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
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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



178 M.D. Candia Carnevali

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-
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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



192 M.D. Candia Carnevali




Regenerative Response and Endocrine Disrupters in Crinoid Echinoderms 193

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.

Acknowledgements. The present work was carried out with the financial support provided
by the EU (COMPRENDO Project no. EVK1-CT-2002-00129) and the MIUR COFIN-2003
Research Project. In addition, the author is particularly grateful to the following colleagues
for their help and profitable collaboration in the research work: Alice Barbaglio, Francesco
Bonasoro, Silvana Galassi, Daniela Mozzi, Michela Sugni, Paolo Tremolada.



196 M.D. Candia Carnevali

References

Aminin DL, Agafonova IG, Federov SN (1995) Biological activity of disulfated polyhydrox-
ysteroids from the Pacific brittle star Ophiopholis aculeata. Com Biochem Physiol
112C:201-204

Anderson S, Hose JE, Knezovic JP (1994) Genotoxic and developmental effects in sea urchin
are sensitive indicators of effects of genotoxic chemicals. Environ Toxicol Chem
13:1033-1041

Arnold SE Klotz DM, Collin BM, Vonier PM, Gillette L Jr, McLachlan JA (1996) Synergistic
activation of estrogen receptor with combination of environmental chemicals. Science
272:1489-1492

Barbaglio A, Sugni M, Mozzi D, Invernizzi A, Doria A, Pacchetti G, Tremolada P, Bonasoro F,
Candia Carnevali MD (2004) Exposure effects of organotin compounds (TPT-CI) on
regenerative potential of crinoids. In: Proc 11th Int Echinoderm Conf, Munich 2003.
Swets and Zeitlinger, Lisse

Békri K, Pelletier E (2004) Trophic transfer and in vivo immunotoxicological effects of trib-
utyltin (TBT) in polar sea star Leptasterias polaris. Aquat Toxicol 66:39-53

Bonasoro F, Ferro P, Di Benedetto C, Sugni M, Mozzi D, Candia Carnevali MD (2004) Regen-
erative potential of echinoid test. In: Heinzeller T (eds) Proc 11th Int Echinoderm Conf,
Munich 2003. Swets and Zeitlinger, Lisse

Bryan GW, Gibbs PE, Hummerstone LG, Burt GR (1986) The decline of the gastropod
Nucella papillus around south-west England: evidence for the effect of tributyltin from
antifouling paints. ] Mar Biol Assoc UK 66:611-640

Cadbury D (1998) The feminisation of nature. Our future at risk. Penguin, London

Candia Carnevali MD, Bonasoro F (2001a) Introduction to the biology of regeneration in
echinoderms. Microsc Res Tech 55:365-368

Candia Carnevali MD, Bonasoro F (2001b) Microscopic overview of crinoid regeneration.
Microsc Res Tech 55:403-426

Candia Carnevali MD, Lucca E, Bonasoro F (1993) Mechanism of arm regeneration in the
feather star Antedon mediterranea: healing of wound and early stages of development. ]
Exp Zool 267:299-317

Candia Carnevali MD, Bonasoro F, Lucca E, Thorndyke MC (1995) Pattern of cell prolifera-
tion in the feather star Antedon mediterranea.] Exp Zool 272:464-474

Candia Carnevali MD, Bonasoro F, Biale A (1997) Pattern of bromodeoxyuridine incorpora-
tion in the advanced stages of arm regeneration in the feather star Antedon mediter-
ranea. Cell Tissue Res 289:363-374

Candia Carnevali MD, Bonasoro F, Patruno M, Thorndyke MC (1998) Cellular and molecu-
lar mechanisms of arm regeneration in crinoid echinoderms: the potential of arm
explant. Dev Gen Evol 208:421-430

Candia Carnevali MD, Bonasoro F, Patruno M, Thorndyke MC, Galassi S (2001a) PCB expo-
sure and regeneration in crinoids (Echinodermata). Mar Ecol Prog Ser 215:155-167

Candia Carnevali MD, Galassi S, Bonasoro F, Patruno M, Thorndyke MC (2001b) Regenera-
tive response and endocrine disrupters in crinoid echinoderms: arm regeneration in
Antedon mediterranea after experimental exposure to polychlorinated biphenyls. ] Exp
Biol 204:835-842

Candia Carnevali MD, Bonasoro F, Patruno M, Thorndyke MC (2001 c) Role of the nervous
system in echinoderm regeneration. In: Barker M (ed) Proc 10th Int Echinoderm Conf,
Dunedin 2000. AA Balkema, Rotterdam, pp 5-20

Candia Carnevali MD, Bonasoro F, Ferreri P, Galassi S (2003) Regenerative potential and
effects of exposure to pseudo-estrogenic contaminants (4-nonylphenol) in the crinoid
Antedon mediterranea. In: Feral JP, David B (eds) Echinoderm research 2001. Swets and
Zeitlinger, Lisse, pp 201-207



