enzyme binding
sites, apurinic and apyrimidinic sites) are the predominant effects of DNA
denaturation.

Sponge cells (primmorphs) were irradiated with a SOL 500 lamp, which
covered the whole solar spectrum using either H1 (wavelengths >320 nm;
UV-A and visible light) or H2 (wavelengths >295 nm; UV-B, UV-A and visible
light) filters. Subsequently, aliquots were analyzed for DNA single-strand
breaks using Fast Micromethod. As in sea urchin coelomocytes, a dose-
dependent increase in DNA damage was observed following exposure of
sponge cells to 80-940 J/m? of UV-A or 5-60 J/m? of UV-B (Fig. 8). The UV-A
and UV-B doses were monitored using a UV radiometer with an A or B sensor
respectively. Again, the effects of UV-B (plus UV-A and visible light; filter H2)
were much (several-fold) stronger than those observed with UV-A (plus visi-
ble light; filter H1). The extent of UV-A-induced DNA single-strand breaks

l Fig. 8. UV-induced DNA
damage in S. domuncula
cells. Cells (1.5%105 cells/ml)
were exposed to the indi-
02 r cated doses of UV-A and
UV-B using a SOL 500 lamp
with filter H1 (UV-A and
visible light; wavelengths

SSF x (-1)

’_L >320 nm) or filter H2 (UV-
00 I B, UV-A, and visible light;
Co 80 230 470 940 5 15 30 60 wavelengths 2295 nm). Con-
UVA UVB trol (Co): non-irradiated

Dose (mJiem?) cells
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Fig. 9. DNA damage and repair in S. domuncula cells after exposure of cells
(1.5%10° cells/ml) to the indicated doses of UV-A and UV-B using a full solar spectrum SOL
500 lamp with filter H1 (UV-A and visible light; wavelengths >320 nm) or filter H2 (UV-B,
UV-A, and visible light; wavelengths >295 nm). DNA repair was allowed to occur for 0, 10,
20,30 and 60 min at 16 °C. Control (Co): non-irradiated cells

increased during a post-irradiation repair period at 16 °C for 1.5 h (Fig.9),due
to the formation of transient breaks by the action of repair enzymes. The
apparent decrease in strand breaks observed at higher UV doses (Fig. 9) may
be caused by UV-induced formation of DNA cross-links resulting in lower SSF
X (-1) values.

Induction of DNA single-strand breaks was also measured following irra-
diation of sponge cells (primmorphs) using a monochromatic UV-B lamp
(peak at 312 nm; results not shown). DNA repair was accompanied by a time-
dependent increase in the number of single-strand breaks; after a repair
period of 2 h, the extent of DNA single-strand breaks decreased, reaching sim-
ilar levels as in non-irradiated control cells after an incubation period of 18 h.
The production of DNA single-strand breaks strongly depended on the
medium used; the SSF X (-1) values were lower (negative) in Ca?*-/Mg?*-free
seawater containing EDTA, but increased in Ca?*-/Mg?*-containing seawater.
The decrease in SSF x (-1) value in EDTA-containing, Ca’*-/Mg?*-free seawa-
ter may be caused by a higher radiosensitivity (induction of formation of
DNA cross-links) of the sponge single cells present under these conditions,
compared to sponge primmorphs formed in the presence of calcium (Ca-
/Mg-containing seawater).
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The Fast Micromethod has also been applied for measuring the extent of
DNA single-strand breaks in whole tissue samples of the marine sponge Geo-
dia cydonium, irradiated with UV light under controlled experimental condi-
tions, or from specimens collected in the field (Batel et al. 1998). The tissue
samples were irradiated with 0-300 mJ/cm? UV-B (monochromatic UV-B
lamp). One hour later, samples were analyzed for DNA strand breaks. In the
untreated controls, which remained in the dark, the SSF was set to zero
(0.00£0.04; n=5). Irradiation at a dose of 10 mJ/cm? significantly increased
the number of strand breaks [SSF x (-1)] to 0.14+0.02. Higher doses of UV-B
further increased the extent of DNA damage; at 300 mJ/cm? the SSF X (-1)
reached a value of 0.32+0.08.

2.8.2
Cadmium

DNA damage in sponges is also induced by cadmium chloride. Exposure of
whole specimen of marine sponges, e.g., S. domuncula, to cadmium resulted
in a strong accumulation of the metal in the sponge (Schrdder et al. 1999b). As
a consequence a strong increase in the extent of DNA single-strand breaks
was found using Fast Micromethod. The maximal increase was observed after
an incubation period of 12 h in the presence of 1 mg/l of cadmium chloride
and after an incubation period of 1-3 days in the presence of 10 or 100 pg/l of
cadmium chloride; after a prolonged incubation period, the number of dam-
ages decreased, most likely due to DNA repair (Schroder et al. 1996).

Field experiments using S. domuncula collected from five stations in the
northern Adriatic Sea, characterized by a gradient of pollution, revealed sig-
nificant differences in the cadmium levels between these stations (Miiller et
al. 1998). The frequency of DNA strand breaks roughly paralleled the gradient
of pollution (cadmium levels) at these sites.

2.8.3
Combined Effects

Results of the effect of cadmium on DNA repair in S. domuncula cells after
irradiation with full solar spectrum lamp with filter H1 (wavelengths
2320 nm) or filter H2 (wavelengths 2295 nm) did not indicate an inhibition of
DNA repair processes as found in sea urchin coelomocytes (results not
shown). Possibly some mechanism(s) preventing cadmium toxicity despite its
high accumulation in sponge tissue (a 17,500 enrichment has been deter-
mined under field conditions; Miiller et al. 1998), such as expression of metal-
lothionein-like proteins (Schroder et al. 2000b), are responsible for the finding
that an inhibitory effect of cadmium on DNA repair could not be detected in
the sponge system.
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DNA Repair

Demosponges have an efficient DNA excision repair system. They are able to
repair DNA damage caused by genotoxins, e.g. benzo[a]pyrene (Zahn et al.
1983). The mechanisms of repair in sponges are similar to those found in
higher Metazoa. We found that in G. cydonium the expression of a homologue
of the human XPB/ERCC-3 excision repair gene is induced after exposure to
UV radiation (Batel et al. 1998). In humans, the product of the XPB/ERCC-3
gene is involved in the early step of DNA excision repair (Sancar 1996a); it
corrects the repair defect in xeroderma pigmentosum and in Cockayne’s syn-
drome. The human XPB/ERCC-3 gene product is a helicase unwinding the
DNA in the 3'—5’ direction from the site of the lesion (Weeda et al. 1991). Lab-
oratory studies revealed that after irradiation of G. cydonium with 30 or
100 mJ/cm? UV-B light, a dose-dependent increase in the steady-state level of
GCXPB occurs; values of up to 29-fold with respect to the controls which were
kept in the dark have been determined. In parallel, the DNA integrity in the
sponge samples was measured using Fast Micromethod. The data revealed
that the degree of DNA strand breaks paralleled the increase in expression of
the GCXPB gene (Batel et al. 1998).

2.9.1
(6-4) Photolyase

Sponges have not only an excision DNA repair system, but also a photolyase-
based photoreactivating system. Two types of DNA photolyases have been
found that cleave cyclobutane pyrimidine dimers (CPD): CPD photolyase and
(6-4) photolyase (Sancar 1996b). The photolyases are part of the crypto-
chrome family and associated with the blue light photoreceptors (Kanai et al.
1997; Kobayashi et al. 2000). The photolyase of the hexactinellid sponge
Aphrocallistes vastus was studied (Schrdoder et al. 2003). A cDNA was isolated
from A. vastus, which comprises high sequence similarity to genes encoding
the protostomian and deuterostomian (6-4) photolyases. The A. vastus
sequence was assigned to the class I photolyases based on its high sequence
similarity, especially within the N-terminal o/f-domain and C-terminal heli-
cal domain. Using functional studies, we demonstrated that this gene codes
for a photolyase-related protein. After transfection into the Escherichia coli
SY2 strain, which is deficient in photoreversal activity for pyrimidine
cyclobutane dimers (Kim and Sundin 2001), the sponge gene caused resis-
tance of the bacteria to UV light (Fig. 10). Irradiation was performed with a
UV-B lamp (peak at 312 nm). The UV-induced damage in the bacteria was
almost completely repaired during the light-repair phase; at a dose of 0.2 J/m?
only a small reduction in the survival rate was seen (Fig. 10). A strong UV-B
sensitivity was observed if the cells were transformed with the empty vector,
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1008 Fig. 10. Survival of E. coli strain SY2/pGEX
S~ TTA—— (which does not have photolyase activity; open
circles), E. coli SY2/pMS969 [complemented
with the ph (6-4) photolyase gene from E. coli;
. solid squares), and E. coli SY2 carrying the A.
! vastus APHVAPH gene (solid triangles) after
. UV-B irradiation at doses between 0.5 and
0.1 - . - i, 2 J/m?. Following UV irradiation, photoreacti-
0 %% Wedoes (Jim?) e % vation was allowed to occur by irradiation of
the bacteria for 1 h with a lamp emitting visi-
ble light (Translux EC halogen photocuring
unit, 400 and 520 nm with a maximum at
480 nm; Heraeus Kulzer, Wehheim, Germany).
Subsequently, the bacteria were incubated
overnight at 26 °C. Survival rate, which is given
in percent, was calculated on the basis of num-
ber of colonies formed. Mean * SE (n=5)
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irrespective of a post-treatment with light. The recombinant sponge protein
bound to UV-modified DNA that contained thymine dimers, while it failed to
bind to non-treated DNA, suggesting that the sponge gene displays thymidine
dimer-repairing enzyme activity (Schroder et al. 2003).

2.10
Corals

The detrimental effects of increasing solar UV radiation on corals have been
recognized for a long time (Jokiel 1980; Shick et al. 1996). Exposure to UV
light has been implicated in the process of coral bleaching. In addition, UV-
induced DNA damage in coral-reef microbial communities has been observed
(Lyons et al. 1998). As a result of the increased UV exposure, a decrease in
skeletal growth and an increase in larval production have been described
(Jokiel and York 1982). Most of these studies did not distinguish between the
effects of UV-A and UV-B, although the latter wavelengths are more affected
by stratospheric ozone depletion.

Primmorphs from Dendronephthya klunzingeri were used to determine the
effect of increasing exposure to UV-B and visible light (480 nm). The modi-
fied procedure was used to dissociate the coral cells and form primmorphs
(Custodio et al. 1998; Miiller et al. 1999). The results revealed that prim-
morphs irradiated with UV-B responded with an increased expression of
HSP90 only if exposed to low levels of UV-B (Wiens et al. 2000; Ammar et al.
2001). After irradiation with 30 J/cm? of UV-B, the primmorphs reacted with
a 5.5-fold increase in HSP90 protein, compared with the controls, as revealed
in Western blot experiments. Upregulation was observed following an
increase in UV-B irradiation to 100 J/cm?, while at levels above 100 J/cm? no
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HSP90 was detected. In contrast to the studies with UV-B, visible light causes
an up-regulation of the expression of the gene for HSP90 in a wider exposure
range, between 20 and 1,000 J/cm? The increase in HSP90 expression follow-
ing exposure to visible light was less pronounced and reached a maximum at
300 J/cm?, with a 3.2-fold increase (Wiens et al. 2000).

Interestingly, in the absence of UV-B no transcripts of UVS-related protein
could be visualized, while after treatment of the primmorphs with 30-300 J/
cm? a strong up-regulation was seen in the expression of this gene (Wiens et
al. 2000).

3
Concluding Remarks

In summary, the results show that marine invertebrates are highly sensitive to
solar UV-B radiation without or in combination with heavy metal (cadmium)
exposure. However, the degree of DNA damage and the course of subsequent
repair processes somewhat differ between different species (sea urchins com-
pared to sponges) and different developmental stages (sea urchin embryos).
The results show that marine invertebrates may be endangered by the
increase in UV-B radiation due to ozone depletion, especially during early
stages of development. In addition, the results show that cell cultures of
marine invertebrates (sea urchin coelomocytes and sponge primmorphs)
might be useful tools for monitoring stress caused by physical (UV-B radia-
tion) and chemical (cadmium) factors in the aquatic environment.
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Abstract. Of the five extant classes of echinoderms, it is the sea urchins
(Echinoidea) and the sea cucumbers (Holothuroidea) that are both commer-
cially fished and heavily overexploited. In sea urchins, it is the gonad of both
males and females, normally referred to as ‘roe’, that is a sought-after food. In
the sea cucumber, the principal product is the boiled and dried body-wall or
‘béche-de-mer’ for which there is an increasing demand. Many sea urchin and
sea cucumber fisheries still have no management system or restrictions in
place, and for those that do, the prognosis for catches to continue even at a
reduced level is poor. Cultivation of these species increasingly becomes a
necessity, both for stock enhancement programs and as a means to meet mar-
ket demand. Sea urchin culture has been practised on a large scale in Japan for
many decades, and effective methods for the culture and reseeding of species
in these waters have been long established. Juvenile urchins are produced in
their millions in state-sponsored hatcheries, for release to managed areas of
seafloor. Outside of Japan, sea urchin cultivation is still a fairly recent practice,
less than 10 years old, and largely still at a research level, although a range of
species are now being produced in a variety of different culture systems. It is
essential that the culture systems are adapted to be species-specific and meet
with local environmental constraints. Sea cucumber cultivation originated in
Japan in the 1930s and is now well established there and in China. Methods for
mass cultivation of the tropical Holothuria scabra are now well established
and practised in India, Australia, Indonesia, the Maldives and the Solomon
Islands, with the focus of the research effort for both temperate and tropical
species being centred on the production of juveniles in hatcheries for the
restoration and enhancement of wild stocks. Like many other marine organ-
isms, echinoderms have been, and continue to be, examined as a source of
biologically active compounds with biomedical applications. Sea cucumber
has been valued in Chinese medicine for hundreds of years as a cure for a
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wide variety of ailments. Some more recently isolated compounds, mainly
from sea cucumbers and starfish, and including those with antitumour,
antiviral, anticoagulant and antimicrobial activity, are summarised below.
When wild stocks decline, the demand created in the market place raises the
price of the product and, consequently, culturing is more likely to become
viable economically. As this review shows, there have been dramatic advances
in the culture methods of sea urchins and sea cucumbers in the last
10-15 years, to the extent that one can conclude that currently the major
obstacles to successful cultivation are indeed economic rather than biological.
Hence the future of the echinoculture industry is closely linked to that of the
fisheries, whose fate will ultimately determine the market forces that will
shape this growing industry.

1
Why Cultivate?

Of the five extant classes of echinoderms, it is the sea urchins (Echinoidea)
and the sea cucumbers (Holothuroidea) that are both commercially fished
and heavily overexploited. In sea urchins, it is the gonad of both males and
females, normally referred to as ‘roe’, that is a sought-after food. The largest
market is Japan, but there are also undersupplied markets in Europe. In the
sea cucumber, the principal product is the boiled and dried body-wall or
‘béche-de-mer’, for which there is an increasing demand from China, where it
is valued as food but also for its curative properties. There is also a trade in sea
cucumbers for home aquaria and biomedical products (Bruckner et al. 2003),
and at one time there was fishing activity for starfish (Asteroidea), which were
processed for fish or poultry meal or for fertiliser (Sloan 1984). The extent and
demise of the world’s sea urchin and sea cucumber fisheries have been
reviewed by Sloan (1984), Conand and Byrne (1993) and Keesing and Hall
(1998), and more comprehensively for sea urchins by Andrew et al. (2002) and
for sea cucumbers by Bruckner et al. (2003).

Most, if not all, sea urchin fisheries have followed the same pattern of rapid
expansion to an unsustainable peak, followed by an equally rapid decline.
World landings of sea urchin, having peaked at 120,000 t (metric tonnes) in
1995, are now in the region of 90,000 t/year. However, over half this catch
comes from the recently expanded Chilean fishery for Loxechinus albus;
which also appears to have peaked, the catch now being sustained by the dis-
covery of new fishing grounds. The other major sea urchin fisheries, in terms
of tonnage landed, are in Japan, Maine (USA), British Columbia (Canada) and
California (USA) (Andrew et al. 2002). In Europe, the sea urchin stocks (Para-
centrotus lividus) of first France and then Ireland were overfished in the 1980s
to supply the French markets and those stocks have never recovered (Barnes
and Crook 2001; Barnes et al. 2002). There are large populations of edible
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urchins in Scotland (Echinus esculentus and Psammechinus miliaris) and Nor-
way (Strongylocentrotus droebachiensis), but these stocks are unsuited to
commercial fishing as their roe content is either too low or too variable
(Hagen 2000; Kelly 2000; Kelly et al. 2001; Sivertsen 2004).

The global landing of sea cucumbers was estimated as 13,000 t dried weight
(130,000 t live weight) in 1995. The largest fisheries today are in Indonesia and
the Philippines; however, in the last decade, the number of countries and
species involved in the trade have increased in both tropical and temperate
regions and the fishery has spread to non-traditional areas such as Mexico,
the Galapagos and North America. Bruckner et al. (2003) list 29 species from
50 countries that are fished for import into Hong Kong, many of which will be
re-exported to China and other trade centres in Singapore and Chinese
Taipei.

Regulations are now imposed on some sea urchin and sea cucumber fish-
eries, although few are based on formal stock assessments. For example, in the
state of Maine, on the east coast of the USA, the sea urchin fishery is ‘zoned’,
in part based on the reproductive/spawning cycle along the coast. Regulation
limits fishing effort; there is a limited entry scheme to the fishery, restrictions
on gear size, fishing times and minimum and maximum landing sizes. How-
ever, researchers believe even this diminished catch is likely to prove unsus-
tainable (L. Harris, University of New Hampshire, USA, pers. comm.).

In contrast, the Japanese sea urchin fishery has endured for more than
50 years, yielding more than 13,000 t in 1998. Six species account for the bulk
of the commercial landings, but it is important to note that there is govern-
ment subsidy for urchin stock enhancement and this is used as a management
tool to conserve and rebuild stocks (Andrew et al. 2002).

Many sea cucumber fisheries show evidence of overexploitation or have
already collapsed and some still have no known management or restrictions,
including the world’s largest fishery in Indonesia (Bruckner et al. 2003). Pos-
sible management measures suggested for sea cucumber fisheries include the
imposition of minimum landing sizes, closed seasons, no-take marine pro-
tected areas, bag limits, prohibition of night fishing for nocturnal species and
restrictions on the use of SCUBA for harvesting. However, the artisanal nature
of the fishery makes implementation of such measures difficult. Bruckner et
al. (2003) propose that listing sea cucumbers in the Convention on Interna-
tional Trade in Endangered Species (CITES) Appendix II might be an appro-
priate way to ensure that harvest to international markets is conducted in a
sustainable manner, without detriment to the target species or their ecosys-
tem. Compounding the impact of overexploitation of wild echinoderm popu-
lations is the increasing conviction among researchers that recruitment of
juvenile sea urchins is both sporadic and unpredictable (see Lawrence 2001
for reviews; also Kelly 2000; Harris et al. 2001), and the fact that some species
of sea urchin are extremely long-lived (Ebert 1998). Sea cucumbers are a valu-
able source of income for many coastal communities, particularly among the
developing nations of the Indo-Pacific, but as with sea urchins, their high



142 M.S. Kelly

value and sedentary, shallow-water habit have left them vulnerable to overex-
ploitation through unregulated and illegal fishing activity. Once their density
is reduced below a critical mass, populations may take as long as 50 years to
recover (Dalzell et al. 1996; Battaglene 1999; Bruckner et al. 2003).

As the prognosis for catches to continue at the current level is poor, cultiva-
tion of these species increasingly becomes a necessity, both for stock
enhancement programs and as a means to meet market demand. In addition,
as wild stocks decline, cultivation is more likely to become viable economi-
cally. The need for effective culture methods is now reflected in increased
research effort. Culture of sea urchins for reseeding is practised on a large
scale in Japan and to a lesser extent in South Korea and the Philippines
(Andrew et al. 2002). Sea cucumbers are cultured for reseeding on a large scale
in China. Outside these countries most echinoculture is at a research or semi-
commercial scale. There is no commercial-scale cultivation of starfish, brittle
stars (ophiuroids) or feather stars (crinoids).

2
Sea Urchin Aquaculture

2.1
Life History and State of the Art

Edible sea urchins are among the orders of regular Echinoidea (Lawrence
2001), dioecious (separate sexes) and broadcast spawners; mature individuals
shed gametes to seawater where fertilisation occurs. The eggs develop to form
pluteus larvae, which, after a period of planktonic development, feeding on
microalgae, settle to a substrate and undergo metamorphosis to form tiny
juvenile sea urchins. The estimated time for these individuals to reach market
size (40-50 mm horizontal test diameter) is commonly in the order of
1-3 years, again varying according to species.

Sea urchin culture has been practised on a large scale in Japan for many
decades, and effective methods for the culture and reseeding of species in
these waters have been long established. Juvenile urchins are produced in
their millions in state-sponsored hatcheries, for release to managed areas of
seafloor. The nationally co-ordinated reseeding program initiated in the
1960s has now developed to the extent that over 66 million juveniles were
released onto reefs in 2000; of these, over 80 % were Strongylocentrotus inter-
medius (Agatsuma et al. 2004). The effectiveness of the reseeding program has
not been easy to assess, in part because of the difficulty in discriminating
between reseeded and wild individuals. In Hokkaido prefecture, reseeding of
S. intermedius began in 1985 with the release of 1 million juveniles, increasing
to over 60 million in 1996. However, for the first 8 years of this program, the
total harvest of urchins from this area continued to decline and it is only since
1992 that the catch has begun to stabilise. The contribution of released sea
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urchins to the overall catch has been estimated to be between 62 and 80 %
(Agatsuma et al. 2004). There are also much smaller-scale reseeding programs
operating in South Korea and on Luzon Island in the Philippines (Andrew et
al. 2002).

Outside of Japan, sea urchin cultivation is still a fairly recent practice, less
than 10 years old. There have been researchers and companies developing
methods for sea urchin (Paracentrotus lividus) cultivation in southern Ireland
for over 20 years (Leighton 1995), and until relatively recently a concentrated
effort into developing ‘closed-cycle’land-based systems in France, also with P
lividus (Grosjean et al. 1998). Echinoculture (Psammechinus miliaris, E. escu-
lentus, P. lividus) has been conducted in Scotland since 1995 and there are also
established research teams on the east coast of North America — Florida,
Alabama, Maine, New Hampshire, New Brunswick and Newfoundland -
working on S. droebachiensis and Lytechinus variegatus; on the west coast of
North America, including California and British Columbia (S. droebachiensis,
S. franciscanus, S. purpuratus); in Chile (Loxechinus albus); Norway (S. droe-
bachiensis); Israel (P. lividus); and in New Zealand (Evechinus chloroticus).
This list is not intended to be exclusive or exhaustive but to illustrate the
extent of the research base. The biology and ecology of these and other edible
echinoids have recently been reviewed (Lawrence 2001).

While including discussion of the basic methodologies employed, both in
and outside of Japan, this chapter will concentrate on examining some of the
more recent advances and innovations in sea urchin culture, outside of Japan,
with reference to the particular challenges remaining for the culturist at each
stage of the sea urchin life cycle.

2.2
Sea Urchin Larviculture

Echinoids have been successfully raised in the laboratory for over 100 years
(MacBride 1903). The reproductive periodicity for many echinoid species is
well described; temperate water species in culture tend to have one spawning
period per year (Himmelman 1977; Byrne 1993; Kelly 2000; Fig. 1) and brood
stock are collected locally. Gravid individuals are induced to spawn either by
temperature shock or, commonly, by injection of 0.5 M KCl to the coelom via
the peristomal membrane. The concentration of sperm allowed to mix with
the eggs must be controlled to optimise fertilisation and development success
rates. The fertilised eggs hatch in approximately 10-15 h, depending on the
species, to release a ciliated blastula which develops to the four-armed, then
six-armed, then eight-armed pluteus larvae (Fig. 2). To raise large numbers of
larvae in a commercial context the culture techniques must be refined in
terms of food quality and quantity, larval density and water quality; and then
shown to be effective once scaled up to large batches of larvae (>100,000). Sta-
tic (no through-flow) aerated systems with a variable number of complete or
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Fig. 1. Annual reproductive cycles (Nov 1995 to Oct 1997) of the sea urchin Psammechinus
miliaris in a Scottish sea loch as described by the gonad index (GI). GI was calculated as wet
weight of gonad divided by drained wet weight of sea urchin expressed as a percentage
(n=10) for two littoral (LA and LB) and two subtidal (SA and SB) populations. Seawater
temperature (°C) and day length (h) a are illustrated. Error bars represent 95 % confidence
limits. (Kelly 2000)

partial water changes throughout the larval life have been widely used
(Fenaux et al. 1988; Leighton 1995; Grosjean et al. 1998; Kelly et al. 2000). In
large-scale culture in Japan, partial exchange systems (Sakai et al. 2004) and
continuous flow systems are used, the water flow being increased as the larvae
develop (Hagen 1996). Upwelling silos, of the type used for fragile halibut
yolk-sac larvae, have been tested on a small scale (M. Russell, Villanova Uni-
versity, USA, pers. comm.) and may also prove suitable for the large-scale cul-
ture of sea urchin larvae.

The planktonic diatom Chaetoceros gracilis is widely used as larval food in
sea urchin hatcheries in Japan (Sakai et al. 2004). Many studies have compared
different species or combinations of species of microalgae as larval foods for
other species of sea urchin. Some species of microalgae used regularly and
with success include Isocrysis galbana (Gonzalez et al. 1987), Cricosphaera
(Hymenomonas) elongata (Fenaux et al. 1988) and C. carterae (Leighton
1995), the diatom Phaeodactylum tricornutum (Grosjean et al. 1998) and
Dunaliella tertiolecta (Kelly et al. 2000; Jimmy et al. 2003). One noteworthy
observation from these studies is there is no one optimal larval diet; different
sea urchin species are reported to respond best to different algae. Of course,
the biochemical and therefore nutritional value of the same species of
microalgae, grown in different laboratories, may not be identical. However, it
seems likely that there are true species-specific differences in echinoid larval
dietary requirements.

Echinoid larvae demonstrate considerable plasticity in their morphology
in response to varying food ration and quality. Growing larvae must increase
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Fig. 2. Life cycle of the regular echinoid Psammechinus miliaris in culture. Gravid adults
shed their gametes to seawater where fertilisation and first cleavage of the developing
embryo occur within hours. Over the next 21 days, the planktonic larvae, maintained in aer-
ated 250-1 containers of seawater and fed microalgae, develop to a point where they are
competent to settle. Newly metamorphosed juveniles are maintained on PVC wave plates
coated with diatoms. At approximately 5-mm test diameter they are weaned to other foods
(soft macroalgae or artificial diets) and transferred to a grow-out system where they mature
to market size (40-50 mm test diameter)

the ciliated band length in order to increase feeding capability (McEdward
1984; Strathmann et al. 1992). Ciliated band length is increased by increasing
arm length and by developing additional pairs of larval arms. The relative
proportions of the larval body, e.g. post-oral arm length to larval body length,
can therefore be a useful indicator of the nutritional status of larvae in culture
(Fig. 3). Underfeeding will increase arm length relative to body length and
overfed larvae may show a reduction in the length of the larval and in partic-
ular post-oral arms (Kelly et al. 2000; Jimmy et al. 2003).

One labour-intensive aspect of larval culture is the need for the simultane-
ous production of microalgae as live feed. However, sea urchin larvae may
prove suited to culture using artificial diets, as research on Lytechinus variega-
tus (J.M. Lawrence, University of South Florida, USA, pers. comm.) has shown.
It is the lipid or fatty acid component that is lost or destroyed in some forms
of preserved algae. For example, their loss renders spray-dried microalgae a
relatively poor food source for bivalve larvae which require poly- and highly
unsaturated fatty acids (PUFAs and HUFAs) (Caers et al. 1998). Some species
of sea urchin larvae have been shown to grow well when fed the green
microalga Dunaliella tertiolecta (Kelly et al. 2000, Jimmy et al. 2003), which is
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known to be deficient in eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). Therefore, sea urchins may prove suited to culture using spray-
dried or other preserved algal preparations.

