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Executive Summary

This draft Detailed Review Paper (DRP) was requested by OECD in 2008 and
has been prepared by Germany and the United Kingdom. It is the result of
collaborative efforts between scientists from the twontges, but has benefited
from the advice of a much wider range of experts.

The purpose of the DRP is to review what is known about the responses of
molluscs to endocrine disrupting chemicals (EDCs), to consider whether it would
be desirable and feasible standardise molludgased partialand fultlifecycle

tests that are sensitive to EDCs and to other chemicals, and if so, to recommend
suitable methods for optimisation and validation.

The review concludes that there is a need for mohased lifecycletests,
primarily because the only invertebrate tests of this type that are currently being
internationally standardised use arthropods alone, yet mollusc species are
ecologically and economically important, and are known to be uniquely sensitive
to a numler of EDCs and other substances. No other invertebrate phylum offers
similar opportunities at the present time.

Although there are some similarities between the endocrine systems of
vertebrates and molluscs, the lack of knowledge about how EDCs act ursosoll
currently prevents the use of molldlsased tests as surrogates for tests with
aquatic vertebrates such as fish.

Given our relatively poor understanding of molluscan endocrinology, it is not
currently possible to recommend the development of meldased screening

tests for the identification of EDCs. On the other hand, we are now in a position
to start standardising apical mollusc tests involving partial or full lifecycle
exposures. In principle, these are expected to be responsive to any chemicals
(EDCs or norEDCs) with activity in molluscs, even though they may not
provide diagnostic information on modes of action (MoA).

The review recommends three apical test procedures for optimisation and
possible validation. The first is a partial life cycld.(® test with the freshwater
gastropodPotamopyrgus antipodarunthe second is a full life cycle (FLC) test
with the freshwater pulmonaleymnaea stagnaljsand the third is an FLC test
with the marine bivalv€rassostrea gigas

There is more experience tiusingP. antipodarumfor testing EDCs than the
other two species, and it is recommended that optimisation and validation of the
standard operating procedure (SOP) for this PLC test could begin immediately. A
particular issue for optimisation concerng timfluence of temperature on the
fecundity endpoint, while the focus of validation should be an investigation of the
inter-laboratory reproducibility of the test.
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The two FLC procedures with. stagnalisand C. gigasrequire more detailed
optimisation bafre decisions can be made about possible validation. Mollusc
reproduction is very sensitive to a wide range of environmental variables, and the
relative influence of these factors on the response of these species to EDCs needs
to be more firmly established

The review makes a number of recommendations about data gaps and research
needs.
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2 Introduction

2.1 Background

Since the late 1980s, there has been increasing concern about the discovery that some
natural and synthetic substances in the environment are alifgetfere with the

normal operation of endocrine systems (e.g. Miyamoto and Burger, 2003). These so
called endocrine disrupting chemicals (EDCs) are able to act as hormones (some are,
in fact, natural hormones while others mimic hormone action), or bleclction of
hormones, or interfere with normal hormone transport, metabolism and excretion
(Van der Kraalet al, 1998). A wide range of impacts on the natural environment has
been documented for EDCs, including effects on development, growth and/or
repoduction of all major vertebrate groups and some invertebrate phyla (see
Matthiessen, 2003 for an overview). Endocrine disrupting effects in humans have
been recorded as a consequence of exposure to certain therapeutic agents, and
although it remains toebfirmly established that EDCs in the environment are also
causing such effects, there is circumstantial evidence for this contention (e.g. Sharpe
and Skakkebaek, 2003).

It has become apparent that existing OECD Guidelines for the Testing of Chemicals,
andother internationally standardised toxicity testing procedures, are not generally of
sufficient sensitivity to EDCs for use in environmental hazard and risk assessment.
This is because they tend not to expose organisms for parts of their life cycleethat a
particularly responsive to EDCs (e.g. sexual development; reproduction), or because
the endpoints measured (e.g. mortality; sthemnn development of early life stages)

are relatively insensitive to EDCs. This lack of standardised tests for EDCs is
becaning a serious problem because several regulations (including the European
Unionés REACH || egislation [ CEC, 2007] ,
Protection Agencyo6s Endocrine Disruptor
Federal Food, Drug and CoslicetAct) now require, or shortly will require,
consideration of the potential endocrine disrupting properties of chemicals. Under
some circumstances, other chemicals regulations (e.g. the European Union Directive
on Plant Protection Products [Dir 91/414/EE@d its replacement] and the EU
procedure for authorisation of medicinal products for human and veterinary use [EU
Regulation EC 726/2004]) may also require lgegm toxicity data on molluscs,
although not specifically in relation to endocrine disruption

Following the publication by OECD of a draft Detailed Review Paper (DRP) an sex
hormone disrupting chemicals (OECD, 2001), the OECD Endocrine Disrupter Testing
and Assessment (EDTA) task force has therefore been encouraging the development
and validatiorof new toxicity testing guidelines for potential endocrine disrupters, in
line with its Conceptual Framework for the Testing and Assessment of Endocrine
Disrupting Chemicals (Gourmelon and Ahtiainen, 2007; OECD, 2004a). In general
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terms, Level 3 of the Gweptual Framework calls for the developmentirotivo

assays to provide data on single endocrine mechanisms and effects, Level 4 calls for
in vivo assays sensitive to multiple endocrine mechanisms and effects, and Level 5
requires apicalin vivo tests sesitive to both endocrine and nendocrine
mechanisms.

By approximately 2002010, validated OECD Guidelines on Ef3€nsitive toxicity

tests are expected to have been agreed for rodents, amphibians, fish, and crustaceans
(copepods and mysids). These wiitlude relatively short Level 3 screens for the
identification of EDCs (e.g. the 3 week fish screening test, and the uterotrophic and
Hershberger rodent screens), at least one Level 4 developmental test (e.g. the
amphibian metamorphosis test), and varihesel 5 tests suitable for use in risk
assessment, such as partial life cycle tests (e.g. the fish sexual development test), full
life cycle tests (e.g. the copepod life cycle test wtinphiascus tenuiranjisand
possibly some full life cycle or multiplgeneration tests with fish and mysidssge
http://www.oecd.org/document/62/0,3343,en_2649 34377 2348606 _1 1 1 1,00.htm
). An outline description of the work ofish tests is given by Hutchinsoet al

(2003), and that on invertebrates is described by Gourmelon and Ahtiainen (2007).
Detailed information can be found in the reports of the OECD Validation
Management Group for Ecotoxicity Tests (VME80).

If used inan integrated fashion, this test battery should be sensitive to a wide range of
EDCs and notEDCs, includingnter alia (anti)estrogens, (anti)androgens, aromatase
inhibitors, juvenile hormone mimics, and ecdysone agonists and antagonists.
However, althogh the vertebrates are wedlpresented in the battery, the only
invertebrate representatives to date are the crustaceans. In addition, the OECD
Invertebrate Expert Group is beginning to investigate the design and validation of a
life-cycle test with the guatic insecChironomus ripariusbut the arthropods remain

the only invertebrate phylum currently involved in further guideline development.
The importance of this gap in the available suite of ecotoxicity tests is illustrated by
the fact that many mol&c populations are known to have been seriously damaged by
organotin compounds acting via masculinising endocrine disrupting mechanisms (see
more details below), but current internationally standardised tests are not sufficiently
sensitive to chemicals vhitthis mode of action in molluscs. The present document
will therefore begin to address this shortcoming, partly as a result of the
encouragement of the OECD Invertebrate Expert Group at its 2007 meeting in
Columbia, South Carolina, which welcomed the ptite preparation of a DRP on
mollusc testing. Germany and the UK therefore submitted a Standard Project
Submission Form (SPSF) to OECD in January 2008 proposing the preparation of such
a DRP, and OECDG6s Working GroupudelinesNati ona
Programme (WNT) approved the SPSF at its meeting in April 2008.


http://www.oecd.org/document/62/0,3343,en_2649_34377_2348606_1_1_1_1,00.html
http://www.oecd.org/document/62/0,3343,en_2649_34377_2348606_1_1_1_1,00.html
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2.2 Purpose of the DRP

The purpose of this DRP is to consider whether, and to what extent, molluscs are
sensitive to endocrine disruption, to set out what is known about the mechaiisms o
action of EDCs in molluscs, to describe EBénsitive toxicity testing methods with
molluscs which might be developed into OECD Guidelines, and to make
recommendations about the research and validation activities which might be needed
to achieve this obyictive. It is expected that the review will focus primarily on partial

and fultlifecycle tests which should in principle be sensitive to both EDCs and to
chemicals with other modes of action.

Why should OECD be concerned about endocrine disruption irarthropod
invertebrates in general and molluscs in particular? Over 95% of known species are
invertebrates, consisting of more than 30 phyla. It will therefore be apparent that the
OECD test guideline developments for EDCs described in se@tibncovering
vertebrates and arthropods alone, will not provide representative coverage of much of
the animal kingdom. The historical reasons for this are partly the natural incentive to
use vertebrates in chemical testing as surrodatdsuman beings, partly because the
arthropods are the main pests in agriculture and public health (and hence more
familiar to science than other invertebrates), and partly because our knowledge of
nonarthropod invertebrate endocrinology is comparativedak. Nevertheless, some
nonarthropod invertebrates are ecologically crucial organisms (e.g. many of the
molluscs), whose health and diversity are vital to the biosphere and to the human
economy. It is therefore considered important to develop a moaadeal suite of

tests for endocrine disrupters, some of which substances will inevitably present little
or no risk to vertebrates or arthropods.

An illustration of this gap in the suite of available guidelines is the-kvlivn case

of the tributyltinbasedantifouling paints which have caused masculinisation of at
least 150 prosobranch mollusc species worldwide, have decimated many mollusc
populations, have severely damaged the oygtewing industry, and have caused
severe losses of invertebrate biodivgrin shallow coastal waters (Matthiessen and
Gibbs, 1998; Matthiessest al, 1999; Reest al, 1999, 2001; Waldockt al, 1999).
These impacts have included relatively mild effects on crustaceans, but no known
effects on vertebrates. Most of the effeon molluscs were directly or indirectly
caused by a type of endocrine disruption, the effects of which, although not yet
entirely understood with respect to their mode of action (see sechelow), would
almost certainlynot be detected or adequately quantified by any of the new guidelines
being developed by OECD. There will no doubt be other examples of EDCs in
invertebrates with unique potency for nRarthropods, thus justifying some
investigation of the possibilities fmew testing procedures.

Another motivation for the development of additional EDC testing procedures with
invertebrates is the ethical concern about the use of vertebrates in guidelines

10
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developed to date. It seems unlikely that vertedpased testing eadd be totally, if at

all, dispensed with in the near future but there may be some scope for using
invertebrates to screen for substances with vertebrate sex steroid activity. This
approach would help to minimise the numbers of vertebrates sacrifice@nmozts
testing. The steroid pattern of cell signalling seems to have been highly conserved in
evolutionary history (see sectioBy and three major invertebrate phyla that use
steroids for this purpose are thehmoderms, the molluscs and the tunicates
(Oehlmann and Schuk®ehlmann, 2003a). Steroids are also present in some
crustaceans, but their functional role and effects in this group are questionable,
whereas they appear to have a clear function in at teasprosobranch gastropod
molluscs (LeBlanet al, 1999; Matthiesseet al, 1999). As will be described below
(section3), sex steroids in molluscs appear to be chemically, but not mechanistically
or functionally, identicalwith those in vertebrates, but that would not necessarily
preclude molluscs being used as screens for EDCs with sex steroidal activity.
However, it is recognised that reliable moliistsed screens for steroidal activity
could only be implemented when tta@e and modes of action of steroids in molluscs
are better understood.

There are several reasons why choosing molluscs (rather than echinoderms or
tunicates) for further guideline development may prove useful. As well as the
endocrinological parallels wit vertebrates (which also exist in echinoderms to an
even greater extent), it is worth noting that molluscs are second only to the insects as
the invertebrate group with the most species (>130,000). Mellased tests may
therefore be more amenable toragblation in risk assessment programmes than ones
based on less numerically important groups.

Molluscs are also very diverse in their body patterns and life styles, as will be
apparent from consideration of the seven mollusc classes, viz: bivalvestopepisa
polyplacophorans (chitons), scaphopods (tusk shells), gastropods, and finally the
small groups of worntike aplacophores and monoplacophores. The gastropods are
particularly diverse, with 110,000 species, being divided into the archaeogastropods
(limpets and topshells etc.), mesogastropods (periwinkles etc.), neogastropods
(whelks etc.), tectibranchs (sea slugs), sacoglossids (sea slugs), pleurobranchomorphs
(sea slugs), nudibranchs (sea slugs), and pulmonates. This diversity means that
molluscs arefound in a wide variety of habitats, which is a useful feature when
extrapolating test data in environmental risk assessments. On the other hand, a
drawback in the present context is that their endocrine systems also vary significantly
(see section3d), which makes extrapolation between mollusc classes potentially
difficult.

Molluscs are found in all surface waters, but they have radiated most in the sea, and
only gastropods and bivalves are found in freshwéberthe other hand, tunicates

and echinoderms are exclusively marine, so it is arguable that they may be less
relevant for testing chemicals than gastropods or bivalves which are universally

11
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distributed in surface waters. In addition, the pulmonate gasteomad slugs are also
found in the terrestrial environment. Terrestrial molluscs, however, have been
excluded from further consideration in this DRP as there is little demand from
regulatory authorities for tests based on this group, and no evidence tihatathey
have been affected by endocrine disruption.

Another reason for attempting to develop testing guidelines for bivalve or gastropod
molluscs is that many are easy to culture and handle in the laboratory, whereas less
knowledge about culturing exss for the tunicates and echinoderms. Furthermore,
molluscs have been shown to experience at least two types of endocrine disruption in
the field (see sectiosl), and have already been subjected to limited labordtased

tesing for some EDCs (see secti®). This known sensitivity to some EDCs is
perhaps the most powerful incentive to develop test procedures with one or both of
these molluscan groups. Gourmelon and Ahtiainen (2007), for exaraptgnise the
need for a O6snail déd reproduction test guide
this type might be modelled on proposals by Catfal (2007) for a test based on the
freshwater prosobranch (Hydrobiidae) gastropotamopyrgus antipodam

In summary, therefore, the purpose of this Detailed Review Paper is first to consider
what is known about the endocrine systems of molluscs and how they can be
disrupted by certain chemicals, both in the field and in the laboratory. This is
necessaryn order to establish firmly the need for test guideline developments in this
area, and the scope that such guidelines will ideally need to possess. Secondly, this
DRP seeks to consider the various experimental test methods that have been used to
investigae the responses of molluscs to chemicals including EDCs, in order to collate
and critically evaluate all potentially useful procedures. The third objective is to
present as much detail as possible of the most promising available mollusc testing
protocols ad culture methods, to recommend one or more which appear to have
potential for development into OECD Guidelines that can in principle be used to test
the longterm toxicity of EDCs and nekBDCs, and to make proposals for any
research and method validatitivat may be necessary. The fourth and final objective

is to give practical advice on how the recommended test methods could be
implemented, including an evaluation of costs and benefits which can be used by
WNT to decide if further OECD work on molluscsting guidelines is justified.