Regenerative Response and Endocrine Disrupters in Crinoid Echinoderms 197

Chia FS, Xing J (1996) Echinoderm coelomocytes. Zool Stud 35:231-254

Colborn T, von Saal FS, Soto AM (1993) Developmental effects of endocrine disrupting
chemicals in wildlife and humans. Environ Health Perspect 101:378-384

Cooper RL, Kavlock RJ (1997) Endocrine disruptors and reproductive development: a
weight-of-evidence overview. ] Endocr 152:159-166

Coteur G, Danis B, Fowler SW, Teyssié J-L, Dubois Ph, Warnau M (2001) Effects of PCBs on
reactive oxygen species (ROS) production by the immune cells of Paracentrotus lividus
(Echinodermata). Mar Pollut Bull 42:667-672

den Besten PJ (1998) Cytochrome P450 monooxigenase system in echinoderms. Comp
Biochem Physiol 121C:139-146

den Besten PJ, Herwig H]J, Zandee DI, Voogt PA (1989) Effects of cadmium and PCBs on
reproduction of the sea star Asterias rubens: aberrations in the early development. Eco-
tox Environ Safety 18:173-180

den Besten PJ, Herwig HJ, Small AC, Zandee DI, Voogt PA (1990) Interference of polychlori-
nated biphenyls with gametogenesis in the sea star Asterias rubens L. Aquat Toxicol
28:231-246

den Besten PJ, Elanbaas JML, Maas EJR, Dieleman S]J, Hervig HJ, Voogt PA (1991a) Effects of
cadmium and polychlorinated biphenyls on steroid metabolism and cytochrome P-450
monooxigenase system in the sea star Asterias rubens L. Aquat Toxicol 20:95-110

den Besten PJ, Maas EJR, Livingstone DR, Zandee BI, Voogt PA (1991b) Interference of
benzo[a]pirene with cytochrome P-450 mediated steroid metabolism in pyloric caeca
microsome of the sea star Asterias rubens L. Comp Biochem Physiol 100C:165-168

Depledge MH, Billinghurst Z (1999) Ecological significance of endocrine disruption in
marine invertebrates. Mar Pollut Bull 39:32-38

Dickey P (1997) Troubling bubbles. The case for replacing alkylphenol ethoxylate surfac-
tants. Washington Toxics Coalition, Seattle, pp 1-59

Dolmatov 1Y, Ginanova TT (2001) Muscle regeneration in holothurians. Micro Res Tech
55:452-463

Dubois P, Ameye L (2001) regeneration of spines and pedicellariae in echinoderms: a
review. Microsc Res Tech 55:427-437

Emson RH, Wilkie IC (1980) Fission and autotomy in echinoderms. Oceanogr Mar Biol
Annu Rev 18:155-250

Fairley P, Roberts M, Stringer J (1996). Endocrine disruptor. Chem Week 8 May:29-36

Fait A, Ferioli A, Barbieri F (1994) Organotin compounds. Toxicology 91:77-82

Ferretti P, Géraudie J (1998) Preface. In: Ferretti P, Geraudie J (eds) Cellular and molecular
basis of regeneration: from invertebrates to humans. Wiley, New York, pp xix-xx

Fingerman M (1997) Crustacean endocrinology: a retrospective, prospective and introspec-
tive analysis. Physiol Zool 70:257-269

Garcia-Arraras JE, Greenberg MJ (2001) Visceral regeneration in holothurians. Microsc Res
Tech 55:438-451

Gibbs PE, Pascoe PL, Burt GR (1988) Sex changes in the female dog-whelk, Nucella lapillus,
induced by tributyltin from antifouling paints. ] Mar Biol Assoc UK 68:715-731

Gilbert SF (1997) Developmental biology, 5th edn. Sinauer Associates, Sunderland, Massa-
chusetts

Granmo A (1991) Toxicity of 4-nonylphenol to aquatic organisms and potential for bioac-
cumulation. In: Proc Seminar on Nonylphenolethoxylates (NPE) and Nonylphenol (NP),
Saltsjobaden, Sweden. Ingvar Bingham, Stockholm, pp 53-75

Gray LE Jr, Monosson E, Kelce WR (1996) Emerging issues: the effects of endocrine dis-
rupters on reproductive development. In: Di Giulio RT, Monosson E (eds) Interconnec-
tion between human and ecosystem health. Chapman and Hall, London, pp 47-81

Gross PS, Al-Sharif WZ, Cow LA, Smith LC (1999) Echinoderm immunity and the evolution
of the complement system. Dev Comp Immunol 23:429-442