2.3
Metamorphosis and the Post-Larval Stage

Sea urchin juveniles have been produced on a commercial or semi-commer-
cial scale by hatcheries in Japan, South Korea, Ireland, Norway, Scotland and
in British Columbia, Canada. When deemed competent to settle (judged by
the size and state of development of the echinorudiment; Fig. 3), sea urchin
larvae are presented with a substrate likely to induce metamorphosis, but
which will subsequently serve as a food source for the early juvenile. Most cul-
turists use a natural biofilm or a specially seeded diatom substrate created
from species isolated locally and grown on a PVC wave plate. Optimising diets
for the early juveniles and/or the replacement of diatom biofilms with artifi-
cial diets is probably one of the most challenging areas left to research. The
variation in size and subsequent variation in growth rates of post-larvae
remain a bottleneck in the supply of hatchery-reared juveniles. Hatchery-
reared juveniles are robust enough to survive transfer to sea cages or other
grow-out systems from a small size (5-mm test diameter) (Kelly 2002; Sakai et
al. 2004). At this point they are weaned onto other diets, soft macroalgae or
artificial diets, depending on the grow-out system.
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24
Sea Urchin Grow-Out Systems

In contrast to the Japanese systems where hatchery-reared juveniles are
mainly released to managed areas of seafloor (Hagen 1996; Sakai et al. 2004),
researchers in other countries newer to echinoculture have experimented
with a wide range of grow-out systems for juvenile and adult urchins, ranging
from relocation from poor to good feeding grounds (Moylan 1997) to the
ranching of urchins caged on the seafloor (Cuthbert et al. 1995). Wild-col-
lected adults of many species have been held in a variety of tank and sea-cage
systems for roe conditioning (Lawrence et al. 1997; Cook et al. 1998; McBride
etal. 1998; Fernandez and Boudouresque 2000; Hammer et al. 2000; Kelly et al.
2001; Kennedy 2002; Pearce et al. 2002a). Hatchery-reared juveniles have been
grown in suspended culture (Kelly 2002, and also at Instituto de Fomento, Pes-
quero, Hueihue, Chile) in closed recirculation systems (Grosjean et al. 1998)
and in dammed rock pools in southern Ireland (J. Chamberlain, Dunmanus
Seafoods Ltd., pers.comm.). A sea-cage cultivation system of stacking baskets
suspended from a ladder-like structure over which a work barge or raft can
operate is being developed by Norwegian researchers (Aas 2004). The time
taken for juveniles of most species to reach market size is in the order of
1-3 years.

Systems that accelerate growth to market size while producing a uniform
size class would give an economic advantage. One possible route to obtaining
sustainable and environmentally friendly systems for urchin culture is to fur-
ther examine their potential in integrated systems. They have already been
shown to thrive in polyculture with the Atlantic salmon (Kelly et al. 1998) and
to have a role in land-based integrated systems (Shpigel et al. 2004). However,
many species are true omnivores, so the potential for their integration into
systems where natural prey items, for example, mussels, are already produced
should be explored.

2.5
Juvenile and Adult Somatic Versus Gonadal Growth

Sea urchins can produce gonads with viable gametes years before they reach
the typical ‘adult’ size for their species (Jensen 1969; Kelly 2001). Such
small/young urchins are frequently termed ‘juvenile’ despite the fact they may
have gonads, and young Psammechinus miliaris can successfully reproduce in
their first year (Kelly 2001). However, it is likely once gametes start to form
that urchins begin to partition ingested energy differently (Hagen 1998; Guil-
lou and Lumingas 1999; Otero-Villanueva et al. 2004), and ultimately diets
should be designed that promote somatic growth in urchins that are below
market size, rather than encourage the sequestering of nutrients as gonad bio-
mass.
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2.6
Artificial Diets

The use of artificial diets has been widely adopted by researchers outside of
Japan as they generally produce better growth rates than seaweeds. Seaweeds,
potentially a cheap source of feed, have the disadvantage of being of variable
quality and in variable supply over a season. In some regions, the large-scale
harvesting of seaweeds would be regarded as an environmentally unsound
practice.

Artificial diets are required to raise sea urchins in monoculture from juve-
niles to market size, for use as a finishing diet to perfect roe quality in urchins
from polyculture systems and for use in enhancing the roe of fished urchins
with unmarketable roe content. There is a large body of literature on the for-
mulation of artificial diets for juvenile and adult sea urchins, many of which
have been tested in comparison to seaweed as a reference diet. Most artificial
diets contain a selection of soybean meal and cereals, either with or without
animal-origin proteins and lipids (Cook et al. 1998; Fernandez and
Boudouresque 2000; Spirlet et al. 2001), and range from simple moist or agar-
bound diets (Klinger et al. 1994; Goebel and Barker 1998) to pellets extruded
in commercial processing equipment (Lawrence et al. 1997; Pantazis et al.
2000; Olave et al. 2001). The impact of differing protein levels (de Jong-West-
man et al. 1995; McBride et al. 1998; Hammer et al. 2000), the relative value of
different protein sources (Pearce et al. 2002a), the necessity of minerals
(Kennedy 2002) and effect of binder type (Pearce et al. 2002b) have all been
examined. There now appears to be a consensus emerging from the literature
that there is little advantage to feeding protein levels in excess of 30 %, and
that lipid levels between 4 and 8 % are satisfactory. Although relatively little is
known of the lipid biosynthetic pathways in sea urchins, they appear to have
some capability for the elongation and desaturation of fatty acids (Bell et al.
2001; Kennedy 2002), and the inclusion of more expensive animal-origin oils
is not essential for growth in some species (Pantazis et al. 2000; Kennedy
2002), although Floreto et al. (1996) suggested they may benefit juvenile
growth in Tripneustes gratilla. It is also very likely there are species-specific
differences in dietary needs in the juvenile and adult stages.

An inherent outcome of feeding an artificial formulation is a change in the
biochemical composition of the urchin and its gonads (Fernandez 1997;
Liyana-Pathirana et al. 2002), which will affect both flavour and colour. Free
amino acids are the major factors influencing taste (Murata et al. 2002), and
fatty acids and carotenoids are important in the development of ‘off flavours’,
post-mortem (Liyana-Pathirana and Shahidi 2003).

Further research is required to better elucidate how each dietary compo-
nent influences gonad biochemistry and the relation to gonad flavour. Some
diets have been tested on more than one species, for example the ‘Wenger’ diet
(Watts et al. 1998; Olave et al. 2001); however, further trials of one pre-defined
diet on a range of sea urchin species would amplify species-specific differ-
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ences in nutritional needs and assist researchers in optimising artificial diets
for each species in culture.

2.7
Carotenoids in Sea Urchin Diets

Roe colour is a critical factor in the commercial product; poor or variable
gonad colour at point of sale has a detrimental effect on the value of all
species. Therefore cost-effective diets that positively enhance roe colour in
adult urchins are key to the success of the industry. Sea urchins do not synthe-
sise carotenoid pigments de novo, so the coloration of their gonad is the result
of selective accumulation and modification of pigments from their diet. How-
ever, relatively little information is available on the way the primary dietary
sources of carotenoids, be they of vegetable or animal origin, influence roe
colour in the echinoids of commercial importance. For a review of the occur-
rence and distribution of carotenoids in echinoids, see Matsuno and
Tsushima (2004).

In addition to several studies on the efficiency of pigment transfer from
diets to gonads (Havardsson and Imsland 1999; McLaughlin and Kelly 2001;
Robinson et al. 2002), the effect of carotenoids from natural and artificial diets
on gonad development has been researched (Plank et al. 2002). As well as
influencing colour, carotenoids are thought to have a role in biological
defence (Kawakami et al. 1998) and reproduction (George et al. 2001). Studies
using the same diet formulations and with the same pigment sources (p-
carotene from a spray-dried microalgal preparation) (Robinson et al. 2002;
Kelly 2004) have a different effect in different urchin species, an indication of
species-specific pathways of carotenoid metabolism and expression.

Artificial diets do alter gonad carotenoid composition, but as carotenoid
composition changes with sex, season, nutritive state and reproductive stage
(Griffiths and Perrott 1976; Borisovets et al. 2002; Young et al. 2004), further
research is required to unravel the complexities of pigment metabolism and
expression in echinoids.

2.8
Sea Urchin Harvest Protocol, Spoilage and Shelf Life

Japan remains the world’s largest consumer of sea urchin roe, and roe
exported to Japan is usually delivered processed as chilled, frozen or canned
produce. However, there is another undersupplied market in Europe; here,
and in France particularly, the market demands a whole urchin. Therefore,
harvest protocols should be developed that guarantee the shelf life and qual-
ity of sea urchins that are marketed intact. In Europe, sea urchins must con-
form to the EC Directive on Shellfish Hygiene (statutory instrument 994) and
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Food Safety (fishery products and live shellfish). Although there is no require-
ment for classification of growing water, as with bivalves, other shellfish pro-
duce for human consumption must meet the End Product Standard for shell-
fish toxins and bacterial contamination by Escherichia coli. There have been
comparatively few published studies (Cook 1999) on the impact of handling
and packing protocols on the viability of whole, harvested sea urchins.
Spoilage will begin as soon as the physical condition of the sea urchin begins
to deteriorate; bacteria are the most important cause of seafood spoilage and
spoilage rates are temperature dependent (Dalgaard et al. 2002). For many
seafood species, increasing the temperature from 0 to 4 °C doubles the rate of
spoilage and cuts the shelf life in half. Sanitation in the handling process is
also important. Information on the spoilage rate of sea urchin gonads in situ
would enable growers to guarantee the shelf life of urchins, when appropri-
ately packed.

2.9
Disease in Cultured Sea Urchins

There are reports of catastrophic sea urchin die-offs attributable to patho-
genic water-borne microorganisms (Lessios et al. 1984; Scheibling and Henni-
gar 1997), and of heavy infestations by a parasitic nematode in Norwegian
populations of S. droebachiensis (Sivertsen 1996). The appearance of conta-
gious disease typically accompanies the intensification of culture effort. In
Japan, where sea urchins have been in culture the longest, there are reports of
bacterial diseases affecting juveniles maintained in tanks (Tajima and
Lawrence 2001), the outbreaks related to high summer and low spring seawa-
ter temperatures. The symptoms include green or black lesions on the body
surfaces, spine loss, discoloration of the peristomal membrane and tube feet
that are limp or unable to attach to surfaces. Several bacterial strains have
been isolated as the causative agents and methods for their control reported.
However, as yet, there is no substantial reporting of contagious sea urchin dis-
eases in cultures in other countries.

3
Sea Cucumber Aquaculture

3.1
Life History and State of the Art

The sea cucumber species targeted for culture belong to two families, the
deposit-feeding Aspidochirotida, which includes the Holothuriidae and the
Stichopodidae, and the suspension-feeding Dendrochirotida, which includes
the genus Cucumaria. The sea cucumber species in cultivation are dioecious,
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broadcast spawners, the fertilised eggs developing into planktonic larvae
before settling and undergoing metamorphosis to the juvenile sea cucumber.
The average life span of a sea cucumber is thought to be 5-10 years and most
species first reproduce at 2-6 years. A number of species are reported to
reproduce asexually by fission, and this has been examined as a technique to
propagate commercially important species (Reichenbach et al. 1996). They
also have the capability to eviscerate part or all of their internal organs as a
defence against predation, the shed organs being rapidly regenerated.

Sea cucumber cultivation originated in Japan in the 1930s and juveniles of
the temperate species Stichopus japonicus were first produced in 1950 (Batta-
glene 1999). In the last 15 years, commercial production in Japan has acceler-
ated, where annually an estimated 2.5 million juveniles are released. In China,
cultured rather than fished S. japonicus now account for around 50 % of the
country’s estimated annual production of 2375 t of dry sea cucumber. Meth-
ods for mass cultivation of the tropical Holothuria scabra are now well estab-
lished and practised in India, Australia, Indonesia, the Maldives and the
Solomon Islands (Battaglene 1999). Other tropical species in culture include
Actinopyga mauritania (Ramofafia et al. 1996) and H. fuscogilva (Ramofafia et
al. 2000), with the focus of the research effort centred on the production of
juveniles in hatcheries for the restoration and enhancement of wild stocks.

3.2
Sea Cucumber Larviculture

Brood stock, collected from the wild, is most commonly induced to spawn
through thermal stimulation, by raising the seawater temperature in holding
tanks by 3-5 °C for 1 h. S. japonicus broodstock is collected in spring, when
mature (Hagen 1996). In general, H. scabra has a bi-annual peak in gonadoso-
matic index, indicating two spawning periods a year, but closer to the equator
a proportion of the population spawns year-round (Battaglene 1999). Fertili-
sation occurs spontaneously once the gametes are allowed to mix in seawater;
the fertilised eggs are held in suspension by aeration and egg development is
rapid. In H. scabra the larval life cycle is around 14 days at 28 °C, including the
feeding or auricularia stage, the doliolaria or non-feeding stage and settling
pentacula stage (Fig. 4). As with larval sea urchins, holothurian larvae are fed
a mixture of microalgal species, with the number of algal cells provided grad-
ually being increased over the larval life. H. scabra larvae grow well on a diet
of the red microalgae Rhodomonas salina and the diatom Chaetoceros calci-
trans (Battaglene 1999). Further refinement of larval culture techniques is
required to improve larval survivorship in this and other species of sea
cucumbers.
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Life cycle of cultured Holothuria scabra
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Fig. 4. The 14-day larval cycle of cultured sandfish (Holothuria scabra) at a water tempera-

ture of 28 °C. (Reproduced with permission from Battaglene 1999)

33
Metamorphosis and the Post-Larval Stage

Metamorphosis and settlement are challenging stages in the culture of sea
cucumber juveniles. Competent pentacula larvae are provided with a sub-
strate of bacteria and diatoms, which provide the appropriate settlement cues,
and to which they adhere with their buccal podia. Typically, S. japonicus is set-
tled on PVC plates coated with small periphytic diatoms such as Navicula,
Amphora, Achnanthes and Nitzchia sp. The plates are coated in outdoor tanks
in direct sunlight, although the light intensity, nutrient enrichment and cope-
pod levels must be controlled to produce suitable plates (Ito and Kitamura
1997). Leaves of the sea grass (Thallassia hemprichii) are the preferred settle-
ment substrate of H. scabra and soluble extracts of the leaves have been shown

to induce settlement onto clean plastic surfaces (Mercier et al. 2000).
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Post-settlement juvenile sea cucumbers are grown either on diatom-coated
plates, held in fine mesh bags in tanks (method used for S. japonicus in Japan
and China) or on the bottom of tanks, where juveniles of 10-20 mm are trans-
ferred to a fine sand substrate and fed a diet supplemented by algal extracts or
powdered algae (methods for H. scabra developed in India; Battaglene 1999).
Throughout the juvenile stage it is necessary to periodically detach the juve-
niles from the substrate for grading, transfer between tanks or to supply fresh
substrates. KCI (1 %) in seawater is an effective agent for detaching H. scabra
from settlement surfaces (Battaglene and Seymour 1998).

34
Sea Cucumber Growth to Maturity

After a 6-month, on-growing nursery phase, and at a length of 2-8 cm, juve-
nile S. japonicus are released to managed areas of the seafloor. They are recov-
ered after 1 year when they measure approximately 20 cm (Hagen 1996).
There is a lack of information on growth rates and survivorship in tropical
species, and, as with all Holothuria, measurements of growth are complicated
by their ability to change shape, eviscerate and retain water and sediment in
the gut and coelomic cavity. However, Battaglene et al. (1999) suggest there
should be no impediment to the large-scale production of juvenile H. scabra
for stock enhancement programs provided they can be released at a size of
6 cm and with a weight of 20 g.

3.5
Disease in Cultured Holothurians

There is little published information on parasites and diseases of cultured
holothurians. Copepods and ciliates are the main predators of the auricu-
laria, copepods also compete with juveniles for food and in some hatcheries
have been controlled by the use of pesticides (Battaglene 1999). Routine fil-
tering of seawater and the regular transfer of juveniles to clean tanks can
prevent copepod infestation (Battaglene 1999). Fungal infections of the skin
are also a problem in the cage culture of wild-collected H. scabra in Indone-
sia.

4
Bioactive Compounds from Echinoderms

Like many other marine organisms, echinoderms have been, and continue to
be, examined as a source of biologically active compounds with biomedical
applications. Sea cucumber has been valued in Chinese medicine for hun-
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dreds of years as a cure for a wide variety of ailments. More recently isolated
compounds, mainly from sea cucumbers and starfish, are summarised below.

4.1
Triterpene Glycosides

Triterpenes are mainly synthesised by higher plants, but in animals, choles-
terol is an example of a triterpene-like structure. Triterpenes and a group of
plant steroids are broadly classified together as saponins (glycosidic surfac-
tants) which affect the solubility of membrane proteins. A well-described
toxic effect of plant saponins, when given in high doses, is the haemolysis of
red blood cells by the disruption of their membranes.

Novel triterpene glycosides, both sulphated and non-sulphated, have been
isolated from sea cucumbers from polar, temperate and tropical regions, some
of which have been reported to have significant cytotoxicity against human
tumour cell lines (Zou et al. 2003), virucidal activity (Maier et al. 2001), anti-
tumour and antiviral activity (Rodriguez et al. 1991), antifungal activity
(Murray et al. 2001; Chludil et al. 2002) and to cause haemolysis by membrane
disruption (Kalinin et al. 1996).

4.2
Glycosaminoglycans: Chondroitin Sulphate

Glycosaminoglycans (GAGs) (mucopolysaccharides) are polymers of acidic
disaccharides containing derivatives of the amino sugars glucosamine or
galactosamine. Sulphated polysaccharides abound in vertebrate tissues, and
some invertebrate species are a rich source of sulphated GAGs with novel
structures. The anticoagulant and antithrombotic characteristics are among
the most widely studied properties of the sulphated polysaccharides, for
example the anticoagulant GAG heparin is an important therapeutic agent in
the prevention and treatment of thrombosis. A replacement agent for heparin
is sought as there are problems with both allergy to heparin and heparin
resistance. Recently isolated sulphated polysaccharides from the body wall of
sea cucumbers, fucosylated chondroitin sulphates (FucCS), have structures
analogous to heparin and have been investigated for possible biological activ-
ity in mammalian systems. Tapon-Bretaudiere et al. (2002) found that FucCS
from a sea cucumber promoted the proliferation of blood vessels and had a
concomitant capacity to prevent venous and arterial thrombosis. Mourao et
al. (1996), Mourao and Pereira (1999) and Li et al. (2000) have described novel
FucCS from sea cucumbers that possess anticoagulant activity in vivo and as
such are promising drugs for antithrombotic therapy.

Sea cucumbers have long been used in traditional Chinese medicine for
prevention of disease and as a longevity tonic. Products containing sea
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cucumber chondroitin sulphate are now available through natural product
outlets for the treatment of arthritic pain and to promote healthy joints and
mobility (Natural Products website, 2004, http://www.psoriasis.com/seacu-
cumber.html).

4.3
Neuritogenic Gangliosides

Sphingolipids are structural lipids where the parent structure is sphingosine
(a long-chain amino alcohol) rather than glycerol. Glycosphingolipids (GSLs)
contain at least one monosaccharide residue and they are found in the plasma
membranes of all animal and some plant cells. Where sialic acid (N-acetyl
neuraminic acid) is present, these compounds are termed gangliosides. Gan-
gliosides are found in highest concentration in the nervous system where they
can constitute 5% of the lipid. Many new and biologically active gangliosides
have been described from starfish. To cite but a few, by way of examples,
Higuchi et al. (1991, 1993, 1995) describe compounds with neuritogenic and
antitumour activity from Asterina pectinifera, Asterias amurensis and
Astropecten latespinosus. New neuritogenic gangliosides have also been
described from sea cucumbers, for example Stichopus japonicus and
Holothuria species (Yamada et al. 2001; Kaneko et al. 2003).

4.4
Antimicrobial Activity

Results from some recent studies suggest that echinoderms are a potential
source of novel antibiotics. Haug et al. (2002) found antibacterial activity in
different body parts of the sea urchin Strongylocentrotus droebachiensis, the
starfish Asterias rubens and the sea cucumber Cucumaria frondosa. Antibac-
terial and antifungal activity has been found in alcoholic extracts of a range of
holothurian species from the Tamil Nadu coast, India. The bacteria
Aeromonas hydrophila, Escherichia coli, Enterococcus sp., Klebsiella pneumo-
niae, Pseudomonas aeruginosa, Salmonella typhi, Staphylococcus aureus and
Vibrio harveyi and the fish-borne mould Aspergillus sp. were inhibited at
varying levels by extracts of the sea cucumbers Actinopyga miliaris,
Holothuria atra and H. scabra (Abraham et al. 2002). Antibacterial activity has
also been found in extracts of the body wall, coelomocytes and eggs in a vari-
ety of species (Stabili and Pagliara 1994; Stabili et al. 1996; Haug et al. 2002).
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4.5
Other Types of Bioactive Compounds: Branched-Chain Fatty Acids,
Lectins, Opsonins, Analgesics and Anti-ulcer Compounds

Branched-chain fatty acids or fatty alcohols have been reported to possess
antitumour activity in various tumour models. Yang et al. (2003) reported that
a branched-chain fatty acid, 12-methyltetradecanoic acid (12-MTA), isolated
from a sea cucumber, inhibited proliferation of prostate cancer cell lines in
culture via apoptosis. The authors suggest that this agent may be a novel
adjunctive therapy for selected malignancies including prostate cancer.
Lectins are proteins that possess binding sites for specific mono- and
oligosaccharides. A lectin has been isolated from sea cucumber which exhib-
ited cytotoxicity against mouse cancer cells and human lung cancer cells
(Gana and Merca 2002). Opsonins are proteins known to bind to the surface
of many kinds of pathogens and tag them as targets for phagocytosis. A new
opsonin-like molecule in the coelomic fluid of the sea cucumber H. leucospi-
lota has been reported (Xing and Chia 2000). A crude water extract of a
Malaysian sea cucumber has been shown to possess analgesic activity with a
relatively long duration of action (Yaacob et al. 1994). Anti-ulcerative effects
on rat stomach cells have been demonstrated in an aqueous/ethanolic extract
of Stichopus japonicus body-wall muscle (Migas and Klemenchenko 1990).

4.6
Regeneration of Nerve Tissue and Arm Regrowth in Crinoids

Sea cucumbers, starfish and crinoids (feather stars or sea lilies) are well
known for their striking regenerative potential. Crinoids can rapidly and
completely regenerate arms lost following self-induced or traumatic amputa-
tion. Thus they provide a valuable experimental model for investigation of the
regenerative process from the macroscopic to the molecular level (Candia
Carnevali and Bonasoro 2001; see Candia Carnevali, this Vol.) and for the
identification of the genes involved in the process of neural regeneration
(Thorndyke et al. 2001). Echinoderm regeneration also provides a convenient
model for examining the effects of persistent micropollutants on the develop-
mental physiology (cell proliferation, morphogenesis, differentiation, tissue
renewal) of marine animals. The regeneration response of the crinoid Ante-
don mediterranea is especially sensitive to endocrine disrupters such as poly-
chlorinated biphenyls (PCBs), and exposure to these chemicals induces sig-
nificant variations in the timing and mode of arm regeneration (Candia
Carnevali et al. 2001).
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5
Sustainable Development

5.1
The Research Requirement

Although there has been a recent increase in research effort into echinocul-

ture, the technology developed for many species outside of Japan has thus far

largely been at a research scale and it is likely to require some adaptation to
allow commercial operations. Being able to guarantee a supply of seed (juve-
niles) for on-growing underpins any successful aquaculture operation, and
seed supply may prove to be a bottleneck initially as the growing industry
scales up. Not all the technologies developed so far (and in particular diet for-
mulations) may be totally transferable between species, and further refine-
ments will be needed.

The aspects still requiring further research for commercial cultivation of
sea urchins can be summarised as the need to:

e complete the life cycle in culture;

e improve larval diets and shorten larval life;

e provide suitable settlement substrates that maximise survival at metamor-
phosis and of the post-larval stages;

e refine artificial diet formulations for juveniles and adults to maximise
growth rates and survivorship and produce gonads of the desired taste, tex-
ture, flavour and colour;

e optimise grow-out facilities for juveniles and adults either at sea (in con-
tainers or ‘ranched’) or land based;

e attend to packing, food hygiene, transport and marketing requirements.
The first three points in the list are also relevant for developing sea cucum-

ber cultivation where there is a similar bottleneck in seed supplies. Countries

already marketing fished produce will have experience in transport and mar-
keting; others will have to establish trade outlets.

There is potentially the need to culture a range of echinoderm species for
the growing market in compounds for biomedical research, and culture could
play a conservation role in meeting the needs of the home aquarium trade.

5.2
Environmental Considerations

While major reseeding/sea ranching programs, such as that for sea urchins in
Japan and for sea cucumbers in China, may be an appropriate way to enhance
stocks in areas formerly depleted by fishing, releasing large numbers of cap-
tive-bred animals into the wild will undoubtedly impact the genetic composi-
tion of those populations. The FAO recommends a minimum breeding popu-
lation size of 50 for short-term conservation and 500 for longer-term
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conservation. Relatively small numbers of brood stock are used in hatcheries
(Agatsuma 2004; Sakai et al. 2004), and the release of their juveniles will
decrease the genetic diversity in local populations. Similarly, where cultured
urchins are caged on the seafloor or in suspended culture, their gametes will
still be shed to the surrounding seawater. Therefore, consideration should be
given to both (1) the desire to genetically manipulate brood stock for better
growth characteristics of their progeny and (2) the preservation of genetic
diversity in sea urchin populations (Robinson 2004a).

Echinoculture is now poised to expand at a time when globally the aqua-
culture industry is receiving bad publicity, accused of a range of negative
environmental impacts. Therefore, to succeed, echinoculture must develop
effectively in a framework of increased legislation affecting businesses oper-
ating in the marine environment. This may provide the incentive for polycul-
ture of sea urchins or sea cucumbers with other species that feed at different
trophic levels. In such systems, the echinoderms, feeding on uneaten feeds,
detritus or seaweeds grown on waste nutrients from the polyculture systems,
may serve to reduce the environmental impact of the aquaculture activity
(Hagen 1996; Kelly et al. 1998; Shpigel et al. 2004).

5.3
Economic Considerations

It is a general trend that aquaculture operations for marine species do not
start until the (wild) fished stock has been diminished to a point where earn-
ings and lifestyle of the people involved are affected (Robinson 2004b). When
wild stocks decline, the demand created in the market place raises the price of
the product and consequently culturing is more likely to become viable eco-
nomically. As this review of culture methods has shown, there have been dra-
matic advances in the culture methods of sea urchins and sea cucumbers in
the last 10-15 years, to the extent that one can conclude that currently the
major obstacles to successful cultivation are indeed economic rather than bio-
logical. For example, it is the cost of producing seed, infrastructure for grow-
out systems and artificial diets for growing juveniles to market size rather
than the technical difficulty of these operations that will constrain the growth
of the industry. At present, it is the reseeding operations that are cost-effec-
tive, the ‘cost’ of the grow-out period being borne by the environment. One of
the few examples, outside of Japan, of farmed urchins reaching the market
place comes from Southern Ireland, where hatchery-reared juveniles are
transplanted to rock pools where they can be fed drift algae, until they reach
market size (J. Chamberlain, Dunmanus Seafoods Ltd., pers. comm.).

Hence the future of the echinoculture industry is closely linked to that of
the fisheries, whose fate will ultimately determine the market forces that will
shape this growing industry.
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Regenerative Response and Endocrine Disrupters
in Crinoid Echinoderms: An Old Experimental
Model, a New Ecotoxicological Test

M.D. CANDIA CARNEVALI

Abstract The regenerative phenomena that reproduce developmental
processes in adult organisms and are regulated by endocrine and neurohu-
moral mechanisms can provide new sensitive tests for monitoring the effects
of exposure to anthropogenic chemicals such as endocrine disrupter (ED)
contaminants. These pollutants in fact can be bioaccumulated by the organ-
isms, causing dysfunctions in steroid hormone production/metabolism and
activities and inducing dramatic effects on reproductive competence, devel-
opment and growth in many animals, man included. Current research is
exploring the effects of exposure to different classes of compounds well
known for their ED activity, such as polychlorinated biphenyls (PCBs),
nonylphenols and organotins, on regenerative potential of echinoderms, a rel-
atively unexplored and promising applied approach which offers the unique
chance to study physiological developmental processes in adult animals. The
selected test species is the crinoid Antedon mediterranea, which represents a
valuable experimental model for investigation into the regenerative process
from the macroscopic to the molecular level. The present study employs an
integrated approach which combines exposure experiments, chemical analy-
sis and biological analysis utilizing classical methods of light (LM) and elec-
tron (TEM and SEM) microscopy and immunocytochemistry. The experi-
ments were carried out on experimentally induced arm regenerations in
controlled conditions with exposure concentrations comparable to those of
moderately polluted coastal zones in order to reproduce common conditions
of exposure to environmental contaminants. The results of the exposure tests
were analysed in terms of effects at the whole organism, at the tissue and cel-
lular level, and possible sites of action of EDs. Our results show that prolonged
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exposure to these compounds significantly affects the regenerative mecha-
nisms by inducing appreciable anomalies in terms of regeneration times,
overall growth, general morphology and histological and cellular pattern. A
concentration/effect relationship could be found for all the substances. Inter-
estingly, contrasting results in terms of inhibition or acceleration of regener-
ation phenomenon were obtained for the different chemicals.