2.3 Objectives of partial- and full mollusc life cycle tests

Consideration of the EDTA Conceptual Framework (OECD, 2004a) shows that there
are regulatory requirements for many different types of tests for assessing the
propertienf EDCs, ranging from diagnostic vitro and screening assays at Levels 2

3 to provide information on fundamental properties and modes of action, through to
tests which provide some information on processes such as growth, development and
reproduction tht can be used directly in environmental risk assessments because they
are of clear relevance at the population level. At the top of this hierarchy at Level 5

12
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are secalled apical tests which expose organisms for their entire life cycle, or a
significant @rt of it that includes EDGensitive processes. It is assumed that single
life cycle tests (or multiple life cycle tests in some circumstances) will include all the
toxicological processes that could be affected by EDCs (or other chemicals), and they
therefore represent the most comprehensive form of testing that is necessary. It should
be noted that such tests will not necessarily diagnose the type of EDC to which the
test substance belongs, or its mode of action (MOA), but they will provide the best
information on toxicity for use in risk assessment. They are therefore equally
applicable to all chemicals where hitgvel toxicity data are required, not just to
EDCs. The simpler tests in the Conceptual Framework hierarchy, however, as well as
providing metanistic understanding, can also be used to decide which of the more
advanced tests are the most applicable in given circumstances.

These requirements apply as much to molluscs as to any other group of test
organisms. However, in the case of molluscs, wg dave a poor understanding of
how endocrine disrupters exert their effects (see se8}iowithout such knowledge,

it is impossible to design robust diagnostic or screening tests. It could be argued that
there is consequently no point in developing life cycle tests until such screening tests
are available, but this ignores the fact that some chemical manufacturers and
regulatory authorities will require life cycle data even in the absence of mechanistic
undestanding. Whereas this may be an expensive strategy when testing organisms
with long life cycles, it becomes more practical when testing shtivest organisms

such as some molluscs.

The primary objective of partiahnd full life cycle tests with molluscat Level 5 is
therefore to provide more or less comprehensive information on the apical effects of
both EDCs and ordinary chemicals, and not to uncover MOAs, at least not at the
present state of knowledge. It is assumed that the results of either- parfial life

cycle tests with molluscs could be used directly in risk assessment, after application of
(small) assessment factors or other procedures for extrapolating from the laboratory to
the natural environment. However, partial life cycle mollusia amight also be used

to decide whether definitive data from a full life cycle test should be sought.

Primary endpoints in life cycle tests with molluscs might include some or all of the
following:

Time to spawning

Fecundity

Fertilisation success

Time to hatch

Hatching success

Juvenile mortality, growth and development
Sex ratio

Gonadal histopathology

=A =4 =4 4 -4 -4 -4 A
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As greater understanding of molluscan endocrinology and the responses of molluscs
to EDCs is gained, it might be considered desirable to add additional etxlpba

more diagnostic character (e.g. biomarkers of certain MOAs), although it would
probably be a more efficient strategy to design separate screening and diagnostic tests
that would correspond to lower levels in the EDTA Conceptual Framework.

14
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3 Neuroerdocrine control of physiological functions in molluscs

3.1 Phylogeny and the divergence of molluscan endocrinology

Evolutionary biologists generally agree that animals diverged into two discrete
lineages, protostomes and deuterostomes, during early evolutidheoanimal
kingdom. Accordingly, significant divergences in endocrine strategies would be
expected between deuterostomes (the vertebrates and echinoderms without
bryozoans) and protostomes (most invertebrate groups including molluscs).
Furthermore, the igh degree of evolutionary divergence among the individual
invertebrate phyla would also allow for significant divergence in endocrine strategies
utilised by these phyla (Hoffmann and Porchet, 1984; Dorn, 2000).

This bifurcation seems to demarcate a majorergence in endocrine strategy.
Significant evidence exists to indicate that invertebrate deuterostomes use vertebrate
type sex steroids (androgens, estrogens, progestogens) as terminal hormones to
regulate reproduction along extended neuroendocrineadasc On the other hand,
available data suggest that protostomes make limited use of verigipmteex
steroids for reproductive maturation and function. Most lower protostomes use
neuropeptides to regulate these processes; arthropods and particidadis iand
crustaceans use a neuroendocrine cascade with the ecdysteroids and terpenoids as
terminal hormones (Hoffmann and Porchet, 1984; Dorn, 2000). Ecdysteroids are
apparently not part of the deuterostome arsenal of hormones and the deuterostomes
make e of terpenoids (i.e. retinoic acid) primarily in patterning early development.
Thus, the argument could be made that the endocrinology of deuterostome
invertebrates, represented by the majority of echinoderm classes such as sea stars and
sea urchins, isnore homologous to that of the vertebrates in comparison with the
protostome invertebrates (de Fur et al., 1999; Hines et al., 1992). However, there is
also evidence for the use of vertebrtge steroids to control growth, development

and reproduction ira humber of protostome groups (Lafont, 2000; Pinder and
Pottinger, 1999).

Hormonal regulation of biological functions is common to both vertebrate and
invertebrate animals but portraying the evolution of hormonal systems is extremely

difficult astheres@ no Af ossi | hor moneso and all coni
living organisms.Whereas the evolution of vertebrate organ systems (including the
endocrinium) is documented more or less comprehensively, only a few authors have

directed their attention timvertebrates and especially molluscs. Therefore most of the
information given below refers to the textbook of Kuhlmann and Straub (1985) and

the reviews of Hartenstein (2006) and Kohler et al. (2007).

During development of bilaterian organisms, endocglands form out of all three
germ layers (endoderm, mesoderm, ectoderm). Glands of ectodermal and endodermal
origin produce peptide and amine hormones whereas lipid based molecules stem from

15
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mesodermal tissue. It is hypothesized that defined epithelial @mbedded in the
epidermis and intestinal lining are able to perceive chemical, physical or
environmental stimuli which activate metabolite secretion resulting in adaptive
responses in other tissues (Hartenstein, 2006).

During the course of evolutiomarly endocrine cells experienced specializations and
separated from the epidermis, neuroectoderm and intestine. Also during evolution,
some of these secreting cells migrated to various locations in the body to form
independent and true endocrine glandsctvthave only been identified in arthropods

and vertebrates. Chemical mediators or hormones exert their regulatory effects at
various target sites within the body. Althoughbasic endocrine strategy to regulate
biological processes has ancient beginninigdividual components intrinsic to the
endocrine system have undergone significant evolutionary divergence resulting in
distinct differences in the endocrine systems of various taxa (Hartenstein, 2006; Janer
and Porte, 2007; Kohler et al., 2007; LafontldMathieu, 2007). Through evolution,
invertebrate species in particular have experienced a huge diversity of life histories
and have hence adopted a multitude of unique approaches to growth, development
and reproduction. These approaches include procedseetamorphosis, diapause

and pupation which are life history traits not evident in vertebrates. Thus, during
evolution the neuroendocrine regulation of these processes most likely centred around
the uses to which invertebrate hormones were put and heasfdre considerably
more diverse than that found in the vertebrates (de Fur et al., 1999; Oehlmann and
SchulteOehlmann, 2002; 2003a).

The archetype mollusc was probably provided with neurosecretory cells interspersed
among central and peripheral neuroas well as intestinal cells. By further
specialization of the latter, performance and complexity of the molluscan
neuroendocrine system was enhanced. In the central nervous system, neurosecretory

cells grouped i nto fAnukgure31p NeQrittainnergated t ei n ,

defined sections of the neuropile and neurosecretory peripheral axons associated with
glial sheath, covering the nervous system with blood vessels in several molluscs
(Geraerts et al., 1988; Joosse, 808

Generally the endocrine system of animals may range from simple neurosecretory
sites (potentially involving one or more centres of the nervous system) to complex
networks of widely scattered ductless glands that synthesize and release chemical
mediatos into the circulatory system. Systems of the neurosecretory type may also
store and release hormones in neurohaemal organs consisting of neurons directly
contacting the circulation system via their endings (e.g. in the molieios aspersa,
Octopus vulgris, and Eledone cirrhosa . It is believed that
gland cell, hormone and target cell did not evolve at the same time, but developed
over the course of long evolutionary periods on several occasions (Kuhlmann and
Straub, 1985). Durm this process, two substance groups attained importance as
hormonesi peptides and steroids. Most likely molecules of the steroid type
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transferred chemical information from one cell to another. This is indicated by the
ability of steroid hormones to perate phospholipid bilayers and when bound to
receptors to directly affect genetically mediated biosynthesis processes.

According to Kuhlmann and Straub (1985) the presence of numerous vertgpeate
hormones in invertebrates can be explained by evoluopaocesses of cell

metabolism where secretion of these molecules in the first instance was of no

endocrine significance, but following the-ewolution of substanespecific receptors
some, but not all, of them became functional hormones. Baker (20G%)ninast

favours an ancestral nuclear receptor with low ligand selectivity which in co
evolution developed towards a receptor with highly selective affinity for ligand
binding, whereas Thornton (2003) argues for the probable appearance of an ancestral
ligandactivated receptor. However, as a result, several substances may have survived
evolution without retaining a function in recent organisms, while similar molecules in

different groups may have different functions or bind spesjiesifically to differen

receptors. Receptors may have been structurally conserved but may equally well have
occurred convergently several times in the course of evolution. As reported by Kdhler
et al. (2007), until 2002 sex steroid receptors had only been identified in

deuterommes and it was presumed that these receptors first appeared in a

deuterostome archetype. Howev&hornton et al(2003) succeeded in isolating an
estrogen receptor (ER) ortholog with close homology to the vertebrate ER genes

Formatted: English (United
Kingdom)

the opisthobranch snalplysia californica On the other hand, this study revealed the
receptor to be a constitutive transcriptional activator, not binding estradiol and
independent of hormone regulation. The same phenomenon has been shown for the

ER ortholog identified in the pdalopodOctopus vulgarigKeay et al., 2006), the
oysterCrassostrea gigagMatsumoto et al., 2007) and the prosobranch siditss
clavigera Nucella lapillusand Marisa cornuarietis(Kajiwara et al., 2006; Castro et

al., 2007; Bannister et al., 2007).

3.2 (Neuro-)endocrine control in molluscs

Unfortunately, there is no source to which one can turn for a comprehensive and
authoritative description of molluscan endocrinology, because the field can still be

characterised primarily as work in progress, so $kistion attempts to give a very

brief review on the subject.

I n vertebrates t he

fineuroendocri

ne

system

endocrine and nervous system in which hormones and electrical impulses serve as
messengers to regulate physiologiaations in organisms. Whereas the interactions
between the nervous and endocrine systems in vertebrates are well known and
described, knowledge of function, regulation and especially orchestration of both

systems in molluscs is fragmentary.

17
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Generally, thcbody 6s signalling system is mediatec
neurotransmitters, neuropeptides, hormones and pheromones. Histamine is an
example of a local messenger or tissue hormone which does not accumulate in the
blood and has been identified eig the nervous system of the opisthobraAglysia
californica and the bivalvesMacoma balticaand Mytilus edulis (Karhunen and
Panula, 2005; McCaman and Weinreich, 1985; Ungar et al., 1937). Neurotransmitters
like acetylcholine are produced by nervelsaind released at their axon terminations

to act shorrange on adjacent target cells. Early papers by Prosser (1940) and Pilgrim
(1954) described action and nervous inhibition of regulator neurons by achetylcholine
in the heart of bivalves lenus mercen@, Gryphaea angulata, Mytilus
galloprovincialis). Panchin et al(2004) applied acetylcholine antagonists to modify

the locomotory pattern of the pteropod moll@mne limacina

As described by several authoGefaerts et al., 1988eBlanc et al., 199; Nassel,

1996, the molluscan endocrine system appears to revolve primarily around
neurosecretory centres in the cerebral, pleural, pedal and abdominal ganglia which all
produce neuropeptides with hormonal action. The primary secretory structures in
invertebrates are often neuronal in origin, and termed neurosecretory organs or
tissues. As in vertebrates they constitute endocrine active structures associated with
the central nervous system (cerebral ganglion) and might be convergent or even
analogous tathe pineal and/or pituitary glands. The (neleadocrine system of
pulmonate snails is by far the baésvestigated. Multitudinous hormonally active
regions have been identified as integral parts of their nervous system and Pinder et al.
(1999) provide aletailed overview of this topic which is briefly summarized below.
So-called dorsal bodies can be found on the lateral surface of the cerebral ganglia of
pulmonates. Dorsal body cells are known to produce the dorsal body hormone (DBH)
which is a female gadotropic hormone. As it was presumed that the dorsal bodies
are of mesodermal origin (Boer et al., 1968) they are additionally considered to
synthesize steroid hormones. Furthermore caiaisal cells have been identified to
produce the cauddorsal peptie hormone (CDCH) that plays an important role in
egglaying. The light green cell system of the cerebral ganglier alia releases
neurohormones mediating growth and molluscan ingeliated peptides. However,
embedded in the lateral lobes of the cemélganglia are cells producing inhibitory
growth factors. The dark green cell system can be found in the pleural ganglia of
pulmonates and generates a hormone, structurally analogous with vertebrate thyroid
stimulating releasing hormone (TRH), with didcegffect. The dark green cells are
supported by yellow and yellogreen cells which direct osmotic events by the
synthesis of sodium influx stimulating peptide (SIS).

As illustrated by Saleuddin et al. (1994) in pulmonate landsnails, dorsal body cells are
dispersed throughout the connective tissue that encloses the nerve cells, similar to the
situation in prose and opisthobranchs where these structures are termed
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6juxtaganglionar organsao. I n cephal opods

central nevous system (CN&ssociated endocrine areas (cofigure 3-2).

Neuropeptides or neurohormones are released to body fluids and transported to
nonadjacent target cells where they unfold their potential and forhwicne
substantial information is available (Lubet and Mathieu, 1990).

\\\\t",

" "?V” 2
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@

bgc br Qvall
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Figure3-1: Overview of elements of the pulmonate neuroendocrine system modified after
Hartenstein (2006). Schematic dorsal view dftgapod cerebral ganglion. Central nervous
system is coloured white. Multiple clusters of central neurosecretory cells are present in the
fibraino (bgc, Jlasglcetlsednd ldc;latematsal,cells).dnsame cases,
neurohaemal releasdes have been identified (cco, commissural neurohaemal organ; and
min, median lip nerve). The meddorsal body (mdb), laterdorsal body (Idb), and lateral

lobe (Il) form endocrine structures closely associated with the brain and targeted by
neurosecretorcells

Most work has been restricted to relatively few species of opisthobranch and
pulmonate gastropods, particularkplysia and Lymnaea while there is some
information on the bivalvéytilus (de Lange and van Minnen, 1998; Lagadic et al.,
2007; Nassel1996; Norekian and Satterlie, 1997; Santama et al., 188§adic et

al. (2007), who are the prime source for this paragraph, describe the considerable
amount of information about the neuroendocrine control of reproduction in the
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hermaphroditd_ymnaea tagnalis Most of the eleven groups of hormones identified

in L. stagnalisto date are indeed neuropeptides, although one (the dorsal body
hormone, which controls the female accessory sexual organs, vitellogenesis, oocyte
maturation and galactogen syntlesh the albumen gland) is considered to be a
steroid- and therefore not of neuronal origiim some species of pulmonate. Peptides
secreted by the caudodorsal cells and other parts of the central nervous system
regulate the onset and control of dgging behaviour, and include the -salled
ovulation hormone (CDCH) which causes the release of mature oocytes by the
ovotestis, and FMRFamide. The albumen gland in turn produces epidermal growth
factor (L-EGF) and trypsin inhibitor (LTI), both involved gmbryonic development.