198 M.D. Candia Carnevali

Hinton DE (1997) Histological responses signifying exposure or effect and their application
to aquatic ecotoxicology. In: Zelikoff JT (ed) Proc OECD Worksh on Ecotoxicology:
Responses, Biomarkers and Risk Assessment. SOS Publications, Fairhaven, New Jersey

Holmes P, Harrison P, Bergman A, Brandt I, Brouwer B, Keiding N, Randall G, Sharpe R,
Skakkebaek N, Ashby J, Barlow S, Dickerson R, Humfrey C, Smith LM (1997) Proc Euro-
pean Workshop on The Impact of Endocrine Disrupters on Human Health and Wildlife,
2-4 Dec 1996. Rep EUR 17549. MRC Institute for Environmental and Health, Weybridge

Hopkin SP (1993) In situ biological monitoring of pollution in terrestrial and aquatic
ecosystems. In: Calow P (ed) Handbook of ecotoxicology, vol I. Blackwell, Oxford,
pp 397-427

Horiguchi T, Shiraishi H, Shimizu M, Morita M (1995) Imposex in Japanese gastropods
(Neogastropoda and Mesogastropoda): effects of tributyltin and triphenyltin from
antifouling paints. Mar Pollut Bull 31:402-405

Hyman HL (1955) The invertebrates: Echinodermata, vol 4. McGraw-Hill, New York

Janer G, LeBlanc GA, Porte C (2004) A comparative study on the metabolism of androgens
in invertebrates and its modulation by xenoandrogens. In: Proc CREDO Cluster Worksh
on Ecological Relevance of Chemically Induced Endocrine Disruption in Wildlife,
Exeter, p 23

Kobahashi N (1984) Marine ecotoxicological testing with echinoderms. In: Persoone G,
Jaspers E, Claus C (eds) Ecotoxicological testing for the marine environment, vol 1. State
University of Ghent and Institute of Marine Scientific Research, Bredene, Belgium,
pp 341-405

LeBlanc GA, Campbell PM, den Besten P, Brown RP, Chang ES, Coats JR, deFur PL, Dhadialla
T, Edwards J, Riddiford Lm, Simpson MG, Snell TW, Thorndyke MC, Matsumura F (1999)
The endocrinology of invertebrates. In: deFur P, Crane M, Ingersoll C, Tattersfield L (eds)
Proc Worksh on Endocrine Disruption in Invertebrates: Endocrinology, Testing and
Assessment, 12-15 Dec 1998. SETAC, Noordwijkerhout, The Netherlands, pp 23-106

Lutz I, Sugni M, Candia Carnevali MD, Lavado R, Porte C, Schulte-Oehlmann U, Kloas W
(2004) First evidence for specific [3H]-testosterone and [3H]-estradiol binding sites in
echinoderms. In: Proc CREDO Cluster Workshop on Ecological Relevance of Chemically
Induced Endocrine Disruption in Wildlife, Exeter, p 43

Marsh A, Walker C (1995) Effect of estradiol and progesterone on c-myc expression in the
sea star testis and the seasonal regulation of spermatogenesis. Mol Reprod Dev 40:62-68

Matthiessen P, Gibbs PE (1998) Critical appraisal of the evidence for tributyltin-mediated
endocrine disruption in molluscs. Environ Toxicol Chem 17(1):37-43

Minckert W (1905) Uber Regeneration bei Comatuliden nebst Ausfiihrungen iiber die Auf-
fassung und Bedeutung der Syzygien. Arch Naturg Jahrg 71(1):163-244

Mladenov PV, Burke RD (1994) Echinodermata: asexual propagation. In: Adiyodi KG, Ady-
odi RG (eds) Reproductive biology of invertebrates, vol 6, part B. Asexual propagation
and reproductive strategies. Oxford and Hill, New Delhi, pp 339-383

Mladenov PV, Bisgrove B, Asotra S, Burke RD (1989) Mechanisms of arm-tip regeneration in
the sea-star Leptasterias hexactis. Roux’s Arch Dev Biol 189:19-28

Moss C, Hunter J, Thorndyke MC (1998) Pattern of bromodeoxyuridine incorporation and
neuropeptide immunoreactivity during arm regeneration in the starfish Asterias rubens.
Philos Trans R Soc Lond B 353:421-436

Novelli AA, Argese E, Tagliapietra D, Bettiol C, Volpi Ghirardini A (2002) Toxicity of trib-
utyltin and triphenyltin to early life-stages of Paracentrotus lividus (Echinodermata:
Echinoidea). Environ Toxicol Chem 21:859-864

Pearson H (2001) The regeneration gap. Nature 414: 388-390

Perrier E (1873) Uanatomie et la régenération des bras de la comatula. Arch Zool Exp Gen
2:29-86



Regenerative Response and Endocrine Disrupters in Crinoid Echinoderms 199

Reichensperger A (1912) Beitrdge zur Histologie und zum Verlauf der Regeneration bei
Crinoiden. Z Wiss Zool 101:1-69