1
Regeneration and Its Biological Implications

Development in animals does not necessarily mean embryogenesis and does
not always start from an egg, fertilized or not. Regeneration is in fact a distinct
type of developmental process typically occurring in adult animals: it can
involve limited processes of cell turnover and tissue repair, replacement of
lost parts or organs, and even complete regrowth of whole individuals from
small body fragments. Due to its obvious close relation with fission phenom-
ena and cloning processes, regeneration can be considered the specific devel-
opmental strategy complementary to asexual reproduction, in the same way
as embryogenesis is complementary to sexual gametic reproduction. There-
fore, although regeneration unavoidably involves analogous problems of cel-
lular identity and positioning and often superficially resembles embryogene-
sis in an accelerated form, this basic difference in its intrinsic asexual
starting-point makes regeneration a significantly different biological process.
In embryogenesis, the structure is totally created ex novo, whereas in regener-
ation an already existing structure is reformed after its loss or severe injury
and the new cells develop in an established context of mature tissues and cells.
Therefore, in all animals, the regenerative processes related to different
organs and structures should be regarded as fundamentally distinct develop-
mental processes rather than as an accelerated recapitulation of ontogenetic
processes (Candia Carnevali and Bonasoro 2001a).

Although a response to injury is evoked in all animals, the degree of mor-
phological and functional recovery can show a remarkable variability not
only between unrelated groups, but also between closely related species. In
contrast to the old traditional views which regard the regenerative potential
as a prerogative of the simplest and most primitive animals, regeneration is
actually a widespread phenomenon through phylogeny and its quite hetero-
geneous distribution from the lowest to the highest phyla appears to be inde-
pendent of their organization and complexity level (Ferretti and Géraudie
1998; Thouveny and Tassava 1998; Candia Carnevali and Bonasoro 2001a). In
fact, the regenerative capabilities appear to depend upon the individual
potential for histogenetic and morphogenetic plasticity expressed in terms of
recruitment of stem cells and/or dedifferentiated cells, cell proliferation and
migration, supply of specific regulatory/trophic factors, and finally expres-
sion or re-expression of the developmental programme in adult animals.
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1.1
Regeneration in Echinoderms

In spite of the wide choice of potential models for studying regeneration, this
phenomenon has been extensively explored only in a few animals, which tra-
ditionally monopolized the attention of the developmental biologists. In con-
trast, with regard to many animal groups well known for their regenerative
capabilities, there are surprising gaps in knowledge in terms of not only cellu-
lar and molecular aspects of regeneration, but also basic mechanisms (Candia
Carnevali and Bonasoro 2001a).

Regarding general mechanisms, regeneration in all animals is traditionally
considered to involve one or other of two basic processes, epimorphosis and
morphallaxis. In epimorphosis, new tissues arise from undifferentiated cells
(stem cells or dedifferentiated cells) which form a typical blastema. This is a
discrete centre of proliferative activity providing a pool of new cells which can
give rise to all the regenerated structures. In morphallaxis, extensive phenom-
ena of rearrangement/recycling from existing tissues take place: no blastema
is involved and there is only limited and localized proliferation of cells
derived from existing tissues by dedifferentiation, transdifferentiation and/or
migration. In spite of this apparently clear and well-established difference
between epimorphosis and morphallaxis, recent results obtained in the same
model in different experimental conditions (see crinoid arm regeneration,
Candia Carnevali and Bonasoro 2001b) suggest that the traditional classifica-
tion of these two processes is too reductive and that the mechanisms at the
tissue/cellular level can be largely interchangeable and interpretable in a more
plastic and dynamic light.

Echinoderms, which thanks to their spectacular regenerative capabilities
were the favourite models of the pioneer regenerationists of the 19th and
early 20th centuries, after a long period of unexplainable neglect, were
reproposed to our attention by a series of recent papers (for review see Can-
dia Carnevali and Bonasoro 2001b; Candia Carnevali et al. 2001 ¢; Thorndyke
and Candia Carnevali 2001) exploring the basic mechanisms of the regener-
ative phenomenon and its cellular and molecular aspects. Regenerative
potential finds in echinoderms its maximum expression (Hyman 1955). It is
a common phenomenon in all the classes, extensively employed to recon-
struct external parts (arms or other appendages) and internal organs
(gonads, gut, visceral mass) often subjected to amputation, self-induced or
traumatic, rapidly followed by complete successful regrowth of the lost
parts. Regeneration in echinoderms is largely a predicted phenomenon and
in most cases follows autotomy, which can be considered the most important
proximate cause of structural loss and depends on the presence and proper-
ties of “mutable collagenous tissues” (MCTs) (for a review see Wilkie 2001;
Wilkie, this Vol.) at the level of the autotomy plane. Under physiological con-
ditions regeneration is prompted by autotomy and proceeds from the
retained side of a fractured autotomy plane.
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Reconstitutive regeneration of arms is particularly frequent in crinoids
and ophiuroids which have fragile arms often involved in self-induced or
traumatic mutilations. Interestingly, in many cases, the detached body frag-
ments can survive in good health for a long time and undergo phenomena of
partial or total regeneration independently of the donor animal (Candia
Carnevali et al. 1998). These phenomena, which are also quite common in
asteroids, provide evidence of the wide exploitation and implications of
regenerative potential in echinoderms. In particular in asteroids, besides the
extensive application in common repair mechanisms, arm regeneration offers
in fact the most complete example of cloning strategies. As well known, in a
few starfish species, individual autotomized arms can regenerate to produce
new complete adults. This extreme case clearly shows that in echinoderms
regeneration is an indispensable complement of the programme of asexual
reproduction which leads to the development of new individuals through fis-
sion mechanisms (Emson and Wilkie 1980; Mladenov and Burke 1994).
Besides asteroids, also many ophiuroids and holothuroids undergo asexual
propagation involving the splitting of adults into two or three pieces, with
subsequent regenerative development of complete individuals from each iso-
lated portion. This extensive and strategic employment of regenerative phe-
nomena throughout the phylum indicates that in echinoderms regeneration
actually represents an essential component of the life cycle, and this has a
wide range of biological implications. In fact, if a close correlation between
the regenerative potential of the individual and its possibility of survival can
be inferred easily, self-repair abilities not only appear to be an undoubted
advantage for the individual, but also give a fundamental contribution to the
adaptive capacities of the species and its fitness, since they increase the indi-
vidual’s chances of reproducing, sexually or asexually, even when it is dramat-
ically compromised in its body integrity.

Regeneration by both epimorphosis and morphallaxis is found in echin-
oderms (Candia Carnevali and Bonasoro 2001a). Epimorphosis with
blastema formation seems to typically occur whenever regeneration is a
widely predictable, rapid and effective phenomenon, which takes place
following autotomy (for instance in crinoids and ophiuroids; Candia
Carnevali and Bonasoro 2001b; Thorndyke et al. 2001). These epimorphic
mechanisms appear to reproduce rather closely what usually happens in
embryonic developmental processes. In contrast, morphallaxis seems to be a
more complicated and slower regenerative process which tends to follow
traumatic mutilations, for instance in arm tip regeneration of asteroids
(Mladenov et al. 1989; Moss et al. 1998). In this case, amputation is not a pre-
dictable event and the morphogenetic mechanisms imply phenomena of
substantial rearrangement of the old structures, which appear to be unique
to regeneration and not shared by embryonic development. As stated above,
investigation of crinoid regeneration under different experimental condi-
tions (see Candia Carnevali and Bonasoro 2001b) suggests that this dis-
tinction is quite artificial, and that the borders between these two processes
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are not so defined, especially in terms of mechanisms at the tissue/cellular
level.

Although occurring in all echinoderm classes, regeneration has been stud-
ied most thoroughly in crinoids, ophiuroids and asteroids (for review see
Candia Carnevali and Bonasoro 2001b; Candia Carnevali et al. 2001c;
Thorndyke and Candia Carnevali 2001). In holothuroids it is also ubiquitous
but has been explored in terms of mechanisms only in a few cases (Dolmatov
and Ginanova 2001; Garcia-Arraras and Greenberg 2001). Regeneration also
occurs in echinoids, but is limited in terms of extent and degree of capabilities
and only a few examples have been investigated (Dubois and Ameye 2001;
Bonasoro et al. 2004). In the species examined so far most results throw light
on aspects related to wound healing, growth, morphogenesis and differentia-
tion, but in most cases many crucial questions remain largely unanswered,
especially those related to specific cellular and molecular aspects, and much
work is still required. In fact, also in echinoderm regeneration, a complete
interpretation of the real biological significance and evolutionary implica-
tions of the phenomenon can be achieved only by a broad-spectrum inte-
grated understanding which emerges from diverse perspectives and from dif-
ferent experimental approaches applied to the most representative models.

1.2
The Regenerative Potential of Crinoids

Crinoids are well known for their spectacular regenerative capabilities exten-
sively and successfully employed to reconstruct both external parts, namely
arms, pinnules and cirri, and internal organs, such as digestive apparatus,
gonads and even complete visceral mass, which can be frequently lost follow-
ing traumatic injury, predation or spontaneous autotomy. Specimens collected
in nature always show regenerating arms at different stages of growth (Fig. 1a).
These regenerative phenomena can be easily reproduced in the laboratory by
mimicking the autotomy conditions and amputating the arms at the level of the
autotomy plane (sutures) (Fig. 1b-d). Arm regeneration in crinoids represents
the most thoroughly explored model in echinoderm regeneration studies
(Candia Carnevali and Bonasoro 2001b). Recently, we have carried out a com-
prehensive study of the overall process of arm regeneration in the comatulid
Antedon mediterranea, a valuable and flexible experimental model previously
successfully employed by old classical studies of developmental biology (Per-
rier 1873; Minckert 1905; Reichensperger 1912), which was re-explored in all its
aspects from the macroscopic to the molecular level.

This phenomenon can be described on the whole as a typical blastemal
regeneration in which new structures develop from migratory pluripotential,
actively proliferating cells in the presence of presumptive regulatory factors.
The overall process can be subdivided into three main phases (Fig. 2a): a
repair phase, an early regenerative phase and an advanced regenerative phase,
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Fig. 1. Schematic presentation of the experimental model. a Specimen of Antedon mediter-
ranea with three regenerating arms at different stages (arrows). b Main anatomical features
of the arm in sagittal section. ag Ambulacral groove; cc coelomic canal; /i ligament; mu mus-
cle; os ossicle; su suture. ¢ Normal arm, experimental amputations and regenerating arm.
d Stereomicroscopic view of regenerating arm (2 weeks post-amputation). Bar 1 mm

whose crucial aspects are related to common fundamental mechanisms such
as (1) intervention of stem cells and/or employment of dedifferentiated cells
(Fig. 2 b-e), (2) cell migration and proliferation, (3) contribution of putative
growth factors, particularly in terms of specific neurally derived factors and
(4) mechanisms of pattern formation. The data obtained so far are derived
from an integrated approach which utilizes different methods (first of all clas-
sical methods of microscopy - LM, confocal, TEM, SEM - and specific meth-
ods of immunocytochemistry, but also basic methods of biochemistry and
molecular biology) on experimentally induced arm regenerations (standard
or abnormal) obtained under significantly different experimental conditions,
including extreme mutilations (explants) or exposure to specific types of
environmental contaminants. In particular, the normal mechanisms and pat-
tern of the regenerative processes under standard conditions have been estab-
lished in serial experiments of regeneration at different stages following
pseudo-autotomic amputations (Candia Carnevali et al. 1993, 1995, 1997). A
parallel analysis has been carried out on the regenerative processes of both
the normal regenerating arms and the respective amputated arm segments
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Fig. 2. a Schematic reconstruction of the main phases of arm regeneration. Top downwards
Repair phase [0-24 h post-amputation (pa)], early regenerative phase (24-72 h pa),
advanced regenerative phase (72 h to 3 weeks pa). b Regenerative blastema; cl cicatricial
layer; ra: regrowing arm. b—e TEM: migratory cells involved in regenerative processes. Pre-
sumptive stem cells: amoebocyte (b), coelomocyte (c), phagocyte (d), granulocyte (e). Bars
4 um

(explants, Fig. 1¢; Candia Carnevali et al. 1998), which can be maintained
under good living conditions for about 3 weeks and represent excellent mod-
els for testing the arm regenerative potential in terms of autonomy of
resources and control and for comparing regenerative mechanisms in the
same individual. Different types of isolated explants have been successfully
employed: during the culture period they are able to undergo extensive repair
and regenerative processes in parallel with their donor arms. Comparison



174 M.D. Candia Carnevali

between the regenerative processes of arm explants and normal regenerating
arms of corresponding stages highlights that beside general similarities in the
basic regenerative processes there are some meaningful differences in terms
of mechanisms employed and cellular/tissue elements involved. The regener-
ative potential, mechanisms and pattern have also been explored and com-
pared under other experimental conditions, particularly with regard to aber-
rant regenerations resulting from arms deliberately subjected to traumatic
mutilations which do not reproduce autotomy (Candia Carnevali and Bona-
soro 2001b). The bulk of the results obtained so far in crinoids not only throw
light on the most relevant aspects related to wound healing, morphogenesis,
differentiation and growth in echinoderm regeneration, but also strongly
suggest employing this fascinating and promising experimental model for a
successful applied approach.

2
Endocrine Disrupters and Echinoderms

Some persistent and widely diffused contaminants of anthropogenic origin
can be easily bioaccumulated by the organisms and exert their effects as
“endocrine disrupters” (EDs). According to a recent definition (Holmes et al.
1997; Stahl et al. 1999), an ED is “an exogenous substance that causes adverse
health effects in an intact organism, or its progeny, secondary to changes in
endocrine function”. This means that these compounds can affect significantly
the exposed organisms, by modifying the homeostatic status of hormones,
particularly steroids, mimicking the action of natural hormones, interfering
synergistically or antagonistically with their synthesis, activity and metabo-
lism, interacting with their nuclear receptors and, finally, inducing dramatic
effects on gene expression (Colborn et al. 1993; Soto et al. 1995; Fairley et al.
1996; Gray et al. 1996; Cooper and Kavlock 1997; Cadbury 1998).

There is a long list of compounds (including pesticides, fungicides, insecti-
cides, commercial and industrial chemicals, medical drugs, contraceptives) in
some cases well known for their adverse effects on organisms, which exert
their action by modifying or modulating natural hormonal activity in
humans and wildlife populations: this list includes compounds with estab-
lished estrogenic/anti-estrogenic activity, as well as chemicals with andro-
genic/anti-androgenic activity. Detailed knowledge of routes of uptake, and
pattern of bioactivation, biotransformation and excretion is far from being
available for most of these compounds. Another unresolved problem is the
equivocal relationship between hormonal disturbances and toxicity.
Endocrine dysfunctions, in fact, can be in some cases a secondary response
related to toxicity rather than an independent primary response to the chem-
ical (Depledge and Billinghurst 1999). Several wildlife species have demon-
strated a significant susceptibility to endocrine-disrupting compounds. In
some extensively explored animal models, the exposure to EDs results in
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appreciable disruption of steroid hormone production accompanied by
related effects on reproductive and developmental mechanisms which can
vary a great deal according to the species. Since there are many categories of
pollutants displaying these potential actions, it is particularly difficult to find
a direct correlation between the exposure levels of the pollutant and its
observable effects on organisms, and we are still far from a broad detailed
understanding of their potential effects in terms of endocrine-regulated
processes. This is particularly true with invertebrates. In fact, in spite of the
increasing number of standardized laboratory tests with invertebrate species,
there is still a great demand for bioassay systems and/or biomarkers specific
for evaluating the potential threats of EDs to invertebrates, which actually
represent more than 95 % of the extant animal species in natural ecosystems.
It is important to underline that, among invertebrates, there are relevant dif-
ferences in terms of physiology and biochemistry and the same process can
be regulated by different mechanisms of endocrine controls. So, the use of the
same biomarker in one taxon has limited value in predicting similar effects in
other taxa. Even when a common mechanism is involved in regulating a phys-
iological process among taxa, sufficient differences among organisms with
respect to the mechanism itself may significantly alter the level of susceptibil-
ity to EDs. Another crucial point in exploring the effects of EDs in inverte-
brates is related to their mode of action which changes with the seasonal cycle
and/or the life stage of the target animal. In invertebrates, in general, ecotoxi-
cological testing has been mainly addressed to measuring adverse effects on
early developmental stages, with particular reference to larval stages
(Schweitzer et al. 1997; Novelli et al. 2002), which are more sensitive than
adults, or to identifying specific biomarkers of a number of relevant
endocrine systems in adult organisms.

In recent years, interest has grown in using aquatic invertebrates as tools for
monitoring environmental hazards. Although acute and chronic toxicity tests
with benthic freshwater organisms are being developed for many compounds,
the list of representative organisms for the marine environment is still very
incomplete. In spite of the number and variety of potentially useful inverte-
brate models, and the structural and functional key role of such animals in the
marine ecosystem, the attention tends always to focus on vertebrates, even
though several excellent examples of ED effects on marine invertebrates are
actually available in the literature (for a review see Depledge and Billinghurst
1999).1t is enough to quote the phenomena of imposex and intersex described
in gastropod molluscs, which can be regarded as some of the most dramatic
and well-documented examples of adverse effects of ED contaminants in the
marine field (Bryan et al. 1986; Gibbs et al. 1988; Horiguchi et al. 1995). How-
ever, with regard to important marine invertebrates such as echinoderms, the
available information is still rather limited, particularly as far as adults are con-
cerned (Kobahashi 1984; den Besten et al. 1989; 1990; 1991a,b; Anderson et al.
1994; den Besten 1998; Coteur et al. 2001; Békri and Pelletier 2004). In fact, the
teratogenic effects of various chemical agents and drugs on the development of
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embryos and larvae have been slightly more extensively studied, namely in sea
urchins (Schweitzer et al. 1997; Novelli et al. 2002). For a review on the effects of
physical and chemical pollutants on fertilization and embryogenesis see also
Angelini et al.,and Matranga et al., this book.

Echinoderms are prime candidates for being selected as marine target
macroinvertebrates and utilized as test animals because of their ubiquitous
distribution, tractability and sensitivity. They offer a wide range of models for
studying the effect of exposure to ED contaminants. A series of important
aspects make echinoderms particularly relevant and amenable for this eco-
toxicological approach. First, echinoderms are benthic animals and are par-
ticularly susceptible to the presence of micropollutants stored in marine sed-
iments. Primary uptake across external epithelia (respiratory surfaces,
epidermis, etc.) or secondary uptake from food represent important routes of
entry for many dissolved aquatic pollutants which can be rapidly bioaccumu-
lated by these organisms.

Second, regulatory factors and hormones, including peptides and steroids,
similar to those of vertebrates have been recently detected and characterized
in echinoderms. In particular, considerable published evidence indicates that
vertebrate-type steroids can be synthesized (both androgens and estrogens)
and used as terminal hormones along the neuro-endocrine cascades regulat-
ing reproductive, growth and developmental processes (Schoenmakers 1979,
1980; Schoenmakers and Voogt 1980; Voogt et al. 1984; 1990; 1991; Shirai and
Walker 1988; den Besten et al. 1989; Aminin et al. 1995; Shubina et al. 1997;
LeBlanc et al. 1999), and they have been demonstrated to control reproductive
activities and growth at cellular and tissue level. Current research is actually
focusing on echinoderm endocrinology and the improved knowledge in
terms of comparative physiology and biochemistry and specific mechanisms
involved, including steroid metabolism and possible modulations by ED com-
pounds, is providing a rather good background of necessary information
(Janer et al. 2004; Lutz et al. 2004). It is relevant to point out that although indi-
vidual components of endocrine systems have undergone significant evolu-
tionary divergence in response to specific adaptations, endocrine control
strategies and basic hormonal regulatory mechanisms have been, on the
whole, rather conserved among closely related animal groups. In terms of
evolutionary relationships, echinoderms are deuterostome invertebrates and
are phylogenetically more related to chordates than to other invertebrate
groups. A short analysis of the phylogenetic distance among genes is given in
the chapter by Zito et al., in this book. This means that there is less divergence
between echinoderms and vertebrates than between echinoderms and the
major protostome invertebrates (annelids, arthropods, molluscs): it is not sur-
prising, therefore, that echinoderms possess control mechanisms of physio-
logical processes rather similar, and maybe nearly homologous, to those of
vertebrates, in terms of molecules and actions. In this light, echinoderms may
therefore share with vertebrates similar targets in terms of EDs and be sus-
ceptible to the same chemicals known for causing reproductive dysfunctions
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in vertebrates. It is worth noting that in some echinoderm classes there is lim-
ited but significant published evidence of the disruptive effects of contami-
nants on steroid metabolism and steroid levels and on the effects on the
mono-oxygenase (MO) system (den Besten et al. 1989, 1990, 1991a,b;
Schweitzer et al. 1997; den Besten 1998). For this reason, echinoderms can be
considered key organisms in both basic and applied research in this field and
can be usefully employed for developing new successful experimental
approaches and strategies.

A third noteworthy point is that many echinoderm species are ecologically
relevant and occupy important positions in the food chain of vertebrate
wildlife: their loss could have dramatic consequences on the marine ecosys-
tem. In addition, some echinoderm species are edible and are highly valued by
humans, whereas other species are relevant for commercial and recreational
purposes. So it is important to understand the factors that might influence
long-term population viability of these valued resources and to develop a test-
ing programme, in the field and in the laboratory, in order to protect ecologi-
cally and economically important species from the potential effects of this
dangerous class of environmental contaminants.

A last important characteristic is that echinoderms, as already seen,
besides the normal processes of sexual reproduction, have spectacular and
unique capacity for regeneration and offer a wide range of models for study-
ing this phenomenon. Regenerating echinoderms can be regarded as particu-
larly valuable experimental models to test the effects of exposure to different
types of EDs. In fact, the regenerative phenomena which, as explained above,
have the peculiarity of representing developmental processes in the adult
organism, are characterized by enhanced and active phenomena of cell prolif-
eration, morphogenesis, differentiation and tissue renewal. They are typically
modulated by endocrine and neurohumoral mechanisms comparable to, if
not the same as, those usually involved in reproductive and developmental
processes. Vertebrate-type regulatory factors, including peptides and steroids,
which have been demonstrated to play a role in these processes, are very likely
to modulate cellular differentiation and tissue growth during regeneration
processes (Candia Carnevali et al. 2001 ¢; Thorndyke and Candia Carnevali
2001). For this reason, and on the basis of what has been suggested by a few
previous data (Walsh et al. 1986; Fingerman 1997), it was assumed that regen-
erative processes can be susceptible to EDs present in the environment. It is
very probable, in fact, that exposure to pseudo-hormonal contaminants can
induce variations, in terms of time, mechanisms and actions, in the physiol-
ogy of regenerative development which is amongst the most sensitive phe-
nomena with respect to environmental stress and consists of stages that can
be directly and conveniently monitored for cellular damage. This idea is in
agreement with the general trend of ecotoxicological testing with EDs, which
has been frequently addressed to detect early effects in developmental stages,
embryonic or larval, more sensitive than adults from this point of view. Toxi-
city tests on the sea urchin Paracentrotus lividus, for instance, highlighted that
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ED compounds such as organotins can cause critical and consistent damage
in early life stages (Schweitzer et al. 1997; Novelli et al. 2002). On the other
hand, previous data obtained from the ophiuroid Ophioderma brevispina
(Walsh et al. 1986) showed clearly that exposure to organotin compounds sig-
nificantly affected arm regeneration processes, demonstrating successfully
how useful the study of regenerative development in adult organisms can be.
In the light of what has been seen above, regenerating echinoderms appear to
represent ideal bioindicators of ED-induced stress at the whole-organism, cel-
lular and molecular level.

It is relevant to recall that an important goal in studying EDs is not only
determining the specific disruptive activity of each compound, but also estab-
lishing the most sensitive test species and the most specific forms of response
(endpoints) at which the hormonal dysfunction is unequivocally expressed.
For this reason, unique endocrine-regulated processes, such as echinoderm
regeneration, can provide an important target for toxic action and an original
and easily quantifiable endpoint that makes the regenerating animal a very
sensitive bioindicator: in fact, it can provide at the same time precious indica-
tions of the specific effects of these persistent pollutants on biological mecha-
nisms at the tissue and cellular level and an early assessment of possible
degenerative modifications of the marine ecosystem.

3
Crinoid Regeneration and Endocrine Disrupters

On the basis of their spectacular regenerative capabilities, crinoid echino-
derms are prime candidates for this ecotoxicological approach. In particular,
as previously explained, in the common feather star, A. mediterranea, arm
regeneration is a common phenomenon which can be easily studied under
laboratory conditions thanks to the favourable possibility of inducing experi-
mentally arm autotomy and subsequent regeneration (Fig. 1 ¢,d), and follow-
ing the complete regrowth of the lost arm in a relatively short period of time
(about 3 weeks). A. mediterranea is a widespread species in the Mediter-
ranean Sea, representative of the benthic fauna and easily found. It is a micro-
suspension-feeding organism on which persistent sediment-bound pollutants
have an immediate impact: it can, in fact, concentrate persistent and
hydrophobic pollutants directly by primary uptake from water and from sus-
pended matter and sediment, and secondarily from food, thus giving rise to
significant biomagnification phenomena. These animals can be maintained
in the laboratory for many months and, due to their remarkable capacity for
survival, are particularly amenable to the experimental approach. For all
these reasons, A. mediterranea should be considered as a suitable ecotoxico-
logical model to test endocrine-disrupting activity of selected compounds on
a typical marine species. This idea has been recently confirmed by a series of
preliminary results obtained with specimens exposed to specific contami-
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nants belonging to the ED class, which have clearly shown a wide range of
interesting potential effects of the exposure to these pollutants on the regen-
erative processes at all levels, macroscopic and microscopic (Candia Carnevali
et al. 2001a,b, 2003).

In this chapter, we analyse and compare the effects of exposure to different
classes of ED compounds on the process of arm regeneration in A. mediter-
ranea. The selected types of test compounds are: polychlorinated biphenyls
(PCBs), nonylphenols (4-NP) and tripheniltin (TPT-Cl) (Fig. 3). PCBs are
commercial products widely used as heat transfer fluids, hydraulic fluids,
flame retardants and dielectric fluids because of their unique properties,
including resistance to biological and chemical oxidation and nonflammabil-
ity. Nonylphenols are products of the slow and incomplete biodegradation of
nonylphenol polyethoxylates which are widely employed for domestic and
industrial uses. TPT-Cl is a typical organotin compound, extensively used in
agriculture and in antifouling paints, which tends to accumulate in the soil
and sediments.

The widespread use of these different compounds coupled with improper
disposal has led to significant global environmental contamination.
Although acute and chronic toxicity tests with benthic freshwater animals
have being developed for these contaminants, they have to be still definitely
established for marine organisms. These three classes of chemicals have
widely documented endocrine-disrupting activities which can be expressed
by contrasting effects on the exposed animal models. The first two com-
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pounds (PCBs, 4-NP) are included in the category of contaminant with
estrogenic effects (anti-estrogenic or estrogenic, respectively) (Granmo
1991; Arnold et al. 1996; Dickey 1997; Depledge and Billinghurst 1999; ); the
third (TPT-CI) is a typical compound with androgenic effect (Fait et al. 1994;
Matthiessen and Gibbs 1998). The aim of this study is (1) to offer a compar-
ative account of the possible insidious effects of exposure to ED contami-
nants on developmental physiology of typical marine animals, with particu-
lar reference to mechanism(s) of action of EDs on growth, differentiation,
and repair/regeneration processes at the whole organism, tissue and cellular
level in the model species, and to possible homeostatic mechanisms through
which the organism can interact and adapt to adverse environmental condi-
tions; and (2) to assess the validity of the regenerative response for bioassay.
A relevant point is that in our experiments, exposure to EDs was performed
in seawater at concentration ranges reproducing those of moderately pol-
luted coastal areas. The idea was to simulate realistic exposure conditions for
wildlife marine fauna.