The lateral lobes exert global control of female reproductive activity, and are
associated with a peptide similar to gonadotrapieasing hormone (GnRH). The
endocrine functions of the ovotestis are not clear, but the associatetl Sdls are
important in this regard, and may produce androgenic steroids that control
spermatogenesis and spermiation. Male copulatory behaviour is under the control of
peptidergic neurons APGWamide modulates the muscles involved in everting the
preputium, and antagonises the effects of another neuropeptide (conopressin) that
causes the vas deferens to contract and ejaculate semen.
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Juxtaganglionar Organ

Prosobranchia Opisthobranchia
cg 2 ) :
—~— N~

Dorsal Bodies

Basommatophora
Lymnaea Helisoma
- B

Optic Glands

Cephalopoda

Figure3-2: CNSassociated endocrine structures (dotted areas) ior rmaglluscan groups
(modified after Saleuddin et al. 1994). cg, cerebral ganglion; ol, optic lobe; sog,
subesophageal ganglia: vl, ventral lobe.

The occurrence of gonadotropieleasing hormone is not restricted to vertebrates (for
details see review ofshi, 2006). Several studies have substantiated the presence of
this molecule in many invertebrate groups including gastropbplygia californica,
Helisoma trivolis, Lymnaea stagnglishivalves Crassostrea gigas, Mytilus edylis

and cephalopodsOctopusvulgarig. Hatcher and Sweedler (2007) grant special
importance to the role of GhRH neurones when speculating on the similarities of
neuroendocrine networks in mammals and the reproductive bag cell neuroendocrine
system of the sea slugplysia californica Bag cells are known to regulate the
reproductive effort imAplysiathrough release of peptides derived from the-laging
prohormone (proELH) into the neurohaemal region of the nervous system
(abdominal, pleural and cerebral ganglia), similar to GnRitarees when activating

the hypothalamic pituitary axis. It has been shown that the bag cell network operates
via descending action potentials which transmit from cerebral and pleural ganglia to
abdominal bag cell clusters. Additionally Antkowiak and Ch@g93) demonstrated
ovotestis innervation with sensory function in the pulmonate stedik aspersaand
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concluded that sensory endings in the gonad correspond to oocyte maturation and
neural CNS feedback.

With the exception of a number of French studiesn the 1970s, focussing on the
endocrine control of sex change in the protandric hermaphrGditeidula fornicata

(e.g. Bardon et al., 1971; Le Gall et al., 1983; Le Gall and Streiff, 1978; Ny and Le
Gall, 1976) little basic research has been done witbsobranch snails. The
experiments withCrepidula investigated the role of "neuroendocrine factors",
presumably neuropeptides, on penis formation and regression during sexual
differentiation and the sex change from males to females. These studies provided
evidence that the pedal ganglia in the prosobranch central nervous system produce a
"penis morphogenesis factor" in both sexes of snails or in the male and female phases
of consecutive hermaphrodites. A "penis regression" factor is produced exclusively by
the pleural ganglia of females or hermaphrodites in the female phase. Based on a
number of convincing experiments it was concluded that a penis is formed under
"penis morphogenesis factor only" conditions, i.e. in males, the male phase of
hermaphroditesor if production of the "penis regression factor” is inhibited. The
authors did not characterise these neuroendocrine factors nor did they investigate the
potential role of steroids in the process of penis formation or suppression. However,
according to Sdeuddin et al. (1994)juxtaganglionar organs in proscand
opisthobranchs (as well as the optic glands of cephalopods and dorsal bodies of
pulmonates) are considered to produce female gonadotropic hormones which are
involved in the neuroendocrine contrdlreproduction (e.g. egg maturation, albumen

and vitellogenin production and size of accessory sex organs).

The cardieacceleratory peptide FMRFamide was first characterized in the clam
Macrocallista nimbosand the head ganglia @plysia brasiliana(Lehmann et al.,

1984; Price and Greenberg, 1977). The FMRFamide family is now the best known,
characterised and most widespread of all invertebrate neuroendocrine hormones. Its
activities in molluscs are manifest in a range of physiological processes of tvéich
regulation of heartbeat is the best characterised (Greenberg and Price, 1983; Favrel et
al., 1998; Nassel, 1996; Santama et al., 1996; Suzuki et al., 1997; Tensen et al., 1998).

Molluscan insulinlike peptides (MIPs) also produced by central nervostesy cells

are amongst the besharacterised peptides. There are at least six members of this
structurally related family (Smit et al., 1996) that bear striking resemblance to the
vertebrate insulins and insulike growth factors. They have establisheales in
growth, development and metabolism (Pertseva et al., 1996).

In molluscs, shell growth seems to be under neuroendocrine control, as shown for
Lymnaea stagnalind Helisomasp. where the growth hormoipeoducing light
green cells of the cerebral mglia possess a hormadependent calciusbinding
protein (CaBP) (Dogterom and Doderer, 2006; Saleuddin and Kunigelis, 1884).
addition, Ottaviani and Franceschi, (1996) and Ottaviani €881, 1992a,b, 1993,
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1994) demonstrated in several studiesghesence of the catecholamines adrenaline,
noradrenaline and dopamine in the central nervous system (CNS) of prosobranch and
pulmonate snailsHelicella virgata, Planorbarius corneus, Viviparus gteffhese
authors furthermore observed that molluscan lwastes were equipped with the
enzymes tyrosine hydroxylase and dopanfieydroxylase which are essential for

the biosynthesis of biogenic amines (Ottaviani et al., 1993).

The most predominant endocringlated communication system among invertebrates

is the neuropeptide signalling mechanism although-peptide hormones, including

the two key ones, ecdysone and juvenile hormone (JH) are important in a number of
phyla (Novales et al., 1973). Ecdysteroids and JHs have been reported in a few
molluscan speciebut remain unconfirmed in the majority. Data are inadequate to
confirm that ecdysteroids play an important role in molluscan physiology (Lafont and
Mathieu, 2007). In arthropods, ecdysone is primarily responsible for moulting
processes while JH modulaté® changes from larva to adult, including pupation.

Table3-1: Steroid hormones in molluscs (modified after Janer and Porte, 2007).
Species Hormone

Gastropoda/Prosobranchia

Corticotropinreleasing hormone, Adrenocorticotropic hormone

Viviparus ater (ACTH)-like

Marisa cornuarietis

Testosterone, estradiol

Bolinus brandaris

Testosterone, estradiol

Gastropoda/Polmonata

Lymnaea stagnalis

Adrenocorticotropic hormone (ACTHike

Planorbarius corneus

Corticaropin-releasing hormone (CRH), Adrenocorticotropic
hormone (ACTHjlike

Achatina fulica

Adrenaocorticotropic hormone (ACTHike

Helix aspersa

Adrenocorticotropic hormone (ACTHike, dihydroepiandrosterone,
androsterone, androstenedione, testosterdmhditfydrotestosterone,
3Uandrostanediol, estrone, estradiol, estriol, progesterone

Arion ater rufus

11-Ket ot est ost er o rhgdroxypr@gssterore,testrong
estradiol

Bivalvia

Crassostrea gigas

Estradiol, estrone

Mya arenaria

Testosteroneestradiol

Mytilus edulis

Adrenocorticotropic hormone (ACTHike, testosterone,
androstenedione, progesterone, estradiol, estrone

Mytilus galloprovincialis

Adrenocorticotropic hormone (ACTHike, testosterone, estradiol,
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Species Hormone
estrone
Patinopecten yessodss Estrone, estradiol
Ruditapes decussata Testosterone, estradiol
Cephalopoda
Octopus vulgaris Testosterone, progesterone, estradiol

The endocrinology of the various classes of molluscs and even of major groups of
gastropodsi prosobranchs, opisthabnchs, and pulmonates varies greatly,

reflecting extreme differences in morphology and life histories. This can be
exemplified by the vertebratgpe steroids, which occur in prosobranchs and play a
functional rol e. | n t tegrisisterdiebiosyhthesissandat ur e 6
metabolism in prosobranch snails can be found (e.g. Rohlack, 1959; Lehoux and
Williams, 1971). Vertebratéke steroids, however, have been measured more
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recently in several species of molluscs (compble 3-1) and biosynthesis studies
following the pathways taken by labelled precursors suggest the ability to synthesise a
range of androgens and estrogens (Lafont and Mathieu, 2007; Ronis and Mason,
1996; Wootton et al., 1995). lmumerous publications the biosynthesis of vertebrate
type steroids has been demonstrated for molluscs (e.g. Bardon et al., 1971; Bose et al.,

1997; D'Aniello et al., 1996; Janer and Porte, 2007; de-Boimy et al. 1981; de
Longcamp et al., 1974; Hines &t, 1996; Krusch et al., 1979; Le CurieBelfond et

al., 2001; Lupo di Prisco and Dessi'Fulgheri, 1975; Lupo di Prisco et al., 1973;

Ottaviani and Franceschi, 1996; Siah et al., 2002).

Several studies have also implicated steroidal androgens in sexedifétion of
molluscs. For example, testosterone administration to castrated male Bligsia

prelionphalg stimulates the production of male secondary sex characteristics

(Takeda, 1980). Similarly, administration of testosterone to female gastroposiss

these organisms to develop imposex with extensive penis and vas deferens formation
(Bettin et al. 1996; Spooner et al., 1991). In contrast, there is no clear indication that

opisthobranchs and pulmonates (with the possible exception of the-atertiened

Euhadraspecies) use steroidal sex hormones although the presence of testosterone,
estradiol and progesterone is weditablished in these gastropods, and in a range of

cephalopods and bivalves.

Although the functional role of sex steroids in tmtire phylum of molluscs has been
questioned, it is evident that such steroids exert marked effects when administered to
a wide range of molluscan species is evidenced, for example, by induction of
maleto-female sex reversal in HBjected oystersmussels and other bivalves (e.g.

Mori, 1969, Mori et al., 1969, Wang and Croll 2003), thereliated induction of a

type of vitellin in bivalves (Osada et al., 2003), and the fact that steroid titres and
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gonad development in bivalves such as clams and teusseoften correlated (Lafont

and Mathieu, 2007). This is furthermore exemplified by the fact that natural and
synthetic steroids such as E2, EE2, T and MT have been applied to produce pure
female or male offspring in mussel and oyster mariculture. Tiser® reason to
suppose that exclusively exogenous steroids alter growth, development and
reproduction in molluscs while endogenous steroids are without any effect. However,
a complete steroid biosynthetic and recefiioding scheme has not been desatibe

for any mollusc species, and the tissues involved in steroidogenesis have not often
been identified, although the basic metabolic picture is very similar to that in
mammals Figure 3-3). The primary issue is n@ much the presence and synthesis

of steroids in many molluscs, which is undisputedly similar to that in vertebrates, but
the precise way in which these steroids exert endocrine control in this phylum.

Overall there are multitudinous findings suggestihg existence of functional sex
steroid receptors in bivalves, gastropods and cephalopods. Nevertheless, Kéhler et al.
(2007) recommend consideration of the potential limitations and significance of the
different methodological approaches applied. Recditer proteins detected by
immunochemical methods have been reported for the bivalvgilus
galloprovincialis, Pecten maximus, Pecten yessoensis, Mytilus ednlis the
cephalopodOctopus vulgarigCanesi et al., 2004; Di Cosmo et al., 2002; Dorange
and Le Pennec, 1989; Osada et al., 2003; Stefano et al., 2003; Won et al., 2005).
However, the ability of antibodies to react with similar antigenic sites on different
proteins (antibody cross reactivity) must be seen as a disadvantage of
immunochemical assaymd clearly reduces the significance of these methods when
used to demonstrate the presence of steroid receptors.
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Pregnenolone )§ — 17a-OH-Pregnenolone , — DHEA g
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isomerase l 5 % isomerase 2
Progesterone Y — 17a-OH-rogesterone (& —> Androstenedione o —» Estrone
17B-HSD 3 17B-HSD §
Testosterone — Estradiol
5-0R }
Mammals Dihydotestosterone
Cholesterol
Pregnenolone — 17a-OH-Pregnenolone — DHEA
Progesterone —> 17a-OH-Progesterone — Androstenedione — Estrone
Dihydroandrostenedione Testosterone —> Estradiol
4 5-aR l
Molluscs Dihydotestosterone

Figure3-3: The similarity of steroidogenic pathways in mammals and molluscs (modified
after Janer and Porte, 2007). The numbers point to references in that publication, and the text
in italics identifies key metabolic enzymes known in mammals.

Experiments focussing on the pharmacological elimination or blocking of sex steroid
receptors haveuggested that receptonediated sex steroid signalling occurs in the
gastropodNucella lapillus and the scallogPlacopecten magellanicuBettin et al.,

1996; Santos et al., 2005; Wang and Croll, 2003). Although these studies indicate the
presence of sesteroid receptors they do not offer evidence about molecular receptor
structures. Ligandbinding studies (e.g. by radiolabelling assays) revealed sex steroid
binding in tissue homogenates of the mu&sigbtio complanataand the prosobranch

snail Marisa @rnuarietis(Gagné et al., 2001; Oehlmann et al., 2006) but, as Kdhler
et al. (2007) point out, the presence of binding sites does not necessarily indicate the
presence of a receptor.

According to Kohler et al. (2007) high sequence homology of mollust an
mammalian steroid receptors has to be handled carefully, as gene sequences may
differ substantially even within the mammals. Therefore homologues from molluscs
may have different functions than the complementary steroid receptor in vertebrates,
or sterod signalling in invertebrates may be mediated via pathways unknown in
vertebrates or not involving vertebrdiee ERs. Nevertheless, efforts have been made

to isolate estrogen receptlike orthologs in several molluscan species and
researchers have suecked in demonstrating their existence in the gastropptisia
californica, Thais clavigera, Marisa cornuarietiand the cephalopodctopus
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vulgaris (Bannister et al., 2007; Kajiwara et al. 2006; Keay et al., 2006; Thornton et
al., 2003). The crucial fagt is that, although many molluscs have steroid receptors
that are very similar, if not identical, to those in vertebrates, they do not seem capable
of mediating steroid action. This is not the place for a detailed treatment of this issue,
but Janer and Pt (2007) point to evidence that steroid hormones may act via cell
surface receptors in molluscs, in association with steroid binding proteins in the blood
i.e. they may operate via signal transduction pathways similar to those involving
peptide hormones.