Rippen G (1990) Handbuch Umweltechemikalien. Stoffdaten, Pfiifverfahren, Vorschirften. 3.
Auflage, 5. Ergdnzungslieferung 2/90. Ecomed, Landsberg am Lech

Schoenmakers HJN (1979) In vitro biosynthesis of steroids from cholesterol by the ovaries
and pyloric caeca of the starfish Asterias rubens. Comp Biochem Physiol 63(B):179-184

Schoenmakers HJN (1980) The variation of 3f3-hydroxysteroid dehydrogenase activity of
the ovaries and pyloric caeca of the starfish Asterias rubens during the annual reproduc-
tive cycle. ] Comp Physiol 138:27-30

Schoenmakers HJN, Voogt PA (1980) In vitro biosynthesis of steroids from progesterone by
the ovaries and pyloric caeca of the starfish Asterias rubens. Gen Comp Endocr
41:408-416

Schweitzer LE, Hose JL, Suffet IH, Bay SM (1997) Differential toxicity of three polychlori-
nated biphenyl congeners in developing sea urchin embryos. Environ Toxicol Chem
16:1510-1514

Shirai H, Walker CW (1988) Chemical control of asexual and sexual reproduction in echin-
oderms. Alan R Liss, New York

Shubina LK, Fedorov SN, Levina EV, Andriyaschenko PV, Kalinovsky AL, Stonik VA, Smirnov
IS (1997) Comparative study on polyhydroxylated steroids from echinoderms. Comp
Biochem Physiol 119(B):505-511

Soto AM, Sonnenschein C, Chung KL (1995) The E-Screen as a tool to identify estrogens: an
update on estrogenic environmental pollutants. Environ Health Perspect 103(Suppl):
113-122

Stahl RG, Tattersfield L], Campbell PM, Horiguchi T, deFur PL, Dick Vethaak A (1999) Intro-
duction to the workshop on endocrine disruption in invertebrates: endocrinology, test-
ing and assessment. In: deFur P, Crane M, Ingersoll C, Tattersfield L (eds) Proc Worksh
on Endocrine Disruption in Invertebrates: Endocrinology, Testing and Assessment,
12-15 Dec 1998. SETAC, Noordwijkerhout, The Netherlands, pp 7-21

Stocum DL (1998) Bridging the gap: restoration of structure and function in humans. In:
Ferretti. and Geraudieu ] (eds) Cellular and Molecular Basis of Regeneration: from
Invertebrates to Humans. New York: John Wiley & Sons. pp. 411-450

Thorndyke MC, Candia Carnevali MD (2001) Regeneration neurohormones and growth
factors in echinoderms. Can J Zool 79:1171-1208

Thorndyke MC, Patruno M, Moss C, Beesley PW (2001) Cellular and molecular bases of arm
regeneration in brittlestars. In: Barker M (ed) Proc 10th Int Echinoderm Conf, Dunedin,
2000. AA Balkema, Rotterdam, pp 323-326

Thouveny Y, Tassava RA (1998) Regeneration through phylogenesis. In: Ferretti P, Geraudie
J (eds) Cellular and molecular basis of regeneration: from invertebrates to humans.
Wiley, New York, pp 9-43

Tremolada P, Mozzi D, Sugni M, Barbaglio A, Dagnac T, Candia Carnevali MD (2004) A sim-
ple model for evaluating compound loss processes in aquatic ecotoxicological tests: the
case of TPT-Cl. In: Albanis TA (ed) Proc 3rd European Conf on Pesticides and Related
Organic Micropollutants in the Environment, Halkidiki, Greece, pp 407-410

Voogt PA, Oudejans RCHM, Broertjes JJS (1984) Steroids and reproduction in starfish. In:
Engels W, Clark WH, Fischer A, Olive PJM, Went DF (eds) Advances in invertebrate
reproduction. Elsevier North-Holland, New York, pp 151-161

Voogt PA, den Besten PJ, Jansen M (1990) The A>-pathway in steroid metabolism in the sea
star Asterias rubens L. Comp Biochem Physiol 97(B):555-562

Voogt PA, den Besten PJ, Jansen M (1991) Steroid metabolism in relation to the reproduc-
tive cycle in Asterias rubens L. Comp Biochem Physiol 99(B):77-82



200 M.D. Candia Carnevali

Walsh GE, McLaughlin LL, Louie MK, Deans CH, Lores EM (1986) Inhibition of arm regen-
eration by Ophioderma brevispina (Echinodermata, Ophiuroidea) by tributyltin oxide
and triphenyltin oxide. Ecotoxicol Environ Saf 12:95-100

Wilkie IC (2001) Autotomy as a prelude to regeneration in echinoderms. Microsc Res Tech
55:369-396