3.1
Experimental Approach

Our experimental approach employed laboratory tests with individual com-
pounds based on exposure experiments with regenerating crinoid samples.
During the overall exposure period, lasting 2 weeks, the concentrations of the
selected compounds were measured in the exposure water and in the animal
tissues in order to follow bioconcentration kinetics.

3.1.1
Exposure Experiments

Specimens of A. mediterranea, collected from along the Tyrrhenian coast of
Italy (Giglio Island), were maintained in closed glass aquaria containing 50 1
of artificial seawater with an internal circulation system, at 14 °C, and fed with
InverteMin (Tetra Marin). Exposure to the selected pollutants was performed
under controlled conditions, in terms of environmental parameters and con-
tamination levels, under static or semistatic conditions (20 % water renewal in
24 h) as explained below. The exposure concentration was selected on the
basis of available data on real contamination levels in the coastal areas.
Groups of 30 specimens were employed in each aquarium (exposure, control
and solvent-control aquaria). In each exposed or control specimen, experi-
mental regeneration was induced in two to three arms, mimicking the auto-
tomy conditions. Immediately after the amputation, the experimental animals
were put in the test aquaria and exposed to different concentrations of the
selected compound for prefixed periods (72 h, 1 week and 2 weeks): in this
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way, the exposure period corresponded to well-defined and established
regenerative stages. At each stage, chemical analyses of water and echinoderm
tissues were performed in order to check the variability of exposure concen-
tration and the bioaccumulation.

3.1.2
PCB Exposure

The exposure to PCBs tests were performed under static conditions by
employing a commercial mixture of Aroclor 1260. Some replicates of the
experiments were performed at different exposure concentrations. The expo-
sure medium was obtained by adding concentrated water solutions of PCBs
(mother solutions) to the exposure aquaria (Candia Carnevali et al. 2001a,b),
reaching initial concentrations of 23,77 and 81 ng/l respectively.

3.1.3
4-NP Exposure

The exposure to 4-NP tests were performed under static conditions. Some
replicates of the experiments were performed at different exposure concen-
trations (2, 5 and 10 pg/l), which were obtained by adding suitable small
aliquots (less than 2 ml) of 4-NP acetone solutions in the exposure aquarium
until the pre-established final concentration was reached (Candia Carnevali
et al. 2003).

3.1.4
TPT-CI Exposure

The exposure tests to TPT-Cl (Merck) were performed under semistatic con-
ditions (20 % water renewal in 24 h). The experimental animals were exposed
to different concentrations of TPT-CI (50, 100 and 225 ng/l). The exposure
medium was obtained by adding to the aquaria 1.25 ml ethanol-TPT-Cl solu-
tion at the start of the experiment and 0.250 ml ethanol-TPT-CI solutions day
by day for the 20 % renewal (Barbaglio et al. 2004). The final ethanol concen-
tration in exposure aquaria was 0.025 ml/l (lower than that officially allowed
in long-term ecotoxicity tests with aquatic invertebrates). As far as the
selected TPT-CI exposure concentrations are concerned, the maximum con-
centration was close to LC,, experimental values quoted in the literature (Rip-
pen 1990), whereas the minimum concentration was close to NOEC (no
observed effect concentration) experimental values known for echinoderms
(Walsh et al. 1986).
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3.2
Biological Analysis

At whole-organism level the analysis focused on the effects of ED pollutants
on crinoid regenerative processes by taking into account abnormal morpho-
logical aspects related to growth and development. This analysis was suitably
associated with an accurate histopathological investigation focusing on spe-
cific anomalies at tissue and cellular levels. This integrated analysis provided
extensive information on the possible alterations, resulting in a highly sensi-
tive condition index related to ecologically relevant, individual-level res-
ponses. The histological examination, in particular, still provides one of the
most rapid and sensitive methods of detecting adverse acute or chronic
effects of exposure which represent intermediate levels of response between
those detectable at the whole-organism level and those at the molecular level,
and can reflect prior toxicant-induced molecular and biochemical aspects of
cell physiological alteration (Hinton 1997). Thus the biological aspects of the
regenerative processes were investigated in regenerating crinoids at whole-
organism, tissue and cellular levels by employing classical morphological
methods, both macroscopic and microscopic (stereo, light, electron - TEM,
SEM - and confocal microscopy) as described in detail in previous papers
(Candia Carnevali et al. 1993; Candia Carnevali and Bonasoro 2001b), associ-
ated with specific immunocytochemical protocols and/or statistical analyses
whenever appropriate.

Exposed and control regenerating arms were prefixed with 2 % glutaralde-
hyde in 0.1 M cacodylate buffer for 4-5 h, and then, after overnight washing in
the same buffer, post-fixed with 1% osmium tetroxide in the same buffer.
After standard dehydration in an ethanol series, the samples were embedded
in Epon-Araldite 812. The semithin and thin sections, cut with a Reichert
Ultracut E (diamond knife), were stained by conventional methods (crystal
violet-basic fuchsin for LM; uranyl acetate and lead citrate for TEM) and then
observed in a Jenaval light microscope and Jeol 100 SX electron microscope
respectively. A range of specific immunocytochemistry (ICC) techniques uti-
lizing commercial monoclonal antibodies was employed to monitor cell pro-
liferation (BrdU method; see Candia Carnevali et al. 1995, 1997) or pattern
distribution of common cellular biomarkers (cytochrome P450; see Candia
Carnevali et al. 2001a,b 2003). The results of the exposure tests were compared
with those obtained by a parallel analysis of normal regenerating samples
under standard conditions.

3.3
Chemical Analysis: Summary of Analytical Procedures and Results

The chemical analysis performed in parallel with the biological analysis is an
important component of the integrated ecotoxicological approach presented
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here and the results add great value to those derived from the biological
analysis. Nevertheless, the details of the analytical work are rather far from
the aims of the present review and, for completeness, it seems to be sufficient
to give only a schematic overview of the main points and to briefly summarize
the most relevant results obtained so far. Analytical techniques used in quan-
tification include high performance liquid chromatography (HPLC), high res-
olution capillary gas chromatography (GC) with flame ionization detector
(FID) and selective detection, and mass spectrometric (MS) detection. Aquar-
ium water samples were extracted by liquid-liquid extraction or solid-phase
extraction according to the polarity of the investigated pollutants.

3.3.1
PCBs

Three exposure concentrations were tested: 23,77 and 81 ng/l. The concentra-
tion in the exposure aquaria was controlled daily during 2 weeks of experi-
ments by extracting the PCB solution in seawater with n-hexane (pesticide
grade). The PCB congener concentration decreases with the exposure time: in
terms of total PCBs, at the end of the experiments, the analytical values of
exposure water were about 20% of the initial nominal concentrations. For
PCB determination in the animal tissues, three animals were collected from
each exposure and control aquarium at 72 h, 1 week and 2 weeks. The concen-
tration of chemicals in water and animal tissue extracts was measured by GC-
ECD for PCB (Candia Carnevali et al. 2001a,b) after clean-up on a Florisil col-
umn (4x0.7 cm i.d.). As far as bioconcentration is concerned, in the tests with
a nominal exposure concentration of 77 ng/l the 14-day total PCB concentra-
tion was 2,257 ng/g (on a lipid basis), not far from those measured in other fil-
ter feeders collected along the Mediterranean coasts.

3.3.2
4-NP

Three exposure concentrations have been tested: 2, 5 and 10 pg/l. The water
concentration was controlled at the end of the exposure period by extracting
the seawater 4-NP solution with an SPE (solid phase extraction) procedure. A
LiChrolut EN cartridge was used as solid-phase column and 500 ml of sample
was passed through the column to extract 4-NP which was then recovered
with 5 ml of methanol. The 4-NP concentration decreases in the exposure
medium with the exposure time: at the end of the experiments the analytical
values of exposure water were about 50 % of the initial nominal concentra-
tions. For 4-NP determination in the animal tissues three animals were col-
lected from each exposure and control aquarium at 72 h, 1 week and 2 weeks.
HPLC-fluorescence was used to analyse both water and tissues extracts (Can-
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dia Carnevali et al. 2003). As far as bioconcentration is concerned, this was
quite rapid, the tissue concentration reaching high values (0.4-0.6 pg/g) after
a short exposure period (72 h) with the lowest exposure concentration

(2 pg/).

3.3.3
TPT-CI

Three exposure concentrations were tested: 50, 100 and 225 ng/l. TPT-Cl
analyses were performed by gas-chromatographic separation and mass-spec-
trometry detection after derivatization of the original compound (TPT-Cl) in
the extraction medium. In terms of chemical parameters, a detailed chemical
analysis of water and tissue samples from our exposure experiments is still in
progress (Dagnac et al., unpubl.). Nevertheless, preliminary analytical results
clearly indicate that (1) actual concentrations measured in exposure medium
are much lower than the nominal ones (i.e. 1.3 and 9.3 ng/l for nominal expo-
sure concentrations of 50 and 225 ng/l respectively; Tremolada et al. 2004);
and (2) TPT-CI concentration in the animal tissues appears to be significantly
high (53 ng/g fresh wt.) with the lowest exposure concentration (50 ng/l), in
spite of the low final concentrations in the exposure water.

4
Exposure Effects of EDs and Biological Implications
on Regeneration

Arm regeneration in Antedon consists of a typical epimorphic blastemal
process which has been reconstructed in its main phases - repair phase, early
regenerative phase and advanced phase - particularly with respect to its cellu-
lar and molecular aspects (Candia Carnevali et al. 2001b, 2003). These phases
are schematically shown in Fig. 2a in relation to the basic anatomy of the arm,
whose main components are detailed in Fig. 1b: a segmental series of brachial
ossicles, connected by muscles and ligaments, a central brachial nerve,a multi-
ple system of coelomic canals,and an ambulacral epithelium. Our recent stud-
ies have also shown that arm regeneration is a typical nerve-dependent phe-
nomenon in which the nervous system acts as a primary source of regulatory
factors involved not only in the regenerative processes of the neural tissue
itself, but also to a large extent in development and regrowth of all other struc-
tures. In addition, the nervous system and the coelomic canals act as important
sources/vehicles for the different types of migratory cells, which are responsi-
ble for the regenerative processes, including presumptive stem elements
(undifferentiated amoebocytes and coelomocytes), phagocytes and granulo-
cytes (Fig. 2b-e). It should be noted here that coelomic fluids of echinoderms
contain different types of cells, generically called coelomocytes, which corre-



Regenerative Response and Endocrine Disrupters in Crinoid Echinoderms 185

spond to structurally and functionally distinct elements. Due to their capabil-
ity to respond to injuries, host invasion and cytotoxic agents, coelomocytes are
regarded as the immune effectors of echinoderms (Chia and Xing 1996; Gross
et al. 1999). For a review on coelomocytes see Matranga et al., in this book.
Coelomocytes are not yet well characterized functionally in crinoids, but are
morphologically distinguishable as undifferentiated (presumptive stem cells,
Fig. 2b,c) and differentiated (phagocytes and granulocytes, Fig. 2d,e) cells.
These latter cells are apparently typical of crinoids and are extensively
employed in repair processes (Fig. 2e). They are characterized by a massive
content of dense granules and represent well-differentiated migratory ele-
ments, present in the coelomic fluids or scattered in the connective tissues, par-
ticularly around the brachial nerve.

In our experiments, the effects of exposure to ED compounds on the regen-
eration process have been monitored at three regenerative stages, 72 h, 1 week
and 2 weeks post-amputation, which are considered significant stages in terms
of developmental processes (growth, morphogenesis and differentiation).
Here, we give an account of our recent results on the effects of the exposure to
different contaminants representative of distinct classes of ED compounds on
crinoid regeneration, with particular reference to the following points:

o effects at whole-organism level (mortality, growth, malformations);

o effects at tissue and cellular level (histological pattern, morphogenesis, dif-
ferentiation);

e possible sites of action, particularly in terms of steroid dysfunction.

4.1
Mortality

No toxic effects were observed in PCB-exposed animals in the sets of experi-
ments: all the experimental animals survived in good condition until the end
of the prefixed exposure period (72 h, 1 week, 2 weeks). In contrast, some mor-
tality was observed for 4-NP at the highest exposure concentration (5 and
10 pg/l), particularly for the longest exposure periods (1 week and 2 weeks).
In particular, a mean mortality of 30 % was recorded for 5 pg/l exposure con-
centration and 60 % for the 10 pg/l concentration. As far as TPT-Cl is con-
cerned, according to the data obtained so far (Barbaglio et al. 2004), no toxic
effects were observed with the concentration range from 50-225 ng/l. In all
these experiments, the mortality was less than 20 % in both exposed and con-
trol samples, a value that is considered acceptable for the validity of the eco-
toxicological results. The TPT-CI concentration of 1,000 ng/l appeared to be
close to acute toxicity threshold for A. mediterranea; 50 % mortality was evi-
dent in specimens exposed to this concentration within the first 72 h (LC,,),
and, in the surviving samples, growth did not progress further and regenera-
tive development appeared to stop at a very early stage (24-72 h post-ampu-
tation).
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4.2
Growth

The overall growth of the regenerating arms of A. mediterranea was signifi-
cantly affected by PCBs, 4-NP and TPT-Cl exposure in comparison with con-
trol animals (Candia Carnevali et al. 2001a,b; 2003; Barbaglio et al. 2004).
However, contrasting results were obtained for the three classes of chemicals:
in fact, some compounds accelerated the regenerative growth, whereas others
appreciably inhibited the regrowth process. As far as PCB exposure is con-
cerned, if during the early regenerative phase (72 h post-amputation) the
exposed samples did not show significant anomalies in terms of growth and
development, at the advanced regenerative phase (1-2 weeks post-amputa-
tion) an unusual accelerated growth was clearly evident in all the exposed
arms in comparison with the growth of the standard regenerating arms at the
same stages (Fig. 4a,b,e,f). This involved the overall size of the regenerating
arm, which appeared much more developed, and the differentiation of its
anatomical structures, external or internal, such as the lateral pinnules and
the brachial skeletal components (ossicles). In contrast, 4-NP appeared to
cause an appreciable delay in the overall growth of the regenerating blastema
observable with all the exposure concentration tested (Fig. 4a,d,e,g). With
regard to TPT-Cl-exposed samples, a clear effect in terms of enhanced
growth, even though less marked than that of PCB samples, could be also
detected (Fig. 4a,c,e;h). A quantitative analysis carried out in parallel with the
qualitative morphological analysis on the measured lengths of all the experi-
mental regenerates, in both exposed and control samples, showed that in
terms of average overall sizes of the regenerating arms, a clear correlation
between growth and exposure could be observed for all the test compounds:
the differences in the overall growth were particularly evident at 2-week post-
amputation; at this stage, which corresponded to a long-term exposure
period, the exposed samples also displayed a remarkable variability in terms
of overall growth if compared with the uniform standard size of the controls.
Quantitative data showed that in PCB-exposed samples the growth increase
was significant at both 1 week and 2 weeks post-amputation (Candia
Carnevali et al. 2001a,b), whereas in TPT-Cl-exposed samples a significant
effect in terms of enhanced growth could be detected only at the advanced
stage of 2 weeks and with the higher concentration employed (225 ng/l)
(Barbaglio et al. 2004).

Fig. 4a-h. Whole mount stereomicroscopic views of control and exposed regenerating
arms of Antedon mediterranea at different stages. Exposure concentrations: PCB: 14 ng/l; 4-
NP: 2 pg/l; TPT-CL: 100 or 225 ng/l. a-d 1 week pa (post-amputation): a control sample;
b PCB-exposed sample; ¢ TPT-Cl-exposed sample; d 4-NP-exposed sample. In the PCB-
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exposed sample, abnormal growth of the regenerate and advanced development of its
anatomical features are evident. In the TPT-Cl- and 4-NP-exposed samples, delayed and
anomalous regrowth is evident. Arrow Brachial ossicles; double arrowheads pinnules. Insets
show details of the respective regenerating arms from SEM. a and b, bars 240 um; inset bars
100 pm. e-h Regenerating arms at 2 weeks pa: e control sample; f PCB-exposed sample;
g 4-NP-exposed sample; h TPT-Cl-exposed sample. Growth of the PCB-exposed sample is
more pronounced than in the controls, whereas that of the 4-NP and TPT-CI samples is
markedly delayed. In addition, 4-NP and TPT-Cl samples show evident malformations. This
can be appreciated in terms of both overall size and shape of the regenerate and differenti-
ation of anatomical structures. Bars 240 um (e, g and h); 250 um (f)
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4.3
Malformations

The morphological analysis under the stereomicroscope pointed out specific
malformations in the exposed samples which could be attributed to individ-
ual compounds (Candia Carnevali et al. 2001a,b, 2003; Barbaglio et al. 2004).
Results obtained from the different series of tests performed with PCBs, 4-NP
and TPT-CIl, respectively, were in good agreement from a qualitative point of
view. Appreciable malformations in terms of general morphology and exter-
nal anatomy were observed in specimens exposed to 4-NP and TPT in com-
parison with controls (Fig. 4¢,d,g,h). In particular, during the advanced
regenerative phase (1-2 weeks), the evident delayed development of the
regenerate was expressed not only by the smaller overall size of the regenerat-
ing arm but also by a partial lack or abnormal development of its lateral pin-
nules (Fig.4g,h). The same range of anomalies was observed with all the expo-
sure concentrations tested. As far as TPT-Cl exposure experiments are
concerned, except for the 50 ng/l samples, all the exposed samples showed evi-
dent anomalies in terms of both external malformations in their overall shape
and anatomical features. Beside a generalized reduced growth of the regener-
ative blastema, remarkable atypical features could be seen in the regenerating
arms of the exposed specimens which appeared to be twisted and coiled or
unusually tuft-shaped (Fig. 4 c,h). This aberrant anatomy of the regenerate
was consistent with the presence of relevant anomalies in the corresponding
histological sections (see below), which were characterized by an unusual pat-
tern of specific tissues, with particular reference to a pronounced abnormal
development of the skeletal components.

4.4
Histological Pattern

The effects observed at the level of general morphology can be correlated with
relevant atypical features in terms of microscopic anatomy of both the stump
and the regenerating arm. These alterations are the most sensitive index of eco-
logically relevant, individual-level responses such as growth and development
(Hinton 1997). With all the test compounds employed so far, the histological
sections, in spite of a general good preservation of tissue integrity in all the
exposed samples, showed clear signs of anomalies, which were detectable since
the early regenerative phase and became more and more evident at the more
advanced regenerative stages (1 and 2 weeks post-amputation). It is significant
that these histological alterations always involved the same target structures,
but showed rather characteristic aspects that could be considered specific
effects of the exposure to the individual pollutant (Candia Carnevali et al.
2001a,b,2003; Barbaglio et al. 2004). Apart from a number of other minor atyp-
ical features, the following anomalies appeared to be particularly relevant:
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1. Development of an atypical blastema (pseudo-blastema), flattened and/or
ectopic, often including foreign non-blastemal elements (myocytes and/or
skeletal spicules) (in 4-NP- and TPT-exposed samples; Fig. 5a,b).

2. Unusual hypertrophy and swelling of the coelomic canals of both the
stump and the regenerate (particularly in PCB- and 4-NP-exposed sam-
ples; Fig. 5d,e,f,1).

3. Pronounced abnormal development of the skeletal components in the
regenerate (particularly in TPT-exposed samples; Fig. 5 ).

4. Enhanced and prolonged phenomena of cell migration (coelomocytes,
amoebocytes, phagocytes and granulocytes) evident at the level of both
coelomic canals and tissues (in all the exposed samples; Fig. 5b,i,k). In par-
ticular, this intense migratory activity tended to involve a large number of
granulocytes: their diffuse presence in the tissues, even at the advanced
regenerative stages, and the massive unusual occurrence of degranulation
phenomena in the stump tissues, particularly close to the coelomic canals,
were distinctive features of all the exposed samples. Under standard condi-
tions, in fact, the granule cells are extensively but limitedly employed dur-
ing the repair processes, their degranulation processes occurring specifi-
cally at the level of the amputation surface.

5. Massive recruitment of dedifferentiated or semi-dedifferentiated cells, par-
ticularly myocytes, that were frequently involved in migration phenomena,
particularly in the coelomic canals close to the amputation area (in all the
exposed samples, but mostly in 4-NP and TPT samples; Fig. 5b,i,k). The
muscles of the stump contributed extensively to this cell recruitment/
migration through phenomena of tissue rearrangement and dedifferentia-
tion during which the muscle fibres were massively replaced by other ele-
ments (coelomocytes and phagocytes; Fig. 5g,h,i,j). At TEM (Fig. 6a) many
individual myocytes appeared to progressively dedifferentiate to acquire
the features of undifferentiated coelomocytes actively involved in cell divi-
sion (see below), whereas other myocytes were obviously involved in apop-
tosis (Fig. 6b). These processes of muscular dedifferentiation and turnover
were always accompanied by related phenomena of massive cell migra-
tion/proliferation in the adjacent coelomic canals (Fig. 6 ). This is strongly
in contrast to what was observed under standard conditions, where regen-
eration is typically accomplished by the contribution of undifferentiated
stem cells which are responsible for the blastema formation.

6. Enhanced or inhibited cell proliferation. The first effect was particularly
evident in PCB-exposed samples, the second in 4-NP- and in TPT-exposed
samples. As indicated by our BrdU incorporation experiments, although
cell proliferation in both exposed and control samples was always localized
in the usual specific cytopoietic sites, mainly at the level of the apical
blastema and the coelomic epithelium of both the regenerate and the
stump, there was a substantial difference in labelling intensity and distrib-
ution among the different samples: the labelling in fact was much stronger
and more widely distributed in PCB samples (Fig. 6f,h), whereas it was
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Fig. 5a-k. LM sagittal sections of control and exposed regenerating arms of Antedon
mediterranea at different stages. Exposure concentrations: PCB: 14 ng/l; 4-NP: 2 ug/l; TPT-
CI: 100 or 225 ng/l. a—c Details of the blastema regions at 72 h pa (post-amputation): control
(a) and TPT-Cl samples (b, c). In b, an atypical pseudo-blastema which mainly consists of
ectopic migratory myocytes (arrows) is evident; ¢ shows the unusual presence of well-
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rather modest and less diffuse in 4-NP and TPT samples (Fig. 6g) with
respect to the controls. Unexpectedly, in PCB-exposed specimens, the
labelling involved to a relevant extent also the muscles of the stump
(Fig. 6h). This seems to indicate that, at least in the PCB-exposed samples,
the muscles can directly provide a significant contribution to regeneration
also in terms of cell proliferation.

7. Recycling and turnover of the stump tissues, namely the endoskeleton and
the connective tissue (mostly in PCB- and 4-NP-exposed samples; Fig. 6d).
These phenomena were significantly different from those related to the
muscles and involved extensive degenerative phenomena which led to vac-
uolization/vesiculation of both the extracellular matrix and the cells
(fibroblasts or scleroblasts respectively). The massive presence of phago-
cytes at advanced regenerative stages of 2 weeks indicates that these tissues
are employed as a secondary indirect source of reserve materials for new
synthesis.

8. Atypical ultrastructural features of specific cell types, including the
blastemal cells (mostly in PCB- and 4-NP-exposed samples; Fig. 6e). In par-
ticular, a marked development of endoplasmic reticulum (both RER and
SER) and Golgi complexes and an unusual abundance of lipid granules and
empty vacuoles were typical features of the exposed samples and could be
correlated with a cytological pattern of steroid dysfunction. Interestingly,
in the exposed samples, besides these histological and cytological features,
the integrity/preservation of other tissues of both the stump and regener-
ate (epithelia, nerve tissue, etc.) was rather good, even in the long-tem
exposed samples of 2 weeks post-amputation, without any significant mor-
phological variation with respect to the standard conditions seen in nor-
mal regeneration;

9. Possible induction of protective biochemical responses. Immunocyto-
chemical results showed, in fact, that in PCB- and 4-NP-exposed samples
there was an appreciable increase in the expression pattern of specific

developed skeletal spicules in the blastema (arrows). a and b, bar 100 pm; ¢ 20 um.
d-f Exposed regenerating samples of 1 week pa: d PCB; e TPT-CI; f 4-NP. Abnormal growth
of the regenerate is evident in PCB samples. In contrast, the regenerative blastema is hetero-
geneous and poorly developed in TPT-Cl and 4-NP specimens. In all the exposed samples
the coelomic canals (cc) are hypertrophic. b Blastema; ne nerve. Bars 200 um.
g-i Exposed and control samples at 1 week pa: g PCB; h control; i 4-NP. Details of the mus-
cle bundles of the stump. In contrast to the compact structure of the control muscle, the
PCB- and 4-NP-exposed samples show extensive muscle rearrangement/dedifferentiation.
cc Coelomic canal; mu muscle. Bars 30 um. j, k Details of 4-NP-exposed samples of 1 week
pa. j The muscle bundle consists of semi-dedifferentiated myocytes and undifferentiated
coelomocytes (arrows); k the coelomic canals of the stump are involved in extensive cell
proliferation/ migration (arrows). A number of myocytes are released through the coelomic
wall into the lumen. Bars 20 pm
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Fig. 6. TEM and ICC sections of control and exposed regenerating arms of Antedon
mediterranea at different stages. Exposure concentrations: PCB: 14 ng/l; 4-NP: 2 ug/l; TPT-
CI: 100 or 225 ng/l. a-d TEM details of 1 and 2 weeks exposed samples. Bars 2 pm. PCB (a,
e, f),4-NP (b, c). a Detail of the muscle bundle of the stump. b Myocyte showing a typical
apoptotic nucleus. ¢ Migratory semi-dedifferentiated myocytes inside the coelomic canal.
d Connective tissue of the stump showing extensive processes of cellular rearrangement/
vacuolization. e Blastemal cell showing unusual development of endoplasmic reticulum
and Golgi complexes. Bar 1 pm. f-h ICC for BrdU. The number of BrdU-labelled cells is
massive in the blastema of PCB samples (f) and rather limited in that of 4-NP samples (g).
A strong and extensive labelling is also found in the coelomic epithelium (cc) of PCB sam-
ples (h).i ICC for cytochrome P450. The details show an intense immunoreaction in many
cells (arrows) at the level of the tissues of the stump, particularly in connective and skeletal
tissue. Bars: f 25 pm; g 30 pm; h 10 pm; i 30 pm

enzymes such as the microsomal cytochrome P-450 mono-oxygenase sys-
tem, i.e. the main enzymes responsible for biotransformation and metabo-
lism of the majority of lipophilic xenobiotics (den Besten 1998). Interest-
ingly, the reaction was intense and diffuse in the tissues of the stump more
involved in turnover activity (Fig. 6i).

5
Conclusions and Future Prospects

In the light of the present results, the regenerative processes of crinoids
appear to provide valuable and flexible experimental models for studies
exploring the effects of exposure to exogenous substances on the regenera-
tive growth with particular reference to endocrine disrupter contaminants
(EDs), which induce significant dysfunctions in terms of processes of growth
and development from the whole organism level up to the tissue, cellular and
molecular level.

In particular the experiments of prolonged exposure to typical ED com-
pounds, such as PCBs, 4-NP and TPT, employed at low concentrations repro-
ducing the contamination levels of moderately polluted coastal zones (Geyer
etal. 1994), indicate significant variations in timing and intrinsic mechanisms
of regeneration in terms of:
accelerated or delayed growth
enhanced or inhibited cell proliferation
massive and prolonged cell migration
extensive cell/tissue recycling and rearrangement
aberrant histogenesis
cytological disorder
induction of protective biochemical responses
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These effects are associated to a rapid and persistent bioaccumulation of
all the test compounds in the animal tissues (Candia Carnevali et al., 2001a,b;
Dagnac et al. unpublished; Tremolada et al. in press). Although these aspects
often indicate specific and contrasting effects caused by the individual conta-
minant (Barbaglio et al. 2004; Candia Carnevali et al. 2001a,b; 2003), they
point out that all these compounds 1) affect growth and development by inter-
fering with the same basic cellular mechanisms of regeneration, such as cell
proliferation, migration and differentiation/dedifferentiation, which are pos-
sibly controlled and stimulated, directly or indirectly, by steroid hormones
(Marsh and Walker 1995); 2) can induce a number of significant modifican-
tions in timing, modalities and pattern of arm regeneration which, in terms of
histopathology, can be interpreted in the light of a significant activation of
cell mechanisms related to steroid synthesis/metabolism and/or to specific
detoxification processes (den Besten 1998; Schoenmakers 1980). The possible
effects of exposure tests with suitable mixture of ED compounds, such as
PCBs, 4-NP, organotins and others, could be an intriguing point to investigate
in a further step of the research work in order to progress in exploring in real-
istic terms the potential ecological significance of endocrine disruption in
marine invertebrates.