3.3 Modes of action of endocrine disrupting chemicals (EDCs) in molluscs

Even determining whether a single chemical, especially at sublethal concentrations,
can impact endocrindriven functions in a feral population of molluscs is difficult

and may require grolonged and #depth understanding of their life history,
morphology and the influence of local environmental conditions. In general,
responses of invertebrate endocrine systems to endocrine disrupters have not been
well studied compared to those in maais or other vertebrates (Baldwin et al., 1995;
Colborn et al., 1993; Fox, 1992). Molluscs have complicated life histories, display
various forms of hermaphroditism (Novales et al., 1973) and in some cases display
poorly resolved sexual dimorphism (Selim&967). Their reproductive cycle can be
highly complex (Sastry, 1968, 1970) and controlled by many environmental stimuli
including light intensity, temperature, desiccation and diet (Ansell and Trevallion,
1967; Copeland and Bechtel, 1974; Largen, 198i7/)he past, studies of hormonally
active substances, whether in molluscs or other clades mainly focussed on sex steroids
and the impairment of reproduction (e.g. Bettin et al., 1996; Duft et al., 2003b;
Jobling et al., 1995, 1996; Oberdorster and Mc&teGreen, 2002; Oehlmann et al.,
2006). Given the complexity of endocrine systems, there are many ways in which
endocrine disrupting chemicals can affect
unravelling the mechanisms of action of these molecutfisuit. Indeed, there might

be a number of endocrine tissues (e.g. nervous system, kidney, midgut gland) affected
by EDCs, producing hormones other than sex steroids (e.g. neuroendocrine hormones
like MIP, growth hormones, FMRFamide, catecholamines, Adikéisteroids etc.),

but such effects are hardly known.

When defining how endocrine disrupters work in molluscs the crux of the matter is
that although many morer-less apical effects of these substances are known, basic
information about their modes ddction on the molluscan endocrine system is

fragmentary. It is tempting to impose modes of action known from vertebrates on the

mol |l uscs, but from an endocrinologistés pol

cart before the horseo.

The review of @nderson (2006) exemplifies that even within the vertebrate clade,
MOAs of endocrine active substances are diversified, not understood in detail and
often defined by applying the exclusion principle.
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Generally, substances possessing hormonal activitiefoanel in diverse groups of
marnrtmade and natural chemicals (e.g. pesticides, plasticizers, alkylphenol ethoxylates
as industrial surfactants, organotin compounds, PCBs, phytestrogens, natural
hormones) and in pharmaceuticals (e.g. ethinylestradiol, meskydtterone,
trenbolone). From a mechanistic point of view, this makes it impossible to assign a
unique mode of action to EDCs in general. While some of the substances take effect
by binding but not activating the receptor (antagonistic effect) others manc
biological activity by attaching to the receptor to produce horrlikaeaction in an
agonistic manner. According to Monod et al. (2004), in rainbow triouijazole
(prochloraz, imazalil) and triazole (epoxiconazole) fungicides significantly enhance
oocyte maturation which is normally induced and regulated by gonadotropin release.
Actinomycin D (mRNA biosynthesis inhibitor) was able to completely inhibit oocyte
maturation induced by the fungicides, suggesting that the gonadelif@egonistic

effect of these chemicals depends on de novo gene expression. Furthermore, it has
been found that the antiandrogenic effects of-PIpE, vinclozolin and metabolites
result from their ability to prevent androgen binding to the androgen receptor (AR)
(Kelce etal., 1994, 1995) and finally the suppression of androgen target gene
expression (Kelce et al., 1994, 1995; Wong et al., 1995). Interestingly, these studies
also provided evidence that depending on ligand binding affinity, concentration and
presence of congting natural ligands, androgen antagonists can also act as agonists.

Endocrine toxicants may furthermore act via 1g@momic MOAs (i.e. nomeceptor
mediated). Some chemicals are known to bind to hormone transport proteins (CBG,
SHBG, TBG, GHBP) or to adr enzyme activities or other metabolic pathways to
affect the synthesis of endogenously produced hormones (see also indirect TBT
MOAs below). In competitive binding experiments brominated flame retardants,
tetrabromobisphenol A, and several organochlodoenpounds turned out to bind
with great affinity to the thyroid serum transport protein transthyretin but not
necessarily to the thyroid receptor (Cheek et al. 1999, llonka et al. 2000), which in
vivo may well lead to alterations of the endogenous thymoitnone titre.

As outlined below, the best known chemical causing endocrine disruption in molluscs
(TBT) likewise appears to possess one or more indirect MOAs. Oehlmann et al.
(2007) highlighted that even for a single endpoint like JiBduced imposex
dewelopment in prosobranch molluscs, several hypotheses about potential modes of
action exist. These include vertebréigpe steroid hypotheses (including aromatase
inhibition, inhibited testosterone excretion, modulation of free and fattykmzidd
testosteone levels), a neuropeptide hypothesis, and a retinoid X receptor hypothesis.
Beyond these possible MOAs, the same substance is known or suspected to produce a
range of further, not necessarily endoctinediated, effects like shell deformation,
reduced pat fall, altered development rates and growth in bivalves, inhibition of
calcification in the skeleton of corals, cytotoxic effects like apoptosis and
compromised mitochondrial membrane integrity in mammals, fish and tunicates, and
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damage of the immune admuditory system of marine mammédsg. Allemand et al.,
1998; Alzieu et al., 1982; Cima and Ballarin, 1999; Coelho et al. 2001; Song et al.,
2005; Tiano et al., 2003).

3.3.1 Possible TBT MOAs: Vertebratetype steroid hypothesis (aromatase

inhibition)
Spooneret al. (1991) and Stroben et al. (1991) proposed that TBT may induce
imposex in prosobranchs by inhibition of cytochrome Pd&Pendent aromatase
(CYP19). These findings in TB&xposed snails were characterized by a -dasd
time-dependent increase of testerone (T) titres. Furthermore an administration of T
(via injection or via water) also induced imposex. The hypothesis was substantiated
experimentally by Bettin et al. (1996). The authors confirmed a positive correlation
between imposex stages andewvdls in wildcaughtNucella lapillusand Nassarius
reticulatus For both species, a desand timedependent increase of T titres under
TBT exposure in the laboratory was reported. The authors showed that imposex
development was inhibited in shails underexposure to TBT and the AR antagonist
CPA, suggesting that T and the AR play key roles in imposex induction. Furthermore,
aqueous exposure to a specific CYP19 inhibitor (formestane at 0.3 mg/L) resulted in
increased imposex levels.

Lu et al. (2002) desloped an enzymknked immunosorbent assay (ELISA) for the
determination of T levels in reproductive organs of single specimens of the rock shell
Thais clavigera The results demonstrated significantly higher T concentrations in
imposexaffected femaleshian in snails from uncontaminated sit&antos et al.
(2002) sampled normal and imposex affected ferBalecinum undatunirom the

open North Sea at three locations, one with low, and two withshigping densities.
CYP19 activity was significantly highein normal females collected in the lew
shipping density area than in impossftected animals from high shipping density
areas. Barroso et al. (2005b) analyzed organotin body burdens, imposex and steroid
hormone levels (T, T glucuronide, T sulfate comwmjtgs, and E2) in natural
populations ofN. reticulatusfrom Portugal between 1997 and 1999. T levels in
females without imposex were always lower than in females with imposex, and the
T/E2 ratio tended to increase with increasing imposex and organotiancioation.
Santos et al(2005) used\. lapillus from an almost imposefkee population, and

TBT at a concentration of 50 ng as Sn/L as positive control. The same CYP19
inhibitor as in the study of Bettin et al. (1996) was applied at the identical
concentation and again induced imposex, whereas CPA blocked the capacity of TBT
to induce imposex. The determination of steroid levels in female specimens revealed
that TBT induces an elevation of free T but not of the total amount (free+esterified).
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3.3.2 Possible TBI MOAs: Vertebrate -type steroid hypothesis (inhibited
testosterone excretion)

Ronis and Mason (1996) observed an inhibition of sulfation of T in in vivo and in
vitro experiments with TBIexposed periwinkleLittorina littorea, resulting in a
decreased metalic elimination of the steroid. TBExposed gastropods retained
significantly more T from an administeretf¢]-T dose than unexposed snails. This
was explained by a reduced rate of conversion of T to its sulfate conjugates, thus
impeding T elimination. fie results of Ronis and Mason (1996) have not been
confirmed in other studies at environmentally relevant TBT concentrations. It is also
worth mentioning that the authors found & @0% inhibition of CYP19 activity in

their experiments with. littorea.

3.3.3 Possible TBT MOAs: Vertebrate-type steroid hypothesis (modulation of
free versus fatty acidbound testosterone levels)

Gooding and LeBlanc (2001) questioned the general comparability of T metabolism
and disposition between snails and vertebrates and chéedt& biotransformation

in the mudsnaillyanassa obsoletal' was not readily eliminated by this species, nor
did the authors detect a production of polar T conjugates. Hydroxy metabolites and
oxido-reduced derivatives were relatively minor products. aswargely retained as
nonpolar fatty acid conjugates, and this led to the hypothesis that esterification of T
to a fatty acid ester could be a strategy for steroid regulation and could be involved in
the development of imposex.

In a follow-up study, Gooitig et al. (2003) investigated whether TBT interferes with
the esterification of T, resulting in elevated free (unesterified) T levels associated with
imposex. Exposure of snails to TBT concentrations at or above 1 ng as Sn/L induced
imposex but did not &ct total (free+esterified) T levels in snails. However, free T
levels increased with increasing exposure to TBT. In “ERposedl. obsoletathe
production of {'C]-T-fatty acid esters from administered radtibelled precursor
decreased with increasingBT concentrations, indicating that TBT may act via a
suppression of acyl coenzyme A (CoA) testosterone acyltransferase (ATAT), an
enzyme that converts T to the fatty acid ester. However, experimental results did not
show a direct inhibition of the ATAT osuppressed ATAT protein expression. The
authors concluded that the target of TBT may be a&adributor to the T fatty
esterification process, or a factor in the enhanced hydrolysis of-thtyTacid pool.
Gooding and LeBlanc (2004) found in wild snahlst T existed predominantly in the
free, nonesterified form at the onset and end of the egg laying period while at other
times, the majority of T was sequestered as fatty acid esters.

Recently, Janer et al. (2006) investigated sex differences in eralagdsvels of
esterified steroids iMarisa cornuarietis According to the findings of Gooding and
LeBlanc (2001) fol. obsoleta T and E2 were mainly found in the esterified form in
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the digestive gland/gonad complex, and males had higher levels ofiedtsieroids

than females (410-fold). Additionally, the ability of several xenobiotics (TBT, MT,
and FEN) to interfere with the esterification of T and E2 was investigated. All three
compounds induced imposex but had different effects on steroid metabdBT
exposure led to a decrease in both esterified T§8%) and E2 (1863%) in females,

but had no effect on males. Exposure to FEN and MT did not alter the levels of
esterified steroids in males or in females, although exposed females developed
imposex. The decrease in esterified steroids caused by TBT could not be directly
linked with a decrease in ATAT activity. Contrary to expectations, ATAT activity
was marginally induced in TBE&xposed shails after 50 days (fokl), and
significantly induced imales and females exposed to MT for 50 days @né 1.5

fold, respectively), whereas no effect on ATAT activity was observed after 150 days
exposure.

3.3.4 Possible TBT MOAs: Neuropeptide hypothesis

Results from the early 1980s demonstrated that TBT inhibis release of a
neuroendocrine factor [Penis Regression Factor (PRF)] from the pleural ganglia,
which is responsible for the suppression of penis formation in females, resulting in
imposex development (Feral and Le Gall 1982). The authors did not findffaays

of TBT on the formation of the Penis Morphogenic Factor (PMF), which is expressed
in all prosobranch snails, irrespective of their sex. Although both factors have not
been identified, recent results show that administration of the neuropeptide
APGWamide can significantly induce imposexlirobsoletaat 10*° M subcutaneous
injection over 2 weeks (Oberdoérster and McClelareen 2000). Oberdérster and
McClellanGreen (2002) proposed that APGWamide could represent the PMF in this
species. Furthermer the authors found some support for the aromatase inhibition
hypothesis because in vitro studies with digestive gland microsomes resulted in a 52%
reduction in CYP19 activity in TBTHosed snails. The authors concluded that a
combination of changes in piigle and steroid hormones may be involved in imposex
induction. Further support for the neuropeptide hypothesis was found in analyses of
APGWamide levels in TBTand Ttreated mudsnails (Oberddrster et al. 2005). While
control males had significantly highéPGWamide levels than control females, all
TBT-treated animals (male, female, and imposex) had APGWamide levels similar to
control males and significantly higher than control females. 4nedated animals,
APGWamide levels were the same as controls tuil likely that T interferes with
downstream signalling in imposex induction. These latest results by Oberddrster et al.
show that the aromatase inhibition and neuropeptide hypotheses are not necessarily
mutually exclusive.
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3.3.5 Possible TBT MOAs: Retinoid X receptor hypothesis

Nishikawa et al.(2004) and Horiguchi et al. (2007) have shown that organotin
compounds interact with the RXR in humans and the rock Shelavigera TBT and

TPT exhibit a high affinity to the human RXR. The injection of its suspetataral

ligand 9cis retinoic acid (RA) into female snails induced imposex development. An
analysis of cloned RXR homologues from clavigerarevealed that the ligand
binding domain of the snail RXR is similar to the vertebrate RXR, displaying
comparableaffinities to both 9cis RA and organotin compounds. From their
experiments, the authors concluded that the RXR plays an important role in inducing
imposex as RXR gene expression was significantly higher in penises of males and
imposexaffected females copared to presumptive penis tissue of normal females
(P<0.01 and P<0.05, respectively).

The results from Nishikawa et al. (2004) with the supporting evidence from
Horuguchi et al. (2007) are too preliminary for a final judgment. Beside the fact that
Werne and Deluca (2001) question the role efi® RA as the physiological RXR
ligand because the compound could not be identified in rat tissues, it has been shown
for the fiddler crabJca pugilatorthat a simultaneous expression and association of
the RXR and the ecdysteroid receptor (ECR) is required to bind to responsive DNA
elements (Durica et al. 2002). Other receptors, including the AR, are also reported to
form heterodimers with the RXR (Chuang et al. 2005). According to these results, the
AR and RXR mtually affect their transcription and it cannot be excluded that RXR
activation might produce androgenic but also antiandrogenic effects by this
mechanism.

These conflicting results may reflect speespgcific differences in imposex induction

and its unddying mechanism. A species specificity has also been demonstrated for
imposex induction by TPT (see above) and by the remarkable observation that some
neogastropods such &olumbella rusticado not develop imposex even under high
TBT exposure conditionalthough other, closelselated snails from the same genus

do (Gibbs et al. 1997).

In summary, aromatase inhibition is one hypothesis which remains valid when
evaluating the currently available evidence. The vertelbypie steroid and
neuropeptide hypo#fses are not necessarily mutually contradictory but may simply
address different aspects of the prosobranch endocrine system, which may exhibit an
even more pronounced similarity to the vertebrate hormonal system. Neuropeptides
may act as releasing factorsiediating steroid production and/or metabolism, as
proposed by Oberddrster and McCleH@reen (2002) and Oehlmann and Schulte
Oehlmann (2003b), similar to the feedback control of the hypothalaitvitary axis

in vertebrates. It is also possible thaBTTl could bind to receptors in the steroid
hormone superfamily (such as RXR), and thereby cause gene transcription that could
signal development of the sex organs. These gene products could include
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neuromodulators such as APGWamide, which again could ntedlilaand/or E2
production. It appears that no experimental attempts have yet been made to seek a
linkage between the three main hypotheses.
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4  Endocrine disruption in wild molluscs

Given that modes of action of EDCs in molluscs are uncertain at presemi|dtbe
argued that it is not possible unequivocally to identify cases of endocrine disruption in
the field. However, when considered together with the experimental data presented in
sectionb, there are two exaples of substances (organotins and estrogens) which are
likely to have caused effects on wild molluscs by means of endocrine disruption, and
these are described below. As a further note of caution, it should also be borne in
mind that common trematode paites are able to mimic the effects of some EDCs in
molluscs (Morley, 2006, 2008), in particular causing endocrine disrufikien
changes in reproduction and immune response. Field data, and laboratory data from
field-derived molluscs, should therefodgvays be interpreted with care.

4.1 Effects of tributyltin

The best examples of probable endocrine disrupters that are known to have caused
serious damage at the invertebrate population and community levels are the
triorganotins, of which the most widely dibwted and studied is tributyltin (TBT)

which was usedhter alia in many antifouling paints. The primary and most potent

action of the triorganotins has been against molluscs (both bivalves and gastropods),

but there have also been both primary and s#egneffects on a range of other
invertebrates. A short description of TBT®S
much more comprehensive information can be found in several reviews, including

Fent (1996), Matthiessen and Gibbs (1998) and Matthiesteal. (1999). A

di scussion of TBT6s several puta3ive MOAs |

Tributyltin (TBT)-based antifouling paints for application to the hulls of both large
and small vessels were on timarket since the early 1960s, but their use only became
widespread in the early 1970s when gmlfishing copolymer paints were developed
(Anderson and Dalley, 1986, cited in Wadtieal, 1991; Stebbing, 1985). At its height

in the 1980s, the market fdBT-based antifouling paints was 2,0800 tonnes p.a.
worldwide (DOE, 1986). It gradually became apparent that TBT is one of the most
toxic substances to many aquatic species, especially in molluscs where it almost
certainly acts as an endocrine diserpinter alia through its induction of high
testosterone titres in females (Matthiessen and Gibbs, 1998).

Almost all large marine vessels (e.g. 80% of US ships exceeding 4000 iodees
Mora, 1996), plus pleasweaft such as yachts and other marinecitmes such as
salmon cages, were treated with TBased paints during the period up to the-mid
1980s when many governments brought in bans on their use on pleesfuré was
originally thought that the leaching of TBT from large vessels was not so
envronmentally damaging as from pleasure craft due to the generally greater dilution
available in deep water, but this eventually proved not to be the case. However, new
uses on large vessels (>25 m) were only stopped in 2003 by the International
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Maritime Omanisation (IMO, 2001), and TBdontaining paint films applied before

the 2003 ban did not have to be removed until 2008.

The field evidence concerns two mollusc groups, the prosobranchs and the bivalves.

4.1.1 Prosobranch molluscs

It was noticed in 1970 that feale dogwhelkNucella lapillusin the vicinity of

Plymouth harbour, UK, possessed a penis (Blaber, 1970). This was subsequently

termed 6éi mposexbéb, and assoceta,btle86; Giblist h

and Bryan, 1986; Gibbs and Bryan, 1996). TBUsms masculinisation of the female

reproductive tract which in the worst cases can lead to sterilization and ultimately to

blockage of the oviduct and death due to bujidof unshed eggs. Imposex h
lapillus was and is detectable around many coastlinesespecially near marinas and

harbours. It was initially noticed that many populations in southern Britain were
sterilised, and subsequently became extinct (Gibbs and Bryan, 1996). We now know

that similar effects have been seen in marine prosobraastrtogods around the

world, and Matthiessert al. (1999) reported that about 150 species are known to

have been affected in this way.
are thus truly global.

TBTOs

Imposex in dogwhelks and other prosobrandédd to population declines. For
example, Gibbs and Bryan (1996) surveyed 79 coastal sites in the UK, between 1986
and 1989. Dogwhelks had become extinct due to TBT at 18% of sites, and more than
50% of females were sterile at another 34% of sites. Theyfdivabout 10 years, so

populations were slow to decline, and the first extinctions probably did not occur until

the late 1980s. Data from Hawkies al. (2002) show that populations with >50%
sterility had declined in abundance by approximately 50%, easethere had been

little apparent decline in populations where sterility was <50%. Overall, dogwhelk
populations in southern Britain probably declined by at least 50% at 52% of sites. In

comparison, Hardingt al (1999) surveyed dogwhelks (either wild,tcansplanted in

locations where the population was already extinct) along the entire UK and
continental coastline of the North Sea and English Channel and showed that those
populations classed as Category C or D (reduced or terminated egg product®n) wer

expo

mp a

present at about 65% of sites. It is reasonable to assume that these populations were in

decline. In other words, at least half of the dogwhelk populations in northwest Europe
had either disappeared or had seriously declined due to TBT. Similar effects w

seen in other regioris for example, ivory shelBabylonia japonicapopulations in
Japan declined significantly approximately 2 years after -f@ated imposex was
first observed (Horiguchet al, 2006). Although Franc (1940; 1952) formerly had no
problems in capturing hundreds of egg capsules and also large numbers of adult
Ocinebrina aciculataon the north coast of Brittany (France), Oehlmanal (1996)
reported a serious population decline for this species between the Bay of Arcachon

and Luesu-Mer (north of Bayeux) over a period of several years.
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Il mposex and related effects of TBT (inclu

testicular tissue but no penis growth) have been recorded in many other prosobranchs
including American mud snaildyanassa obsoletdBryan et al, 1989), European
edible whelksBuccinum undaturte.g. Ten HallerSjabbeset al, 1994), periwinkles
Littorina littorea (e.g. Matthiessent al, 1995), spireshellslydrobia ulvag(Schulte
Oehlmannet al, 1997), Japanese rocledls Thais clavigera(e.g. Horiguchiet al,

1998a) and Japanese giant abalone (Horigeichl, 2005). Prosobranch populations
which were formerly found in many marine locations around the world, were locally
extinguished or depressed by TBT. After thartial TBT bans in the mid980s,

partial recovery of those species suciNasapilluswhich lack a planktonic dispersal
stage has been relatively slow, and many populations near large harbours are still
returning to normal (e.g. Jorundsdotir al, 20®). This 2035 year impact of TBT

on important rocky shore species almost certainly had secondary consequences for
their prey or predators, but such impacts have only been recorded rarely (Spence,
1989; Spencet al, 1990).

4.1.2 Bivalves

The endocrine disruptg effects of TBT on bivalve molluscs have not been
researched as much as in prosobranchs. However, it seems likely that the collapse of
native oysterOstrea edulispopulations in the UK and elsewhere was partly due to
TBT, although other factors such agather and parasitism also contributed. One of
the largestO. edulispopulations was in the Crouch estuary in the UK. The average
population density in 1986 was only about @3 per r (Thain and Waldock,
1986) but this had been 100 times higher in 71483 per ni =18.5 million
individuals). The huge decrease in numbers between 1957 and 1986 was principally
attributed to the harsh winter of 1962/63, but it is likely that the poor recovery by
1986/87 was at least partly caused by TIBT few old adultsvere present in 1987 but
were not breeding, and it is known that TBT interferes with breeding in this species.
Experiments by Thain and Waldock (1986) clearly showed that TBT at concentrations
that were once found in many estuaries (240 ng/l) halted eiffation into females

and prevented release of larvae. This was supported by field observ&tioedulis
only occurred Osporadicallydé in etal,awl
2001), and at the most contaminated Crouch station was stilfaumig at 13 per 500

m? trawl in 1992 (= 0.03 per ) although many of these individuals were young,
indicating that breeding had resumed. However, oyster density had reached 110 per
trawl at that same station by 1997 (= 0.22 pé}, m severfold increase In other
words, 10 years after most new inputs of TBT had ceased, partial recovery of the
native oyster population had occurred.

A more weltknown effect of TBT on bivalves was the widespread appearance of
shelkthickening in cultured Pacific oystefsrassostrea gigasThe best data are for
theC.gigasf i shery in Bassin dédbArcachon near
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(Alzieu, 1991; 1998; 2001). The enclosed bay produced 14,800 tonnes of.

gigas annually in the 1970s and from the riil80s onwards, but the production
grounds were surrounded by 19 marinas and other yacht mooring facilities where
TBT began to be used in the early 1970s. From 1975 to 1982, the phenomenon of
shell thickening and reduced deposition of larvae (spat) seriously damagkdtion

which dropped to only 3000 t in 1981, and French scientists were the first in the world
to link these phenomena with TBT. It is uncertain whether -$higkening is a form

of endocrine disruption, but the reduced larval production was prolsablsed by
similar effects to those observed by Thain and Waldock (1988) @dulis

There are no field data which prove unequivocally that endocrine disruption by TBT
has affected other bivalve populations. However, there is circumstantial evidence that
populations of peppery furrow sh&trobicularia planan some estuaries have been
damaged by TBT (Langston and Burt, 1991; Reizal., 1995b). Furthermore,
Minchin et al (1987) showed that settlement of king scallgcten maximuand
several other balves failed completely in the North Water of Mulroy Bay on the
north coast of Ireland about 2 years after TBT was introduced as a treatment for
salmon netsP. maximussettlement recovered in 1986, the year after the use of TBT
on salmon farm nets waogped in Ireland. Estimated population sizé2omaximus

in North Water declined from 554,000 in 1980 to 171,000 in 1985, with the first three
year classes being almost absent in 1985, so it appears that reduced settlement fed
through to an effect on th@opulation. This was associated with a TBT concentration

of 0.75 pg/g wet wt. (as tributyltin oxide) . maximugissue from North Water in
1986.

Additional circumstantial evidence for
of clamsMya arenariain a TBT-contaminated part of the St. Lawrence estuary
(Gagnéet al, 2003; Siahet al, 2003). These showed that the sex ratio was
significantly skewed towards males by comparison with two reference sites, gonado
somatic index and progesterone titres weeduced, and sexual maturation was
delayed. Furthermore, the presence of vitdlke proteins in female gonads, and the
capacity of females to produce E2, were both reduced in thecbBiaminated area,
indicating the existence of a masculinising influen8omewhat similar effects have
been observed in a musééytilus edulispopulation near a naval dockyard (Helleu

al., 2003) which would have been a source of TBT, but it is uncertain whether
organotins were the causative factor.

Finally, observation®f the benthos in the Crouch estuary, U.K., made after 1987
when TBT was banned from use on small boats, showed a strong association between
the decline of TBT contamination and an increase in abundance and diversity of the
bivalve (and prosobranch) comnityn(Reeset al 1999, 2001; Waldockt al, 1999).

There were also TBTelated changes in certain nawllusc species (e.g. sea squirts),
some of which might have been a secondary consequence of the impacts on molluscs.
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In summary, organotins have donesgr damage to both prosobranch and bivalve

populations around the world, and there seems little doubt that endocrine disrupting

mechanisms are at least partly responsible.

4.2 Effects of estrogens and their mimics

Following the discovery of widespread femirtisa of male fish by natural and

synthetic estrogens (see Matthiessen 2006 for a review of the situation in the UK),
there has been a search for analogous endocrine disruptiarmeinalia, mollusc

populations. Binelliet al (2001; 2004) reported poskibendocrine disruption in
zebra musselBreissena polymorphaxposed in Pallanza Bay on Lake Maggiore to
p DO®T and its metabolites originating from a chemical factory on the River
MarmazzaD. polymorphadrom Pallanza Bay released their oocytes eattian those

from a nearby reference site, and 40% contained degenerating oocytes, compared with
only 10% at the reference. Furthermore, the date of first sperm release from males
was 2 months later than oocyte release in females, although mature sperm were
present in the testes. These observations were associated with body burdens in the

mussels of 1600 ng pp6DDE/ g Iipid,

homologues are known to have estrogenic effects in fish. However, it is not certain
that thes effects occurred by an endocrine disrupting mechanism, and it should be

and

noted that no abnormal ovotestis (i.e. oocytes in the testis of this normally

gonochoristic [separate sexes] species) was observed.

More recently, Chesman and Langston (2006) haperted the presence of male
ovotestis in 17 out of 23 populations of the normally gonochoristic bivalve
Scrobicularia planain estuaries in southwest England. This mainly appears to occur
in the summer months when gametogenesis takes place, and is adedniyyaa sex
ratio skewed towards females. Langstiral. (2007) confirmed these findings, and
also showed that oocyte size increased in both females and ovotegtiming males

in areas where ovotestis prevalence was high (up to 60% of males shatestis}

There appeared to be an association between the occurrence of male ovotestis and the
degree of human influence in a given estuary, but no analyses were conducted for
EDCs, and some ovotestis was present even in estuaries considered to béyrelative
free of sewage and industrial discharges. However, experimental exposure of

undifferentiateds. planao estrogercontaminated sediment for 1 month (followed by

4 months recovery in a relatively uncontaminated estuary) produced 44% of males

with ovotesis when they matured, compared t@8% in controls. Oocyte diameters

were also increased in the exposed animals. The estrogens used were a mixture of E2

and ethinylestradiol (EE2) (both at 100 pug/kg wet wt.) and noayti octylphenol
(NP and OP) (both at000 ug/kg wet wt.). These concentrations are rather high

compared with those in most estuarine environments, implying the need for further

experimental work withS. plana but there seems little doubt that the effects

described by Langstogt al (2007) ae indeed a form of endocrine disruption.
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Blaiseet al (1999) have identified that the cldvtya arenariacontains a vitelliflike
protein that can be indirectly determined by measuring alikhile phosphate (ALP).

The ALP is induced by injections of ENP or pentachlorophenol (PCP), and a
survey ofM. arenariain the Saguenay Fjord, Quebec, showed significant variations
in induction of ALP along the fjord. This was accompanied by delayed gametogenesis
in the upper part of the fijord (Gauthi€terc et al, 2002), and it was hypothesised
that there was a persistent dysfunction of vitellogenesis which may have been caused
by antiestrogens. Similar induction of vitellogerike protein, again in terms of
ALP, has been observed more recently in clamapés philippinarum and
Cerastoderma glaucumsampled from estrogesontaminated areas near a sewage
discharge in the Venice Lagoon (Matozzo and Marin, 2007). It was noted that the
ALP response was greater in June (the-gmawning period) than in January (the
stage of early gametogenesis).