Taking into account the increasing importance for our future prospects of
life to determine the impacts of chemicals in the environment, the bulk of our
results not only presents a new valuable model for specific ecotoxicological
applications, but also clearly reveal how appropriate can be to employ an
integrated approach centered on individual responses at more than one level
of biological organization, from cell to whole animals, for testing the effects
of exposure to insidious exogenous substances on growth and development.
Useless to say, our multilevel approach, can be obviously helpful to identify,
assess and validate suitable biomarkers at tissue and cellular level. In addition
this approach can also be naturally expanded in the area of in vitro aquatic
toxicology if suitably associated to applications of in vitro techniques, a field
which needs urgently to be developed in aquatic invertebrates for conducting
controlled laboratory experiments on well-characterized cell lines also
derived from adult regenerating animals. The potential for in vitro techniques
in this area is clearly shown by Matranga et al., this book. Last but not least,
our approach can also help to throw light on basic problems such as that of
the regeneration-competent cells, in terms of origin (stem cells or dedifferen-
tiated cells), activities (proliferation and/or migration) and fate (derived cell
lineages), or that of the functional implication of regulatory mitogenic or
morphogenic factors. An integrated understanding of the cellular and molec-
ular basis of these processes emerging from basic research associated to com-
plementary experimental approaches, such as a modern ecotoxicological
approach, in vivo and in vitro, appears in fact to be quite timely and appro-
priate. The crucial point of the “progenitor” elements involved in regenerative
processes, in terms of cell recruitment, sources and fate, and totipotentiality,
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pluripotentiality or unipotentiality,is a central problem, particularly relevant
for its topical interest, which deserves to be explored appropriately also in
experimental models less commonly used but potentially very amenable for
this approach. The identification of the cellular events induced by wounding
and repair in regenerating animals in normal and extreme conditions of
environmental stress can significantly help to understand the conditions and
factors that allow developmental fields to be established de novo in terminally
differentiated tissues. The stimulation of regeneration of new tissues from old
tissues in vivo, constitutes, in fact, an emerging and exciting interdisciplinary
field called “regenerative biology” (Stocum 1998) whose wide potential of
expansion is strictly depending on the knowledge of the fundamental mech-
anisms at the cellular and molecular level. The identification of the distribu-
tion and characteristics of the reserve of progenitor cells and of the signals,
stimulatory or inhibitory, to regeneration will be major avenues of research in
the new field of regenerative medicine (Pearson 2001) and, in our attempt to
regenerate human tissues in vivo, we can learn from crinoids how to induce
the formation of progenitor cells by cell dedifferentiation.

On the whole our ecotoxicological approach throw new light into the wide
field of environmental regulation of development by confirming that also
regenerative development is “critically keyed to the environment” (Gilbert
1997). The bulk of results obtained so far provide significant indications on
sub-lethal effects of exposure to ED compounds and mechanisms of toxicity
related to developmental physiology, in terms of both regulatory mechanisms
of growth, morphogenesis, differentiation and morphological anomalies at
whole organism, tissue and cellular level. In conclusion, the regenerative
response of crinoids can be considered a new, quite original and sensitive test
for studying ecotoxicological effects of persistent ED pollutants and assessing
their disrupting activity, which not only perfectly responds to the 5-R requi-
sites indicated by Hopkin (1993): Relevant, Robust, Reliable, Responsive,
Reproducible, but even extends the definition of the ideal ecotoxicological
model by adding a possible sixth R : Regenerating.
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Echinoderm Adhesive Secretions:
From Experimental Characterization
to Biotechnological Applications

P. FLAMMANG, R. SANTOS, D. HAESAERTS

Abstract. Adhesion is a way of life in echinoderms. Indeed, all the species
belonging to this phylum use adhesive secretions extensively for various vital
functions. According to the species or to the developmental stage considered,
different adhesive systems may be recognized. (1) The tube feet or podia are
organs involved in attachment to the substratum, locomotion, feeding or bur-
rowing. Their temporary adhesion relies on a duo-gland adhesive system
resorting to both adhesive and de-adhesive secretions. (2) The larval adhesive
organs allow temporary attachment of larvae during settlement and strong
fixation during metamorphosis. (3) The Cuvierian tubules are sticky defence
organs occurring in some holothuroid species. Their efficacy is based on the
instantaneous release of a quick-setting adhesive. All these systems rely on
different types of adhesion and therefore differ in the way they operate, in
their structure and in the composition of their adhesive. In addition to funda-
mental interests in echinoderm bioadhesives, a substantial impetus behind
understanding these adhesives are the potential technological applications
that can be derived from their knowledge. These applications cover two broad
fields of applied research: design of water-resistant adhesives and develop-
ment of new antifouling strategies. In this context, echinoderm adhesives
could offer novel features or performance characteristics for biotechnological
applications. For example, the rapidly attaching adhesive of Cuvierian
tubules, the releasable adhesive of tube feet or the powerful adhesive of aster-
oid larvae could each be useful to address particular bioadhesion problems.
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1
Introduction

Among mechanisms allowing marine organisms to attach to or manipulate a
substratum, one can distinguish mechanical attachments (e.g. hooks or suck-
ers) from chemical attachments (with adhesive substances) (Nachtigall 1974).
The way the former operates is generally obvious, whereas the functioning of
the latter remains enigmatic. Yet, adhesion (attachment with adhesive sub-
stances) is a way of life in the sea. Indeed, representatives of bacteria, protoc-
tists (including macroalgae) and all animal phyla living in the sea attach to
natural or artificial surfaces. Adhesion is particularly developed and diversi-
fied in invertebrates, who use it during their larval life as well as during their
adult life (Walker 1987). It is involved in various functions such as attachment
to the substratum, handling of food or building tubes or burrows (Walker
1987; Tyler 1988; Flammang 1996; Whittington and Cribb 2001).

Seawater, being a dense medium, denies gravity the power to hold organ-
isms to the bottom; thus, if they want to withstand the hydrodynamism,
marine organisms must have adhesive mechanisms. Attachment to the sub-
stratum is therefore the most important use of adhesion by marine inverte-
brates. Adhesion to the substratum may be permanent, transitory or tempo-
rary (Tyler 1988; Flammang 1996; Whittington and Cribb 2001). Permanent
adhesion involves the secretion of a cement and is characteristic of sessile
organisms staying at the same place throughout their adult life (such organ-
isms have representatives among sponges, hydrozoan cnidarians, cirripede
crustaceans, bivalve molluscs, tubicolous polychaetes, bryozoans and tuni-
cates) (Walker 1987). Transitory adhesion allows simultaneous adhesion and
locomotion: the animals attach by a viscous film they lay down between their
body and the substratum and they creep on this film, which they leave behind
as they move. This type of adhesion is characteristic of invertebrates - mostly
small soft-bodied invertebrates such as turbellarians, nemertines, gas-
trotrichs and polychaetes — moving along the substratum by ciliary gliding
(Tyler 1988; Whittington and Cribb 2001). Larger animals such as sea
anemones and gastropod molluscs also use transitory adhesion; they move by
means of waves of muscular contractions running along their foot (Walker
1987). Temporary adhesion allows organisms to attach firmly but momentar-
ily to a substratum. This type of adhesion is very frequently found in small
invertebrates inhabiting the interstitial environment, e.g. in turbellarians, gas-
trotrichs, nematodes and polychaetes (Tyler 1988). A few macro-inverte-
brates, such as some cnidarians and most echinoderms, can also attach and
detach repeatedly (Flammang 1996).

Recently, Whittington and Cribb (2001) have introduced the term “tissue
adhesion” to describe the attachment of symbiotic organisms to the living tis-
sues of their hosts. Although they suggested that tissue adhesion is a fourth
type of adhesion, we rather propose that this is a subcategory of either perma-
nent, transitory or temporary adhesion, which should be opposed to adhesion
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to abiotic substrata. Indeed, examples of tissue adhesion include permanent
attachment of parasitic barnacles on whale skin (Ridgway et al. 1997), transi-
tory attachment of parasitic gastropods on echinoderm epidermis (Vaitilin-
gon et al. 2004) and temporary attachment of parasitic monogeneans on the
gills or skin of fishes (Whittington and Cribb 2001). There are, however, inver-
tebrate adhesive systems that do not fit into the three types of adhesion
described above. These adhesive systems rely on single-use organs or cells
and are used in functions other than attachment to the substratum requiring
a very fast formation of adhesive bonds. Prey capture by collocyte-bearing
tentacles of ctenophorans (Franc 1978; Eeckhaut et al. 1997) is a typical exam-
ple of this type of adhesion for which we propose the term “instantaneous
adhesion”.

The phylum Echinodermata is quite exceptional in the sense that most
species belonging to this group use adhesion extensively. Moreover, according
to the species or to the developmental stage considered, different adhesive
systems may be recognized. These include: (1) tube feet or podia, organs
involved in attachment to the substratum, locomotion, feeding or burrowing;
(2) larval adhesive organs allowing attachment of larvae during settlement
and metamorphosis; and (3) Cuvierian tubules, sticky defence organs occur-
ring in some holothuroid species. All these systems rely on different types of
adhesion and therefore differ in the way they operate, in their structure and in
the composition of their adhesive.

2
Tube Feet

Being exclusively benthic animals, echinoderms have activities and adapta-
tions that are correlated with a benthic existence. Most of these activities,
such as attachment to the substratum, locomotion, handling of food and
burrow-building, rely on adhesive secretions allowing the animal to stick to
or to manipulate a substratum. In post-metamorphic echinoderms, these
adhesive secretions are always produced by specialized organs, the podia or
tube feet. These are the external appendages of the ambulacral system and
are also probably the most advanced hydraulic organs in the animal king-
dom. Tube foot attachment is typically temporary adhesion. Indeed,
although tube feet can adhere very strongly to the substratum, they are also
able to detach easily and voluntarily from the substratum before reinitiating
another attachment-detachment cycle (Thomas and Hermans 1985; Flam-
mang 1996)

Tube feet have diversified into a wide variety of morphotypes, which were
classified by Flammang (1996) into disc-ending, penicillate, knob-ending,
lamellate, ramified and digitate. In terms of adhesion, however, for practical
considerations only disc-ending tube feet involved in attachment to the sub-
stratum and locomotion have been studied in detail. These tube feet consist of
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a basal extensible cylinder, the stem, and an enlarged and flattened apical
extremity, the disc (Fig. 1A). Tube foot adhesive strength was evaluated by
measuring their tenacity, which is the adhesion force per unit area and is
expressed in Pascals (Pa). Tenacity of a single tube foot has been quantified in
several species of asteroids and echinoids. The mean normal tenacities mea-
sured on a glass substratum were 170 kPa in Asterias vulgaris (Paine 1926),
198 kPa in Asterias rubens (Flammang and Walker 1997) and 59, 120 and
290 kPa in Arbacia lixula, Sphaerechinus granularis and Paracentrotus lividus,
respectively (Santos 2003). Tenacities of whole individuals were also mea-
sured in the same echinoid species and respectively average 190, 260 and
330 kPa (Santos 2003). All these values are in the same range as those
observed in other marine invertebrates known to adhere very strongly to the
substratum (e.g. 230 kPa in limpets, 520 kPa in barnacles, 750 kPa in mussels;
see Walker 1987 for review). Tube foot adhesive secretions therefore appear to
be well tailored to provide an efficient attachment to the substratum, allowing
echinoderms to resist hydrodynamically generated forces.

The histological structure of the tube feet is remarkably constant for all
echinoderm species. Their tissue stratification consists of four layers: an inner
myomesothelium surrounding the ambulacral lumen, a connective tissue
layer, a nerve plexus and an outer epidermis covered externally by a cuticle
(Flammang 1996). At the level of the tube foot tip, these tissue layers are spe-
cialized in adhesion and sensory perception: the connective tissue layer and
the nerve plexus are thickened, and the epidermis is differentiated into a well-
developed sensory-secretory epithelium. The latter comprises two types of
secretory cells: non-ciliated secretory cells (NCS cells) enclosing large hetero-
geneous granules and ciliated secretory cells (CS cells) enclosing small homo-
geneous electron-dense granules (see Flammang 1996 for review). In some
species, two types of NCS cells co-occur in the sensory-secretory epidermis.
The study of the ultrastructure of these different types of secretory cells dur-
ing a complete cycle of attachment-detachment of the tube foot in A. rubens
(Fig. 2) demonstrated that they function as a duo-gland adhesive system as
originally proposed by Hermans (1983), and in which NCS cells release an
adhesive secretion and CS cells a de-adhesive secretion (Flammang et al. 1994;
Flammang 1996). The adhesive is present as a thin film between the tube foot
cuticle and the substratum and, when detachment occurs, it takes place at the
level of the outermost layer of the cuticle, the fuzzy coat, leaving the adhesive
material strongly attached to the substratum as a footprint (Fig. 1B,C) (Flam-
mang 1996).In A. rubens, polyclonal antibodies have been raised against foot-
print material and were used to locate the origin of footprint constituents in

Fig. 1A-C. Tube foot adhesion and adhesive in the echinoid Paracentrotus lividus (origi-
nals). SEM photograph of a disc-ending tube foot (A), and 3-D and 2-D topographical views
of adhesive footprints deposited on a glass substratum by this tube foot (B and C, respec-
tively). D Disc; S stem; SSE sensory-secretory epidermis
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Fig. 2A-D. Ultrastructure of the tube foot sensory-secretory epidermis in the asteroid Aste-
rias rubens during an attachment-detachment cycle (originals). TEM photographs showing
non-ciliated secretory cells (A) and ciliated secretory cells (B) before attachment. During
attachment to the substratum, non-ciliated secretory cells release some of their granules
(C), while ciliated secretory cells remain unchanged (not illustrated). After voluntary
detachment from the substratum, ciliated secretory cells have released their most apical
granules (D). CS Ciliated secretory cell; CU cuticle; FC fuzzy coat; NCSI type 1 non-ciliated
secretory cell; NCS2 type 2 non-ciliated secretory cell; P pore; SCC subcuticular cilium; SG
secretory granule

the tube feet (Flammang et al. 1998a). Extensive immunoreactivity was
detected in the secretory granules of both NCS1 and NCS2 cells, suggesting
that their secretions make up together the bulk of the adhesive material. No
immunoreactivity was detected in the secretory granules of CS cells and the
only other structure strongly labelled was the fuzzy coat. This pattern of
immunoreactivity suggests that secretions of CS cells are not incorporated
into the footprints, but instead might function enzymatically to jettison the
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fuzzy coat, thereby allowing the tube foot to detach (Flammang 1996; Flam-
mang et al. 1998a).

Footprints in echinoderms consist of a sponge-like material deposited as a
thin layer on the substratum (Thomas and Hermans 1985; Flammang 1996;
Flammang et al. 1998a). Although their diameter is easily measured after
staining of the adhesive material (Flammang 1996), footprint thickness is dif-
ficult to estimate. Using an interference-optical profilometer, which generated
three-dimensional images of the footprint surface, the mean maximum foot-
print thickness was found to be 100 nm in the echinoid P, lividus and 230 nm
in the asteroid A. rubens (Figs. 1B,C; Santos, Gorb and Flammang, unpubl.
data). The chemical composition of the footprint material was analysed in A.
rubens. Leaving inorganic residue apart, this material is made up mainly of
proteins and carbohydrates (Flammang et al. 1998a). The protein moiety con-
tains significant amounts of both charged (especially acidic) and uncharged
polar residues as well as cysteine. The carbohydrate moiety is also acidic,
comprising both uronic acids and sulphate groups. Adhesive interactions with
the substratum could be through ionic bonds, presumably involving the
acidic residues of both carbohydrate and protein moieties (Waite 1987),
whereas cohesive strength could be achieved by intermolecular disulphide
bonds. So far, A. rubens is the only species in which the tube foot adhesive has
been studied biochemically and nothing is known about other echinoderm
species. Regarding the asteroids, however, a comparative immunohistochem-
ical study of the tube feet from 14 species representing five orders and ten
families revealed that the adhesives of all these species are closely related, and
this independently of the taxon considered, of the species habitat and of the
tube foot morphotype or function (Santos et al. 2005).

Comparison of the composition of the temporary adhesive of A. rubens
with that of other marine invertebrates shows that it is closer to the transitory
adhesive of limpets, also composed of an association of proteins and acidic
glycans, than to the permanent adhesives of mussels and barnacles, made
almost exclusively of proteins (Flammang et al. 1998a; Flammang 2003). A
similar relationship between non-permanent adhesives is also observed when
one compares the amino acid compositions of the temporary adhesive from
asteroids with the temporary adhesive from monogenean flatworms and the
transitory adhesive from limpets (see Flammang 2003). This relationship
indicates convergence in composition because of common function (i.e. non-
permanent attachment to the substratum) and selective pressures.

3
Larval Adhesive Organs

For most echinoderms, metamorphosis transforms a bilaterally symmetrical
and pelagic larva into a radially symmetrical and benthic postmetamorphic
individual. Settlement always takes place during the so-called perimetamor-
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phic period (Gosselin and Jangoux 1998; Haesaerts et al. 2003), but either
before or after the metamorphic stage according to the class considered
(Strathmann 1978).1In both cases, adhesive organs attach either the competent
larva or the postlarva to the substratum during settlement. In three of the five
extant echinoderm classes, these organs are the tube feet, viz. the five primary
tube feet of competent echinoplutei in echinoids, the five primary tentacles
(and, for some species, two posterior tube feet) of pentactulae in
holothuroids, the five primary tube feet and the five first pairs of tube feet of
ophiuroid postlarvae (Strathmann 1978). These tube feet are similar in struc-
ture and function to tube feet of adults (Cameron and Fankboner 1984; Flam-
mang et al. 1998b). Larval adhesive organs of crinoids and asteroids are, on
the other hand, unique and have no equivalent in the postmetamorphic stage
(Strathmann 1978).

The perimetamorphic period of crinoids comprises three stages: the dolio-
laria (free-swimming larval stage), the cystidean (attached metamorphic
stage) and the pentacrinoid stages (attached postlarval stage) (Mladenov and
Chia 1983; Lahaye and Jangoux 1987; Nakano et al. 2003). Competent doliolar-
iae are small barrel-shaped larvae. They possess an attachment complex at
their anterior end which consists of a ciliary cap surrounding an apical tuft of
elongated cilia and a ventrally located and slightly depressed adhesive pit
(Fig.3A,B). The ultrastructure of this attachment complex has been studied in
comatulids (Chia et al. 1986; Jangoux and Lahaye 1990). It is strictly epidermal
and made up of elongated ciliated cells associated with a thick basiepidermal
nerve plexus. The four cell types forming the complex are sensory cells, cov-
ering cells and two types of secretory cells. Sensory cells and secretory cells of
the first type occur exclusively in the ciliary cap. The former bear a long
vibratile cilium whereas the latter are filled with secretory granules, which
contain a flocculent mucopolysaccharidic material. Secretory cells of the sec-
ond type are restricted to the adhesive pit where they are the most abundant
cell type. These cells are filled with secretory granules with an electron-dense
fibrillar proteinaceous content. At the beginning of the settlement phase, the
doliolaria becomes demersal and brushes the substratum with its apical tuft
(sensory structure) (Mladenov and Chia 1983; Lahaye and Jangoux 1988).
This implies the occurrence of a mechanism allowing the larva to combine
loose adhesion to the substratum with movement. This transitory adhesion is
achieved by the combined action of the secretory cells of the ciliary cap which
produce a thin mucous film retaining the larva at the water—substratum inter-
face, and of the covering cells whose cilia beat in this mucus (Jangoux and
Lahaye 1990; Flammang 1996). When reaching a suitable site, the larva stops
moving and turns itself round to have its body directed obliquely (the adhe-
sive pit facing the substratum). It then becomes permanently fixed and trans-
forms into a cystidean larva (Mladenov and Chia 1983; Lahaye and Jangoux
1988). Permanent adhesion starts with the release of the proteinaceous
cement by the secretory cells of the adhesive pit and continues during both
cystidean and pentacrinoid stages (Chia et al. 1986; Jangoux and Lahaye
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Fig. 3A-C. Larval adhesive organs of crinoids and asteroids. SEM photographs of the dolio-
laria larva of Antedon bifida (A) and of its anterior adhesive pit (B) (from Lahaye 1987),and
of the brachiolaria larva of Asterias rubens (C) (original). AD Adhesive disc; AdP adhesive
pit; AP apical papilla; AT apical tuft; CC ciliary cap; LBA lateral brachiolar arm; LP lateral
papilla; M mouth; MBA median brachiolar arm; PL preoral lobe; V vestibule; 1-4 ciliary
bands
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1990). After development of the cirri during this last stage, the juvenile
detaches from its cemented stalk (Lahaye and Jangoux 1987).

Competent larvae in asteroids are called brachiolariae because they possess
a specialized attachment complex on their anterior part comprising three bra-
chiolar arms and an adhesive disc (Fig. 3C; Barker 1978; Haesaerts et al. 2003).
Brachiolar arms are hollow tubular structures occupied by an extension of the
larval anterior coelom. Their histological organization comprises four tissue
layers: an inner myomesothelium, a connective tissue layer, a subepidermal
nerve plexus and an outer epidermis. Each brachiolar arm is tipped by several
sensory-secretory areas named papillae, where both the epidermis and the
nerve plexus are greatly thickened. The papillary epidermis encompasses
three types of secretory cells (cell types A, B and C), sensory cells and support
cells (Barker 1978; Haesaerts et al. 2005). Type A and B secretory cells are
numerous and occupy most of the volume of the papilla, while type C secre-
tory cells are scarce and occur only at the base of the papilla. Type A secretory
cells bear an apical cilium and contain large ovoid granules that enclose an
electron-dense heterogeneous material staining histochemically as neutral
mucopolysaccharides. Type B secretory cells bear a subcuticular cilium and
are filled with small granules containing a homogeneous electron-dense
material. The adhesive disc is a round, concave structure lying between the
brachiolar arms. It is an epidermal structure composed of two main cell
types: ciliated secretory cells and support cells (Barker 1978; Haesaerts et al.
2005). The former are full of large secretory granules enclosing a fibrous pro-
teinaceous content of woven aspect. When exploring the substratum, the com-
petent larva orients itself ventral side down and successively attaches and
detaches its brachiolar arms (Barker 1978; Strathmann 1978; Haesaerts et al.
2003). Papillae, when making contact with the substratum, are responsible for
sensory testing and temporary adhesion. Like adult tube feet, they function as
a duo-glandular system, with type A and B secretory cells acting as adhesive
and de-adhesive cells, respectively (Hermans 1983; Flammang 1996; Hae-
saerts et al. 2005). In addition, the contents of type A secretory cells cross-
react with antibodies raised against tube foot adhesive of A. rubens, indicat-
ing that adhesives from both brachiolar arms and podia are related to each
other and probably share identical molecules, or, at least, identical epitopes on
their constituents (Haesaerts et al. 2005). Once the larva has found a suitable
site for metamorphosis, brachiolar arms are gradually splayed out, enabling
the disc to release its cement (Barker 1978; Haesaerts et al. 2003). This attaches
the larva permanently to the substratum and marks the onset of the meta-
morphic stage. During this stage, tube feet become functional and ultimately
help the newly formed postlarva to detach from the cemented disc (Haesaerts
et al. 2003).

Among marine invertebrates, crinoids and asteroids are unique in using
non-permanent adhesion during settlement (transitory adhesion for the
doliolariae and temporary adhesion for the brachiolariae), permanent adhe-
sion for fixation during metamorphosis,and then reversing to non-permanent
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adhesion for their whole postmetamorphiclife (mechanical attachment for the
comatulids and temporary adhesion for the asteroids). Indeed, in general,
invertebrates that remain mobile as adults use a single type of adhesion
throughout their perimetamorphic period. For example, during settlement,
pediveligers of gastropod molluscs adhere to the substratum through a viscous
film of mucus produced by their foot on which they creep (transitory adhesion;
Koehl and Hadfield 2004). This type of adhesion is then conserved up until the
adult form (Walker 1987). Sessile invertebrates, on the other hand, cannot rely
on a single type of adhesion during their perimetamorphic period. These
organisms, which as adults use permanent adhesion and live cemented to the
substratum, need a non-permanent type of adhesion during settlement to
enable them to move around while exploring the substratum (Crisp 1984). For
premetamorphic attachment, they can therefore use either transitory adhesion
like bryozoan larvae or temporary adhesion like barnacle cyprids. From meta-
morphic attachment onwards, all these organisms then rely on permanent
adhesion to remain cemented to the substratum (Crisp 1984).

Adhesion strength of marine invertebrate larvae is difficult to measure due
to the small size of these organisms. It can be estimated, however, from the
water current required to wash larvae off a glass substratum. Using this tech-
nique, the nominal wall shear stress needed to dislodge temporarily attached
individuals of the asteroid Asterina gibbosa was about 1 Pa for brachiolariae
attached by the arms and 6 Pa for postmetamorphic individuals attached by
tube feet (Haesaerts, Callow and Flammang, unpubl. data). These values are
comparable to those required to dislodge newly settled barnacle cyprids
(0.2-8.7 Pa) and nudibranch larvae (4.26 Pa) (Koehl and Hadfield 2004). On
the other hand, a nominal wall shear stress of about 40 Pa was needed to
detach metamorphic larvae of A. gibbosa permanently attached by the disc
(Haesaerts, Callow and Flammang, unpubl. data), showing the very high
adhesive strength of this permanent adhesive.

4
Cuvierian Tubules

Cuvierian tubules are peculiar organs found in several species of holothuroids
(sea cucumbers), all belonging exclusively to the family Holothuriidae.
Tubules (Fig. 4A) occurring in holothuroids of the genera Bohadschia,
Holothuria and Pearsonothuria are expelled as sticky white threads that func-
tion as a defence mechanism against predators (Hamel and Mercier 2000;
Flammang et al. 2002). Cuvierian tubule adhesion is a typical example of
instantaneous adhesion, adhesion being achieved in a matter of seconds (less
than 10 s; Zahn et al. 1973).

Cuvierian tubules occur in great numbers (between 200 and 600 in H.
forskali; VandenSpiegel and Jangoux 1987) in the posterior part of the body
cavity of the holothuroid. Proximally they are attached to the basal part of the
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Fig. 4A, B. Morphology of Cuvierian tubules of Holothuria impatiens (originals). SEM
photograph of a transversely sectioned tubule (A), and longitudinal histological section
showing arrangement of tissue layers (B). CTL Connective tissue layer; IE inner epithelium;
L lumen; ML muscle layer; M mesothelium

left respiratory tree and their distal, blind ends float freely in the coelomic
fluid. When disturbed, the sea cucumber directs its aboral end toward the
stimulating source and undergoes a general body contraction. The anus
opens, the wall of the cloaca tears, and the free ends of a few tubules (usually
10 to 20 in H. forskali; VandenSpiegel and Jangoux 1987), together with
coelomic fluid, are expelled through the tear and the anus. As water from the
respiratory tree is forcefully injected into their lumen, the emitted tubules
elongate up to 20 times their original length (VandenSpiegel and Jangoux
1987). Upon contact with any surface, the elongated tubules become instantly
sticky. The adhesiveness of Cuvierian tubules combined with their tensile
strength make them very efficient for entangling and immobilizing most
potential predators (VandenSpiegel and Jangoux 1987; Hamel and Mercier
2000). Finally, the expelled tubules autotomize at their attachment point on
the left respiratory tree and are left behind as the holothuroid crawls away
(VandenSpiegel and Jangoux 1987). After expulsion and autotomy, Cuvierian
tubules are readily regenerated. Cuvierian tubules thus constitute an efficient
defensive mechanism. Their large number, sparing use and regeneration
dynamics make them a formidable line of defence (Hamel and Mercier 2000;
VandenSpiegel et al. 2000).
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Cuvierian tubule adhesive strength on glass has been measured in seven
species of sea cucumbers belonging to the genera Bohadschia, Holothuria and
Pearsonothuria (Flammang et al. 2002). The mean normal tenacities observed
varied from about 30 to 135 kPa. These tenacities fall within the range of
adhesive strengths described for marine organisms. They are, however,
among the lowest observed values (Flammang 2003).

Cuvierian tubules consist, from the inside to the outside, of an epithelium
surrounding the narrow lumen, a thick connective tissue layer and a mesothe-
lium lining the surface of the tubule that is exposed to the coelomic cavity
(Fig. 4). The mesothelium is responsible for adhesion. In quiescent tubules, it
is a pseudostratified epithelium made up of two superposed cell layers, an
outer layer of peritoneocytes and an inner layer of granular cells which is
highly folded along the long axis of the tubule (Fig. 4B). Granular cells are
filled with densely packed membrane-bound granules enclosing a proteina-
ceous material (Endean 1957; VandenSpiegel and Jangoux 1987). During elon-
gation, the structure of the mesothelium is modified: the protective outer
layer of peritoneocytes disintegrates and the granular cell layer, now
unfolded, thus becomes outermost on the tubule. Granular cells empty the
contents of their granules when the elongated tubule comes into contact with
a surface, resulting in adhesion (VandenSpiegel and Jangoux 1987; De Moor et
al. 2003).

In H. forskali, tubule print material, i.e. the adhesive left on the substratum
after mechanical detachment of the tubule, is composed of 60 % protein and
40 % neutral carbohydrate, a composition that is unique among the adhesive
secretions of marine invertebrates (De Moor et al. 2003). The proteinaceous
nature of the adhesive material is confirmed by the observation that prote-
olytic enzymes reduce the adhesive strength of Cuvierian tubules in H.
forskali (Zahn et al. 1973). The amino acid compositions of the protein frac-
tion in H. forskali, H. leucospilota, B. subrubra and P. graeffei indicate that their
adhesives are closely related. All are rich in small side-chain amino acids,
especially glycine, and in charged and polar amino acids (Table 1). Their com-
positions differ, however, from those of every other marine bioadhesive
(Flammang 2003). Only a small fraction of the Cuvierian tubule adhesive can
be extracted using denaturing buffers. This soluble fraction contains several
proteins with different molecular masses but with closely related amino acid
compositions, resembling the one of the whole adhesive (De Moor et al. 2003).
As for the tube foot adhesive, charged and polar amino acids are probably
involved in adhesive interactions with the substratum through hydrogen and
ionic bonding (Waite 1987). Small side-chain amino acids, on the other hand,
are often found in large quantities in elastomeric proteins (Tatham and
Shewry 2000). These proteins are able to withstand significant deformations
without rupture before returning to their original state when stress is
removed (Smith et al. 1999). The composition of Cuvierian tubule adhesive
has therefore all the characteristics of a strong and resistant underwater
adhesive.
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Table 1. Amino acid compositions of adhesive prints from the Cuvierian tubules of several
species of holothuroids (values in residues per thousand)

Amino acid Holothuria Holothuria Bohadschia Pearsonothuria
forskali® leucospilota® subrubra® graeffei®
HYP 0 24 8 8
ASX 78 74 64 62
THR 87 69 65 80
SER 60 42 58 58
GLX 91 122 106 124
PRO 55 74 69 63
GLY 266 267 298 254
ALA 88 115 91 85
CYS/2 14 3 9 4
VAL 38 29 35 37
MET 10 9 1 9
ILE 28 24 25 32
LEU 37 31 37 38
TYR 20 14 17 17
PHE 20 16 20 20
HIS 26 13 8 20
HLYS 0 5 12 3
LYS 31 12 29 22
ARG 50 57 46 63

a De Moor et al. (2003)
b Flammang and Waite (unpubl. data)

5
Applications of Marine Bioadhesives

In addition to fundamental interests in marine bioadhesives, a substantial
impetus behind understanding these adhesives is the potential technological
applications that can be derived from more detailed knowledge. These appli-
cations cover two broad fields of applied research: design of water-resistant
adhesives and development of new antifouling strategies.

Sessile organisms such as mussels, barnacles and tube-dwelling worms are
important macro-foulers and their adhesives are secreted as a fluid which
then gradually solidifies to form a cement possessing high adhesive and cohe-
sive strength (Walker 1987). Most studies of invertebrate adhesive systems
have therefore focused on the characterization of the permanent adhesives
from these organisms (see, e.g., Taylor and Waite 1997; Kamino et al. 2000).
The best-characterized permanent adhesive is that from the blue mussel,
Mpytilus edulis. In this species, several proteins have been identified and char-
acterized that co-occur as a complex blend in the byssal adhesion plaques
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(Waite 2002). So far, however, only one of these proteins (Mytilus edulis foot
protein 1; Mefp-1) has been used in biotechnological applications: in the form
of crude or recombinant preparations of the protein and in the form of chem-
ically synthesized, derived peptides (Burzio et al. 1997; Deming 1999; Taylor
and Weir 2000).

5.1
Design of Water-Resistant Adhesives

The fact that marine invertebrates produce adhesives that act in the presence
of water has aroused increasing scientific and technological attention because
water, including moist air, is usually the most common subverter of man-
made adhesive joints (Kinloch 1987; Waite 1987). Biomimetic materials
inspired by marine adhesives are therefore sorely needed for applications in
wet environments. Such materials could be used in underwater construction,
of course, but the most important applications are certainly to be found in the
biomedical field (Strausberg and Link 1990; Peppas and Langer 1994; Taylor
and Waite 1997). Indeed, the environment of the sea is similar in many ways to
the internal environment of mammalian organisms. Tissues are bathed in flu-
ids with pH and ionic composition similar to salt water. Theoretically, the
attachment mechanisms that some marine invertebrates have evolved to sur-
vive can be useful as biological adhesives for in vitro as well as in vivo uses.

For in vitro techniques, a crude preparation of Mefp-1 has been developed
as a cell and tissue adhesive (Cell-Tak, BD Biosciences) for immobilization of
biologically active moieties to inert substrata (Benedict and Picciano 1989;
Taylor and Waite 1997). Cell-Tak is used to attach cells or tissue sections to
many types of surfaces, including plastic, glass, metal and biological materi-
als. It can simplify the manipulation of biological samples for a number of
techniques, including in situ hybridization, immunoassays, microinjection,
immunohistochemistry and establishing primary cells in culture (Benedict
and Picciano 1989; Burzio et al. 1997; Taylor and Waite 1997). Cell-Tak has
been used successfully with a variety of healthy cell types, tumour cells, per-
meabilized cells and subcellular components (Taylor and Waite 1997). This
broad range of applications is explained by the fact that Mefp-1,in contrast to
cell adhesion molecules, acts as a non-specific attachment factor that fastens
onto a variety of functional groups present and accessible on the surface of all
cells and tissues (Taylor and Waite 1997).

Surgical or topical reconnection of severed tissues is essential for restora-
tion of their structure and function. The most widely used methods for join-
ing tissues focus on mechanical fasteners such as sutures and staples. Surgical
adhesives, however, provide attractive alternatives to mechanical fastening
(Strausberg and Link 1990; Albala 2003; Ninan et al. 2003; Singer and Thode
2004).In addition to their rapid application, they are particularly useful in tis-
sues that are difficult to reach, too difficult to cauterize or too delicate to with-
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stand suturing. Moreover, they are relatively painless to apply and may not
require the use of painful local anesthetics. They are also biodegradable, elim-
inating the need for suture removal. Currently, two types of surgical adhesives
are commercially available - fibrin-based adhesives (see, e.g., Albala 2003)
and cyanoacrylate-based adhesives (see, e.g., Singer and Thode 2004) - which
have been used successfully in a growing number of surgical procedures.
There are still several applications, however, for which these adhesives cannot
be used, e.g. in areas continuously bathed in body fluids (mucous membranes,
bladder, etc) (Albala 2003; Ninan et al. 2003; Singer and Thode 2004). Marine
bioadhesives could be ideal candidates for such applications because they
function in an aqueous environment, they possess the appropriate adhesive
and cohesive properties and they are ultimately biodegradable (Strausberg
and Link 1990; Ninan et al. 2003). However, any adhesive material targeted for
medical applications should also be biocompatible (non-toxic, low immuno-
genicity) and should not interfere with the natural healing process (Straus-
berg and Link 1990). Mefp-1 seems to be biocompatible and non-toxic in vitro
(Benedict and Picciano 1989). However, much has still to be learned before
clinical trials are performed for human applications (Burzio et al. 1997).

Dentistry is another field in which there is current demand for non-toxic
bioadhesives able to form durable adhesive bonds in the aqueous environ-
ment of the mouth (Peppas and Langer 1994; Burzio et al. 1997).

5.2
Development of New Antifouling Strategies

Biofouling is one of the most important problems currently facing marine
technology. In the marine environment, any solid surface will become fouled.
Materials submerged in seawater experience a series of discrete physical,
chemical and biological events, which result in the formation of a complex
layer of attached organisms known as biofouling (Abarzua and Jakubowski
1995; Callow and Callow 2002). Until now, antifouling methods involved the
use of toxic self-polishing paints releasing tributyltin (TBT) or cuprous oxide.
However, the impact of these compounds on the environment has led to a ban
on the use of TBT-containing paints and to close monitoring of copper dis-
charge from antifouling paints (Callow and Callow 2002). Fouling control is
therefore increasingly a problem of managing adhesion, and molecular
understanding of how marine bioadhesives work should open up novel tech-
nologies intended to specifically intervene in organism attachment (Taylor
and Waite 1997; Callow and Callow 2002). One of these technologies is the use
of enzyme-leaching paints. Indeed, it has been shown that enzymes can be
active in a paint coating and hydrolyze the attachment glue which is secreted
by the fouling organisms (Abarzua and Jakubowski 1995). Moreover, enzymes
are completely degraded in seawater within several days and they are non-
toxic for marine life. Another technology is based on the development of foul-
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ing-release coatings such as silicone coatings (Callow and Callow 2002). These
coatings, which exhibit low critical surface tensions, function by minimizing
the adhesion strength of attached organisms. Fouling organisms can settle on
the coating but are then removed by either mechanical or hydrodynamic
cleaning. Paradoxically, a recently developed fouling-release coating was
based on a marine bioadhesive possessing strong fouling characteristics.
Dalsin et al. (2003) synthesized hybrid molecules by combining a decapeptide
derived from Mefp-1 and poly(ethylene glycol), and used these molecules to
modify surfaces. The strategy exploits the adhesive characteristics of the
decapeptide to anchor poly(ethylene glycol) onto surfaces, rendering the sur-
faces resistant to cell attachment in vitro. In the future, it may also be
employed in preventing mussels, barnacles and other fouling organisms from
attaching to ship hulls, piers and other man-made structures (Dalsin et al.
2003).

5.3
The Potential of Echinoderm Adhesives

In view of the examples mentioned above, it appears that Mefp-1 has been
used successfully in several applications. However, there are some limitations,
such as requirement of post-translational modifications to certain amino
acids and the need for a separate enzyme for curing (Strausberg and Link
1990). New adhesive molecules that could overcome these problems are there-
fore sought. In this context, echinoderm adhesives could offer novel features
or performance characteristics for biotechnological applications. For exam-
ple, the rapidly attaching adhesive of Cuvierian tubules, the releasable adhe-
sive of tube feet or the powerful adhesive of asteroid larvae could each be use-
ful to address particular bioadhesion problems. If the tube foot de-adhesive
secretion proves effectively to be an enzyme, its incorporation into antifoul-
ing paints would be particularly relevant as many fouling larvae use tempo-
rary adhesion during settlement (Crisp 1984).

Work is currently in progress to identify, purify and characterize the differ-
ent molecules involved in echinoderm adhesion. The complete elucidation of
their structure and physico-chemical characteristics is an obligatory prereq-
uisite before any application can be envisaged.
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Mutable Collagenous Tissue:
Overview and Biotechnological Perspective

I.C. WILKIE

Abstract. The mutable collagenous tissue (MCT) of echinoderms can
undergo extreme changes in passive mechanical properties within a timescale
of less than 1 s to a few minutes, involving a mechanism that is under direct
neural control and coordinated with the activities of muscles. MCT occurs at
a variety of anatomical locations in all echinoderm classes, is involved in
every investigated echinoderm autotomy mechanism, and provides a mecha-
nism for the energy-sparing maintenance of posture. It is therefore crucially
important for the biology of extant echinoderms. This chapter summarises
current knowledge of the physiology and organisation of MCT, with particu-
lar attention being given to its molecular organisation and the molecular
mechanism of mutability. The biotechnological potential of MCT is discussed.
It is argued that MCT could be a source of, or inspiration for, (1) new pharma-
cological agents and strategies designed to manipulate therapeutically con-
nective tissue mechanical properties and (2) new composite materials with
biomedical applications.

1
Introduction

1.1
Collagenous Tissue

The collagens are a family of at least 19 proteins characterised by the presence
of triple helical regions composed of repeating Gly-X-Y triplets. The majority
of collagens occur in the extracellular matrix (ECM) of connective tissue, the
most prevalent of these being types I, II and III, which self-assemble into par-
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allel aggregations known as fibrils, and type IV, which forms a network in the
lamina densa of all basement membranes. In the ECM, collagen fibrils are
accompanied by a variety of other components, which may include other
fibrous structures, such as elastin fibres or microfibril aggregations, proteo-
glycans, glycoproteins and glycosaminoglycans. Some of these other compo-
nents link together adjacent collagen fibrils and are thereby responsible for
interfibrillar cohesion (Kannus 2000; Sarras and Deutzmann 2001).

Connective tissue in which the mechanically dominant component is colla-
gen is the most widespread and evolutionarily ancient structural material in
the animal kingdom. With the exception of possibly only the phyla Rotifera
(Clément 1993) and Placozoa (Syed and Schierwater 2002), it is present in the
bodies of all multicellular animals, including sponges, the internal ‘mesohyl’
of the latter being histologically and functionally a collagenous connective
tissue that, unlike the situation in other animals, is not separated from its
investing epithelia by basement membranes (Garronne 1978; Bonasoro et al.
2001). (It is possible that the absence of basement membranes from most
sponges is due to secondary loss: see Maldonado 2004.)

1.2
Mechanical Adaptability of Collagenous Tissue

In its role as a structural material, the principal functions of collagenous tis-
sue are to transmit, resist and dissipate mechanical forces and to store and
release elastic strain energy. These functions depend on the tissue as a whole
possessing certain ‘fit for purpose’ mechanical properties (tensile strength,
stiffness, resilience, etc.), which are the result of a combination of the mechan-
ical properties of its individual structural components, the micro-architec-
tural organisation of these components and the nature of the interactions
between them.

The net mechanical properties of most collagenous structures are rela-
tively stable within a physiological timescale (seconds to hours). They may
change during maturation and ageing, partly as a result of alterations in col-
lagen fibril diameter and the composition of the interfibrillar phase mediated
by adjustments in the synthetic activities of fibroblasts and, in the case of age-
ing, partly as a result of the non-adaptive biochemical modification of the
ECM, e.g. by non-enzymatic glycation (Vogel 1980; Bruel and Oxlund 1996;
Reddy et al. 2002; Silver et al. 2003). The mechanical properties of collagenous
structures can also be modified in response to a long-term shift in the pattern
of force to which they are subjected. For example, exercise increases the ten-
sile strength and stiffness of tendons, again probably through fibroblast-
mediated changes in fibril diameter and interfibrillar composition (Buchanan
and Marsh 2002; see also Chiquet 1999 for a discussion of the regulatory path-
ways that might be involved). These age-related and adaptive changes occur
over timescales of days to years and are quantitatively undramatic. However,
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some collagenous structures undergo more drastic changes in mechanical
properties over a shorter timescale, which result in a qualitative modification
of the mechanical functioning of the tissue and thus justify it being regarded
as a mechano-effector. In Homo sapiens and other mammals, this phenome-
non is demonstrated by various collagenous structures associated with the
female reproductive tract. For example, at the end of pregnancy, the compli-
ance of the uterine cervix increases temporarily by a factor of 12. It switches
from being tough and inextensible, in which state it helps to prevent expulsion
of the conceptus, to being soft and easily extensible, a condition that permits
the dilatation and effacement required for the passage of the fetus through the
birth canal. Cervical ‘relaxation’ depends on two separate processes: (1)
changes in the synthetic activity of the stromal cells, which secrete less colla-
gen types I and III and small proteoglycans and secrete more of the large pro-
teoglycan versican; and (2) the enzymatic degradation of the ECM by matrix
metalloproteinases (MMPs) including MMP-1, MMP-3 and MMP-8, together
with increased expression of the tissue inhibitors of metalloproteinases
TIMP-1 and TIMP-2 (these presumably acting as a brake on the degradative
process). The resulting change in mechanical properties occurs over hours to
days and is controlled by a combination of hormonal events and the direct
effect of stretch on the stromal cells (Uldbjerg 1994; Westergren-Thorsson et
al. 1998; Yoshida et al. 2002; Sennstrom et al. 2003). Similar mechanisms and
controlling factors are involved in the rupture of the fetal membranes at term
(Bryant-Greenwood 1998) and of the ovarian follicle at ovulation (Robker et
al. 2000).

The above examples of connective tissue mechanical adaptability have
been given in order to highlight the distinctiveness of the subject of this chap-
ter — the mutable collagenous tissue (MCT) of echinoderms. MCT can
undergo extreme alterations of mechanical properties within a timescale of
less than 1 s to a few minutes, involving a mechanism that is under direct
neural control and coordinated with the activities of other mechano-effec-
tors, viz. muscles. The rest of this chapter provides a review of current knowl-
edge of the physiology and organisation of MCT and discusses its biotechno-
logical potential.

2
Mutable Collagenous Tissue: Physiology and Organisation

2.1
Overview

MCT is present at a variety of anatomical locations in all living echinoderm
classes, is involved in every investigated autotomy (defensive self-detach-
ment) mechanism and provides a mechanism for the energy-sparing mainte-
nance of posture (Wilkie 1996, 2001, 2002; Wilkie et al. 2004a). MCT is there-
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fore crucially important for the biology of extant echinoderms and, in view of
its apparent absence from other animals, has been regarded as one of the dis-
tinguishing characteristics of the phylum (Byrne 2001).

MCT occurs in the form of dermal connective tissue, interossicular liga-
ments, tendons linking muscles to skeletal elements and the connective tissue
layer in the walls of tubular structures. It performs the same mechanical func-
tions as the collagenous connective tissue at analogous locations in the bod-
ies of vertebrates. Although there have been few attempts to correlate the
supramolecular organisation of mutable collagenous structures with their
‘conventional’ mechanical functions (O’Neill 1989; O’Neill and Withers 1995),
there is no reason to doubt that, despite their additional property of variable
tensility, all such structures are as exquisitely designed to meet the subtly dif-
ferent functional demands of each anatomical location as are their vertebrate
equivalents (see, e.g., Bauer et al. 1989; Munns et al. 1994; Gupte et al. 2002).

2.2
Mechanical Adaptability of MCT

2.2.1
Passive Mechanical Properties

Each mutable collagenous structure exhibits one of three patterns of change
in its passive tensile properties: (1) only reversible changes (e.g. in viscosity or
stiffness); (2) irreversible destabilisation (always associated with autotomy) as
well as reversible changes; or (3) only irreversible destabilisation (Wilkie
2002).

The most extreme manifestation of MCT mechanical adaptability is the
rapid and irreversible loss of tensile strength undergone by collagenous
structures that cross echinoderm autotomy planes. For example, when an arm
of the ophiuroid Ophiocomina nigra is autotomised, the ultimate tensile

Fig. 1A-I. Passive mechanical behaviour of MCT. A Creep test (in which extension of sam-
ple under constant load is recorded): in response to 100 mM K* (K) syzygial ligament of
crinoid Antedon mediterranea shows sudden decrease in viscosity culminating in rupture
(star). Horizontal scale bar 1 min; vertical scale bar 1 mm (adapted from Wilkie et al. 1999).
B, C Creep tests: viscosity of dental ligament of echinoid Diadema setosum is increased
reversibly by 1 mM acetylcholine (ACh) and 100 mM K+ (K). ASW Artificial seawater
(adapted from Birenheide et al. 1996). D Stress relaxation tests (in which samples are sub-
jected to constant deformation and force is recorded): average force relaxation curves of 20
dental ligaments of echinoid Dendraster excentricus treated with artificial seawater (ASW)
and 15 ligaments treated with divalent cation-free seawater (DCF) (adapted from Ellers and
Telford 1996). E, F Stress-strain tests (in which force is recorded while samples are stretched
at fixed extension rate) conducted on spine ligament of echinoid Anthocidaris crassispina:
Examples of stress-strain curves produced by samples treated with E 0.1 mM acetylcholine
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strength of the intervertebral ligament at the autotomising joint drops to less
than 0.1 % of the normal value in a timescale of 0.4-5.4 s (Wilkie 1988). These
drastic changes in mechanical properties can also be demonstrated experi-
mentally using isolated tissue preparations undergoing creep tests (in which
their extension under constant load is recorded). Treatment with neuro-active
agents such as elevated [K*] or appropriate neurotransmitter chemicals
causes an abrupt decrease in viscosity (stress-strain rate) culminating in tis-
sue rupture (Fig. 1A).

Reversible changes in mechanical properties have been quantified and
analysed by means of various testing methods. Reversible changes in viscos-
ity have been demonstrated in creep tests and stress relaxation tests (in which
specimens are stretched to a particular length, which is fixed whilst force
decay is recorded) (Fig. 1B-D). Reversible changes in tensile strength, tensile
stiffness, dynamic shear stiffness, relative damping, etc. have been investi-
gated by means of standard stress-strain tests (Fig. 1E,F) and by dynamic test-
ing methods in which samples are subjected to oscillating strain (Fig. 1G-I).
Evidence of mutability is often apparent in the wide variability in the
mechanical properties of untreated tissues. Motokawa (1983), for example,
found a 200-fold difference in the viscosity of untreated central spine liga-
ments of Diadema setosum taken from different joints of the same animal. In
order to overcome this problem and compare tissues in predictable mechani-
cal states,a common strategy has been to subject them to different treatments
that induce either maximal or minimal values of stiffness, viscosity, etc. (see
Fig. 1G-I). Although biologically relevant stimuli, such as mechanical com-
pression, have been used in these investigations, the artificial nature of some
treatments, especially those employed to bring about a compliant state,
engender some uncertainty about the physiological relevance of the results
thus obtained. Nevertheless, these methods no doubt give an indication of the
magnitude of the reversible changes that MCT can accommodate in vivo.
Hidaka and Takahashi (1983), for instance, found that at a low strain rate the
ultimate tensile strength and elastic modulus of an echinoid spine ligament in
the compliant condition (induced by 0.1 mM adrenaline) were around 1 % of
the values measured in the stiffened condition (induced by 0.1 mM acetyl-
choline), the latter falling within the range reported for mammalian tendon
(Redaelli et al. 2003; Fig. 1E,F).

Data from these biomechanical studies have been used to generate models
with the ultimate intention of specifying the contribution of different extra-
cellular components to net mechanical properties and determining which of
them contribute to variable tensility. Due to the diversity of testing regimes
employed, the conclusions from different investigations have been incompat-
ible (see, e.g., Szulgit and Shadwick 2000; Motokawa and Tsuchi 2003) and are
difficult to interpret in the light of the increasingly complex picture of the
MCT extracellular matrix that is emerging (see Sect. 2.3 below). It seems likely
that the full potential of this methodology will not be realised until it can be
applied to tissues from which specific components have been eliminated
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chemically, enzymatically or, ideally, by genetic knockout (see Bornstein et al.
2000 and Chakravarti 2002 for examples of this last approach applied to mam-
malian connective tissues).

2.2.2
Active Contractility

Certain mutable collagenous structures can generate tensile force. In the case
of the capsular ligament, or ‘catch apparatus’, of the echinoid spine-test joint,
this is attributable to the presence of fine (diameter 0.1-1.0 um) muscle fibres
that are distributed between the bundles of collagen fibrils and constitute
1-3% of the total cross-sectional area of the ligament. The neurotransmitter
acetylcholine increases the tensile strength and stiffness of this ligament
(Hidaka and Takahashi 1983; Morales et al. 1989), but also causes isolated
preparations of it to shorten and develop mechanical force, which relaxes as
soon as the acetylcholine is removed. Both the contraction and relaxation
phases of this response can be very fast, the former in some cases reaching
90 % of the maximum in under 1 s (Fig. 2A; Vidal et al. 1993). The functional
significance of the muscle fibres is at present unknown. Del Castillo et al.
(1995), ignoring incontrovertible evidence that the spine ligament consists of
MCT (see, e.g., Hidaka and Takahashi 1983; Szulgit and Shadwick 1994),
hypothesised that they are responsible for varying its passive stiffness, which
they achieve by adjusting the frictional forces between the ligament fibres and
the skeletal ossicles into which they are inserted. Having provoked a frank
exchange of views (see Del Castillo and Smith 1996; Wilkie 1996, 2002; Pérez-
Acevedo et al. 1998; Elphick and Melarange 2001), this hypothesis was tested
and disproved by Takemae and Motokawa (2002). The muscle fibres also do
not seem to be involved in straightening out the wrinkles that form tran-
siently in regions of the ligament that are compressed by contraction of the
spine muscle (Pérez-Acevedo et al. 1998). This leaves the possibilities that they
assist the reshortening of stretched ligament fibres or that they operate syner-
gistically with the spine muscle, perhaps during specific manoeuvres such as
re-erection of the spine.

The reputation of echinoderms for being an inexhaustible mine of biolog-
ical novelty has been enhanced by the discovery that, as well as varying their
passive mechanical properties, ligaments in the cirri and arms of crinoids
have the capacity for active contractility, though they lack myocytes. Cirri are
finger-like appendages supported by a single series of interarticulating ossi-
cles. The only mechanically significant structures connecting adjacent ossi-
cles are myocyte-free collagenous ligaments. Cirri attached to the stalk of sea
lilies bend upwards, against gravity, when the stalk or the cirri themselves are
stimulated mechanically. In stress relaxation tests, isolated cirri display slow
force production in response to the cholinergic agonists muscarine and
methacholine at concentrations as low as 0.1 uM (Fig. 2B). Since force produc-
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Fig. 2A-F. Force generation by MCT. A Contraction of spine ligament of echinoid Eucidaris
tribuloides induced by 0.1 mM acetylcholine (arrow) which was removed as soon as force
peaked (adapted from Vidal et al. 1993). B Contraction of cirral ligaments of crinoid
Metacrinus rotundus induced by 0.1 pm methacholine (M) (adapted from Birenheide et al.
2000). C-F Responses to 100 mM K* (K) of arm ligaments of M. rotundus. In each case, upper
trace shows upward displacement of arm tip (caused by shortening of ligaments) and lower
trace shows stiffness changes in ligament. Horizontal scale bar 3 min in all cases. C Contrac-
tion associated with stiffening. D Contraction without stiffness change in 100 mM K* and
contraction with stiffening when excess K+ was removed. E No contraction, but with
marked stiffening. F No contraction, but with destiffening. (Adapted from Motokawa et al.
2004)
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tion can be induced in preparations that have undergone some stress relax-
ation prior to stimulation, it cannot be explained in terms of the passive recoil
of a previously stretched elastic element (Birenheide and Motokawa 1995,
1998; Birenheide et al. 2000).

The mobility of crinoid arms depends on the presence of muscular articula-
tions between adjacent arm ossicles. Below the fulcral ridge of each articula-
tion is a single aboral ligament and above it are paired oral ligaments and
paired muscles. Contraction of the muscles bends the arm orally (upwards), yet
the power stroke for locomotion by swimming, crawling or climbing is gener-
ated by the aboral (downward) flexion of the arm and must be effected by the
ligaments. It had long been assumed that this involved the purely passive elas-
tic recoil of stretched aboral ligaments, and perhaps of compressed oral liga-
ments, these functioning like expanded and compressed springs respectively
(see, e.g., Young and Emson 1995). However, Birenheide and Motokawa (1996,
1998) established that the aboral ligament can shorten slowly and generate a
tension of up to ca. 5.6 kPa. Because this ligament is a mutable collagenous
structure, it is feasible that its apparent contractility results from its becoming
stiff whilst it is stretched (by muscle-mediated oral flexion); it would then store
strain energy until appropriate stimulation induced its destiffening and
thereby allowed it to recoil elastically and reshorten. This ‘spring-with-a-lock’
hypothesis was shown to be untenable by Motokawa et al. (2004) who, by
recording simultaneously stiffness and shortening, demonstrated the inde-
pendence of passive mechanical properties and contraction: contraction, for
example, does not require the ligament to be in a destiffened condition
(Fig. 2C-F). The fact that contracting ligaments are usually destiffened, how-
ever, indicates that there is coordination of the passive and active mechanical
properties, both of which appear to be under cholinergic control.