Finally, Gagné and Blaise (2003) have shown that freshwater mus8giso
complanata held downstream of a municipal effluent discharge for 90 days
experienced reduced serotonin and increased monoamine oxidase activttiesf b
which are involved in sexual differentiation. Similar effects could be induced by the
injection of E2 or NP, suggesting that the estrogens and their mimics present in
sewage effluent may be affecting reproduction in freshwater bivalves.

There have &en no other reports from the field of possible estrogenic endocrine
disruption in molluscs. However, when the limited field data are compared with the
experimental data described in sectigrit seems likely hat estrogens are affecting

wild molluscs in some places, and that these effects are a form of interference with the
hormone system which remains to be fully explained.

4.3 Summary of EDC effects in wild molluscs

It is well-established that the organotins haaeised widespread indirect androgenic
effects in molluscs which have damaged populations of both prosobranchs and
bivalves, and which are a form of endocrine disruption, although the precise mode(s)
of action has not been completely clarified. These tffacere not predicted by
environmental risk assessment procedures, but revealed by field observations, and
have been confirmed by laboratdrgsed experimentation (sectibn

There is much less evidence for regenic effects in wild molluscs, although
experimental studies suggest that such effects are likely. Unfortunately, modes of
action of estrogens in molluscs are only speculative at present. However, the
induction of male ovotestis in wild populations bétgonochoristic bivalv&. plana
(Langstonet al, 2007), and of ALP in wild clams living near estrogenic sewage
discharges (Matozzo and Marin, 2007) seem to be a clear effects of this type. It
appears likely that such effects may be associated witht&rnyg interference with
reproductive success if sufficiently severe, but data on this point are lacking.
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5 Experimental induction of endocrine disruption in molluscs

Despite the evidence for endocrine disruption in wild molluscs caused by organotins
and estngens, experimental data are essential for its interpretation. This section
therefore describes what is known about endocrine disruption in molluscs exposed to
these EDCs under controlled conditions, and also includes an assessment of the more

limited expeimental data on other types of EDC.

5.1 Organotins

Organotins were discovered in the late 1950s to be powerful biocides. In the 1960s,
substances like triphenyltin (TPT) became widely used as agricultural fungicides, and
tributyltin (TBT) began to be used diat hulls as an antifouling compound, and on
timber as a preservative. They were found to be particularly acutely toxic to molluscs
(Flochet al.,1964; Frick and Dejimenez, 1964; Ritclgeal., 1964, 1974; Deschiens

et al, 1965, 1966; Hopkt al, 1967 Deschiens and Floch, 1968; Da Souza and
Paulini, 1969; Chu, 1976; Smitt al, 1979), with shorterm LC50 values in the
range 16300 pg/l, and longeterm lethality in the range 0.001.0 pg/l (Cardarelli,

1973; Ritchieet al, 1974). Organotins sucls &is (trin-butyltin) oxide consequently

also entered use in the 1960s as molluscicides for the control of the aquatic snails

which transmit bilharzia (schistosomiasis).

The endocrinalisrupting properties of organotins in molluscs were only gradually
discovered in the 1980s, and fully recognised in the 1990s (ACP, 1994; Fent, 1996;
Matthiessen and Gibbs, 1998; Maguire, 2000). In particular, Bryah (1987, 1988)
showed that concentrations of TBT as low as 2.5 ng/l caused imposex in female
dogwhelksNucella lapillus characterised by the growth of a penis and (in severe
cases) blockage of the oviduct and death. Since then, similar effects (including the
closely related phenomenon of intersex in littoririid3aueret al, 1995; Matthiessen

et al, 1995) have been induced by TBdxposure in many other species of
prosobranch mollusc (reviewed by Oehlmaatnal, 2007). Furthermore, it appears
that freshwater gastropods (and freshwater species in general) are less sensitive than
their marine relatives (Legnet al, 2004; 2007). Although less research has been
conducted on TPT, this also causes imposex in gastropods at similarly low
concentrations to TBT (e.g. Horiguadti al,, 1997; Schulté®©ehlmanret al, 2000).

Whether or not imposex or intersex occur agesult of organotin exposure in
particular prosobranch species, the net result is generally manifested as reduced
reproductive success, and it seems likely that these reproductive effects, which

generally occur in the ng/l range, are all the resultroleo c r i n e

di sruption

precise mode of endocrine disrupting action remains the subject of debate, and a
discussion of this topic is given in secti®nbut the fact that organotins interfere with

prosobranckendocrine systems in one or more ways is-@stablished.
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There is much less experimental evidence for orgaiadinced endocrine disruption

in bivalves, and little for such effects in other mollusc groups such as the
cephalopods. Although Ortiz and R2006) recently reported the first case of
imposex in the Patagonian red octoftisteroctopusmegalocyathusthe authors
decline to link the phenomenon to TBilediated endocrine disruption. Noting
organotin sediment contamination of an industrial harbourthe Nuevo Gulf
(Argentina) in the range of 4 ug TBT/kg and imposex incidences in gastropods of
about 100 % in the cephalopod fishing area, one might conclude that TBT had also
affected octopus in that area. However, the malformation was only seen dnitowie

185 females.

It should, however, be noted that absence of evidence is not necessarily evidence of
absence, given that prosobranchs have been studied far more intensely than other
groups. There is no doubt that TBT at ng/l concentrations can daegeluction in
bivalves. The work of Thain and Waldock (1986) w@ktrea edulisalready cited in
sectiond, showed that TBT exposure at 240 ng/l for 74 days prevented larval release
and eliminated animals ithe female phase. A higher concentration (2620 ng/l)
almost prevented sexual differentiation and shell growth. Similarly, &ué¢ (1995

a & b) showed that TBT at 250 ng Sn/l produced a significant reduction in the
production of embryos by aduicrobialaria plang and 50125 ng Sn/l prevented
and/or damaged shell growth of the larvae. Work in Japan has also shown that
exposure of pearl oystélinctada fucateand Manila clamRuditapes philippinarum

adults to ng/l concentrations of TBT for-31 weeks cawes abnormal larval
development (Inouet al, 2004, 2006).

It is possible that these effects of TBT on the reproduction of bivalves are not related
to endocrine disruption. However, several studies have shown that exposure of
bivalves to TBT causes steroibrmone imbalances which might be implicated in
damaged reproduction. For example, 7 day exposures of Raditapes decussata

TBT at concentrations between 100 and 2270 ng Sn/l produced a significant increase
in testosterone titres (Morcillet al, 1998). This was associated with a reduced ability

of the cytochrome P450 enzyme system in digestive gland microsomes to metabolise
testosterone to estrone and estradiol. In related work, Morcillo and Porte (2000)
transplantedR. decussatto a TBT-contamirated location for 5 weeks and observed a
33% increase in testosterone titres and-fald decrease in estradiol titres. Similar
changes in sex hormones have been observed in another species@{pB&d clam
Meretrix meretrix(\Wanget al, 2005).

In sumnary, laboratory exposures of various molluscs to TBT have been able to
mimic effects seen in the field in areas of TBT contamination, ranging from induction

of biomarkers (e.g. i mposex) to impacts
action on molluscss still unclear, it appears wedistablished that these effects are the
result of a form of endocrine disruption.
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5.2 Estrogens and their mimics

A number of laboratory studies have shown that estrogens and their mimics are
capable of interfering with molluseproduction. Many of these have been reviewed
by Rotchell and Ostrander (2003), Oetkatral (2004), Porteet al. (2006), Croll and
Wang (2007), Lagadiet al (2007), Weltje and Schuk®ehlmann (2007), and
Oehlmanret al (2007), so only a summary dfi$ information is given below.

One of the earliest studies was that of Metral (1969) who showed that if oysters
Crassostrea gigasre injected with E2 at early stages of maturation, they can be
induced to change sex from male to female. Furtherméaeaksina and Varaksin
(1991), Varaksinat al. (1992) and Wang and Croll (2004) have shown that injecting
scallops with E2 (and other steroids) at later developmental stages can stimulate both
oogenesis and spermatogenesis, and can lead to increasedwggglaidand larger
oocytes.

In the present context, the most interesting work has involved reproduction
experiments with various molluscs exposed via the ambient water to estrogens,
androgens and artindrogens. One of the first of these was conducteddhmngann

et al (2000) who treated the freshwater prosobraltarisa cornuarietisand the

marine prosobranciNucella lapilluswith the weak estrogen mimics bisphenol A
(BPA) and octylphenol (OP) at concentrations between 1 and 100 pg/l for up to 12
months n life-cycle tests M. cornuarietiy and 3 months in tests with adults. (
lapillus). In both species, so al | e df e6nsaulpeesr6 wer e i nduced,
enlarged sex organs and stimulation of oocyte production. Effects were reported to be
statisticdly significant at the lowest concentration tested (1 pg/l). Further work with

M. cornuarietis(Oehlmannet al, 2006) derived a nobserveeeffectconcentration
(NOEC) for supeiffemale induction of 7.9 ng BPA/I, clearly a high level of potency

for a socdled weak estrogen. The effect was temperatigeendent (greater at lower
temperatures), and could be completely eliminated bexpmsure to estrogen
antagonists, indicating that BPA was probably acting as an estrogen receptor agonist.
These results wersubsequently disputed (Forbesal, 2007a & b), but the repeat
studies reported by Forbes and heramrkers did not precisely replicate the test
conditions used by Oehlmann and his team. The degree of estrogenicity shown by
BPA in prosobranchs is thdoge still open to question, although the sufsamale
phenomenon itself seems to be genuine, as similar effects have also been seen by
other research groups in other species (see below). Perhaps the most important lesson
to be learned from these confliagj results is the profound influence of test conditions
(particularly temperature) in experiments of this type, an issue which must be taken
seriously if OECD is to develop loftgrm test guidelines with molluscs.

The stimulation of reproductive output bgtrogen exposure reported by Oehlmann
al. (2000; 2006) forM. cornuarietis also occurs in another prosobranch, the
parthenogenetic and ovoviviparous freshwater spe@amopyrgus antipodarum
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(Duft et al, 2003b). In these experiments, the test oggasiwere exposed in spiked
sediments to BPA and OP, and in both cases, the levisstrveeeffect
concentration (LOEC) for an increase in the number of embryos after 8 weeks
exposure was 1 pg/kg dry wt., the lowest concentration tested. NP was slightly les
potent, with an 8 week LOEC of 10 ug/kg dry wt. EE2 was used at 30 ug/kg dry wt.
as a positive estrogenic control, and also induced the production of additional
embryos. Experiments witR. antipodarumhave also been conducted where dosing
was via the atmient water (Joblinget al, 2004). These revealed increased embryo
production after 8 week exposures to EE2 (LOEC 1 ng/l), BPA (LOEC 1 pg/l), and
OP (LOEC 5 pg/l). Similar effects were seen whenantipodarumwas exposed to
dilutions of treated but estgenic sewage effluent. Yet other experiments with EE2
have been conducted with the freshwater pulmonate gastiopndaea stagnaljs

and in this species also, increased egg laying was observed at the (very high)
concentration of 500 ng/l, together witleduced growth, delayed hatching and
induction of a vitellinlike protein at concentrations down to 50 ng/l (Seggteal.,
2003).

Recently, as/et-unpublished experiments have been conducted in which populations
of the hermaphroditic pulmonaBdanorbariuscorneuswere exposed for 14 weeks to
dilutions of an estrogenic sewage effluent in mesocosm enclosures and allowed to
reproduce (Clarke et al., ES&T in press). Numbers of egg masses and egg weights
were recorded every 2 weeks. There was a concentrataded and statistically
significant increase in the cumulative numbers of egg masses produced per snail in
undiluted and 50% effluent, an observation which is consistent with the effects
produced by estrogens . cornuarietis P. antipodarum and L. stagalis (see
above). In a laboratory experiment, developmental mortality was seen in the F1
offspring ofP. corneusexposed for a year to a mixture of estrogenic hormones (EE2,
E2 and E1) and estrogen hormone mimics (NP, OP and BPA) similar to that found in
sewage effluent, and gametogenesis and successful reproduction was also disrupted in
the survivors. Thus it seems thateadled supefeminisation should not be construed

as a beneficial effect.

Further evidence of the importance of test conditions isvigeo by recent
unpublished experiments (Dr. Ed Routledge pers. comm., 2008) in Whictrneus
adults were exposed to E2 at 100 ng/l for 26 days in either cool or warm conditions.
E2 had no effect on egg production in the warm tanks, but in the cod, tagh
production was slowed in the controls and restored to normal in the exposed snails. In
other words, seasonal changes in temperature, or simply poor control of test
conditions, can have a major influence on the responses of gastropods to an estrogen.

It is noteworthy that in several of the experiments described above, theedpsase
curves were in the shape of an inverted
excess embryos produced at intermediate concentrations, and embryo production
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being inhibited at higher concentrations. This type of #imear response will also
have to be accounted for when designing test guidelines.

Few full life-cycle tests with gastropod molluscs exposed to estrogens have yet been
conducted. However, Czeeht al (2001) exposed.. stagnalisfor 7-12 weeks to NP,

and although fecundity was decreased at 100 pg/l (NOEC 10 pg/l), no effects were
seen in the F1 offspring. Czeddt al (2001) did not believe that the effect on
fecundity was caused by endocrine disruptioecause there was severe
histopathological damage to several tissues, indicating a deleterious effect on general
health.

Finally, few estrogemexposure experiments have been conducted with bivalves in
addition to those associated with field studies andrite=ttin sectior. Lavadoet al

(2006) studied the effects of 3 week exposures of a mixture of crude oil and alkylated
phenols (unspecified) on adullytilis edulis This had clear effects on steroid
metabolisn, producing increases of esterified E2 and T in the gonads, and an increase
in estradiol sulphotransferase activity. Nieeal (2000) exposed oyst&rassostrea
gigasembryos to NP for up to 72 hours, and showed that development towards the
normal Dlarval stage was delayed by all test concentrations down to 0.1 pg/l
(unbounded LOEC), although the effect only persisted to 72 h at higher
concentrations. 100 ug/l caused deformities of théarae, but it is not known
whether these effects were caused hgloerine disruption. Of more interest is the
subsequent study (Nia al, 2003), in whichC. gigasD-larvae were exposed to NP

for just 2 days, between days 7 and 8 gestlisation, and then allowed to mature
under controlled, NFree conditions for @ months. 17% of the adults at the lowest
test concentration (1 pg/l) were found to be fully functional hermaphrodites (i.e. self
fertile), a highly unusual condition in this species, and the adult sex ratio was skewed
towards females. Furthermore, thewsual of the F1 offspring of the adults was very
poor. It seems highly likely that the interference with sexual development, combined
with the transgenerational effects, was caused by endocrine disruption.

The data described in this section show thatrdproduction of some molluscs is
sensitive to estrogens and their mimics, in some cases at environmesitalbnt
concentrations. This supports the limited data suggesting that estrogens may be
affecting some mollusc species in the field.