2.3
Organisation of MCT

2.3.1
Cells

Myocytes, which were discussed in the preceding section, have been found in
only a small minority of mutable collagenous structures. All of these struc-
tures, however, always contain two other types of cell. The first is charac-
terised by the presence of heterogeneous vacuoles that appear to be lysosomal
and may enclose cytoplasmic debris or collagen fibrils. These cells tend to
have a roughly fusiform outline and long, sometimes branching, processes
(see, e.g., Wilkie 1988; Wilkie et al. 1992). They occur also in echinoderm con-
nective tissue that is not mutable (Wilkie et al. 2004b) and, given the absence
of obvious fibroblasts, they are likely to be pluripotential cells that can adopt
a fibrogenic phenotype.
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The second cellular component that is invariably present in MCT are cell
bodies and/or processes containing large, electron-dense, membrane-
bounded granules. In ophiuroids, these cellular elements, known as ‘juxtaliga-
mental cells’, form a complex system of ganglion-like clusters innervated by
hyponeural (motor) nerves, with a separate juxtaligamental cluster serving
each collagenous structure, including the autotomy tendons of the interverte-
bral muscles (Wilkie 1979).It is assumed that at least some of the granule-con-
taining cells associated with MCT in the other echinoderm classes are homol-
ogous to the juxtaligamental cells, although the cell processes in holothurians
differ from those of the other four classes in being separated from the extracel-
lular matrix by a basal lamina (see, e.g., Koob et al. 1999), which presumably
represents an ontogenetic rather than a phylogenetic or functional distinction.
There is clear morphological evidence for functional contact between motor
neurons and juxtaligamental cells in at least ophiuroids, echinoids and
crinoids (Cobb 1985; Peters 1985; Welsch et al. 1995), and so, mainly on the
grounds that they (1) provide alink between the motor nervous system and the
extracellular matrix, (2) terminate in MCT and (3) have no possible cellular tar-
gets, it has been hypothesised that they are the effector cells that directly alter
the tensile properties of MCT. In all classes it is usual for at least two types of
process to co-occur in the same tissue, these being distinguishable by the size
and shape of their granules (see, e.g., Welsch et al. 1995; Koob et al. 1999),and it
has been proposed that these include separate ‘stiffener’ and ‘plasticiser’ cell
types. The recent demonstration by immunological methods that juxtaliga-
mental granules of holothurian dermis contain identified chemical factors that
influence interfibrillar cohesion provides further evidence that these cells have
arole in variable tensility (see below).

2.3.2
Extracellular Matrix

Overview

The extracellular matrix of almost all mutable collagenous structures is dom-
inated by fibres consisting of parallel assemblages of collagen fibrils. These
fibres exhibit a range of patterns, including parallel fibre arrays (e.g. echinoid
spine ligament: Trotter and Koob 1989), crossed-fibre arrays (e.g. echinoid
peristomial membrane: Wilkie et al. 1994) and three-dimensional meshworks
(e.g.holothurian dermis: Motokawa 1982), which is comparable in diversity to
that shown by vertebrate connective tissue structures. An important excep-
tion to this fibrous organisation is provided by the autotomy tendons of ophi-
uroids. These are extensions of muscle cell basal laminae and consist of non-
fibrillar collagen related probably to vertebrate type IV (Wilkie and Emson
1987), although, since their biochemical composition is not known, this is a
supposition based only on their histochemistry and ultrastructure. The fol-
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Fig. 3. Model of MCT molecular organisation, which is based on current evidence and
assumes that the few mutable structures from which that evidence has been derived are rep-
resentative. Most MCT consists of parallel aggregates of discontinuous, spindle-shaped col-
lagen fibrils to which are attached PGs and other GAG-containing molecules whose func-
tions include serving as binding sites for molecules responsible for interfibrillar cohesion.
Amongst the latter are the proteins stiparin and tensilin, the fibril-aggregating activities of
which are modified by a variety of specific inhibitors. The mechanisms by which stiparin
and tensilin cause fibril aggregation are incompletely understood. For simplicity, the model
assumes that they form dimers that act as interfibrillar crossbridges. Fibril bundles are
delimited by loose networks of elastic fibrillin-containing microfibrils that return the tissue
to its resting dimensions after it has undergone deformation when in a compliant condi-
tion. The functions of fibrosurfin are as yet unknown

lowing sections summarise current knowledge of the molecular constituents
of fibrous MCT alone. A generalised model of the molecular organisation of
MCT is illustrated in Fig. 3.

Collagen

The fibres of which most MCT is composed are parallel aggregations of cross-
banded collagen fibrils that are discontinuous, i.e. shorter than the length of
the fibres. The fibrils of two mutable structures with very different microar-
chitectures - the echinoid spine ligament and holothurian dermis - resemble
those of mammalian connective tissue such as rat tail tendon in being com-
posed of molecules with a triple helix length of 300 nm which are assembled
in parallel arrays with a regular stagger of 67 nm between adjacent molecules,
in having cross-striations in similar positions though varying in stain inten-
sity (an indication of differences in the charge density associated with their
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constituent amino acids), and in being stabilised by high levels of trivalent
hydroxypyridinium intermolecular crosslinks (Trotter and Koob 1989, 1994;
Trotter et al. 1994, 1995). The chain compositions of the echinoid and
holothurian collagen molecules were not the same, the former being a het-
erotrimer of two a1 and one a2 polypeptides, as in mammalian type I and
most other echinoderm collagens (see, e.g., Omura et al. 1996; Robinson
1997), and the latter being a homotrimer of three a1 polypeptides. These two
collagens also have different solubility characteristics and amino acid compo-
sitions (Trotter and Koob 1994; Trotter et al. 1995). The general conclusion
from this research is that MCT collagens possess no consistent set of bio-
chemical or structural features that distinguish them from the collagens of
other echinoderms or other phyla, or that could be correlated with the muta-
bility of their parent tissues.

Data on gene sequence and gene organisation indicate that at least some
echinoderm collagen polypeptides are evolutionarily close to those of verte-
brate fibrillar collagens (D’Alessio et al. 1989, 1990; Exposito et al. 1992;
Tomita et al. 1994; Cluzel et al. 2000). So far, no primary sequence data on col-
lagen extracted from any MCT have been published. However, an epitope of a
fully characterised collagen polypeptide has been detected in two confirmed
mutable structures. Cluzel et al. (2001) immunolocalised the amino propep-
tide of the 2« collagen chain, which, apart from the amino propeptide itself, is
closely similar to that of vertebrate fibrillar collagen (D’Alessio et al. 1990), in
the mutable peristomial membrane and spine ligament of the echinoid Para-
centrotus lividus. Since the amino and carboxyl propeptide regions of colla-
gen chains are usually removed by specific proteases during the extracellular
maturation process, their retention in the tissues of adult echinoids may have
functional significance (Lethias et al. 1997).

Because complete collagen fibrils can be isolated from MCT using mild,
non-denaturing extraction methods, more is known about their supramolec-
ular organisation than that of vertebrate fibrils. Fibrils from both echinoid
spine ligament and holothurian dermis are spindle-shaped with paraboloidal
tips. Despite varying greatly in length, they have a constant aspect
(length:diameter) ratio in the order of 2000 and are molecularly bipolar,i.e.in
both halves of each fibril the amino termini of the collagen molecules are ori-
entated towards the nearer tip, and near the axial midpoint of each fibril there
is a region of symmetrical transition from parallel to antiparallel molecular
packing (Trotter and Koob 1989; Thurmond and Trotter 1994; Trotter et al.
1994). As in other fibrillar collagens, this organisation results from the self-
assembly of the constituent molecules which occurs automatically after enzy-
matic removal of their N- and C-propeptides. More recent work by Trotter et
al. (1998, 2000a), using digital scanning-transmission microscopy to deter-
mine mass per unit length (and therefore the number of molecules) along
whole collagen fibrils from both echinoid and holothurian tissues, has pro-
vided evidence that the self-assembly mechanism is different from that of ver-
tebrate fibrils.
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Although it is not possible at present to isolate whole collagen fibrils from
normal adult tissues of animals other than echinoderms, the limited data that
are available on vertebrate fibrils indicate that, despite the different mecha-
nism of fibrillogenesis, they are also spindle-shaped with paraboloidal tips
(see Trotter et al. 1998). This is the ideal shape for fibrils that reinforce a dis-
continuous fibre composite, since it allows the full tensile strength and stiff-
ness of the fibril to be exploited along its whole length and avoids shear-stress
concentrations near its ends (Trotter and Koob 1989; Trotter et al. 2000b). The
fusiform shape of the collagen fibrils in MCT is therefore unrelated to its vari-
able tensility.

Proteoglycans

Proteoglycans (PGs) are present in the fibrous connective tissue of all animals
and consist of a protein core to which are attached covalently side chains of
polyanionic sulphated glycosaminoglycans (GAGs). The use of the polyca-
tionic dyes cuprolinic and cupromeronic blue has revealed that polyanions
are localised to specific sites in each D-period on the surface of fibrils in
crinoid, echinoid and holothurian MCT, as is the case in vertebrate collage-
nous tissue (Trotter and Koob 1989; Erlinger et al. 1993; Trotter et al. 1995).
Biochemical methods have demonstrated that PGs are attached to the fibrils
non-covalently or covalently. Non-covalently bound PGs in the chondroitin/
dermatan sulphate class are attached to the collagen fibrils of the echinoid
spine ligament (Trotter and Koob 1989). Collagen fibrils in holothurian der-
mis are associated covalently with three different GAG-containing macromol-
ecules. The most abundant of these includes a fucose-containing GAG that is
associated with the fibrils via a non-reducible covalent bond. The structure of
the highly sulphated fucose branches of chondroitin sulphate E from Asticho-
pus japonicus has been characterised fully by Kariya et al. (1997). The other
two covalently bound GAG-containing molecules in holothurian dermis are
high molecular weight PGs that are linked to collagen fibrils probably via
disulphide bonds and at least one of which acts as a binding site for the glyco-
protein stiparin (see below). In addition to these insoluble PGs, holothurian
dermis contains at least two soluble PGs that bind stiparin, inhibit stiparin-
fibril binding and may be involved in the regulation of stiparin-fibril binding
(Trotter et al. 1995 and unpubl.).

Other Non-Collagenous Proteins

Stiparin is the most abundant soluble glycoprotein in the dermis of the
holothurian Cucumaria frondosa and can be extracted from minced tissue by
prolonged treatment with seawater alone (which also results in tissue disag-
gregation, an indication that the collagen fibrils are normally held together by
weak bonds). Trotter et al. (1996) demonstrated that stiparin, which has a
molecular weight of about 375 kDa, causes calcium-independent aggregation
in vitro of collagen fibrils that have been treated with guanidine-HCl (which
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removes non-covalently bound PGs) but has no effect on the mechanical
properties of samples of intact dermis (Koob et al. 1999). Whilst it seems likely
that stiparin binds to collagen fibrils via a surface-bound PG, the molecular
mechanism of stiparin-induced fibril aggregation has still to be determined.

The dermis of C. frondosa contains a 62-kDa sulphated glycoprotein that
does not bind collagen fibrils but does bind stiparin and thereby inhibits sti-
parin’s fibril-aggregating activity. This molecule has the highest negative
charge density of all macromolecules extracted from the dermis, and all of its
inhibitory activity is associated with the polygalactose sulphate moiety of the
molecule rather than with its protein component. The relative concentration
of stiparin inhibitor is 200 times greater in the loose outer dermis of C. fron-
dosa than in the dense inner dermis (Trotter et al. 1999).

Tensilin (also known as ‘stiffener’) is a constituent of the inner dermis of C.
frondosa that can be isolated only after treatments that cause cell lysis, such as
repeated freeze-thaw cycles, indicating that it is present mainly in intracellu-
lar locations. Like stiparin, it causes aggregation of isolated collagen fibrils,
but, unlike stiparin, it stiffens intact inner dermis, both effects being calcium-
independent (Koob et al. 1999). The peptide sequence of tensilin deduced
from a full-length cDNA clone (Fig. 4) suggests significant similarity to the
tissue inhibitor of metalloproteinase (TIMP) proteins with 21-36 % identity
between tensilin and the mammalian TIMPs (Tipper et al. 2003). It seems
likely that tensilin interacts with collagen fibrils via surface GAGs. For exam-
ple, it binds to isolated collagen fibrils that have surface GAGs, but does not
bind to GAG-free molecular collagen (Trotter et al. 1995; Tipper et al. 2003).
The binding activity of tensilin is unaffected by stiparin inhibitor (Trotter et
al. 2000b).

‘Plasticiser’is a cell-sequestered <15-kDa protein that is present in only the
outer dermis of C. frondosa and destiffens samples of intact inner dermis. It
appears to act directly on the extracellular matrix, since it is as effective on
cell-lysed samples as it is on fresh samples (Koob et al. 1999). Nothing more is
known about its mode of action.

Cluzel et al. (2001) characterised a sea-urchin gene that encodes a multido-
main interfibrillar protein they called ‘fibrosurfin’. This contains 17 epidermal

1 MEVAFLVLLI GALSLSSADA QCAGCSVKHP QHHFCDATFV MKVTIIDVIL
51 DROGGDKLIN AEINRSWKKG PSSGDFQFYA PSSFCGATFD SGDTYVVTGT
101 KEETSDGRRY WLHGSCDYMI KWDDMSDQQOK AGFKGGYKAR CGECQIAESL
151 TAASVKVEDI AANDYPLATT YWTPTGCYYN PLMTRQFVGR KGSSVVDCED
201 VYGLCKPNEA DKCQWTLTPD YERCLKERDD FVKADSSAFA ITRVEQCDVY
251 TNKRKRKNCR QRFRELQAEM GADEELIFYR

Fig. 4. Deduced peptide sequence of tensilin. Leu225 (underlined) represents last residue
that was found to be in alignment with a known TIMP sequence (Drosophila TIMP). Protein
database comparison revealed that beyond Leu225 tensilin shows no identity or similarity
to any known TIMP sequence or any other sequence. (Tipper et al. 2003)
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growth factor (EGF) motifs, 11 of which could potentially bind calcium, and
was detected in protein extracts of mainly the mutable spine ligaments and
peristomial membrane of Paracentrotus lividus. Immunogold labelling indi-
cated that fibrosurfin occurs between, or close to, the collagen fibrils of the
spine ligament. Since proteins that contain EGF domains are often involved in
protein-protein interactions, it is possible that fibrosurfin contributes to
interfibrillar cohesion. Its relevance to mutability is at present unknown.

Microfibrils

Hollow microfibrils 10-14 nm in diameter and sometimes beaded with a peri-
odicity of 30-100 nm are ubiquitous in MCT. They can be aggregated into
fibres or sheets (see, e.g., Wilkie et al. 1994, 1998, 2004b), but most often form
loose sheaths that surround and separate bundles of collagen fibrils. Thur-
mond and Trotter (1996) and Thurmond et al. (1997) demonstrated that the
microfibrils of C. frondosa dermis resemble the fibrillin-containing microfib-
rils of mammalian connective tissue in their morphology, biochemistry and
immunological properties. Isolated microfibrillar networks from C. frondosa
possess long-range elasticity (Thurmond and Trotter 1996). They thus may
confer elasticity on MCT that is in a compliant state and provide it with a pre-
determined set of dimensions to which it returns when external forces are
removed (Trotter et al. 2000b). Microfibrils are also present in echinoderm
collagenous structures that are non-mutable (Del Castillo et al. 1995; Wilkie et
al. 2004b). There is no evidence that they have a role in the variable tensility of
MCT.

24
Molecular Mechanism of MCT Mutability

2.4.1
Are Collagen Fibrils Involved?

There is no evidence that the variable tensility of MCT involves changes in the
mechanical properties of the collagen fibrils. This would be highly unlikely on
a priori grounds, in view of the similarities between the collagen fibrils of
MCT and those of vertebrate connective tissue in terms of (1) fibril shape,
supramolecular organisation and intermolecular crosslink biochemistry, and
(2) the structure of their constituent collagen molecules. Furthermore,
numerous ultrastructural investigations have failed to provide evidence that
alterations in mechanical properties are accompanied by modification of the
shape or organisation of the collagen fibrils. Erlinger et al. (1993), however,
interpreted 10-11 nm filaments in a crinoid ligament as being collagen
‘protofibrils’ produced by a reversible fibril disaggregation mechanism possi-
bly associated with mutability. The ultrastructural observations of Birenheide
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and Motokawa (1994) indicate that these filaments are more likely to be
homologous to the fibrillin-containing microfibrils that are ubiquitous in
echinoderm connective tissue. It is therefore almost certain that mutability
depends on changes not in the tensility of the collagen fibrils, but in the cohe-
sive forces holding the fibrils together.

2.4.2
Are Calcium Ions Involved?

The mechanical properties of MCT are sensitive to changes in the extracellu-
lar calcium ion concentration. Increasing [Ca%*]  stiffens and decreasing
[Ca?*], destiffens almost all mutable structures that have been investigated.
These and other findings led to the hypothesis that Ca?* ions contribute
directly to interfibrillar cohesion in MCT and that the juxtaligamental cells
alter tissue stiffness by controlling the amount of extracellular Ca?* available
for such a role (reviewed by Wilkie 1996). This hypothesis was discredited by
the demonstration that certain treatments stiffen MCT in the absence of Ca?*
ions and that agents that interfere with calcium-dependent cellular processes
can change MCT tensility in the presence of a normal [Ca?*] (Szulgit and
Shadwick 1994; Trotter and Koob 1995; Trotter and Chino 1997). The weight of
evidence now favours the view that the influence of [Ca?*]  manipulation on
MCT tensility is due mainly to direct effects on cellular elements rather than
on the extracellular matrix itself, and that, although Ca?* ions contribute
directly to interfibrillar cohesion in an unknown way (Szulgit and Shadwick
2000), variable tensility does not involve modulation of [Ca?*],..

2.4.3
Tensilin-Tensilin Protease Hypothesis

The stiffness of MCT is changed dramatically by a range of treatments that
cause cell membrane lysis, such as freeze-thawing or exposure to deionised
water or detergents (Szulgit and Shadwick 1994, 2000; Trotter and Koob 1995;
Trotter and Chino 1997; Wilkie et al. 1999). Extracts prepared from the dermis
of C. frondosa after it has been subjected to freeze-thawing have the same
effects on isolated tissue samples as freeze-thawing itself (Trotter and Koob
1995; Koob et al. 1999; Szulgit and Shadwick 2000), and the analysis of such
extracts resulted in the isolation of the active agents tensilin (‘stiffener’) and
‘plasticiser’. The observation that these proteins can be isolated from tissues
only after cell lysis indicates that they are present mainly in intracellular
reservoirs, and led to the hypothesis that they are regulatory molecules which
are secreted from cells and bring about changes in MCT tensility (Koob et al.
1999; Trotter et al. 2000b). The case for tensilin being a secreted effector mol-
ecule has been strengthened by its recent immunolocalisation in granules of



Mutable Collagenous Tissue: Overview and Biotechnological Perspective 237

juxtaligamental cells in C. frondosa dermis (D.R. Keene and J.A. Trotter,
unpubl.).

It was noted by Tipper et al. (2003) that tensilin tends to undergo proteoly-
sis in vitro and that the degraded product neither binds collagen fibrils nor
induces fibril aggregation. Since analysis of trypsin digests suggested that the
C-terminus, which includes a putative fibril-binding site, is susceptible to pro-
teolysis, these authors hypothesised that tensilin-induced stiffening is
reversed in vivo by a specific protease. Such a protease could be expressed
constitutively, resulting in ‘automatic’ decay back to the destiffened state, or it
could be secreted or activated in response to specific signals (Fig. 5).

At present, the significance for variable tensility of other recently isolated
molecules is not clear. Some may have a regulatory and others a constitutive
role. Indirect immunofluorescence and immunogold labelling have revealed
that stiparin is associated much more abundantly with collagen fibrils than is
tensilin (D.R. Keene and J.A. Trotter, unpubl.). This observation and the fact
that stiparin, unlike tensilin and ‘plasticiser’, has no effect on whole tissue
samples, suggest it may be a constitutive factor that is not involved in short-
term changes in mechanical properties, but functions to hold collagen fibrils
in a weak association that facilitates the action of effector molecules such as
tensilin (Trotter et al. 2000b). However, the demonstration by immunocyto-
chemistry that stiparin, like tensilin, is present in the juxtaligamental granules
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Fig. 5. Model of the tensilin-tensilin protease hypothesis. MCT plasticisation or destiffen-
ing results from (I) the release from, or activation by, a specific type of juxtaligamental cell
(JLC 1) of tensilin protease (¢p), which (2) cleaves tensilin near its GAG-binding site. This (3)
allows fibrils to slide past each other, since they are held together only weakly by stiparin.
Restiffening results from (4) the release of fresh tensilin (f) from a second type of juxtaliga-
mental cell (JLC 2). MCT constituents represented as in Fig. 3
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of C. frondosa (D.R. Keene and J.A. Trotter, unpubl.) raises the possibility that
it also could be a regulatory molecule (or that juxtaligamental cells are a
source of both constitutive and regulatory factors).

2.4.4
Active Force Generation

No information is available currently on the mechanism of active force gener-
ation in crinoid ligaments.

3
Mutable Collagenous Tissue: Biotechnological Perspective

3.1
Current Commercial Uses of MCT

At the present time, MCT is being exploited commercially for purposes that
have nothing to do with its mechanical adaptability, though they may rely on
biochemical properties that underpin mutability. The best-known example of
this is the use of holothurian body wall as a food item (‘trepang’ or ‘beche-de-
mer’) throughout SE Asia, China and Japan. The demand for trepang is met by
the vigorous fishing of natural populations and by an expanding mariculture
sector. It is estimated that in the period 1986-1996 more than 50,000 tonnes of
trepang, valued at over US$ 40 million, was imported into Hong Kong, the
main world market (Conand 2001; Jiaxin 2003).

For millennia, holothurian body wall has also been revered for its prophy-
lactic and curative properties and it is still a component of many herbal med-
icines. It has become apparent that its reputed medicinal properties may have
a scientific basis. For example, its efficacy as a remedy for joint pain is thought
to result from the presence of chondroitin sulphate (which may be an impor-
tant determinant of the mechanical behaviour of MCT: see above) and,
because of its antiviral properties, holothurian chondroitin sulphate has been
patented for HIV therapy (Jiaxin 2003). In addition, the body wall of certain
holothurians possesses antibacterial activity (Villasin and Pomory 2000) and
has a fatty acid profile that suggests it could be of clinical benefit in promot-
ing wound repair (Fredalina et al. 1999).

Echinoids are fished and cultured throughout the world for their edible
gonads (Andrew et al. 2002). It has been suggested that discarded echinoid
tests, which include sutural ligaments (which may be mutable: Johnson et al.
2002), spine ligaments and peristomial membrane (both of which are muta-
ble: Hidaka and Takahashi 1983; Wilkie et al. 1993), could be used as a source
of collagen for the food, cosmetic and biomedical industries (Nagai and
Suzuki 2002).
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3.2
Biotechnological Potential of MCT

Consideration of the biotechnological potential of MCT must of necessity be
highly speculative in view of our currently incomplete knowledge of the mol-
ecular organisation of MCT and the molecular mechanism underpinning its
variable tensility. Theoretically MCT could be a source of, or an inspiration
for, (1) new pharmacological agents or strategies and (2) new composite
materials.

3.2.1
Pharmacological Agents or Strategies

It hardly needs to be reiterated that the outstanding property of MCT is its
capacity for reversible changes in stiffness. There are certain clinical condi-
tions that would benefit from the therapeutic manipulation of connective tis-
sue mechanical properties, perhaps as an alternative to surgery or other inter-
ventions. Most of these conditions would require the temporary or permanent
plasticisation or weakening of the connective tissue, rather than its strength-
ening. This applies to problems like joint contractures due to immobilisation,
burn scar contractures, breast capsule contractures following enhancement
procedures, Dupuytren’s contracture and peritendinous lesions following
tendon surgery. Previous suggestions for the pharmacological treatment of
some of these conditions have focused on the suppression of collagen synthe-
sis and deposition by, for example, the topical application of lathyrogens such
as f-aminopropionitrile, which inhibits an enzyme - lysyl oxidase - involved
in intermolecular cross-link formation (Chvapil 1988). On the other hand,
structures that need to be strengthened include ligaments and tendons weak-
ened by immobilisation (Nordin and Frankel 1980) and repair sites in trau-
matically or surgically transected tendons, which rarely regain full tensile
strength (Koob 2002).

Is it possible that MCT contains molecules that could affect the mechanical
properties of mammalian connective tissue? As noted above, holothurian
chondroitin sulphate relieves joint pain, though there is at the moment no
reason to believe that this is due to anything more than the anti-inflammatory
or anti-oxidant effect exerted by other chondroitin sulphates and other gly-
cosaminoglycans (GAGs) (Delehedde et al. 2002; Campo et al. 2003). It is
intriguing, however, that GAGs contribute significantly to interfibrillar force
transfer, and therefore the overall mechanical properties, of mammalian con-
nective tissue (Redaelli et al. 2003), and that stiffness changes in the uterine
cervix are accompanied by significant shifts in the expression of certain GAGs
(Westergren-Thorsson et al. 1998). Whilst this implies that the best way to
treat fibrotic lesions might be to engineer in them a GAG composition mim-
icking that of the compliant cervix, it is feasible that, since holothurian GAGs
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are components of much more mutable connective tissue, they possess fea-
tures that might facilitate the ‘loosening’ of fibrotic tissue and that could be
incorporated pharmacologically or genetically into the latter. This illustrates
the need to determine both the chemical structure and the precise role in
MCT mutability of GAGs, the proteoglycans of which they are constituents,
and other, as yet incompletely characterised, interfibrillar components. The
benefits that would accrue from a therapeutic strategy that treats successfully
the fibrotic conditions referred to above, as well as other common pathophys-
iological processes such as pulmonary fibrosis and connective tissue-related
stiffening of the walls of hypertensive blood vessels, cannot be exaggerated.

Regarding a completely separate feature of MCT, Szulgit and Shadwick
(1998) discovered that the mutable dermis of the holothurian Parastichopus
parvimensis has remarkable self-adhesive properties. Dermal autografts or
allografts adhered to their implantation site without external pressure or
assistance of any sort and shear stresses of 200-500 Pa were required to sepa-
rate isolated samples after they had been in contact with each other for only
2 h. This property is not due to the entangling of collagen fibres, capillary
adhesion or viscous shear forces, but seems to be based on weak chemical
bonds. It is independent of the mechanical state of the tissue and is not cell-
dependent, and so it seems to be unrelated to mutability, although Szulgit and
Shadwick (1998) speculated that a collagen fibril-aggregating factor, such as
stiparin, might be involved. This phenomenon merits further investigation,
since its elucidation might lead to the identification of chemical factors or
mechanisms that could be exploited to promote the adhesion of tissue grafts
or artificial skin to wound areas or could be incorporated into MCT-derived
artificial tissue (see below).

3.2.2
New Composite Materials

In a recent review, Langer and Tirrell (2004) have drawn attention to the out-

standing impact that biomaterials have had on health care, particularly in the

context of prosthetic and drug delivery devices, and they commented that the
extracellular matrix “provides an important model for biomaterial design”.

With regard to the development of new structural materials that have medical

applications, connective tissue has been employed in three different ways:

1. An entire connective tissue, either living (i.e. with cellular elements left in
situ) or with cellular elements removed, may be used as a graft or prosthe-
sis. Examples of this include the use of Achilles tendon allografts for the
reconstruction of cruciate ligaments (DeFrate et al. 2004) and skin repair
using dermis from different species prepared by various methods (Ramos-
e-Silva and Ribeiro de Castro 2002). Obviously, it would be ideal if the
mechanical properties of each implant could be adjusted precisely to match
the needs of the respective implantation site. For example, skin replace-
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ments need to be more extensible and elastic over the extension sides of
joints, such as those of the finger, than over the flexion sides. It has to be
admitted, however, that there is unlikely to be much scope for using whole
MCT in this way, due to the immunological challenge it would present and
the low probability that any echinoderm structure would have a micro-
architecture more suitable than that of a mammalian alternative. Tech-
niques would also have to be developed to fix the MCT xenograft in the
optimal mechanical state. Furthermore, because of the labile nature of the
bonds upon which the integrity of MCT depends, many mutable collage-
nous structures become unmanageably friable in the softened state. It is
possible, though, that some of those that demonstrate a limited range of
tensile changes and never become compliant to the point of disintegration
could be exploited. The echinoid compass depressor ligament and peristo-
mial membrane are examples of such structures (Wilkie et al. 1992,1993).