5.3 Androgens and their mimics

Relatively little information is available about molluscan responses to EDCs which
interact with the androgen receptor in vertebrates. As with the estrogen receptor, the
presence and role of an androgen receptor in molluscs is still the swbjesearch.
However, Tillmannet al (2001) reported experiments with the prosobrarihs
cornuarietis N. lapillus and Nassarius reticulatuexposed to the aréindrogens
cyproterone acetate (1.25 mg/l) and vinclozolin (61038 pg/l). In 512 month
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experiments, it was shown that the aatidrogens significantly reduced penis and
accessory male sex organ sizes, and were able to antagonise amdenlised
responses such as imposex development. The direct effects of taadnatgens were
considered md in comparison with the effects of the estrogen EE2, and the
androgens TBT and methyltestosterone (MT). In the case of MT, 0.5 ug/l caused an
enhancement of imposex intensity (as measured by the Vas Deferens Sequence Index,
or VDSI) after 9 months exposirOn the other hand, lHeycle experiments with.
stagnalisexposed to the androgebssitosterol (3100 ng/l) and-methyltestosterone
(1-200 ng/l) revealed atrophy of the albumen gland, but there was no effect on
fecundity, hatching rate, or fertility, and no effect on the F1 generation (@texth
2001).

5.4 Others EDCs

Almost nothing isknown about the possible role in molluscs of EDCs other than
organotins, and sex sterdidle xenoestrogens and xerendrogens. However,
several endocrinologicalgctive tissues are present (e.g. nervous system, kidney and
midgut glandi see sectior8), and these may well be responsive to other modes of
disruption. One of the few studies to investigate this issue (Fedaily 2007) studied

the effects of dietary and sedimeagsociated polycyclic aromaticydrocarbons
(PAH) on clamaMya arenaria These 30 day exposures produced a variety of effects
including immune suppression (reduced phagocytosis) and oxidative stress (lipid
peroxidation), and resulted in delayed gametogenesis in both sexes. It wasesuspect
that this effect resulted at least partially from the oxidative stress which may have
damaged steroid (corticoid hormonaynthesising cells, although no direct evidence
for this was presented.

5.5 Summary

There is good evidence that both organotins atgens at ng/l concentrations are
able to interfere with normal reproduction in prosobranchs and bivalves, and these
effects have been associated with imbalances in steroid hormones, although the
precise mode(s) of action are not fully understood (seBore8). There is more
limited evidence for the impact of androgeteptor agonists and antagonists on
sexual development and reproduction in some molluscs. Finally, there is weak
evidence that some polycyclaromatic hydrocarbons (PAH) may be able to cause
delays in gametogenesis through damaged steroid metabolism.

When these experimental data are considered together with field observations in both
prosobranchs and bivalves (sectinit is apparent that they help to explain many of

the presumed impacts of organotins and estrogens on mollusc populations that have
been reported. Overall, there is virtually no doubt that endocrine disruption occurs in
some molluscsand that it is able to damage reproduction and even cause population
declines.
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It will be apparent that there is considerable experience in conducting partial life cycle
reproduction experiments with prosobranchs and bivalves exposed to EDCs, and more
limited experience with full life cycle experiments. In some cases, the test organisms
are capable of being cultured in the laboratory, while other test species at present have
to be collected from the field. There is thus a good database of information @nd po

of expertise from which standardised test protocols can be drawn. This issue will be
considered in detail in sectiofsaand?7.
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6 Experimental design considerations

6.1 Exposure duration

A general assumption in ecotoxicology is that the intensity of biological effects
caused by a chemical is a function of the exposure level (i.e. concentration of the
chemical) and the exposure time (i.e. duration of the test). Conseggquenihcreased
exposure time should result in appearance of effects at lower concentrations (OECD,
2008). Therefore, full life cycle (FLC) testing of a chemical will potentially produce
effects at lower concentrations compared to a partial life cycle P& with the

same species. However, this supposed advantage is counterbalanced by a number of
other factors. These are presented in sediarilbefore general aspects of PLC and

FLC tests with molluscs amiscussed in sectiors1.2and6.1.3 Candidate PLC and

FLC tests methods with molluscs are outlined in section

6.1.1 Strength and weaknesses of partial versus full life cycle tests

Because endogenous hormones regulate various physiological functions during
development, growth and reproduction, EDCs can interfere with processes like sexual
differentiation and maturation, repmhaction (including gametogenesis and
fertilisation), embryonic development, juvenile growth and aging. The chances of
identifying the potential impact of a test compound on one of these processes increase
with the number of sensitive or critical phases amel number of endpoints being
considered in the test design. For fish it has been shown that the toxicity of a
significant number of organic chemicals and metals tested in FLC studies could not be
predicted from the results of an early life stage expogergewed in OECD, 2008).

As there is clearly less experience with FLC tests in molluscs, the relevance of these
findings for this invertebrate group cannot be judged reliably but the assumption is
convincing from a theoretical point of view. However, fae experimental examples
allowing a direct comparison of the sensitivity of molluscs to EDCs in PLC and FLC
tests provide conflicting results (cf. sectitr2.d.

The majority of PLC studies with molluscs esgareproducing adults. This part of the

life cycle is not only considered to be particularly sensitive to EDCs but any changes
in reproductive output will have direct population level consequences. Furthermore,
fecundity parameters like the number of proeld clutches, eggs or embryos are
comparatively easy to measure. The main strength of PLC tests is the reduced time to
conduct the test compared with an FLC test with the same species. This also reduces
the costs and especially the danger of losing tharosgs to disease before the
experiment is terminated, of technical failures resulting in a die off of test organisms,
and of interrupted or decreasing exposure which can also be caused due to excessive
degradation of the test compound by microbial growtiese disadvantages of FLC
studies can at least in part be compensated by choosing faster maturing species which
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reduces study duration. Nevertheless it can be argued that such species might also be
less sensitive than molluscs with a longer generatioe.tiBecause the exposure
duration of a study is a compromise between the time necessary to elicit an effect and
the appropriate duration to control costs and reduce the danger of system failures,
PLC studies should not be disregarget seas long as theprove to be sensitive
enough for the identification and hazard assessment of EDCs.

The obvious weakness of PLC studies is that they do not expose all life stages.
Therefore, these tests do not provide data on potential effects if the most sensitive part
of the life cycle is excluded or if there is a concern about tgemerational effects
which can only be identified in FLC or even multigeneration exposures. In contrast,
an FLC design ensures that all life stages are exposed and that concentratiogs causin
effects at the population level can be predicted with higher probability.

As discussed in sectiohl, the development and validation of new toxicity testing
guidelines with molluscs focuses on Level 5 of @enceptual Framework for the
Testing and Assessment of Endocrine Disrupting Chemicals (Gourmelon and
Ahtiainen, 2007; OECD, 2004a). This requires apinaVivo tests sensitive to both
endocrine and neandocrine mechanisms which are suitable for use @k ri
assessment. Although these tests will not necessarily be specific for EDCs or a
particular MOA, they have the potential to include histopathological endpoints and
biomarkers to examine:

1 whether the observed effect of the test compounds is a resu#t gérieral
toxicity or due to a more specific and potentially endocrine mechanism and

1 whether fecundity alterations are associated with histological changes in the
gonads.

6.1.2 Partial life cycle (PLC) tests

PLC studies can be performed with adult, sexually meatolluscs covering the
period of reproduction or are initiated with fertilised eggs, embryos or juveniles
covering the period until sexual maturity and measuring various developmental
endpoints (cf. sectior.2.]. There are less examples of the latter approach (e.g.
Tillmann et al., 2001; Nice et al., 2003) so that the focus here will be on PLC designs
with sexually mature molluscs.

The ‘reproduction test' as the most commonly used type of PLC study withsasollu
assesses the reproductive output or fecundity of exposed adults by counting the
number of produced clutches and eggs or embryos (e.g. Oehlmann et al., 2000, 2006;
SchulteOehlmann et al., 2000; Jumel et al., 2002; Duft et al., 2003a & b, 2007;
Jobling et al., 2004; Mazurova et al., 2008; Schmitt et al., 2008). Although for
pragmatic reasons there is a certain interest to minimise test duration, the exposure
period should be several weeks to ensure that it covers gametogenesis and spawning
(in oviparousspecies: majority of gastropods and bivalves) or embryo development
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(in ovoviviparous species, e.Botamopyrgus antipodarumnd Viviparus viviparus.

It has to be considered that female neogastropods, mainly a marine group, have in
particular developed sgialised sections in the oviduct during evolution to store and
nourish sperm after copulation for a period of weeks to months (Fretter and Graham,
1962). This characteristic limits their use in reproduction tests because potential
effects of test chemical on spermatogenesis cannot be identified except by
histopathological testis analyses or if the exposure starts withduwits that are still
sexually immature.

An ideal test species for a reproduction test should exhibit a steady reproductive
output thraughout the year. However, most molluscs from temperate zones and even
some (subtropical species are seasonally reproductive. The seasonal pattern is
synchronised by external triggers, with day length and temperature (mostly
continuous seasemtlated chages in temperate species and fast declines in tropical
and subtropical molluscs indicating the beginning of the rainy season) being the most
important. Even under controlled conditions in the laboratory without external
triggering, molluscs may retain aas®nal pattern in reproduction over long time
periods. For obvious reasons, molluscs with one single or several consecutive
spawning periods, typically in spring/early summer, followed by complete sexual
repose for the rest of the year (e.g. most marimgyastropods and bivalves), are of
limited practical relevance for this type of test. Although the candidate species for
PLC and FLC tests presented in secffodo exhibit a seasonal reproductive pattern
with a phase of higher output, they never cease to reproduce during the rest of the
year and can therefore be used in reproduction tests. Evelrdéssostrea gigas,
spawning throughout the year can be achieved at water temperatures around 19°C
(Fabioux et al., @05). However, seasonally varying fecundity has to be taken into
account when interpreting the results of tests with EDCs.

The current candidate protocol for the PLC test vithantipodarumin section
7.2.1condders a test duration of 8 weeks (56 days) with an analysis of snails after 28
days and at the end of the experiment. Further investigations will have to address the
question of whether the exposure period can be reduced to 4 weeks without
substantial lossf test sensitivity (Duft et al., 2007; Gourmelon and Ahtiainen, 2007).
One probable strategy could be the additional assessment of the number of released
young snails during the exposure period plus the number of embryos in the brood
pouch of females adt 28 days. ZinBmeister (2006) studied different media regarding
their suitability to incubat®otamopyrgugmbryos outside the maternal organism and
indicated an average development time of 21 days for the embryos at 16°C. A shell
was first visible on dag. Based on these results a reduced exposure time of 4 weeks
seems to be feasible for the PLC test viAthantipodarunmbecause it still guarantees

that all embryos found in the brood pouch at the end of the test will have developed
ovounder exposuretthe test chemical.
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Additionally to fecundity, further parameters can be measured during PLC tests, e.g.
gonad histopathology or vitellin induction (cf. sectidr2.3. These are clearly not
essential but mayetip to resolve the potential MoA of the test compound, although it
should be emphasised that the MoA of EDCs have not yet been definitively
established in any molluscs.

6.1.3 Full life cycle (FLC) tests

Ecotoxicological FLC studies with molluscs have been coteduevith only few
species so far, including the prosobranch saitisa cornuarietisfOehlmann et al.,
2000), the pulmonatdymnaea stagnalifCzech et al., 2001) and the oyster
Crassostrea gigaéNice et al., 2003). Despite the limited experience witdséhtests,
Lymnaeahas been widely used for short term and chronic ecotoxicological testing and
Crassostreais an important aquaculture species so that favourable conditions for
growth and reproduction are well known and promising candidate protocolsecan b
proposed for both species (cf. sectidhd). In contrast, M. cornuarietis is
characterised by a number of disadvantages (Duft et al., 2007) so that this species
seems to be less suited for a standardised BELC t

The proposed protocols fdr. stagnalisand C. gigascover exposure periods of 31
weeks (217 days) and 40 weeks (280 days), respectively. Such time scales are
challenging and logistically complex for many laboratories because-téony
maintenance oexposure systems requires extensive experience that is not widely
available. Furthermore, test conditions specified in detail in segtiblave been
derived by combining information from a number of publicationsshoriterm tests

with both species. Therefore, the feasibility of the FLC protocols should be
demonstrated before any validation exercises.

A further aspect to be investigated is the potential extension of the existing PLC
protocol with P. antipodarumto an FLC test design. Given that the time to reach
sexual maturity is 3 months in this species, the FLC test would require a duration of
20 weeks if the exposure of adults in the FO and F1 generation can be limited to 4
weeks as discussed above. Othenntise test would require 28 weeks.

6.2 Possible periods of exposure during development

Comparably to fish (cf. OECD, 2008), life histories of molluscs can be broadly
divided into two ontogenic groupings: those with an ‘indirect' development and those
with ‘direct’ development. Although this distinction is questionable from a scientific
point of view (Fioroni, 1992), it is helpful for addressing ecotoxicologically relevant
differences. Molluscs with an ‘indirect' development are typically oviparous and
exhibit five distinct life history periods: embryonic, larval, juvenile, adult, and
senescent. The larval period is not necessarily asin@eming, planktonic phase of

the life cycle (like in most bivalves) but can also be passed sheltered as a
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developmental phasie the developing egg (e.g. in the vast majority of freshwater
gastropods and most marine snails in temperate zones) which is often surrounded by a
gelatinous mass (egg mass, clutch) or solid egg capsule. Fhalled 'direct’
development trait in molles can be found in the rare cases of ovoviviparous species
such asViviparus viviparusand Potamopyrgus antipodarynone of the candidate
species for a PLC test. These species are characterised by four life history periods:
embryonic, juvenile, adult, arsenescent. The larval period is not missing in the strict
sense but integrated into the embryonic period. The embryo develops within the egg
shell in the maternal organism so that test chemicals might be less bioavailable for the
developing embryo in ovoviparous species compared to the embryonic and larval
phases in oviparous molluscs.

Molluscs exhibit multiple reproductive modes, like simultaneous and consecutive
hermaphroditism (mostly protandric with sex change from male to female; more
rarely protogyit with sex change from female to male), gonochory and
parthenogenesis, each of them combined with semelparity (individuals reproduce only
once during their lifetime) or iteroparity (individuals reproduce several times
throughout their life). This allowshe assessment of contaminant effects on a broad
variety of reproductive strategies (Oehlmann and Sci@ételmann, 2003b).
Furthermore, molluscs exhibit a large range of life cycle strategies, especially with
respect to longevity. While the majority of ¢gglopods, marine opisthobranch snails
and most of freshwater and terrestrial gastropods are-lghexit species with a
maximum life span of more or less one year, the marine prosobranch snails and many
bivalves are londived so that they can integrate ¢amination of their environment

over long periods. Approximately 40% of the marine bivalve species and more than
20% of the marine prosobranchs attain maximum ages of more than 14 years
according to Heller (1990). For single species even longer life shaws been
reported, like for example more than 50 years for the abditafietis cracherodii
(Powell and Cummins, 1985) and more than 100 years for some marine (220 years for
Arctica islandicaaccording to Jones, 1983) and freshwater bivalves (116 years fo
Margaritifera margaritiferaaccording to Bauer, 1987).

All test species being considered in this review are comparativelylilody with a

life span of at least two years but represent different reproductive médes.
antipodarum the candidate specider the PLC test is ovoviviparous (i.e. 'direct’
developing) and parthenogenetic. Males have only been observed very rarely in
Europe in the field (Wallace, 1979; Ponder, 1988) and laboratory populations used for
ecotoxicity testing consist exclusively démales (Duft et al.,, 2007). The two
candidate species for FLC tests, stagnalisand C. gigasare both oviparous (i.e.
‘indirect’ developing) hermaphroditesymnaeais a simultaneous hermaphrodite
although with a tendency to protandry (in the ovotesji®rm are produced earlier
than oocytes) and an ovo larval development whil€€rassostreas a consecutive
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protandric hermaphrodite with a freaimming larval phase (for details cf. section
7.4).

Although it can be argued from a theoretical point of view that earlier life stages are
more susceptible and sensitive to chemicals in general and EDCs in particular, the
available evidence for this assumption in molluscs is limited to a few cases.
Dregolskaya (1993nvestigated the effects of chemical exposure on early life stages
in L. stagnalisand the prosobranch sn&lthynia tentaculataln both molluscs, the

most vulnerable development stage was the last one before metamorphosis, when the
protonephridium waseduced and a definitive kidney had not yet been built up. Bauer
et al. (1997) have shown that the ability of TBT to induce intersex in the periwinkle
Littorina littorea decreases with increasing age of the test organisms. Even exposure
to very high TBT cocentrations will not result in intersex development once female
snails have reached sexual maturity. Also for a number of impaffented
neogastropods likeNucella lapillus and Ocenebra erinaceaa decreasing TBT
sensitivity has been described (for revieBryan and Gibbs, 1991) but in contrast to
Littorina, adult and sexually mature females also preserve their ability to develop
male sex organs under TBT exposure. Other studies, as discussed in&2cwith

the examples of Czech et £001) and Leungt al. (2007) for effects of TBT in..
stagnalisand Oehlmann et al. (2000) for effects of bisphenol A and octylpheil in
cornuarietis,found little evidence for a higher sensitivity of earlier life stagn FLC

tests.

The knowledge about susceptible life history periods for HmdDced effects in
molluscs is too fragmentary to come to any final conclusions. However, it is worth
mentioning that all reports on chemicalhduced sex change in molluscs &@sed

on experiments with an exposure of animals from early life stages (embryonic, larval
or juvenile) through adulthood (Gibbs et al., 1988; Nice et al., 2003; Langston et al.,
2007). This shows that developmental timing of exposure is critical andtampat

least if sexual differentiation is considered as a test endpoint. Although this
observation reinforces the view that PLC tests may run the risk of not exposing the
most sensitive life stage it has also to be emphasised that in the PLC testteandida
species,P. antipodarum females occur exclusively and the ovoviviparous mode of
reproduction probably reduces the possibilities of exposing early life stages during
development in the maternal organism.

6.3 Routes of dosing

6.3.1 Water

Exposure via the water pba is the most common route of dosing in EDC studies
with molluscs. In sectio suitable exposure media for the candidate test species are
proposed. Exposure or effect concentrations in the water phase frartestecan be
directly correlated with the exposure level of field populations for risk assessment
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purposes, particularly because concentrations of chemicals can more easily be
measured in the water and thus the database for aqueous concentrationdeis broa
compared to those for concentrations in sediments or biota.

Application techniques for water exposures are well developed and established in
many laboratories worldwide, either as sestaitic (= renewal) or as flowhrough
systems. Because it is diffit to maintain a constant exposure concentration for
readily biodegradable substances in setatic experiments, the use of flatwough
systems may be advantageous. The main drawback oftfimugh testing is the
higher instrumental effort, the incress risk of technical failure especially during
experimental periods of several weeks or even months, and the higher probability that
nonpolar test compounds in particular can be adsorbed by tubing and pump material.
Therefore, a clear steer as to whethdlow-through design is the more appropriate

for EDC testing with molluscs cannot be given. A decision should be reached mainly
depending on the stability of the test compound: s&atic systems are advantageous

if the compound is sufficiently stable ding the renewal cycles of exposure media,
otherwise a flowthrough design should be envisaged if the renewal time cannot be
further reduced.

Although the use of organic solvents should be avoided, it might be necessary to
solubilize the test substance inetwater and maintain it in solution, especially if
nonpolar, poorly watesoluble substances are tested. This requires the inclusion of an
additional solvent control in the test design. Solvents have to be chosen by the
chemical properties of the substandkecommended solvents according to OECD
(2000) include acetone, dimethyl sulfoxide (DMSO), ethanol, methanol, teltiyy
alcohol, acetonitrile, dimettyformamide and triethylene glycol. However, these
solvents were mainly recommended on the basishoft term toxicity tests with
species other than molluscs so that further investigations will have to address the
question of their toxicity to the candidate test species, including potential endocrine
disrupting properties.

For obvious reasons an ideabanic solvent should not be toxic to the test organisms
and not readily biodegradable, limiting its use as a carbon source for microorganisms
and consequent bacterial growth in the test system, which would increase
maintenance time during the exposurel anay favour the degradation of the test
substance. According to OECD (2000), the maximum allowable concentration for
solvents is 1/18 of the NOEC or alternatively 100 mg/L (respectively 100 pL/L) if

no toxicity data are available. While the OECD recomdagion of a maximum
solvent concentrations of 100 mg/L is supported by historical data, Hutchinson et al.
(2006) report that some solvents may affect the reproduction of certain fish species,
and also impact biomarkers of endocrine disruption. The autkosmmend that
maximum effort should be given to avoiding the use of carrier solvents wherever
possible (e.g. by using saturation columns or other physical methods like stirring or
ultrasonification). Where solvent use is necessary, however, they recdntiharin
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reproduction studies with aquatic organisms, the maximum solvent concentration
should not exceed 20 pL/L in the exposure medium.

The physicechemical properties and aquatic toxicity of a range of solvents have also
been reviewed by ECETOC (199éhd Rufli et al. (1998). There are no studies
available which investigate the toxicity of solvents in molluscs systematically,
however, in most of the published studies (reviewed in Lagadic et al., 2007 and
Oehlmann et al., 2007 for pulmonate and prosaitramails, respectively) ethanol has
been used. In lonterm experiments ethanol and other solvents such as acetone and
methanol can be problematic due to substantial growth of bacteria in test vessels and
tubing with resulting impact on the health stadfishe test organisms and the stability

of the test compound. DMSO has been used by Schirling et al. (2006) in experiments
with Marisa cornuarietis embryos and also in a number of yet unpublished
experiments withPotamopyrgus antipodarurat the Universityof Frankfurt. This
solvent had no effect on the tested endpoints at a concentration of 100 pL/L and did
not cause growth of bacteria or biofilms in the test vessels.

Problems may also arise in testing of volatile, coloured or photolabile substances.
Helpful guidance on testing of such substances is provided by OECD (2000) and
ECETOC (2003).

6.3.2 Sediments

Many molluscs, including the species for which candidate test protocols are proposed
in section 7, are benthic orgnisms living in close contact with the sediment.
Sediments may act as both a sink for chemicals through sorption of contaminants to
particulate matter, and a source of chemicals through resuspension. Sediments
integrate the effects of surface water contetion over time and space, and may thus
present a hazard to aquatic communities (both pelagic and benthic) which is not
directly predictable from concentrations in the water column (EC, 2003). Especially
for substances that are potentially capable obdigipg on or sorbing to sediments to

a significant extent, the toxicity to sedimeaiwelling organisms has to be assessed.

To avoid extensive testing of chemicals EC (2003) proposes a trigger value of log
Kocorlog Kwof O 3 for the conduct of sedi
assessment.

Currently, there are limited toxicity data available for sediment dwelling organisms so
that for risk assessment purposes the equilibrium partitioning method is often used to
calcubte the exposure to and hazard from chemicals in benthic organisms based on
concentrations in the water phase (OECD, 1992). This approach suffers from various
limitations and EC (2003) concludes that 'only whedgliment tests using benthic
organisms areustable for a realistic risk assessment of the sediment compartment'
because it is only possible by using such tests to adequately address all routes of
exposure. Annex VI of EC (2003) summarises 8 sediment toxicity tests with 2
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oligochaete, 2 insect, 3 amipod and 1 nematode species with finalised international
guidelines or guideline initiatives under development. One of the mollusc species
proposed in sectiofd, the mudsnailPotamopyrgus antipodarunhas alrady been

used for sediment tests (e.g. Duft et al., 20€63@etken et al., 2005; Mazurova et al.,
2008; Schmitt et al. 2008) and a standard operating procedure for this purpose is
available (Duft et al., 2007).

Artificial sediment (cf. sectiof@.3for details) should be used for testing of chemicals
because uncontaminated natural sediments may not be available in required quantities
and test results may be influenced by indigenous organisms as well as
micropolluants.

Spiked sediments of the chosen concentration should be prepared by addition of a
solution of the test substance directly to the sediment ('spiking’). A stock solution of
the test substance dissolved in deionised water is mixed with the formuldieeise

by rolling mill, feed mixer or hand mixing. If poorly soluble in water, the test
substance can be dissolved:

1 either in as small a volume as possible of a suitable organic solvent (e.g.
ethanol, acetone or ethyl acetate). This solution is then mikadLO g of fine
quartz sand for one test vessel. After evaporation of the solvent the sand is
mixed with the suitable amount of sediment per test beaker.

9 or alternatively in a larger volume of solvent (300 mL/kg sediment dw) to
allow a complete soakingf the sediment and an equal distribution of the test
compound in the sediment.

In either case the solvent has to be evaporated before the sediment is covered with
water and the test is started. Furthermore, a solvent control has to be included in the
expeimental design if an organic solvent was used. However, note that in sediment
toxicity tests of this type, regular replacement of the spiked sediment should not be
necessary.

6.4 Dose selection

For both PLC and FLC tests at least 5 concentrations with folicatgs should be
tested in a geometric series with a spacing factor between concentrations not
exceeding 2.2. In the case of a noonotonic concentratieresponse relationship

(e.g. low dose effects or hormesis, cf. sectl@ng the consideration of additional
treatments in the lower concentration range with a smaller spacing factor may be
advisable. Furthermore a (negative) control, a positive control (e.g. 25 ng EE2/L for
Potamopyrgus antipodarumvhen testig a suspected estrogesind a solvent control

(if appropriate) have to be considered for the test. Prior knowledge on the toxicity of
the test substance (e.g. from range finding studies) should help in selecting
appropriate test concentrations. For a rafigeing experiment three widely spaced
treatment levels separated by up to an order of magnitude would be appropriate. The
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highest concentration for the definitive test should be less than lethal and less than the
water solubility of the test compound. leéast one of the test concentrations should be
below the predicted nobserveekffect level.

If the stability of the substance in the test system has been established, exposure
concentrations should be measured at regular intervals, depending on thgrexpos
design. In semstatic (= renewal) systems where the concentration of the test
substance is expected to remain within + 20% of the nominal (i.e. within the range 80
120%), it is recommended that, as a minimum, the highest and lowest test
concentrationgre analysed in samples from the same solution when freshly prepared
and immediately before renewal (cf. OECD, 1998) in the first and last week of the
experiment. For tests where the concentration of the test substance is not expected to
remain within £ D% of the nominal, it is necessary to analyse all test concentrations,
when freshly prepared and at renewal. In all cases, determination of test substance
concentrations prior to renewal need only be performed on one replicate vessel at
each test concentian. For flowthrough systems the measurement of ‘old' solutions

is not applicable. Instead it is advisable to increase the number of sampling occasions
during the first week (e.g. three sets of measurements), followed by a further sample
per treatment aveekly intervals thereafter. In these types of test, the-flte of

water and test substance should be checked daily.

If the concentration of the substance being tested has been satisfactorily maintained
within + 20% of the nominal or measured initimncentration throughout the test,
then results can be based on nominal values. If the deviation is greater than £ 20%,
results should be expressed in terms of the -tiraghted mean (cf. annex 6 in
OECD, 1998).

When planning the test, it should be taketo inonsideration whether the aim is to
determine the NOEC/LOEC (by use of ANOVA or comparable nonparametric tests)
or EG values (by use of (non )linear regression) (cf. sediérf.

6.5 Statistical consideratiors

The objective of the PLC and FLC tests with molluscs is to provide the most
ecologicallyrelevant, economic and statistically efficient estimate of toxicity for a
given chemical, including apical endpoints under endocrine control. The selected tests
and endpoints must be biologically sensitive with an acceptable expasaceiated
variability during the test, and should be statistically powerful. The biological
sensitivity is a function of the selected test species and analysed endpoints, and of the
route, level and duration of exposure. It is furthermore influenced by the ecological
relevance of the endpoints measured, i.e. their suitability to extrapolate effects from
individuals to the community level and from the laboratory to the field condition. The
sensitivity of the test is negatively correlated with its inherent variability (i.e.
intraspecific variability between individuals) and desapsociated variability (i.e.
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dosing of chemicals, exposure route and duration, chemical stability and puhity wit
the testing environment, testing protocol).

Extensive discussion of the statistical analysis of ecotoxicity data is provided in
OECD (2006).

6.5.1 Controlling variability

It is important to recognize that molluscs are characterised by a ihignent
variabiity for many of the potential endpoints to be considered in PLC and FLC tests,
including reproductive and developmental parameters. In particular, reproductive
output (i.e. numbers of clutches and eggs or embryos produced) as an important
endpoint of fecadity, varies considerably between species and even between
individuals of the same species. It is, however, also important to notice that this
inherent variability is a natural trait of almost all systematic groups in the animal
kingdom, not limited to mituscs, and thus not a disturbing facpmr sealthough it

clearly affects the statistical power when analysing ecotoxicity data. This
characteristic has to be taken into account rather than attempting to reduce the natural
variability by choosing test sgies with less inherent variability. Although the latter
strategy might be advantageous at first glance it is questionable whether such species
are representative of their taxonomic group. In particular, it is considered important to
measure reproductioand development in several randomly selected groups and to
critically evaluate the question of defining the experimental unit in order to minimise
the effects of inherent variability on statistical power.

The designassociated variabilitys reduced by mimising the variability of the
chemical purity of the test compound and of exposure levels (i.e. test concentrations)
through the duration of the test. Both aspects can be controlled by appropriate
chemical analyses of exposure media (water and sedineénsgction6.4). The use

of test species with shorter life cycles may reduce the required time for PLC and FLC
studies and by default reduces the desigsociated variability in the exposure.
However, it hasd be considered that suclstrategists are usually characterised by a
higher interindividual variability because their life strategy allows them to deal with
rapid changes of environmental conditions by responding to suitable conditions with a
higher raé of reproduction. Again, the need for a high statistical power of the test and
factors influencing its ecological relevance are conflicting, so that a reasonable
balance between statistical and ecological requirements has to be found.

The experimental dem should consider randomness, independence, and replication
(Cochran and Cox, 1992). Randomness and independence are used to remove bias,
and replication provides a measure of variability across similar test units within a
treatment (Chapman et al., 1296ldeally, all three factors should be maximised from

a statistical point of view, however, this is not possible for practical reasons
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