2. Components may be isolated from the connective tissue and then reassem-
bled with other biological or synthetic elements to form a novel composite.
Examples of biomaterials produced in this way are Integra a combination
of bovine collagen, shark chondroitin-6-sulphate and a silicone sheet (the
last acting as an artificial epidermis), which is used as a skin substitute
(Ramos-e-Silva and Ribeiro de Castro 2002), and acellular blood vessel
grafts that consist of intestinal submucosa and bovine collagen (Huynh et
al. 1999). It is as a source of such components that MCT could make the
most direct contribution to biomaterial design, largely by virtue of the
extractability of its collagen fibrils. It is notoriously difficult to extract
intact collagen fibrils from the post-fetal connective tissue of vertebrates
(Trotter et al. 1997). For this reason, the collagen used in existing reassem-
bled biomaterials is in the form of disaggregated molecules. These have the
advantageous property of aggregating spontaneously to form fibrils, but,
due to the absence of covalent intermolecular bonds, the fibrils have a low
tensile strength. Koob (2002) has developed a method for chemically
crosslinking such reconstituted fibrils to make a product that could be used
to bridge gaps in damaged tendons. In stark contrast to the vertebrate situ-
ation, intact collagen fibrils can be isolated easily from MCT by mild non-
denaturing techniques. A solution containing 0.5 M NaCl, 0.05 M EDTA,
0.2 M B-mercaptoethanol and 0.1 M TRIS buffer (pH 8.0) disaggregates
holothurian dermis, asteroid body wall and echinoid spine ligaments (Mat-
sumura 1973; Matsumura et al. 1973; Trotter and Koob 1989). Even more
remarkably, Trotter et al. (1996) discovered that fibrils could be isolated
from holothurian dermis using sequential 24-h extractions in artificial sea-
water alone. This is evidently a consequence of the weak nature of the inter-
actions that maintain interfibrillar cohesion in MCT, and it means that
holothurian dermis and other mutable collagenous structures represent a
cheap and easily accessible source of intact collagen fibrils that retain their
tensile strength and stiffness and could be used for the manufacture of arti-
ficial tissues.
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However, a more exciting way in which MCT could contribute to the design
of new biomaterials, whether these incorporate MCT-derived components
or not, is through the mimicking of the mechanisms responsible for its
variable tensility and contractility. There is a clinical need for artificial tis-
sues with site-specific micro-architectures and mechanical properties that
are either pre-set or continuously adjustable and responsive to changing
physiological parameters or to therapeutic manipulation (Langer and Tir-
rell 2004). Amongst possible applications for such ‘smart’ materials (i.e.
which combine the functions of sensors and actuators) would be vascular
implants or cuffs that controlled blood pressure or local blood flow, and
whose stiffness and/or contractile state were directly sensitive to blood bio-
chemistry or to precisely targeted pharmacological agents, thereby offering
an alternative to systemic antihypertensive drugs and their spectrum of
unwanted side effects.

Trotter et al. (2000b) have already examined the possibility of developing a
simple ‘hybrid’ biomaterial assembled from collagen fibrils extracted from
holothurian dermis and a synthetic interfibrillar matrix. The interaction
between the fibrils and the matrix, and therefore the tensile properties of
the whole system, would depend on a pair of synthetic molecules that have
been shown to selectively and reversibly associate with each other in phys-
iological conditions. These are a catechol and a phenylboronic acid, which
complex to form a boronic ester. This interaction can be reversed by oxidiz-
ing the catechol to orthoquinone which does not bind to boronic acid
(Fig. 6). The synthetic material would consist of collagen fibrils, to which
catechol groups had been attached chemically, linked by a soluble poly-
acrylamide polymer complexed with phenylboronic acid groups. Trotter et
al. envisaged that the association between fibrils and matrix could be
repeatedly switched on and off by sequential oxidations and reductions
controlled perhaps by optical or electrical signals that change the redox
potential of the matrix (Fig. 7). The only MCT-derived elements in this
device are collagen fibrils. It is possible that further investigation of MCT
will reveal other components that could be built into new controllable bio-
materials.

catechol boronic acid
0 OH p Orthoqumone IOH
OH L e o><|dat|on
IE—. @/o

reduction

Fig. 6. Interaction between catechol and phenylboronic acid, which provides the reversible
cross-links in proposed hybrid biomaterial. (Adapted from Trotter, unpubl.)
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3. Connective tissue may provide inspiration for entirely synthetic materials.
A simple example resulting from this approach is an artificial tendon which
is manufactured from poly(ethylene terephthalate) fibres embedded in a
swollen hydrogel matrix and can be designed to have mechanical proper-
ties that suit specific implantation sites (Kolarik 1995). Trotter (unpubl.)
has speculated that MCT could serve as a model system for the construc-
tion of dynamically controllable ligaments with adjustable stiffness and
adjustable damping. Trotter has also suggested that these might be incor-
porated into energy-efficient robots, and it is therefore relevant that there
has been interest in the design of ‘compliant’ robots for specialist purposes
such as pipeline inspection (Suzumori 1996). As for reassembled biomate-
rials (see above), both the variable passive mechanical properties and the
contractility of MCT may yield design principles applicable to the develop-
ment of fully synthetic devices.

4
Concluding Remarks

Recent research has done much to elucidate the molecular organisation and
functioning of MCT. Whilst a number of interfibrillar molecules have been
isolated, only tensilin (‘stiffener’) has been characterized fully, and the signif-
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icance of none of these molecules for either interfibrillar cohesion or variable
tensility is fully understood. It would be particularly interesting to find out
more about the proteoglycans in view of their critical influence on the
supramolecular organisation and mechanical properties of vertebrate col-
lagenous tissue (Redaelli et al. 2003). Further investigation of the biochem-
istry and molecular biology of MCT could take advantage of the presence in
some echinoderms of adjacent structures that differ significantly in their
capacity for undergoing tensile changes. Examples include the autotomy and
non-autotomy tendons of ophiuroid intervertebral muscles (only the former
are mutable: Wilkie and Emson 1987), the distal and proximal oral arm plate
ligaments of ophiuroids (the former show both reversible and irreversible
changes in mechanical properties and the latter only reversible changes:
Wilkie 1992), and the capsular and central ligaments of cidaroid echinoid
spines (only the former are mutable: Del Castillo et al. 1995). Qualitative and
quantitative comparison of these structures might help to identify the molec-
ular correlates of variable tensility.

A fascinating recent discovery is the homology between tensilin and the
tissue inhibitors of metalloproteinases (TIMPs) (Tipper et al. 2003). Matrix
metalloproteinases (MMPs) are ubiquitous, connective tissue degrading
enzymes and TIMPs are important modulators of MMP activity. One mam-
malian TIMP (TIMP-3) binds strongly to the extracellular matrix via a GAG-
binding site (Yu et al. 2000), as does tensilin. This similarity and the involve-
ment of MMPs and TIMPs in the mechanical changes undergone by female
mammalian reproductive tract collagenous tissues suggest that the mecha-
nism underpinning MCT mutability could have evolved from a MMP-TIMP
system. There are also surprising similarities between MCT and the collage-
nous mesohyl of demosponges, which also shows reversible changes in stiff-
ness (Wilkie et al. 2004 c). Mutability may therefore be an ancestral property
of the extracellular matrix, which was lost during the evolution of most ani-
mals.

It has emerged that MCT is more versatile than previously suspected. As
well as showing adaptable passive mechanical properties, some mutable col-
lagenous structures are actively contractile, and another has been found to
demonstrate non-cell-mediated self-adhesiveness. This chapter has provided
some initial thoughts on the biotechnological potential of these properties,
which would seem to be considerable in view of the currently expanding
interest in biological systems as a source of molecules and mechanisms that
could be developed for biomedical and other applications (Langer and Tirrell
2004). Improved knowledge of the basic biology of MCT should lead to better
understanding of how its unique properties could be exploited for such pur-
poses.
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Bioresources from Echinoderms

Y. YokoTa

Abstract. More than 6,500 species have been recorded in the phylum Echin-
odermata. A variety of biologically active substances have been isolated from
the echinoderm species: saponins, glycolipids, carotenoids, porphyrins, naph-
thoquinones, venoms and others. Several substances unique to the echino-
derm have also been reported and some of them showed high potentiality as
a new medicament. This chapter gives an overview of the history of the
exploitation of echinoderm species in the Orient, presents studies on the bio-
logically active substance obtained from them, and discusses questions
related to the exploitation of the echinoderm and prospects of development of
new medications.

1
Introduction

The sea occupies 71 % of the terrestrial globe. Its average depth is approxi-
mately 3,800 m. It is an entire complex of environmental conditions rather
than a huge uniform hydrosphere. Marine faunas and floras resulted from
adaptation to a variety of its environmental conditions. There is almost no
light in the sea at depths below 150-200 m, as the seawater absorbs visible
radiation. The dark environment, where visual communication is more disad-
vantageous than under terrestrial conditions, has forced organisms to evolve
other means of communication, e.g., chemical communication. Marine
organisms may contain substances that are not found in terrestrial organ-
isms.

Marine organisms are anticipated as new resources of biologically active
substances, e.g., as pharmacological reagents. The Echinodermata phylum
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consists of five major classes: Ophiuroidea, 1,900 species; Crinoidea, 600
species; Echinoidea, 1,000 species; Asteroidea, 1,500 species; and
Holothuroidea, 500 species. Less pharmaceutical exploitation of marine
organisms has taken place than that of terrestrial animals and plants, because
we are not as familiar with marine life as with terrestrial life. Research and
development of novel chemicals from unexplored echinoderms are current
concerns, e.g., chemicals to fight tumors and microbes, depressors (hypoten-
sives), pesticides and agrichemicals with low environmental impacts.

When we exploit echinoderm species as a new biological resource, we have
to consider the economic and ecological standpoints. Historically and cur-
rently, the most fished animal among the echinoderms is the sea urchin. Some
Regularia species have long been consumed and exploited as a gastronomic
or an exotic food. In addition, the sea cucumber is fished and consumed in
Japan and China. Therefore, market prices of new products from the edible
sea urchin and sea cucumber must be higher than those of raw sea urchin or
raw sea cucumber as a food. The price of sea urchin roes of the highest grade
is 2,000-3,000 Japanese yen per 100 g. Judging only from the current situation
of the sea urchin market, development of new products from sea urchins
looks unprofitable, although most echinoderm species are non-edible and
unexplored. The economic bottleneck described above will be solved by mak-
ing use of non-edible species.

From an ecological viewpoint, we must not duplicate the error of overex-
ploitation of sea urchins which caused a decrease in sea urchin resources in
Japan and the Mediterranean Sea. However, the use of unexplored echino-
derm species such as starfish may contribute to the management of fishery
resources. Most asteroid species are carnivorous and final predators in the
benthos population. In the 1960s, outbreaks of Acanthaster planci damaged
the Great Barrier Reef; similarly in the 1970s, the coral reef in Okinawa, Japan,
was also preyed upon seriously by A. planci. Blooms of asteroids in the Frigid
and Temperate zones and the consequent impacts on shell fishery are also
often reported. Exploitation of asteroids as a biological resource will con-
tribute to the management of the benthic ecosystem. Although aquacultural
farms of scallops, clams, and other shellfish remove starfish as a measure of
damage control, the countermeasure is not intended to eradicate the starfish
population. The landed starfish usually generates a new problem of industrial
waste, and its disposal is an expense for aquacultural farms. When useful sub-
stances are prepared from collected starfish, two problems - how to decrease
both predation by asteroids and the cost of waste disposal - are simultane-
ously solved.

Man has used a variety of organisms for medicines from time immemorial.
Furthermore, marine organisms, in addition to terrestrial organisms, have
also been employed as medicine in Japan and China. In this chapter, biologi-
cally active substances from echinoderms are described and their potential
application is discussed.
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2
Oriental Medicine and Historical Background

In Oriental medicine, traditional ideology has been inherited, expressing that
the meal equals the medication. According to this ideology, every food is con-
sidered to be physiologically effective. For instance, in the Orient, foods abun-
dant in collagen and chondroitin sulfate have long been recognized to con-
tribute to maintaining smooth skin and preventing senescence and
arteriosclerosis. The dried body wall of sea cucumber has been used as a cor-
roborant and nutritious diet.

The sea cucumber is called “haishen” in Chinese, which literally means
marine ginseng. Ginseng, Panax ginseng, is the most famous plant in Orien-
tal medicine, best known for its multipotent pharmaceutical activities. It
contains saponins which show depression effects on the central nervous sys-
tem, and vasodilator effects. Ancient Japanese names “umiko” and
“nameriko” for the sea cucumber were found as medications in an antique
medical book, “Daidoruijuho” (808 A.p.). In the 17th century, a Chinese
scholar, Xie Qi (1567-1624), reported that sea cucumbers were comparable
to ginseng with respect to pharmaceutical activities in a book named
“Wuzazhu”. In Japan, dried and roasted sea cucumbers have been employed
as a hemostatic for bleeding such as in hemophilia, a relaxant for convul-
sions and other remedies since the 11th century. It is recognized in Japan
and China that sea cucumbers contain medicinal substances. The historical
background described above seems to support pharmaceutical investiga-
tions into the Holothuroidea.

3
Saponins

It has long been known that some holothurian species contain toxins. In the
southern Pacific and Tokara Islands (islands of southern Japan), a peculiar
fishing method using sea cucumbers is employed. The autochthones catch
paralyzed fish after they throw extracts or fragments of sea cucumbers into
tidal pools. This toxic effect results from saponins. Cooper (1880) reported
that some holothurians discharged white filamentous structures, called
Cuvierian tubules. Contact with these tubules also caused skin irritation.
Saponins concentrate in Cuvierian tubules. On the other hand, in holothurian
species without these structures, saponins are distributed in the body wall.
Dried sea cucumbers were used as a home remedy for skin diseases, and pow-
dered starfish was employed as a pesticide in Japan. The pharmacological
activity described is assumed to be due to saponins. In the animal kingdom,
the occurrence of saponins is limited to only two echinoderm classes, namely
holothurians and asteroids; in contrast, saponins are widely distributed in the
plant kingdom. Saponins have been used as an expectorant, a cure for conges-
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tive heart failure and as a component of contraceptives and antirheumatic
agents. The surfactant activity of saponins has been known and utilized for a
long time in medicine. Studies on toxic and pharmaceutical activities of
holothurians were initiated by Yamanouchi in the 1940s (Yamanouchi 1942,
1943a, b). Later, Nigrelli and Zahl (1952) named the toxic substance from
Cuvierian tubules of Actinpya agassizi holothurin, and initiated a series of
further investigations into the chemical and pharmacological properties of
the substance. They demonstrated its lethal activities towards various organ-
isms in e.g., Protozoa, Cnidaria, Nematoda, Mollusca, Annelida, and
Amphibia. Antifungal activity of the holothurian saponin, holotoxin, was
reported by Shimada (1969). He patented holotoxin as a cure for athlete’s foot
disease and commercialized it. Kitagawa et al. (1976a, b) showed that holo-
toxin is in fact composed of three molecules, holotoxin A, B and C. The
inhibitory activities on fungal growth were much higher than those of various
plant saponins (Table 1). Aglycons of holothurian saponins are terpenoids
(Fig. 1), whereas those of asteroid saponins are sterols (Fig. 2). The molecular
difference in saponins between the asteroid and holothurian seems to reflect
phylogenic differences. Recently, novel cytotoxic triterpene glycosides have
been isolated from sea cucumbers Pentamera calcigera (Avilov et al. 2000),
Staurocucumis liouvillei (Maier et al. 2001), Hemoiedema spectabilis (Chludil
etal.2002) and Mensamaria intercedens (Zou et al. 2003). The glycosides from
P calcigera, S. liouvillei and M. intercedens showed antineoplastic activity
against mammalian cancer cells. Terpene glycosides deserve to be investi-
gated as anticancer pharmaceuticals. Two triterpene glycosides from H.
spectabilis also showed antifungal activity against the phytopathogenic fun-
gus. Antifungal activities of substances from sea cucumbers are thought to be
due to their terpenoid structures.

Table 1. Antifungal activities of holotoxins. Minimum inhibitory
concentration for growth of microorganisms (ug/ml)

Species A B C
Trichophyton rubrum 0.78 0.78 6.25
Trichophyton mentagrphyte 1.56 1.56 12.5
Mictosporum gypseutn 3.12 1.56 12.5
Candida albicans 6.25 6.25 25.0
Candida utilis 3.12 3.12 12.5
Tomla utilis 3.12 3.12 12.5
Aspergillus oryzae 6.25 12.52 5.0
Penicillium chrysogenum 3.12 6.25 12.5

Trishomonas vaginalis 3.12 1.56 3.12
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Fig. 1. Structural
formulae of holotoxin
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4
Glycolipids

Glycosphingolipids, which are important constituents of a variety of cell
membranes of vertebrates, are also reported to be contained abundantly in
echinoderms (Kubo et al. 1990; Higuchi et al. 1991, 1994). Glycosphingolipids
have various physiological functions, e.g. as receptors of cytotoxins, cells,
viruses, transmitters and hormones, in the regulation of cell proliferation and
differentiation, cell recognition regulatory function of the cell membranes,
signal transduction, etc. Complex carbohydrates have been revealed to play
important roles in cancer and neuropathy. Some glycosphingolipids such as
cerebrosides and gangliosides are believed to be useful in new medications.

Recently, the bioactive glycolipids of echinoderms have been intensively
investigated, focusing on the development of new medicinal materials
(Yamada 2002). Higuchi and coworkers examined neuritogenic activity of
gangliosides isolated from the echinoderms Stichopus japonicus, Holothuria
leucospilota (Yamada et al. 2001), Asterias amurensis (Higuchi et al. 1993) and
Holothuria pervicas (Yamada et al. 2000), on cultured rat pheochromocytoma
cells. They also demonstrated antitumoral activity of gangliosides from Aster-
opecten latespinosus (Higuchi et al. 1995). It was revealed that neuritogenic
activity of echinoderm gangliosides is dependent on the amount of sialic
acids in the carbohydrate moieties. Holothurians contain sphingoglycolipids
with molecular structures different from those of mammalian sphingoglycol-
ipids. A ganglioside, which shows a pharmaceutical activity higher than that
of a mammalian ganglioside employed for the therapy of neuropathy, was
found among holothurian gangliosides. The holothurian ganglioside appears
capable of being employed in a new cure for neuropathy, since the chemical
synthesis of sphingoglycolipids is less advantageous than isolation from
echinoderms from an economic standpoint.

5
Pigments

Marine animals, including echinoderms, attract our attention because of
their fantastic and bizarre colors. The coloration of echinoderms, in most
cases, is due to chemical pigments. Carotenoids, melanins, porphyrins and
naphthoquinones contribute to the pigmentation of the integument. In addi-
tion, the appetizing color of sea urchin roes is precisely that of carotenes.
Carotenoids are known as antioxidants and widely used as a food supple-
ment. As echinoderms are not capable of synthesizing carotenoids de novo,
they obtain carotenoids from algae or animals that take them from algae.
The occurrence of major carotenoids in echinoderms was documented by
Fox and Hopkins (1966). The well-known antitumor promoter [3-carotene
and its derivatives are the most abundant carotenoids in echinoids and
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asteroids. Preparations of major carotenoids from plants seem more eco-
nomical than from echinoderms. Pigments other than major carotenoids,
which are specific to echinoderm species, will be a focus of pharmaceutical
development. Tsushima et al. (1995) carried out extensive studies on echin-
oderm carotenoids from the viewpoints of comparative biochemistry and
pharmacology. They examined 51 carotenoids with different structures for
the inhibitory effects on Epstein-Barr virus activation. A novel marine
carotenoid from Cucumaria japonica, cuacumariaxanthin C, showed such an
effect (Tsushima et al. 1996). Quinone sulfates isolated from the crinoids Tro-
piometra afra macrodisucus and Oxycomanthus japonicus have shown
antifeedant activity on fish (Takahashi et al. 2002). Spinochrome and
echinochrome are assumed to show hypotensive activity (Kuzuya et al. 1973;
Fig. 3). Pharmaceutical investigation into echinodermal quinones is required
for the development of new anticancer reagents.

6
Venoms

Venoms occur in two echinoderm classes, namely echinoids and asteroids.
Their distribution is limited to three echinoid families, Echinothuriidae,
Diadematidae and Toxopneustidae. Acanthaster planci is the only species
that has been reported to be venomous among starfish. A few studies on sea
urchin venoms have been reported. Peditoxin, purified from the pedicellar-
iae of Toxopneustes pileolus, is composed of a protein called pedin and a
prosthetic group called pedoxin (Kuwabara 1994). Venomous activity results
from pedoxin, which has a molecular mass of 206 Da. It causes sedation and
anesthetic coma accompanied by muscular relaxation at sublethal doses.
Another toxin, which was named contractin A, from the venom of T. pileolus
pedicellaria, has been purified and characterized (Nakagawa et al. 1991).
Contractin A, having an apparent molecular weight of 18,000 Da for a total
of 138 amino-acid residues, caused contraction of the tracheal smooth mus-
cle. Spine venom from A. planci has been extensively investigated by Japan-
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ese researchers. They demonstrated that A. planci venom has various toxic
activities. The lethal factor was shown to be a potent hepatotoxic basic gly-
coprotein with a molecular weight of 20,000-25,000 Da (Shiomi et al. 1988,
1990). A new anticoagulant peptide with a native molecular mass of 7,500 Da
from the spine venom of A. planci, plancinin, inhibits factor X activation in
the human blood coagulation cascade (Koyama et al. 1998). A fraction of
venom from the crown-of-thorns starfish causes smooth muscle contraction
mediated by prostaglandins (Karasudani et al. 1996). In addition, the venom
showed vasorelaxing and hypotensive effects, which were assumed to be due
to the release of a platelet-activating factor or a factor-like substance (Yara
et al. 1992). The fact that the molecular mass of pedoxin from T. pileolus is
206 Da may suggest that the development of its synthesis is possible. Further,
pedoxin seems to show low antigenicity because of its low molecular mass
when it is subcutaneously or intramuscularly injected. There are still many
sea urchin species to be investigated, the venoms of which are not yet char-
acterized.

7
Hemagglutinins

In echinoderms, hemagglutinins were reported in a starfish and sea urchins.
Hemagglutinin occurs in the coelomic fluid of Anthocidaris crassispina (Giga
etal. 1987) and Hemicentrotus pulcherrimus (Yamada and Aketa. 1982),and in
eggs of Anthocidaris crassispina (Ozeki et al. 1991). Hemagglutinins of A. cras-
sispina have been extensively investigated and their complete amino-acid
sequence has been reported. Also in holothurians, hemagglutinin was
reported (Hatakeyama et al. 1994; Matsui et al. 1994).

In general, hemagglutinins from echinoderms do not seem advantageous
for clinical use, as most of them have not shown any blood group specificity.

8
Prospects

Organisms are capable of synthesizing many kinds of biologically active sub-
stances with diverse molecular structures. Various antibiotics have been dis-
covered and incorporated in the treatment of infection in the last century.
Development of biologically active chemicals from the half million species of
marine organisms is one interest. In order to efficiently fulfill biological and
pharmaceutical surveys of substances, a globally standardized system for bio-
logical screening must be established. Biologically active substances are gen-
erally divided into two categories: those that are antigenic and those that are
non-antigenic. When an antigenic substance is subcutaneously or intramus-
cularly administered as a medication, there is a conflict with the host immune
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system. It is not to say that oral administration of peptides and proteins is
impossible. This is why antitumoral proteins found in the sea urchins
Strongylocentrotus purpuratus, S. intermedius and S. nudus (Pettit et al. 1979;
Sasaki and Endo 1987) are not yet employed in therapy. However, analyses of
the action mechanism and the notion of active sites in biologically active pep-
tides may contribute to the development of novel pharmaceuticals without
the side effect of antigenicity.

A large variety of toxic substances have been used for a long time as drugs.
In addition, a number of useful biologically active substances such as ano-
dynes have been synthesized based on the molecular structure of toxins. The
fact that saponins and terpenoids occur only in Echinodermata in the animal
kingdom suggests that echinoderms are capable of synthesizing unknown
substances. Saponins from asteroids and holothurians display a variety of
pharmaceutical activities. The utilization of synthetic activities specific to
asteroids and holothurians is one way of producing new medications. Novel
biologically active substances may act as potential leading compounds even
though their isolation for such use is not commercially practical.

Finally, the blooming of starfish and sea cucumber, Cucumaria echinata, is
a serious obstacle to fishery and the only countermeasure against it is their
extirpation. The 2000 annual catch of starfish in Hokkaido, Japan, was
reported to be 16,000 t. The disposal of extirpated animals is a serious prob-
lem for the fishery sectors. Exploitation of chemicals from these animals
would be beneficial regarding both disposal of industrial waste and produc-
tion of useful substances.

9
Appendix: Antique Illlustrations of Echinoderms in Japan

We can go back to an encyclopedia, Wakansansaizue, edited by the physician
Ryoan Terashima in 1712, to the scholarly description and illustration of the
echinoderm. A sea urchin, a supposed starfish, a sand dollar and a sea cucum-
ber were described and illustrated (Figs. 4-6). The encyclopedia is composed
of 105 volumes. It was edited on the basis of an antique idea that human dis-
eases were generated by three components: the heavens, earth (including ani-
mals and plants) and humans. Wakansansaizue literally means Japanese-Chi-
nese encyclopedia on the three components.

In 1762, Yoritaka Matsudaira completed a series of picture books on natural
history entitled Shurinshukan in order to enhance the local activity of fishery
and related industries. Four of them, called Shurinzu and dealing with fishes,
are highly valued for the quality of their drawings. Even echinoderms, sea
cucumbers, starfish and brittle stars are illustrated in the third issue of Shur-
inzu (Figs.7 and 8).

Senchufu (1811) by Tanshu Kurimoto (1756-1834) describes 27 species of
echinoderms. This number seems incorrect because some species appeared
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Fig. 4. Cover of Wakansansaizue
(from the reprint published in 1902 by
Chugai Shuppan, Tokyo)

Fig. 5. Ilustration and
description of starfish and
sand dollar in Wakansan-
saizue (from the reprint
published in 1902 by
Chugai Shuppan, Tokyo).
The author classified these
two animals into different
animal groups, although a
famous Chinese scholar, Li
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Fig. 6. Description of sea
urchin in Wakansan-
saizue (from the reprint
published in 1902 by
Chugai Shuppan, Tokyo).
The body is round and
similar to a bur. The ani-
mal moves its spines in
response to contact stim-
uli. Localities of sea
urchin production and
quality of sea urchin roes
were explained. The
description of the animal
in the text suggests that
the species is Anthoci-
daris crassispina
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Fig.7. Sea cucumber in Shurinzu drawn by Bun-
ryu Miki (1762) (from a publication of the
Kagawa History Museum, 2003). The animal
appears to be Apostichopus japonicus. Original

drawing is in color

Fig. 8. Starfish and brittle star in Shurinzu (from a
publication of the Kagawa History Museum, 2003).
The starfish is recognized as Asterina pectinifera.

Original in color
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Fig. 9. Description of Heterocentrotus mamillatus in Senchufu (1811) (from the reprint
published by Kowa Shuppan, 1982). It was described that this species occurred in southern
Japan
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Fig. 10. Illustration of Gorgonocephalus eucnemus from Senchufu (1811) (from the reprint
published by Kowa Shuppan, 1982). This animal was cited as a peculiar species of starfish. It
was written that powdered Gorgonocephalus was used as a medication for bruising. The ani-
mal was reported to have fundamentally five large tentacles separating into a large number
of small tentacles. A penta-radiated pattern like a cherry blossom was described in the cen-
ter of the body. The animal is illustrated on two facing pages

two or more times in the different sections and the identification of species
was unclear. Stichopus japonicus, Asteropecten, Diadema setosum, Asterina
pectinifera, Strongylocentrotus intermedius, Heterocentrotus mamillatus,
Astriclypeus manni, Asterias amurensis, Gorgonocephalus eucnemus, etc. were
illustrated (Figs. 9 and 10). The original book of Senchufu was lost due to fire
and only some reproductions remain.
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